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PREFACE 

The different components of the Universe and this entity as a 
whole are and will be the source of many complex problems that 
the scientific community has to face. Amonq these problems, 
those concerninq the origin and the evolution of the observed 
matter and its composition have received recently (at least in 
part) quite convincinq solutions and answers. After the 
pioneerinq work' of H. Bethe and C. Von Weiszacker ( 1 9 39 )  who 
proposed that hydrogen is transformed into helium throuqh the 
now classical carbon-nitroqen-oxygen cycle, a flourishing 
activity occured in the fifties. The culmination of this effort 
corresponds to the publications of the famous Burbidge, 
Burbidge, Fowler and Hoyle ( 1 9 57)  and Cameron ( 1 9 57) papers. 
Those two papers have set up the basis of nucleosynthesis 
which is synonymous of nuclear astrophysics. In this book, we 
still use the classification of the different nucleosynthesis 
processes proposed at that time by these pionners. 

Such progress has been made possible because nuclear physicists 
(especially experimentalists who determine probabilities of 

nuclear reactions) have been deeply involved in these 
astrophysical problems. Every graduate student knows now the 
importance of the 7 MeV excited state of 12c in the occurence 
of the triple alpha reaction transforming 4He into 12C which is 
the first step of the synthesis of the element such that A�l2. 
We are living still today the "golden age" of nuclear 
astrophysics because of the advent of many developments which 
follow these first incisive contributions. Let us quote for 
instance (i) the primordial nucleosynthesis which takes place 
just after the Big Banq and which is responsible of the 
formation of the lightest elements (D , 3He, 4He and 7Li) ; this 
research has been initiated by R.V. Wagoner in 1 9 67 ,  (ii) the 
interaction between the cosmic rays and the interstellar medium 
responsible for the formation of the light elements (Li, Be, B) 
and studied in France by H. Reeves and his group, (iii) the 

xi 



xii PREFACE 

exp l o s i v e n u c l eosynthe s i s  appear i n g at th e e n d  o f  th e s i xt i e s  
and  m a i n l y  d u e  t o  W . D .  Arn ett , J . W .  T r u r a n  a n d  th eir 
c o l l e a g u e s , ( i v) th e i nter p r etati on  of m any i s oto p e  a n om a l i e s 
s howed by some s p ec i f i c  i s oto p e  s amp l e s ( e s p ec i a l l y th o s e  f o u n d  
i n  th e meteor i te A l l ende) u n d e rtaken b y  s e v e r a l  n u c l e a r  
astr o phys i c i sts i n c l u d i n g D . D .  C l ayto n and  H. R e e v e s  ( v )  th e 
determ i n at i on by exper i mental i sts , mode l i sts and  th eor i s ts o f  
many n u c l e ar  c r o s s  s e ct i o n s  work d o n e  i n  USA , G F R  a n d  F r an c e . 
The  l i st o f  th e a c h i evements o f  n u c l ear  astr o p hys i c s c o u l d  b e  
m u c h  l on ge r . I t s  l en gth contr asts w i th th e v e r y  f e w  n umber  o f  
texts o r  c o n ference  books d e v oted to th i s  to p i c .  U p  t o  1 9 82 
wh i c h  c o rr e s p o nd  to th e p u b l i c ati on  o f  " E s s ays i n  N u c l ear  
Astrop hys i c s " , a book  i n  h o n o r  o f  t he  W . A .  Fow l er  s e v enti eth 
b i rth d ay ,  th e on l y  books d e v ote d to th e s e  prob l em s  are  tho s e  
wr i tten ( o r  e d i ted) b y  Fow l er  ( i n  1 9 67) , Reeves  ( i n  1 9 67) , 
C l ayton ( i n  1 9 68 ) , Arn ett and  S c h r amm ( 1 9 73), A u d o u z e  a n d  
V a uc l a i r  ( i n 1 9 80 ) a n d  W i l k i n s on ( i n 1 9 8 1 ) . We s h o u l d  add  to 
th i s  l i st th e exc e l l e nt rev i ew o f  Tr i mb l e  ( 1 9 75) . 

G i v e n  th e i mporta n c e  o f  th e to p i c  and  th e acti v i ty o f  th e 
s c i enti sts i n v o l v e d  i n  s u c h  prob l em s , i t  h as a p p e ared  most  
t i me l y  to  o r g a n i z e ( w i th th e h e l p of  NATO who i s  very  
gr atefu l l y acknowl edged) , a works hop  on  th i s  s u bj ect . am 
extreme l y  p l eased  to r eport  th at th e s c i enti f i c  c o ntent and  
exc e l l ent ora l  p r e s entat i o n s  are  r e f l ected by  th e o utstan d i nq 
q u a l i ty o f  th e p a p e r s  r a s s emb l e d i n  th i s  book . Th i s  works h o p  
wh i c h h as been attended  by  the l arge  m ajor i ty o f  the 
r e s e ar c h e r s  acti v e  i n  th e f i e l d ,  has been most pro f i tab l e  to 
th e p arti c i p ants ( an d  even the  organ i ze r s  !). I r e a l l y  h o p e  
th at th e r e a d e r  w i l l  s h are  p art of  m y  enth u s i asm . 

My opt i m i sm concer n i nq th e v a l u e  o f  th i s  book comes  f r om th e 
f act th at a l l th e m ajor q u est i o n s  d e a l i ng w i th n u c l eosynth ews i s  
and  i ts r e l ati o n  w i th m i c r o p hys i c s  h av e  been  to u c h e d  u p o n  
here  : th e f i rst  p art o f  th e book i s  d evoted t o  p r i mord i a l 
n u c l eosynth e s i s  an d c o n st i tute s an  echo  o f  th e exc i t i ng d e b ate 
wh i c h  took p l ace  c o n cern i ng th e v a l ues  and  p o s s i b l y  th e 
l i m i tat i o n s  o n  th e b aryon i c  den s i ty and  th e n umber  o f  n eutr i n o 
(and lepton) f am i l i es . Many i nter esti ng contr i b ut i o n s  d e al w i th 
a s e ar c h  o f  no n  b aryon i c  d ark m atte r component ( g r av i t i n o s , 
gen er i c  p arti c l e s ,  q u ark n u ggets , . . .  ) con s i stent w i th th e 
p r i mord i a l a b u n d a n c e s  o f  th e very l i ght e l ements . 
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fhe  second  p ar t  o f  t h e  boo k prov i de s  t h e  reader  w i t h  an  a c c o u n t  
o f  t h e  most  o utst an d i n g p r o g r e s s  a c h i eved  i n  e xp l o s i v e 
n u c l eosyn t h e s i s  exp l o s i o n of  nov ae t h e  b u i l d i n g and  
co n s i d er at i on o f  mode l s  o f  type  I and  type  I I  s u pe r n o v ae - the  
act u a l  n u c l eosynthet i c  r o l e  o f  ma s s i ve ( e s p ec i a l l y W o l f - R ayet ) 
s t a r s  - t h e  pos s i b l e e x i s t e n c e  o f  " p a n c a k e  s t a r s "  wh i c h co u l d 
s u ffer h u g e  g r av i t at i o n a l  effects  o f  b l a c k  h o l e s , e t c  . . .  
R e l ated  prob l ems l i k e t h e  l i qht  c u r v es a n d  t h e  o b s e r v e d  
a b u n d a n c e s  of  n o v ae a n d  s u pe r n o v ae a r e  a l s o  r e v i ewed . 

I n  p ar t  I I I  a l mo s t  a l l t h e  s p ec i a l i s t s  of t h e  s - pr o c e s s  
n uc l eosyn t h e s i s  ( c om i ng from t h e  s l ow absorpt i on o f  n e u t r o n s  
d ur i ng t h e  h e l i um b u r n i nq p h as e s ) h av e  q i v e n  an  a c c o u n t  o f  
t h e i r mo s t  r e c e n t  r e s u l t s .  

Part  I V  i s  c o n c e r n e d  w i t h some a s p e c t s  o f  c h em i c a l  evo l u tio n 
e s p ec i a l l .Y t h o s e  wh i c h c o n c e rn  t h e  g a l act i c  effe ct  o f  type I 
s u pe r n o v ae  and  wh i c h  attempt t o  exp l a i n the v ery r e c e n t  
o b s er v at i on s  c o n c er n i n g s t e l l ar Mg i soto p i c  r at i o s .  The  
i m p l i c at i on s  o f  the  r e c e n t  d e t ec t i o n s  uf  t h e  g amm a - r ay l i n e  
p r o d u c e d  b y  t h e  26 A l  d e c ay a r e  p r e s e nted  s u c h  a s  s ev e r a l  
t h o r o u g h  d i scu s s i o n s  o f  c u r r e n t  mode l s  o f  n u c l e o - c o sm o - c h r o 
n o l ogy . 

A t  t h e  beg i nn i n g o f  t h e  boo k (p art I )  t h e  r e l at i on of  
n u c l eo syn th e s i s  w i t h  p art i c l e  phys i c s i s  obv i o u s . I t s  r e l at i o n 
w i t h  n u c l e a r  p hys i c s i s  o f  c o u r s e  c o n s p i c uo u s .  A few r e c e n t  
majo r n u c l e a r  p hys i c s  exper i ments  are  reported  i n  Part  I V  s u c h  
a s  s ome t heoret i c a l  wor k de a l i nq w i t h  e l e c t r o n  s c r ee n i ng  
effect s  and  prog r es s i n  s h e l l mode l s  and  a l s o  new  p e r s pect i v e s  
regard i ng t h e  operat i o n o f  r ad i o act i v e i o n b e ams . 

T h e  boo k e n d s  u p  w i t h  a report  o n  t h e  two new  e u r o p e a n  proje c t s  
wh i c h  p l a n  t o  attempt t o  d e t e c t  s o l a r  n e ut r i n o s  by u s i n g t h e  
g a l l i um or  t h e  I nd i um t ec h n i q u e . F i n a l l y  t h ere  w e r e  t wo 
p r o b l em s wh i c h  d e s e r v e  t o  be  co n s i dered  i n  t h i s  c o n t e x t  : t h e  
s e ar c h  of  e n e r g e t i c  n e u t r i n o s  comi ng  from o u r  s o u r c e s  as 
mys ter i o u s  and m ay be  e l u s i v e as  Cyg n u s  X3 and t h e  q u es t i o n of 
m ag n et i c  monopo l e ( s ) . 
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I r e a l l y  ho p e  that the r e a d e r  wil l hav e  a s  m u c h  p l e a s u r e  in 
u s in g  this b o o k  as  ha d to org anize this wor k s ho p  with my 
frie n d s  and  to e d it this b o o k  with N ico l e  M a thie u . I n  my 
"Av an t-Pr o p o s "  wr itte n in f r e n c h  I hav e attemp ted  to tha n k  a l l 
the in d iv id u a l s r e s p o n s ib l e  f o r  the s u c c e s s  o f  this wor k s ho p . 
Let me tha n k  ag ain the N ATO o r g a n izatio n ,  J .  T r a n  Tha n h  V a n ,  
the membe r s  of  the s c ie n tif ic o r g a n izatio n c ommittee a n d  a l l 
the a u tho r s  and  p ar tic ip a n ts f o r  havin g  m a d e  this meetin g a n d  
the o u tcome o f  it i. e .  this b o o k  as  u s efu l ,  p l e as a n t  a n d  
profitab l e .  I wou l d  l ik e  to tha n k  a l s o Pr ofe s s o r  Pie r r e  Pap an ,  
Oir e c te u r  Gen er a l  d u  C N R S  a n d  m y  c o l l e ag u e s ,  memb e r s  o f  the 
Gr o u p e d e  Ref l e x io n  "C o s mo l o g ie ,  Phys iq u e  N u c l eair e e t  Phy s iq u e  
d e s  Par tic u l e s "  f o r  their c o n tin u o u s  s u pport .  
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COLLECTION OF NICE SENTENCES UNINTENTIONALLY PRONOUNCED 
BY THE SPEAKERS 

"I am not God ; I would like to be. Maybe I'll convince you when I am 
not in front of you." 

Audouze 

"(as chairman, to close a long discussion between two participants) 
Have several beers together I" 

Arnett 

"(about. supernovae) If you have two of them, you have a class." 
Wheeler 

"A tunnel has two entrances" 
Pomanski 

"By the way, we are here for speculating" 
Luminet 

"Nature has not. been kind with us" 
Danziger 

"I am here on t.he strength of t.he weak interact.ion with nucleo
synthesis. Some of the stuff I serve you may be half-baked" 

Shapiro 

"We don't. want. to destroy the Sun" 
Dearborn 

"The subject is not hot because we cooperate with both Americans and 
Russians. But separately I" 

Durouchoux 

"We have, of course, calculated something" 
cass� 

"Sometimes, t.he motivations are so big that. we just make something to 
satisfy the users" 

Takahashi 

"I left out some points which did not fit the curve" 
x 

"(about some model maker) 
by the pope" 

He would only use reaction rates blessed 

"(about. a frequently shown figure) 
understand it" 

Trautvetter 

It is your last chance to 

Arnould 
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PRIMORDIAL NUCLEOSYNTHESIS IN 1985 

Hubert Reeves 
Service d'Astrophysique, Centre d'Etudes Nucleaires, Saclay, France 
Institut d'Astrophysique de Paris, France 

Several reviews of the subject have been presented in the recent years (Yang 
et al , l 984}(Audouze, 1984) (Beaudet and Reeves 11984). I plan here to discuss some 
recent developments, to present an overall assessment and also to mention a few 
interesting new fields of application of primordial nucleosynthesis as a research 
tool in the physics of the cosmos. 

1. THE LITHIUM- 7 AS A COSMOLOGICAL PARAMETER 

Before discussing the recent measurements of the Spite (Spite and Spite 1982; 
Spite, Maillard and Spite 1984), I want to review the historical situation (Boesgaard 
1976; Duncan 1981). Fig. I shows the abundance of Li in the stars of two clusters; a 
very young one (the Pleiades; 5 x 107 y) and a slightly older one (the Hyades; 6 x 
108y). In both cases, the abundance curve is flat, at a value of Li/H""l0-9 on the 
L.H.S. of the curve, but decreases progressively on the R.H.S. This is understood 
through the fact that, at lower surface temperature, stars have increasingly deep 
surface convective zone, and increasingly hot bottom for this convective zone, 
where lithium is gradually burned by thermonuclear (p.d.) reactions. It is assumed 
that all these stars have received, at birth, from the interstellar gas, the same 
original abundance of Li/HIYl0-9• We, con:>equently, understand why the depletion 
is more important for the older cluster (""109y) than for the younger one ("-'108y). 

This same effect is held to be responsible for the strong depletion of Li in the 
:>olar surface (Li/H N 10- l l ) (although a convincing theoretical explanation is still 
lacking here ). In fact the lithium meteoritic ratio ( which, when appropriately 
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Fig.1 : Lithium abundance curve:; in the Pleiades (O); in the Hyade:s (•) and in old 
Pop II :star:; (+). In all cases the abundances are approximately con:stant in the left 
part of the curve, and decrease gradually on the right, due to the gradual depletion 
at the bottom of the convective zone. 
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normalized to silicon, gives also an equivalent value of Li/H"V I o-9) is taken as a 
proof that the lithium abundance has not varied significantly in the last 5 x 109y. 

This explains why the results of the Spite came as a surprise. A naive 
extrapolation of the previous argument would foresee a complete depletion of 
lithium in old Pop II stars<� 1010y). But their data give Li/H-10-10, only one tenth 
of the later value. Further, the Spite, in view of the fact that the points on the 
L.H.S. of the abundance curve (fig 1) all gathered around the value 10- l O while the 
points on the R.H.S. were falling (just as for the young clusters), argued that the 

( -10) flat curve value -10 could be considered as an undepleted value, reflecting 
the Big Bang yield. 

The strength of their argument is based on statistics. At first, the number of 
lithium-measured stars was rather small. But, as time went on, more and more 
stars were added to their list, strengthening their case. The reader will make up his 
own mind by looking at the graph. The accuracy of each measurement is claimed to 
be better than a factor of two. 

The theoretical situation with respect to the plausibility of keeping the Li 
abundance in a Pop I I  star undepleted for 101 Oyears has been investigated by 
Michaud, Fontaine and Beaudet (1984). These authors conclude that the constancy 
of the Li abundance in the range 5500< T ef1 6200 poses a serious problem to 
evolutionnary models. The minimum reduction, if � , the ratio of the mixing 
length to the scale height, is a constant in this range, is a factor of four, with 
important variations along the temperature scale. Only an highly artificial of 
adjustment of� could be invoked to explain an abundance variation of less than a 
factor of two. 

The theoretical difficulties and fine tuning of parameters needed to account for the 
data have also been studied by Cayrel et al (1984), and Cayrel and Dappen (1984), 
including also the effect of turbulent diffusion. 

Clearly the situation needs clarification. At the present time it seems wise to 
taken a prudent path. I will use, as the cosmological parameter, the value 
Li/H=lO-IO but keep in mind that these stars may have suffered some depletion. 
The value 1 o-9 should then be used as an upper limit. 
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The situation is presented in a graph of evolutionnary abundance curve as a 
function of the galactic life (from Meyer and Reeves, 1978) (fig 2). In this respect 
it is interesting to mention the search of 9Be in Pop II stars by Molaro and Beckman 
(1984). They obtain an upper limit of Be/H < 3 x I o-12 three times smaller than the 
average stellar values. This fits with the idea of GCR formatiori of Be (\1eneguzzi, 
Audouze, Reeve::;, 1971 ). 

The fig 3 shows the abundance of the other L- elements, produced by cosmic 
rays, as predicted by the fact that the cross.sections and cross.section ratios are, 
by now, well k:-iown (!lee paper II). It appears that the boron, the lithium-6 are 
accounted for, but in the Spite hypothesis, a stellar contribution of 7 Li is required. 
Many candidates have been put forward in the litterature (Cameron and Fowler 
1971 ). 

2. HELIUM-4 A5U'.'iDA\ICE 

The best piece )f evidence is the Kundt and Sargent ( l 983) measurement ori 
compact galaxies (the low O/H testifies that the stellar contribution to 4He is 
Ii<ely to be very small). I present it in the fig 4 for every one to see the 
uncertainties. I will use here x4 = 0.245 � 0.01 as the cosmological value of He-4. 

3. DEUTERIU\1 

There is a new determination of the interstellar D/H ratio in dar< clouds 
(Dalgarno and Le op 198�). The data is obtained fro'TI an analysis of the 
DCO+ /HCO+, involving the various molecular exchange reactions such as : 

- HCO+ + HD 

together with 

D + HCO+ .,._ H + DCO+ 

The quoted re�utt,3 x 10-6< D/H<4 x I0-5 i� i:-i agreeme:tt with the ato:iic 
determination in thin cloud::; by (Bru!lton et al 1981; Vidal \ladjar et al 1933) with 
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Fi� Helium abundance in compact galaxies (with small level of stellar 
activities) as a function of the oxygen abundance (Kunth and Sargent 1983). 
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the value indirectly derived from the solar wind heliu:n isotopic compos it io n  (Geiss 
and Reeves 1972) (Geiss and Bochsler 1979). 
4. HE� DETERMl\JATIO'\J 

The recent data on interstellar He3 by Rood, Bania, and Wilson ( 198!.,.) 
i:ldicates that, because of important stellar production, He3 may not be a very 
useful cosmological observable. The data range from He3 /H ........ 2 x l o-4 to ... 2xl o-5• 
Since this last n•Jmber is not in disagreement with the solar system estimate from 
the solar wind (Geiss and Reeves 1972 ) (Geiss and Bochsler 1979) we shall keep it 
for our best estimate. 

5. COSMOLOGICAL YIELDS 

Fig 5 shows the Big Bang yields (Beaudet and Reeves, 1984). Although done 
with a different code (Yahil and Beaudet 1976), the result is in agreement with the 
calculations of Yang et al (1984). The uncertainties in the nuclear rates are small, 
except for lithium-7 (a factor of two). The boxes include the corresponding 
integrated uncertainties. 

T'1e theoretical curve are labelled by the parameter g, the coefficient of the 
relativistic density term ( � = g(.n..,_/'30) T '\ ). This parameter describes the 
number of particle species and their statistical factor (g 
= Z.. � b +(f./ 1) � � � (b for bosons, f for fermions). The number quoted in 
fig 5 refers to the standard picture of light neutrinos (Nv =2,3 or 4). In recent 
years, in the spirit of unified theories, it has become fashionable to introduce many 
new light particles, whose cosmological effect can also be integrated in g. 

From fig 5 it appears that the data is compatihle with a density range 
�'o between 3 and 6 x l o-31, leading to..Q. b = 0.06 to 0.12 if Ho = 50km/sec/Mpc, 

or ..Qb 0.015 to 0.03 if Ho = 100 km/sec/Mpc, if the pristine D/H is within a 
factor of two or three of its solar system value (Aurlouze and Tinsley 1974; 
Delbourgo-Salvator et al 1985), and if y< 6 < 12, (two or three light (MP� l 00 keV) 
neutrinos ). 

Thus it appears that primordial nucleosynthesis fits the observed data on the 
light element abundances. In my opinion the agreement is as good as one can expect 
it to be ••. Furthermore it leaves little space for the existence of new light 
particles as implied by many unified schemes, in particular those incorporating the 



10 H. REEVES 

.------------------, 0.27 

� 4 

3 

He 

2 

Upper limit 

7/H 

10-31 3 5 7 

9 = g(n/3s)T4 

g = [% + 7 /8 [g, 

V=2--g:9 
v = 3 --g = 10. 75 
v = 4--g= 12.5 

c: 0 
-QJ 
Cl.. QJ ""C 
0 c: 

10-30 

0.26 

0.25 

0.24 

0.23 

10-10 

Fig.5 : Big Bang yields as a function of present cosmic baiyonic density (from 
Beaudet and Reeves 1984-). The curves g=  9, 10.7 5, 12.5 gives the assumed value of 
the statistical factor g. These values correspond for instance to the hypothesis of 
2,3 or 4- light neutrinos. 
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existence of shadow particles (interacting only through the gravitational field (Kolb 
et al l 985a)). 

6. STABILITY OF THE LAWS OF PHYSICS 

Several attempts have been made to check whether the laws of physics 
change with time. The result from the Oklo natural reactor about 1.5 x 10\ears 
ago (Irvine 1983) and from the study of quasars several billion years ago (Pagel 
1983) have shown no detectable change on the values of the constants of physics. 
Recently (Kolb et al 1985; Kolb l 985b) have pushed the investigation to the first 
minutes of the universe, by asking "how much change can we introduce in the 
gravitational constant G, in the Fermi constant cg,and in the proton-neutron mass 
difference, before spoiling the compatibility of the light element yields with 
standard nucleosynthesis"? It appears, from this study, that the variation must be 
less than about one percent in all cases, confirming, in a dramatic way, the 
constancy of the laws of nature, through a period which has witnessed a change of 
109 in temperature and 1027 in the number densities! This constancy, which can 
be seen as a "kindness" of nature for the theoretical physicist, carries its own 
interrogation: how can these numbers remain so constant when everything else 
change by so large factors, in an apparently totally "anti-machian" way? 
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THE PUZZLE OF LITHIUM IN EVOLVED STARS 

Hubert Reeves 
Service d'Astrophysique, Centre Nucleaires de Saclay, France 
Institut d'Astrophysique, Paris, France 

The recent reports on the possible presence of lithium-6 in stars (some above 
the M.S.), (Andersen, Gustafsson and Lambert 1984-) has renewed the interest in 
the hypothesis of spallation reactions in the surfaces of red giants (Canal, Isern and 
Sanahuja 1980). Indeed no mechanism has been proposed to generate lithium-6 
except high energy reactions. 

Spallation implies the acceleration of fast particles which, in turn, generate 
X-rays throught ionization of the ambient medium. The amount of energy spent in 
X-rays, for each lithium produced, depends on the energy spectrum of the fast 
particles. A reasonable estimate (which is also a lower limit) should be 3 ergs per 
lithium atom (Ryter et al 1970). The main mechanisms contributing to the 
generation of lithium-6 and 7 are (with comparable yields in normal stellar 
abundances ) (p + C, 0 �Li, 7 Li) and (� +� -6Li, 7 Li). 

The excitation functions are presented in fig 1,2 and 3, from a summary of 
recent data. In each case, the isotopes are generated in roughly equal abundances 
(within a factor of two); in other words we should expect n (6Li)/'h (7 Li) ... i. 

STELLAR DAT A 

Through recent satellite observations (mostly the Einstein satellite) we have 
some data (or upper limits) on the X-ray activity of red giants. Typical values of 
the ratio of X-ray to optical luminosity are I o-6 to l o-7 (Vaiana l 981) for the 
bright red giants, with an X-ray luminosity of"" I 029 erg s -l . This can be used as an 
upper limit to theX-ray flux generated by fast particle deceleration. 

1 3  
J .  Audouze and N .  Mathieu (eds.). Nucleosy111hesis and Its Implications o n  Nuclear and Particle Physics, 13-21. 
© /9R6 hr D. Reidel Publishing Company. 
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The optical observations are summarized in Lambert and Sawyer (1984). The 
weak G band stars are characterised by important carbon deficiencies, low carbon 
isotopic ratios and nitrogen enhancements, , unmistakably showing that the surface 
material has been processed by the CNO cycle. It is usually believed that this 
material, formerly deeply buried in the star, has been "dredged-up" to the surface 
during the stellar evolution toward the red giant region. 

Another character is tic of these stars is the presence of lithium with unusually 
high abundance for evolved stars. The data is presented in fig.4, where the number 
of stars with given lithium abundance is plotted as a function of abundance. 
Lambert et Sawyer rightly point out that the highest Li/H coincide with the cosmic 
(interstellar) value of Li/H = 10-9, with no values higher than this value. 

In fig 5, the recent data on the lithium isotopic ratio in stars (some above the 
M.S.) is presented (Andersen et al 1984). An upper limit of 6u/ Li < 0.2 can be 
estimated, while an average value of 0.1 can be obtained, comparable with the 
solar system ( l/1 2.5). The uncertainties are difficult to assess. It is not clear that 
lithium-6 has really been detected. Another study by Spite ( l  984) does not seem to 
confirm the presence of lithium-6 in red giant atmospheres. 

PRODUCTION BY SPALLATIVE PROCESSES 

With the upper limit of X-ray emission by fast particles ( <l 029 erg/sec) and 
an upper limit for the duration of the red giant stage ( � 1016 sec), at the price of 3 
ergs per Li atom, we can generate 3xl044 Li atoms, or fill a stellar mass of 3xl0-4 

M with the cosmic ratio of Li/H= 10-9• This is far smaller than the estimated 
mass of the surface convective zone of red giants (-1 o-1 M<!>) in which we could 
plausibly believe that all the lithium made in the flaring activity should be mixed. 

One could argue that, somehow, the mixing of the upper (active) layers with 
the deep convective zone is very inefficient. However the upper limit to the 
isotopic ratio Li6/Li7 �0.2 could only be explained by assuming nuclear destruction 
of 6u in the convective zone (recall that the thermonuclear destruction rate of 6u 
i;; about l 00 faster than for 7 Li). Thus the spallation mechanism appears to be 
inadequate when the isotopic formation ratio (6u/u ... 1 )  and the X-ray luminosity 
are taken into account. 
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OTHER SOLUTIONS 

The presence of Li in evolved stars is custumarily ascribed to a mechanism of 

(3He + 
4He � 

7 
Be -t 

7 Li) burning in the ashes of H-burning zone, as proposed by 

Cameron and Fowler ( 1 971). This mechanism cannot account for the presence of 
6Li (if confirmed), nor for the cut-off of Li/H at the cosmic value (if statistically 

significant). 

In view of this cut off, and of the apparently solar lithium isotopic ratio, it 

seems more natural to look not for a production mechanism of lithium but rather 

from a preservation of material inherited from interstellar matter. Lambert and 

Sawyer suggest a scheme involving diffusion in stellar surfaces, along the lines 

advocated by Michaud ( 1 980) for Am and Ap stars. Diffusion, however, while 

(generally) respecting isotopic ratios, would give rise to local enhancements of 

elements which would seem to have no reason to respect the cosmic limit.  

The problem is : how to preserve the cosmic abundance of lithium (or to 

deplete it by less than one or two orders of magnitude) in stellar surfaces with 

unmistakable sign of mixing with CNO processed layers .•• 

Consider, for instance, a fresh addition of matter with local galactic 

abundances {Meyer 1 985), not previously heated to typical stellar temperature. For 

instance, imagine that, while inflating their sizes, these giant stars gradually eat a 

collection of Jupiter - like planets. The addition of matter with (Li/H= l 0-9) would 

respect the cosmic limit and the isotopic ratio (if no prior gas- grain separation 

has taken place). This hypothesis would predict that the highest Li stars would show 

the least depleted abundances of other elements. The data reported in Lambert and 

Sawyer {their table 2) does not fulfill this prediction. This difficulty applies to 

other types of addition mechanisms of undepleted (unheated) matter, such as 

accretion while crossing thick interstellar clouds. {A further test would be the 

detection of deuterium in the CH bands) •• 

SUMMARY 

The following observations are reported for some evolved stars. 

a) CNO abundances and isotopes, implying CNO cycle alteration b) Li abundances 

reaching, but not above, the interstellar value {Li/H � 1 0  -9) c) Lithium isotopic 
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ratio as in the solar system (Li6 /L/- O.l with an upper limit at <. 0.2)). d)  X-ray 
29 fluxes of l 0 erg/sec 

Neither spallation processes in the stellar surfaces, nor (He3 + He 4) reaction 

after completion of H burning, nor mixing with interstellar material can account 

for all these features at the same time. This problem is open for a solution. 
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HIGH ENERGY PARTICLES IN DARK MOLECULAR CLOUDS 

Hubert Reeves 

Service d'Astrophysique, Centre d'Etudes Nucleaires de Saclay, France 

Institut d'Astrophysique de Paris, France 

INTRODUCTION 

The role of galactic cosmic rays in generating the light elements lithium, 

beryllium and boron by bombardment of interstellar matter has been elucidated 

some y ears ago (Meneguzzi, Audouze and Reeves (MAR) 1971) (Reeves, 1974), 

(Reeves and Meyer 1978). It appears that this mechanism is responsible for the 
6 9 10 11 7 . 

production of the isotopes Li, 13e, B and B and for a small part of the L1. 

The remaining part of this isotope has been generated in the Big Bang and perhaps 

also in stellar processes. I have reviewed the situation in my paper "Primordial 

Nucleosynthesis in 1985" in this Moriond 1985 volume (paper I). 

Ferlet and Dennefeld (1984) have reported the detection of lithium in clouds 

of interstellar matter of the Ophiuchusregion. The isotopic ratio appears to vary 

from place to place. In one case, a ratio of 
6

u;
7 

Li..._ 0.025 is reported, about three 

times smaller than the solar system value of 0.1. These variations, if confirmed, 

are difficult to account for in the standard scenarios. Various ideas have been 

proposed, largely unconvincing. Here we study quantitavely the implications of 

local irradiations in OB associations, as discussed previously by (Meyer 1978). It is 

generally believed that solar type stars are born in stellar associations, together 

with massive short-lived stars which explode in supernovae before the dissociation 

of the association (Reeves 1978). These events could give rise to local fast particle 

fluences and to appreciable amount of spallation-generated lithium-6 • The local 

enhancement of the isotopic ratio (up to 0.10) would later be diluted in the pool of 

galactic matter but would be retained in any planetary system in formation. This 
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hypothesis can be tested in the light of our present knowledge of the 

electromagnetic fluxes accompanying these fast particles. Here we shal1 study, in 

turn, the various windows where these fluxes could be observed. 

ENERGETICS 

Typical masses of dark clouds associated with OB associations are -3x10
4 

M0 or 3x10 6 1  nucleons. The local enrichments of lithium-6 needed in the present 

discussion are Li6 /H -.I. o- 1 O 
or 3x10 5 1  u

6 
atoms. The discussion of Ryter et al 

(l 970) summarized in my paper "High Energy Reactions in Red Giants" of this 

volume (paper II), implies a cost of""" 3 erg per 6
Li or a total of 3x1 o5 1ergs. 

Normalized to the cloud, the energy requirement is .,.,, 200e V per nucleon. 

During its life as a young group, an OB association typical1y witnesses about 

ten SN explosions (Reeves 1978) of about 10
5 1 ergs each. The energetic requirement 

could be met if one third of this energy is emitted in fast particles, not an unlikely 

possibility. 

GAMMA RAY OBSERVATIONS (HIGH ENERGY) 

The study of MAR has shown that the present mean flux of galactic cosmic 

raycf:, -IDp cm-
2

sec-1 wil1 produce an amount of u
6

/H"'"10-lO 
during the whole 

gala�tic life T G <-1 o10y). To generate an equivalent amount during the life of the 

OB association (-10 7y) would require a flux oft ..._ 10
4 

p cm-
2

sec-l 
(some 103 

times larger). 
B 

Through the observations of the satel1ite Cos B (Casse and Paul 1980 ), we 

have good coverage of the gamma ray flux above 100 Me V. There is certainly no 

sign of strong local enhancement of fast particles which would result in gamma 

rays by the p+P-"'lto_,. � ( � 100 MeV). The interpretation of gamma ray sources 

implies , at best, an increase of a factor of five <c/&11/<Ji, � 5) for the flux of all 

particles above a few hundred MeV. Furthermore, since the gamma ray flux is 

proportional to the product of the fast particle flux and the local density, the 

sources may be reflecting mostly the matter density enhancement. 

GAMMA RAY OBSERVATIONS (LOW ENERGY) 

Fluxes of energetic particles with E<300 MeV would not generate gamma 

rays observable by CosB. However they could be detected through gamma ray lines 
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from excited states of heavy nuclei (Meneguzzi and Reeves 1975). From comparison 

with measured cross sections, it appears that the collision of fast protons on 

interstellar carbon should produce about ten gamma rays of 4.4 MeV (first excited 

state) for each 
Cr

Li generated. From the previous discussion, this means about 

3xI0 52 \1 (4.4). 

7 d 38 ( ) -1 
The mean flux in 10 years should be Tf = 10 'r 4.4 sec • 

The HEA0-3 satellite has searched for gamma ray lines in various young 

associations (Durouchoux et al 1981).  For instance, in the Ophiucus group, at 500 

light-years, an upper limit of 7xl0 -4� cm -2 
sec - l is reported, some twenty times 

( -5 -2 - 1) larger than the flux predicted from the present estimate 3xl0 t' cm sec . 

Thus the gamma ray line upper limits can not, by themselves, rule out our 

hypothesis. 

M ATTER IONIZATION IN CLOUDS 

The observations of the DCO + /HCO + ratio in dark clouds can potentially lead 

to information on the ionization state of dark clouds. The flux of low energy cosmic 

rays needed to generate the local enhancement of 6u would results in an ionization 

rate -;! H "'10-1 4  
sec -

l
, probably too large to be reconcile with this isotopic ratio, 

altough according to Dalgarno and Lepp ( 1980), the case may not be as clear cut as 

previously thought (Guelin et al 1977). 

OBSERVATIONS OF X-RAYS 

The deceleration of fast protons results in an X ray production of "'-3ergs per 

lithium, as discussed before (paper II). The mean flux ofL.,4'o10 52
erg /1 o

7 y = 

3xI037 erg/sec, needed in the context of our hypothesis, is ,., 1 o5 larger than the 

mean X-ray flux from typical dark cloud (L - 2xl o32 erg s-1 ) (Montmerle et al x 
1983). The fact that most of the X-ray emission in Ophiucus occurs from a ring may 

imply that most of the X-ray radiation is emitted and reabsorbed inside a thick 

region. However it appears very unlikely that this burial effect could account for 

the factor of 1 o5 
missing here. 

INFRARED LUMINOSITY 

Thick clouds or thin clouds, the energy should come out somewhere. The 

infrared luminosity of the typical clouds <- 10
5

L Q ) is large enough to accomodate 
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the hypothesis under discussion if the X -rays accompanying the formation of Li are 

all absorbed and later reemitted in this spectral region. 

CONCLUSIONS 

The present status of the art, including a) the CosB data on the high energy 

gamma rays, b) the HCO+ isotopic ratio, and c) the X-ray fluxes from Einstein, 

makes it most unlikely that local irradiation in OB associations could explain the 

reported variations of lithium isotopic ratio. The last word on this question could 

eventually come from the gamma ray lines since the clouds are very unlikely to be 

opaque to this radiation. 
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STAN DAR D B I G  BANG  NUCLEOSYNTH ES I S  AND  CHE M I CAL  E VO LU T I ON 
OF  D A N D  3 H E  

P .  D E L BOURGO- SALVADOR 1 , G .  MAL I N I E 2 , J.  AUDO U Z E 1 , 3 
1 I n s t i t u t  d ' A strophys i q u e  d u  CNR S ,  7 5 0 1 4  Par i s  -

F r an c e  
2 Cen t r e  d ' et u d e  d e  L i m e i l ,  V i l l en e u v e  S a i n t  Geo r g e s  -

F r an c e  
3 L ab or ato i r e Rene  Ber n a s , Or s ay - F r an c e . 

A BSTRACT : E ffect  o f  s t e l l ar 
a b u n d a n c e s  o f  D and  3 H e  ar e 
t h e  o b s er v at i on s  o f  t h e s e  
p r i mord i a l a b un d an c e s . 

and  g a l ac t i c  e vo l ut i o n o n  t h e  
ex am i n e d  i n  a n  at tempt  t o  r e l ate  
t wo l i g h t  e l em e n t s  w i t h t h e i r  

I t  i s  s ho wn t h at i n  o r d er t o  r e c o n c i l e  t h e  b aryo n i c  d en s i t i e s 
d e d u c e d  r e s p ec t i v e l y from 4 H e  and  D i n  t h e  fr ame  o f  St and ard  
B i g  B a n g  n u c l eosyn t h e s i s  mod e l s ,  t h e  r at i o  b etween  t h e  
p r i mord i a l a n d  t h e  p r e s e n t  a b u n d a n c e  of  D s h o u l d  b e  a s  l ar g e  a s  
7 - 1 0 .  T h i s  c an b e  ac h i e v e d  o n l y  b y  s pec i f i c  mo d e l s o f  g a l act i c  
e vo l u t i o n  d i s c u s s e d  h e r e . 

I .  I NTROD UCT I O N  

T h e  prod u c t i o n o f  t h e  v e r y  l i g h t  e l emen t s  (D , 3 H e ,  4 He  a n d  7 L i ) 
p r ed i c ted  i n  t h e  f r ame o f  t h e  c a non i c a l B i g  B ang  n u c l eo syn
t h es i s  co n s t i t u t e  pre s en t l y  one of  the maj o r  c o smo l o g i c a l  
t o o l s :  t h e  compar i so n  b e t we e n  t h e s e  pred i c t i o n s  and  t h e  
o b s er v e d  ab u n d a n c e s  o f  t h e s e  e l emen t s  l e ad s t o  q u i t e i mport an t  
c o n s t r a i n t s  o n  t h e  p r e s e n t  b aryon i c  d en s i ty o f  t h e  U n i v e r s e  
s u c h  t h at �& s .;;0 . 0 2  ( a n d  t h e r efore  o n  i t s o v e r a l l dyn am i c a l 
e v o l ut i o n )  and  o n  t h e  m ax i m um n umber of  n e u t r i n o s  (and  l e pto n s )  
f am i l i e s  ( see  e . g . H .  Reev e s , t h i s  c o n ferenc e ,  Y an g  e t  a l . 
1 9 84 , Boesg aard  and  Ste i gm an ,  1 9 8 5 ) . 
G i v e n  t h e  i m port an c e  o f  s u c h  i m p l i c at i on s ,  o n e  s h o u l d  an a l ys e  
t h em v ery c ar efu l l y  e s pec i a l l y  i n  r e l at i o n w i t h s t e l l ar a n d  
g a l act i c  evo l u t i o n p ro c e s s e s  wh i c h  affe c t  t h e  ab u n d an c e s  o f  
t h e s e  e l em e n t s  o v er t h e  g a l ac t i c  h i story  s i n c e  t h e i r  e ar l y  
format i o n . I n  t h a t  r e s pect , t h e  r e l at i o n  between  t h e  o b s er v ed D 
and  3 He  a b u n d a n c e s  wh i c h  c an o n l y  b e  d eterm i ned  p r e s e n t l y  
e i t h e r  i n  t h e  S o l ar Sys t em o r  i n  t h e  i n t er s te l l ar med i um ( I S M ) , 
(V i d a l - M adj ar et  a l . ,  1 9 83 ) and  t h e i r pr i mord i a l v a l u e s , 
d e pe n d s s t r o n g ry--on t h e s e  evo l u t i o n p r o c e s s e s . D i s  i n deed  
d e s tr oyed i n  any  s t e l l ar z o n e  for  wh i c h T� l 05 K and  i mmed i ate l y  
t r a n s formed i n to  3 He . T h e  s i t u at i o n i s  n o t  t h e  s ame for  4 He  and  
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7L i  wh i c h  h a v e  been  o b s e r v ed r e s pect i v e l y  i n  " l azy"  b l ue 
c om p act  g a l ax i e s ( K u n t h  and  S argent , 1 984 ) and  i n  h a l o  s t ar s  
( S p i t e  and Sp i t e ,  1982 ) .  Mor eover , wh en  o n e  m a k e s  u s e  o f  t h e  
p r ed i c t i on s  o f  t h e  St and ard B i g  B ang  n u c l eosyn t h e s i s  t og e t h e r  
w i t h  t h e  s i m p l est  g al act i c  ev o l ut i on mod e l s  ( Au d o u z e  and  
T i n s l ey ,  1974 ) wh i c h pred i c t a r at i o  Dp r i m o r d i a 1 1 D now-2 ,  
o n e  n ot i c e s  ( fo l l ow i n g  V i d a l - M adj ar an d Gr y ,  1984 ) a 
c on s p i c u o u s  d i s c r e p ancy  b et ween  t h e  b aryon i c  d e n s i ty d ed u c ed 
f r om i+He and D r e s pect i v e l y .  Th i s  d i s c r e p an c y  c an on l y  b e  
av o i d ed i f  Dp r i mord i a l / D now-7- 1 0 .  Th i s  i s  w h y  i n  t h i s  
c on t r i b ut i on we an a l ys e  d i fferent  p l au s i b l e  hypo t h e s e s  
r e g ard i ng t h e  s t e l l ar a n d  g a l act i c  e v o l ut i on o f  D a n d  3 He and  
t h e i r  effect  on the  Dp r i m o r d i a l / Dn o w  an d 
3Hepr i mord i a l / 3 Hen o w  r at i o .  

I I .  STE LLAR PRO DUCT I O N  AN D DESTRUCT I O N OF D AND  3 He  

F o r  t he p u r p o s e  of  t h i s  an a l ys i s ,  one  s h o u l d  d e t e rm i n e  
c ar ef u l l y a l l  t h e  p r o d u c t i on and  d e s t r uc t i on s i t e s  ( s t e l l ar and  
not ) c o n c e r n i n g D an d 3 He . 
D i s  t ot a l l y  d e s t r oyed i n  s t e l l ar i nt er i o r s  and  as a m at t er o f  
f ac t , i t s  d e s t r uct i o n  by t h e  r e act i on D ( p , y ) 3 He  o c c u r s  d ur i ng 
t h e  pre  m a i n  s e q u e n c e  p h ase  of st ar s . 
I f  st a r s  l os e  l ar g e  amo u n t  of m a s s  by s t e l l ar w i n d s  d ur i ng t h i s  
per i od ( H artman , 1 984 ) , t h e  m at t er ej ected  i s  D f r ee and  3 He  
r i c h .  Th i s  effect  h a s  not  been  t aken  i n t o  ac c o u n t  in  st and ard 
mod e l  of c h em i c al ev o l ut i on and bec a u s e  t he m a s s  l o s s  r at e s  are  
n ot k nown prec i se l y . 
3He i s  a l e s s  f r ag i l e  s pec i es and  c an even  b e  prod u c ed i n  l ow 
m as s  s t ar s  by t h e  i n c om p l ete  p- p cyc l e .  So i n  l ow m a s s  s t ar s  at 
t h e  b eg i n n i ng of t h e  m a i n  s e q u e n c e  
X ( 3 He ) = X ( 3H e ) i n i t i a 1 +X ( D ) i n i t i a l ( b e c a u s e  D i s  en t i re l y  
tr an sfo rmed i nt o  3 H e ) . Du r i n g t h e  Red G i ant  Br an c h  ( R G B ) , p art  
of 3He i n i t i a l h ad b een  d e s t royed and  a c er t a i n  amo u nt h ad been  
prod uce d  depend i ng on  t h e  m a s s  of t h e  st ar . Ac cord i ng to  I b en 
and Tr u r an ( 1 978 ) ( 3 He/ H ) R G B=K ( M/ MG ) - 2+0 . 7 ( 3 H e/ H ) ; n i t i a l 
where  K i s  a pr o d uc t i o n coeff i c i en t . 
D u r i ng  t h i s  p h a s e , s i g n i f i c ant m a s s  l o s s  M t a k e s  p l ac e , 
acc ord i n g t o  F u s i - Pe c c i  and Re n z i n i  ( 1 9 7 6 ) : M a: M- 2 • 
The  f ate  of 3 He  d u r i ng t h e  s u b s equent  ph a s e s  of s t e l l ar 
ev o l ut i on i s  q u i t e  u n c er t a i n .  Du r i ng  t h e  Asym pt ot i c  G i ant  
B r anc h , 3He  c an b e  d e st r oyed by 3 H e ( a , y ) 7 Be  i f  the  t em p e r at u r e  
a t  t h e  b as e  o f  t h e  c o n v ec t i v e  en v e l ope  i s  h i g h  e n o u g h  ( T> a few  
10 7 K ) . T h erefore  d ur i ng t h i s  ph ase ,  l ow and i n t ermed i at e  m a s s  
s t ar s  s ho u l d  ej ect  m at er i a l wi t h  l e s s  3 He  t h an d u r i n g  t h e  RGB .  
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T h e  g a l ac t i c  e nr i chment  o f  3 He  c omes  m a i n l y  from l ow m a s s  
s t ar s , bec a u s e  i t  r eq u i re s  l on g  per i od o f  t i me t o  b e  a c h i ev e d . 
T h i s  exc l ud e s  ( to g e t her  w i t h  t h e  f a c t  t h at 3 H e  i s  more  
d e stroyed i n  h i g h m a s s s t ar s ) t h a t  h i g h and  i nt ermed i ate  m a s s 
s t ar s  r e l e a s e  s i g n i f i c an t  amo u n t s  o f  3 H e  i nt o  t h e  I SM .  

I I I .  C H E M I CAL E VOLU T I ON O F  D A N D  3 He  

T h e  e q u at i on s  d e s cr i b i ng t he  e vo l ut i o n of  t h e  a b u n d ance  by  m a s s 
o f  a n  e l emen t  i i s  

d a X i 
d t  

. M 2 ( 1 )  
- v  a( t ) X i + J E i ( M ) $ ( M ) v a( t - �M ) d M+ oX i n f 

M 1 

where a i s  t h e  g as d en s i t y ,  v t h e  a s tr at i on r at e ,  E i ( M )  t h e  
m a s s  f r ac t i on o f  i so t o p e  i r e l e a s ed b y  s t ar s  o f  m a s s  M to  t h e  
i nt e r s te l l ar med i um ,  o t h e  i n f a l l r at e ,  X i n f t h e  a b u n d an c e  o f  
e l ement  i i n  t h e  i nf a l l i n g  m at er i a l and  $ i s  t h e  i n i t i a l m a s s  
f u n c t i o n .  
T h e  f i r s t  t erm o f  t h e  r . h . s .  o f  t h i s  e q u at i o n i s  t h e  s t ar 
format i o n  r at e  wh i c h  i s  p r o port i on a l  to  a t h e  g as d e n s i ty ,  t h e  
s e c o n d  i s  t h e  f r a c t i o n  r e t urned  t o  t h e  I SM ,  t h e  t h i rd t erm 
r e p r e s e n t s  t h e  i nf a l l i n g m a t er i a l . 
For  D ,  t h i s  e q u at i on i s  very  s i mp l e  b e c a u s e  D i s  o n l y  
d e s t royed i n  s t ar s , t h e  s e c o n d  t erm o f  r . h . s .  i s  e q u a l  t o  zero  
( Au d o u z e  e t  a l . ,  1976 ) 
d aXo 

�� = - v aX o + 0X o i nf d t  
( 2 )  

T h e  p r e s e n t  o b s er v e d  g as d e n s i ty a l l ows  t o  e s t ab l i s h a s i mp l e  
r e l at i on between  t h e  i n f a l l r ate  o and  t h e  a s t r at i o n r at e  v 

o = v ( l - R )  
crnow  - e x p { - v ( l - R )  t now } 
Y-::-ex p { :v( l - R f-t��;r--

( 3 ) 

where  R i s  t h e  fr act i o n  o f  i n i t i a l g a s  pro c e s s e d  i n  t h e  
hypot h es i s  o f  i n s t an t an e o u s  recyc l i n g a n d  crnow the  p r e s e n t  
g as d e n s i ty ( we adopt  t now= l 2 . 5  Gyr and  crnow=0 . 05 ) . 
We  now  c o n s i der  t wo r e as o n ab l e  hypo t h e s e s  wh i c h effe c t s  are  t o  
i n c r e a s e  t h e  r at i o  Dpr i mord i a 1 / Dn ow : 
( i )  i n f a l l o f  proc e s s ed mater i a l 
( i i )  m as s  l o s s  d ur i ng t h e  pre  m a i n s e q uence  p h as e . 
The  t wo r e l at i on s  ( 2 )  a nd  ( 3 ) are  s u ff i c i ent  t o  t r e at t h e  
d e uter i um c as e .  W e  c an c a l c u l ate  t h e  r at i o  D p / Dn a s  a 
f u n c t i o n  o f  t h e  i n f a l l r at e  o i n  t h e  c as e  ( i ) .  We  o b t a i n  t h e  
c l as s i c a l  factor  2 w i t h o u t  i n f a l l .  F i g . I s hows  t h e  r e s u l t s  o f  
t h i s  c a l c u l at i o n .  
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C a se  ( i i )  : M a s s  l o s s  d u r i ng  t h e  pre m a i n  s e q u en c e  p h a s e . 
The  r at i o  Dpr i mord i a l / D n o w  i s  p l otted  as a f u n c t i on of  f 
t h e  fr act i o n of m a s s  l o st . 
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F i g . I I s h ows  t h e  r at i o  Dp / D n a s  a f u n c t i o n o f  f t h e  
f r act i o n o f  t h e  s t ar l o s t  i n  t h e  c as e  ( i i ) . E q u at i o n ( 2 )  
becomes  : 

d o  x 0  
- v ( 1 + f ) o x 0 + 6X i n f -d t 

T h i s  f i g u re  c o r r e s p o n d s  t o  a c a s e  w i t h o u t  i n f a l l .  
B u t  we mu s t  k e e p  i n  m i n d t h at pr i mord i a l D i s  t r a n s formed  i n t o  
3 H e ,  s o  a t o o  i mp o r t a n t  v a l u e f o r  p r i mo r d i a l d e u t er i um m i g h t  
p r o d u c e  o v e r ab u n d an c e  o f  3 H e ,  i n c o n s i s t e n t  w i t h  t h e  
o b s e r v at i o n s . 
C h em i c a l  ev o l u t i o n o f  3 H e  i s  n o t  as  s i mp l e  a s  for  D a n d  t h e  
p r e s c r i pt i o n s  c om i n g from s t e l l ar ev o l u t i o n ( s ee § I I )  a r e  : 

3 H e  i s  p r o d u c e d  by i n comp l et e  p - p  cyc l e i n  l o w m a s s  
s t ar s ,  t h e  p r o d u c t i o n i s  p r o p o r t i o n a l  t o  ( M/ Mo ) - 4 ( fo r  
M< 5 M@ ) .  
The  f r a c t i o n o f  3 H e  o f  t h e  s t ar ej e c t e d  i n  t h e  I S M are  
7 0  % i f  M< 2 M@ 
2 5  % i f  2 M@<M< 5M9 
N o  3 He i s  e j e c t e d  i f  M>5  Me . 

T h e  r e s u l t s o f  c h em i  c a  1 e v o  1 u t  i o n o f  D and  3 H e  are  s h own o n  
F i g ur e  I I I  a n d  I V  f o r  m o d e l  ( i )  i n  wh i c h  t h e r e  i s  a n  i n f a l l o f  
pr o c e s s e d  m a t e r i a l a n d  o n  f i g u r e  V f o r  mod e l  ( i i )  i n  wh i c h 
s i g n i f i c a n t  m a s s  l o s s  o f  D free  a n d  3 H e r i c h m at e r i a l t ak e s  
p l a c e  d u r i n q t h e  p r e  m a i n s e q u e n c e  p h a se . 
I n  c as e  ( i ) ,  t h e  o u t c ome  i s  t h at w i t h  an  i n f a l l o f  p r o c e s s e d 
m a t e r i a l o=0 . 0 1 5  ( 1 . 5 % o f  t h e  tot a l  m a s s o f  t h e  g a l a x y ) , o n e  
o bt a i n  a r at i o  D p / Dn o w= 1 5  a n d  t h e  p r i mo r d i a l a b u n d a n c e s  are  
( X o ) p = 1 0 - 4 , ( X 3 He ) p = 5 _ 1 0- 5 , the  p r o t o s o l ar 
a b u n d a n c e s  are ( X o )  , = 3 1 0 - 5 , ( X 3 H e ) 0 = 5 1 0 - 4 ( wh i c h 
are  comp at i b l e  w i t h  0 t h e  So l ar System o b s er v at i o n s ) ,  t h e  
i n t er s t e l l ar a b u n d an c e s  n o w  are  ( X b ) = ? 1 0 - 6 , ( X 3 H e ) = 
6 1 0 - 5 - 1 . 3  1 0 - 4 d e p e n d i n g o n  K .  
O n e  c an n o t e  t h at t h e  a b u n d a n c e  o f  3 H e  i n  t h e  I S M n o w  i s  v e r y  
s e n s i t i v e t o  t h e  v a l u e  o f  K ,  t h e  p r o d u c t i o n c o e f f i c i e n t  b u t  t h e  
s o l ar v a l u e  i s  n o t  affec t e d  b y  a c h an q e  o f  t h i s  c o e f f i c i e n t  
b e c a u s e  3 H e i s  pr qd u c e d  a n d  ej ected  b y  l ow m a s s  s t ar s  w i t h a 
l o n g  l i fe t i m e s o  H e  a p p e a r s  i n  t h e  I S M after  t h e  b i r t h  o f  t h e  
S u n . Th i s  c o u l d  e x p l a i n  t h e  d i s pe r s i o n o�h e v a l u e s  o f  3 He 
o b s e r v e d  b y  R o o d  et a l . 1 9 84  i n  reg i o n s  w i t h  more l o w m a s s 
s t ar s  b u t  i t  s e ems i n  c o n t r ad i c t i o n w i t h t h e  f ac t  t h at h i g h  
v a l u e  o f  3 H e a r e  f o u n d  a t  l ar g e  g a l a c t o c e n t r i c  d i s t a n c e . 
I n  c a s e  ( 2 ) , t h e  c o n c l u s i o n s  are t h at w i t h a m a s s  l o s s  o f  2 0  % 
o f  t h e  tot a l  m a s s ( t h e  d e t e rm i n at i o n s  o f  t h i s  m a s s l o s s  are  
s t i l l  very u n cer t a i n  ( H ar t m a n  1 9 84 ) ) ,  one  o b t a i n s  : 

( X o ) p = 1 0 - 4  ( X 3 H e ) p = 5 . 1 0 - 5  
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R e s  u 1 t  s of  t h e  c h  em i c a 1 e v o l u t i on  mode  1 w i t h  i n f a  l l o f  
proc e s s ed m at er i a l . The  ab und ances  of D ,  3 He , 4He a r e  
p l o t t ed as  a f u n c t i on of t i me i n  Gyr . The  i n f a l l r at e  i s  
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R e s u l t s  of  t h e  c h em i c a l  e v o l ut i on m o d e l  w i t h m a s s  l o s s  
d ur i ng t h e  p r e  m a i n s e q u e n c e  p h a s e  an d n o  i n f a l l .  The  
f r ac t i on of m a s s  l o st  i s  f=20% , t h e  p r o d u c t i o n r at e  of  3 He  
i s  5 .  10- lt ( M/ Me ) - lt . Th e ab u n d an c e s  of  D ,  3 He a nd  ltHe  are 
p l ot t ed as  a f u n c t i on of t i me . 
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Fig. VI 
Canprrison be�n the liqht elements abundances 

canputed and the observed abundances (boxes) taking into 
account chemical evolution models with DplDn :;; 1 0 .  
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( X o ) 0 = 2 . 1 0 - 5 ( X 3 H e ) 0 = 6 . 1 0- 5 

( X o ) I sM= 1 0 - 5 ( X 3 H e ) I sM= 8 . 1 0 - 5 - 1 . 3  10 - 4 • 
T h e  effect  o f  t h e  p r o d u c t i on f actor  K i s  t h e  s ame a s  i n  t h e  
c a s e  ( 1 ) .  B u t  o n e  co u l d ex p l a i n  t h e  d i s p er s i o n o f  3 H e  

we a s u rement  by t h e  p r e s e n c e  o f  young  s t ar s  e j ec t i ng D free a n d  
H e  r i c h a n d  t h e n  avo i d  t h e  d i ff i c u l t i e s o u t l i ned  i n  c as e  ( i ) .  

CON C LU S I O N  

From  t h i s  i n v e s t i g at i o n ,  o n e  c an c o n c l u d e  t h a t  s pe c i f i c  ( b u t  
q u i te r e as o n ab l e  ! )  mode l s  o f  g a l ac t i c  e v o l ut i o n i mp l y i ng 
e i ther the 1 nf a l l ( or i n f l ow )  of  p r o c e s s ed i n t e r s t e l l ar 
m a t e r i a l o r  p r e f er ab l y  s i g n i f i c an t  s t e l l ar m a s s  l o s s e s  o c c u r i ng 
d ur i n g t h e  p r e  m a i n  s eq u e n c e  p h as e  l e ad to  Dp / Dn r at i o s 
c o n s i s t e n t  b o t h  w i th t h e  3 He  a n d  4 H e  abu n d a n c e s  i n  t h e  f r ame of  
t h e  c l as s i c a l  B i g  Bang  n uc l eosyn t h e s i s  ( f i g u r e  V I ) . 
T h i s  a n a l ys i s  s hows  c o n v i nc i n g l y  t h at i n  o r d e r  t o  r e c o n c i l e  t h e  
o b s e r v at i on s  r e g ar d i n g  D a n d  4 H e  w i th t h e i r  p r i mord i a l 
abu n d an c e s  d e d u ced  f r om t h e  c an o n i c a l  B i g  B ang  mode l s  one  
s h ou l d  i n v o k e  s u c h  g a l ac t i c  mode l s .  I t  i s  the  p r i c e o n e  h as to  
p ay to  d e d u c e  from the  e ar l y  n u c l eosyn t h e s i s  c o smo l o g i c a l  
c o n s tr a i nt s  a s  i mpor t a n t  a s  t h e  m ax i mum b aryon d e n s i ty and  t h e  
m a x i mum n umber  o f  n e u t r i no a n d  l e p t o n  f am i l i es . 
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THE SURVI VAL OF HEL I UM-3 I N  STARS 

G .  Stei gman! , O .  S .  P .  Oearborn2 and O. N .  Schramm3 

!Bartol Research Foundat i on ,  Uni vers ity of De l aware 
Newark , Del aware 19716,  USA 

. 
2L awrence L i v�rmore National  L aboratory, P .  0 .  Box 808 

L i vermore , Ca l i forn i a  94550,  USA 

3Astronomy and Astrophys i cs Center , Uni vers i ty of C h i c ago 
Chi c ago , I l l i no i s  60637 , USA 

ABSTRACT.  If  the observed abundance of 3He i s  to be u sed - i n  

concert w i th the pred i ct i on s  o f  Primord i al Nucl eosynthes i s  - to bound 

from oel ow the u n i versal  den s i ty of nuc l eons , the surv i val  of 3He i n  

the mater i a l  processed through stars must b e  esti mated . The res u l ts 

of detai l ed stel l ar evol ut ion ca lcu l ati ons whi ch fol l ow the 

destructi on of 3He are outl i ned . The surv i v a l  of 3He as  a 

functi on of stel l ar mas s ,  compos i ti on and mass l oss  i s  presented as  

are esti mates of the primord i al abundances of D and 3He ; the 

cosmo l ogi ca l  conseq uences are summari zed . 

1 .  I NTRODUCT ION 

I f  the product i on and destruction of 3He i n  the course of ga l act ic  

evo l uti on were known , the presentl y  observed i nterstel l ar and/ or sol ar 

system abundances cou l d  be extrapol ated back to pregal act i c  epoch s .  

S i nce any deuter i um processed through stars i s  converted t o  3He v i a 

radi ati ve proton capture, the evo l ut i on of 3He may permi t bounds to 

be set on the primord i al abundance of D � 3He ( Yang et a l . 

1984 ) . I f  the destruction of 3He c an be constrai ned , s i g n i f i cant 

l ower l i mi ts to the nucl eon den s i ty - cri t i c a l  to questions  of d ark 

matter and the number of l i ght neutri nos ( or,  other " i nos" ) - may be 
37 
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der i ved ( Yang et a l . 1984 ) . I n  add i t i on to t he cosmo l og i ca l  
mot i v at i on ,  i t  i s  i mportant to study the  evo l u t i on of  3He d ur i n g  
recent epochs ( Rood , Stei gman and T i ns l ey 197 6 )  t o  i nterpret the 
compar i son of so l ar system determi nati ons w i th those of the  

i nterste l l ar med i um ( Rood , B an i a  and W i l son 1984 ) . 
We h ave stud i ed the surv i va l  of 3He i n  s tars cover i ng a r ange 

of masses { M/M0 = 8 , 15 , 2 5 , 50 , 100) and compos i t i ons ( Pop .  I ,  Po� I I ) ,  

w i th  and w i thout mass l os s  { Dearborn , Schramm and Stei gman 1985 , 
DSS ) . I n  Sect io n  2 the  phys i c s  of the surv i v a l  of 3He i n  stars i s  

o ut l i ned and our { DS S )  res u l t s  summar i zed . The trends i n  3He 

survi va l  as a functi on of the stel l ar mas s ,  compos i t i on and mas s l os s  

w i l l  b e  descri bed . Then , i n  Sec t i on 3 ,  w e  u s e  our resu l ts to  est i mate 
the average surv i val  of 3He i ntegrated over a ste l l ar generat i on ,  
assumi n g  a n  i n i t i al mass funct i on .  F i na l l y ,  we use  the observed 
abundances of 3He and D ( Boesgaard and Stei gman 1985 ) to est i mate 

the p r i mord i a l  abundances and to der i ve bounds to the 
nucl eon-to-photon rat i o  n = N / y . 

2 .  SURV I VAL OF HELIUM-3 

I n  stars , 3He i s  produced by the burn i ng of deuter i um :  D ( p , y ) 3He ; 
t h i s react i o n ,  wh i ch has  a l ow Cou l omb barr i e r ,  i s  rap i d  at 

temperatures i n  excess of 6xl05K .  The destruct i on of 3He : 
3He ( 3He , 2 p )4He or 3He { a , y ) 7Be ,  i s  i nh i b i ted by a more 
s i gn i f i cant  Cou l omb barr i er ;  temperatures i n  excess of 7xl06K are 

requ i red . For hydrogen burn i ng stars , " new" 3He i s  produced , 
i ndependent of the preste l l ar abundances of 0 and 3He . I n  the 
cool er,  outer l ayers , 3He w i l l  surv i ve ( I ben 1967 ;  Rood 1972 ) . 

3 I ndeed , s t ars of M � 21\i are net producers of He { I ben 1967 ; Rood 
1972 ) . I n  more mas s i ve star s ,  however , suff i c i ent l y  h i gh temperatures 

are ach i eved - throughout most { but not a l l )  of the star-to burn 3He  

to 4He and  beyond . We  h ave ( DSS ) , therefore , concerned ourse l ves 

w i th the destruc t i on of 3He i n  the more mas s i ve stars (M � 8M0 ) .  
These resu l ts are summar i zed oe l ow .  L ater , we wi l l  supp l ement our  
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work w i th that of I ben and Truran ( 1978 ) , to attempt to account for 
M < 8M6 •  

2 . 1  Trends I n  T h e  Surv i v al  of 3He 

The frac t i on of 3He wh i ch survi ves ste l l ar proces s i ng h as been 
c a l c u l ated ( DS S )  for mode l s w i th  Pop . I abundances ( Y=0 . 28 ,  Z=0 . 02 ) 
and Pop . I I  abundances ( 0 . 22 s Y s 0 . 30 ,  0 . 0004 s Z s 0 . 004 ) , w i th 
mas s l os s  ( De arborn et a l . 1978 ) and w i thout . For each mode l  we 

computed the  fract i on of 3He wh i ch surv i ves i n  the mater i al returned 
from star s ,  g 3 , for M /M6 = 8 , 15 , 2 5 , 50 , 100 . A s e l ect i on ( the 
essence ) of our res u l t s  are shown i n  F i gure  1 where the resu l ts for 
g3 versus M are d i sp l ayed for three mode l s .  

The  trends i n  g3 i l l u strated i n  F i gure 1 are easy to  

39 

understand . Cons i der  the  resu l ts for the mode l  w i th mass l os s  
( Dearborn et a l . 1978 ) . Mass l os s  removes the outer - coo l er - l ayers 

of the  s t ar before the 3He c an be destroyed . As a res u l t ,  more 
3He surv i ves compared w i th the mode l  of the s ame compos i t i on but  
w i th no  mass l os s  ( g3 ( M�O ) ? g3 ( M=0 ) ) .  Th i s  effect is  more 

pronounced for the more mass i ve stars ( M ? 25M6 ) ;  for l es s  mas s i ve 

stars the  nuc l e ar burn i ng t i mesca l e  i s  comparab l e  to ,  or l es s  than , 
the  mass  l os s  t i mesca l e .  The most  mas s i ve stars  ( M  � 50M ) l ose © 
mass so  rapi d l y  that , rough l y  i ndependent of the i r i n i t i al masses , 
they evol ve as  i f  M : 50M0 • Thus , for the  mass l os s  r ates of 

Dearborn et a l  ( 1978) , for M � 50M6 , g3 ( MIO ) : g3 ( M=50M6 ; M=O ) .  
As  a resu l t ,  for Pop . I abundance s ,  g3 � 0 . 23 .  

The dependence o f  g3 o n  chem i c a l  compos i t i on i s  a l so cons i stent 
w i th expectat i on .  For examp l e ,  DSS f i nd that  for Z f i xed , i f  Y 
decreases , then g3 i ncreases . Th i s  i s  because such mode l s  have a 
l ower core temperature , a l ower central  l umi nos i ty and a sma 1 1  er 
convec t i ve zone; more of the star i s  suff i c i ent l y  cool for 3He to 

surv i ve .  I n  contrast , i f  for f i xed Y ,  Z decreases , l es s  3He 

surv i ves . Th i s  i s  because  such mode l s  have h i gher core temperatures , 
h i gher l umi nos i ty and l arger convect i ve zone s ;  more of the star i s  hot 

enough to destroy 3He . 
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0.3 0 

+ 
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0 . 1 
8 1 5  25 50 100 

M/M0 
F i gure 1 .  The surv i va l  fract i on of 3He , g3 , i s  shown as  

a funct i on of stel l ar mass for three model s .  The model 

i nd i cated by (+ ) has Pop. I abundance ( Y=0 . 28 ,  Z=0 . 02 )  and a 

mass l oss  rate from Dearborn et al . ( 1978 ) . The open c i rc l es 

descr i be the s ame Pop . I model w ithout mass l oss . The f i l l ed 

c i rc les  are for a non-mass l os i ng ,  Pop . I I  ( Y=0 . 2 5 ,  Z=0 . 0004 ) 

model . 
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3 .  THE SURV I VAL O F  HEL I UM-3 I N  A STELLAR GENERATION 

4 1  

I f  the d i str i but i on o f  masses i n  a stel l ar generat i on i s  descri bed by 

an i n i ti al mass f unction f ( M ) , then the average surv i v al of 3He -

i ntegrated over the I MF - i s  

( 1 )  

For a Sal peter ( 1955 ) mass funct ion ,  

f (M )  = ( M-µ ) / M2 • 35 , ( 2 )  

where µ : 1 . 0-1 . 4  i s  the remnant mas s .  I f  we restr i ct our attent i on 

to the h i gh mass stars ( M  � 8M8 ) ,  then we may use the res u l ts ( DSS)  

sunmari zed in  F i gure 1 to  der i ve <g3 >8 , 

Pop .  I ,  

Pop .  I ,  

Pop .  I I ,  

M�O 
M=O 
M=O 

<g3>3 = 0 . 34*0 . 03 ,  

<g3>3 = 0 . 33*0 . 05 ,  

<g3>3 = 0 . 22*0 . 03 .  

( 3 a )  

( 3 b )  

( 3c )  

The " uncertai nties"  i n  ( 3 )  are due t o  the range i n  remnant masses and 

the i nterpol at i on between masses i n  our model s .  As expected , the 

greatest s urv i va l  for 3He i s  for the mas s i ng l os i ng ,  Pop . I model . 

However , s i nce the mass l os s  i s  rel at i ve ly  un important for the l ower 

mass star s ,  wh ich  domi n ate the IMF , the d i fference between the two 

Pop . I model s i s  neg l i gi b l e .  The "hotter" Pop . I I  mode l s  destroy more 
3He . S i nce the Pop . I I  resu l t  ( 3 c )  i s  for a model wi thout mass 

l os s ,  t h i s  s hou l d  prov i de a f i rm l ower bound to <g3>8 • 

C l ear ly ,  i n  i ntegrat i ng over a generat i on of star s ,  the l ower 

mass stars are cruci al . I ben and Truran ( 1978)  h ave cons i dered the 

surv i val  of 3He i n  stars  of 3-8M0 • For th i s r ange they f i nd ,  

+ 1 8  4 - 1  Me 
2 

g3 ( M )  = o . 7  7 ( lO Y23i ) (tt) ' ( 4 )  
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where y2� = [ ( D  + 3He ) / H] i i s  the s um of the i n i t i al abundances 

of D and 3 He . U s i ng ( 2 )  and ( 4 )  i n  ( 1 )  - w i th µ=l - we f i nd ,  

Ut i l i z i n g  our prev i ous  resu l ts ,  we now f i nd ,  

( 5 )  

( 6 a )  

( 6b )  

I n  an  attempt to  extend our resu l ts down t o  the  l owest  mass stars 
whi ch cou l d  h ave evol ved i n  the  l i fet i me of the ga l axy, we assumed for 
0 . 8  < M/M8 < 3, that g3=1 ; for such stars we took as an est i mate 
of the remnant  mas s ,  µ=0 . 7 .  W i th these assumpt i on s ,  we f i nd ,  

( 7 a )  

P o p .  I : ( 7b )  

Pop .  I I :  ( le )  
< 

S i nce l ow mass stars are l i ke l y  net producers of -He , these 

est imates may wel l be too conservat i ve ( i . e . : g3 may even exceed 
-o . 6 ) . 

4 .  CONSTRAI NTS FROM BOUNDS TO THE PR IMORDIAL ABUNDANCES O F  D AND 
HEL I UM-3 

Observat i ons  of 3He i n  the i n terste l l ar gas ( v i a  the hyperf i ne l i ne 

of 3He
+

) are very d i ff icu l t and the few resu l ts obta i ned to d ate 
( Rood , Ban i a and W i l son 1984 ) are confused . Accord i ng to Rood , Ban i a  

and W i l son ( 1 984 ) , i nterstel l ar abundances range from sol ar ( or ,  
pos s i b l y ,  l es s )  to a n  order of magn i tude h i gher . I ndeed , i t  shou l d  oe 

remembered that �ood , Stei gman and T i n s l ey ( 1976 ) noted that , due to 
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net product i on i n  l ow mass star s ,  the i nterste l l ar abundance of 3He 
shou l d  exceed the  s o l ar system abundance . However , to b u i l d  a bri dge 
back to prega l act i c  abundances , i t  seems s afest to start w i th  the 
sol ar system abundances ( Boesgaard and Ste i gman 1985 ) . 

3 
Y230 = (

D+
H

He )
s 

= 3 . 6  x 10-5 , ( 8 a )  

y38 = ( 3He/ H } 6 = 1 . 4  x 10-5 . ( 8 b )  

I f ,  i ns tead o f  abundance by number , w e  w i s h  to use  the  mass fract i on ,  
then for Y8 = 0 . 25 we have ,  

-5 x238 = 6 . 0xlO ( 9 )  

Y ang  e t  a l  ( 1984 ) were the f i rst t o  note that i f  g3 cou l d  be 
e st imated , the p r i mord i al abundances of D and 3He cou l d  be 

cons tr a i ned . U s i ng a " one-cyc l e " approx i mat i on ,  they found an � 
bound to  the  p r i mord i al abundance of D p l u s 3He , 

U s i ng the abundances i n  ( 8 )  i n  ( 10 ) , we f i nd ,  

5 -1 10 y23p < 2 . 4  + 1 . Bg3 . 

5 I f  g3 > 0 . 2  ( see ( 3c ) ) ,  then 10 y23P < 1 1 .  Accord i ng to Y ang et 

al ( 1 984 ) , th i s  constrai nt on y2 3p prov i des a l ower bound to the 
. -10 -10 nuc l eon-to-proton r at i o :  n ? 3xl0 For n � 3xl0 and 3 

f l avors of l i ght  ( < < lMeV ) ,  2-component neutr i nos , the  pr i mord i a l  

abundance o f  4He exceeds Yp = 0 . 240 ( for a neutron h a l f- l i fe of 
10 . 4  mi n . ; Y ang et a l . ( 1984 ) ) .  I f ,  i ndeed , g3 > 0 . 4 ( 0 . 6 ) , then 

105y23p � 6 . 9 ( 5 . 4 )  and,  1010 n ?  4 ( 5 ) . In these cases , the 

p r i mord i a l mass fract i on of 4He i s  pred i cted to be even l arger : 

( 10 )  

( 10 I ) 

YP ? 0 . 243 ( 0 . 246 ) .  I f  these est i mates are re l i ab l e ,  there i s  l es s  
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and l ess room for an " extra" neutr i no f l avor ( prov i ded that Yp 5 
0 .  25 ) .  
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HOW DEGENERATE CAN WE BE ? 

Gary Stei gman 
Bar tol Research Foundat ion ,  U n i vers i ty of Del aware 
Newark , DE 19716 ,  USA 

ABSTRACT . Si nce rel i c  neutr i nos are v i rtual ly  u nobservab l e ,  a l arge -

but undetectabl e  - l epton asymmetry i s  pos s i b l e .  Cosmo l ogi cal  

constrai nts can  provi de bounds to such a u n i versal neutri no 

degeneracy.  The weakest constrai nt i s  from con s iderati ons of the age 

and densi ty of the present U n i verse. More s i gn i f i cant constrai nts 

fo l l ow from the formati on of structure i n  the expand i ng Un i verse . The 

most stri ngent bounds to neutri no degeneracy fol l ow from compari sons 

of  the pred i ct i on s  of B i g Bang Nucl eosynthes i s  w ith the observed 

abundances of the l i ght e l ements . Al l these approaches are rev i ewed 

and consta i nt s  to neutr i no degeneracy deri ved . I t  i s  shown that 

neutri no degeneracy w i l l  not permit  the Un i verse to be " c l osed" by 

n uc l eon s .  

1 .  I NTRODUCTION 

The U n i verse i s  not symmetri c  between part i c l es and anti part i c l es 

( Stei gman 1976 ) . There are , for examp l e ,  v i rtual l y  no ant i b aryons ;  

there i s  a Un i versal  Baryon Asymmetry. To quant i fy the Baryon 

Asymmetry, we may compare the baryon number ( the d i fference between 

b aryons and anti baryons ) i n  a comov i ng vol ume to the number of photons 

i n  the s ame vol ume . 
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( 1 )  
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The nuc l eon-to-photon rat i o ,  n ,  i s  k nown from B i g Bang Nuc l eosynthes i s  
t o  be very smal l :  n � 10-9 ( Yang et a l . 1984 ) . The Baryon 
Asymmetry , therefore , i s  very smal l .  

What of the Lepton Asymmetry? There are two types of l epton s :  
:I: :I: :I: 

ch arged l eptons ( l =e , µ , T , • • •  ) and neutral l eptons 
( v  = v , v , v , • • •  ) . The l epton asymmetry i n  charged l eptons i s  e µ T 
eas i ly constra i ned . E l ectrons and pos i trons are the on ly  s t ab l e  

:I: 
charged l epton s ;  e s are the on ly  rel i c s  from the B i g  Bang wh i ch 
cou l d  be present today . But , dur i n g  the ear l y  evo l ut ion  of the 
U n i verse e l ectron-pos i tron p a i rs wou l d  have ann i h i l ated when the 
temperature dropped be l ow the e l ectron mas s .  There were , however , an 
excess of e l ectrons wh i ch s urv i ved i n  an abundance wh i ch i nsures the 
charge neutral i ty of the U n i verse : ne = np = nB . The total  
l epton n umber ( def i ned s i mi l ar l y  to the baryon number above ) i s  then 
that due  to neutra l  l eptons p l us the contr ibut i on from e l ectron s .  

( 2 )  

I n  most Grand U n if i ed Theori2s ( GUTS ) i t  i s  " natural " for L t o  be  
of order B ( D i mopou l os and  Fe i nberg 1979;  Schramm and  Stei gman 1979 ;  
N anopou l os ,  Sutherl and and  Y i l d i z  1980 ; Turner 1981 ) .  I n  th i s case ,  
L ::: O ( B )  and  L = O ( B )  = n � 10-9 so that any neutr i no degeneracy v 
wou l d  be very smal l .  I n  th i s  case ,  for each  neut r i n o  f l avor , the 

rat i o  of re l i c  neutr i nos  and anti neutr i nos to  re l i c  photons i s  the 
" usua l " va l ue ( see ,  for examp l e ,  Stei gman 1979 ) . 

( n  +n_ ) / n  = 3 /4 (T  /T ) 3 = 3/ 1 1 .  v v y v y 0 ( 3 )  

However , a s  H arvey and Ko l b  ( 1981 )  h ave shown , i t  i s  poss i b l e  t o  
f i nd GUTS where i t  can b e  arranged th at I L i >> 1 wh i l e  B < <  1 .  F or 

such mode l s ,  I L i  ::: I L  I and n » 1 .  v v 
S i nce we are unabl e to observe the rel i c  neutr i nos and determi n e  

the asymme try d i rect ly ,  i t  i s  o f  va l ue t o  l ook e l sewhere for 
constrai nts to L • To t h i s  end , the present U n i verse and i ts v 
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evo l ut i onary h i story prov i de an i dea l  l aboratory .  I f  t he  re l i c  
neutr i nos are " too"  degenerate they wi l l  domi n ate the  present 

u n i versal  mass den s i ty ( We i nberg 1962 ) .  Mass l es s  or mas s i ve 
degenerate neutr i nos may i nf l uence the  evo l u t i on of structure i n  the  
U n i verse ( Freese ,  Ko l b and Turner 1983 ) .  Most s i gn i f i cantl y ,  neutri no 
degeneracy w i l l  affect the  abundances of the  l i ght  e l ements  produced 
dur i ng B i g  B ang Nuc l eosynthes i s  ( Wagoner , Fowl er and Hoyl e 1967 ;  
Beaudet and  Goret 1976 ;  Y ah i l  and  Beaudet 1976 ; Beaudet and  Yah i l 
1977 ; Dav i d  and Reeves 1 980 ; F ry and Hogan 1982 ; Scherrer 1983 ) .  

The above c i ted , cosmo l og i c al approaches to constra i n i ng a 

u n i versa l  re l i c  neutr i no  degeneracy wi l l  be revi ewed and the  best -
most constra i n i ng - bounds wi l l  be der i ved . I n  Secti o n  2 some usef u l  
formu l ae are presented . The age / den s i ty constrai nt i s  d i scussed i n  
Sec t i on 3 .  Constrai nt s  from the evo l ut i on of structure i n  the  

expand i ng U n i verse are  deri ved in  Sect i on 4 .  In  Sec t i on 5 the most 
restr i ct i ve bounds  to neutr i no degeneracy are deri ved from B i g  Bang 
Nuc l eosynthes i s  ( BBN ) .  I n  p art i cu l ar ,  i n  Sect i on 5,  i t  i s  shown that 
neutr i no degeneracy does not permi t the U n i verse to  be " c l osed " by 

n uc l eons .  The resu l ts are summari zed i n  Sect i on 6 .  

2 .  SOME USEFUL FORMULAE 

As the U n i verse expands and cool s ,  the rat i o  of the neutr i no chem i c a l  

potent i al ( µ  ) to  t h e  thermal energy ( T  ) rema i n s  constant .  Th i s  
v v 

r at i o ,  X = µ /T  , the degeneracy parameter ,  prov i des  a measure of 
v v 

the degeneracy. I n  terms of X ,  the neutr i no l epton n umber i s ,  

( 4 )  

The energy den s i ty i n  mas s l es s  o r  extremel y  re l at i v i st i c  ( ER )  

degenerate neutr i nos may be compared to that of the  rel i c  photons .  

4 PER ( X ) / p = 7 / 8 ( T  /T ) N ( X ) , y v y v 
( 5 a )  
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N ( X )  = 1 + 30/ 7 ( X /n ) 2 + 1 5/ 7 ( X/ n )4 • " 

N ( X )  i s  the " effect i ve" number of equ i v al en t ,  l i ght neutr i no s .  " 

( Sb )  

For mas s i ve ,  nonre l at i v i st i c  ( NR )  degenerate neutr i nos , the energy 
dens i ty i s ,  

PNR ( X )  = m n ( X ) n  , " " y ( 6 )  

where n ( X )  i s  the rat i o  o f  the s um of neutr i nos and anti neutr i nos 
" � 

to  photon s ;  n ( X )  > n ( 0 )  = 3/ 1 1 .  The c ase of mas s i ve degenerate 
" - " 

neutr i nos  d i ffers s i gn i f i can t l y  from that of mas s l es s  neutr i nos . 
L angacker , Segre and Son i ( 1 983 ) h ave shown that for a h i erarchy of 
masses (m1 > m2 > • • •  ) ,  an i n i t i al asymmetry wou l d  be reduced to 
negl i g i bl e  l eve l s  for the heavi er neutr i nos ( X1 < x2 < • • •  ) .  They 
a l so show that the asymmetry of the l i ghtest neutr i no spec i e s  wou l d  be 
reduced to a f i xed po i nt of order u n i ty :  XMAX = X ( mM I N ) � 0( 1 ) .  
F or mas s i ve neutr i nos , then , i t  i s  to be expected that XNR � 0 ( 1 ) ;  a 
p r i or i  there are no s uch constr a i nt s  for XER · 

3 .  THE AGE / DENSITY CONSTRAI NT 

Neutr i no degeneracy means that " extra" neutr i nos  ( or ant i neutri nos ) 
are present compared w i th the nondegenerate c ase . Such extra 

neutr i nos w i l l  i ncrease the neutr i no contr i but i on  to the total energy 
dens i ty.  Constrai nts  to neutr i no  degeneracy may be found , therefore , 

by requ i r i ng that the degenerate neutr i nos not contr i bute " too much" 
den s i ty (We i nberg 1962 ) .  

S i nce " h i gh"  dens i ty u n i verses expand faster , they are - at 
present ( when TyO : 3K ) - younger than l ow dens i ty u n i verse s .  As a 
resu l t ,  constra ints  to the present age of the Un i verse prov i de the 

best bounds to the present den s i ty . I f  we wr i te the present dens i ty 
( P  ) i n  terms of the " cr i t i c a l "  dens i ty ( Pc = 3H� /8nG = 

lO�h� eVcm-3 ; H0 = 100h0 kms-1Mpc-1 ) and the den s i ty 
p arameter ( n  = p / p  ) ,  then the age of the Un i verse may be 0 0 c 1 1 rel ated to the Huob l e  age ( H; = 9 . 8h� Gyr ) ,  
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t = H- 1  f ( n  ) f ( n0 ) < 1 .  0 0 0 

For  ER  neutri nos , i f  n = 
" 

n • f = ( 1 + nl I 2 ) - 1  . 0 0 A l ower 
l i mi t to t0 l eads to an u pper l im i t  on  n0 and , hence , to 

t o � 1 3  Gyr N ( X )  � 1 . 2 x 104 X ER � 2 7 ,  
" 

to � 10  Gyr : N ( X )  � 4 . 6  x 104 , XER � 38.  
" 

pER ( X ) .  

Thus , a substant i al degeneracy cou l d  s t i l l  ex i s t  among rel i c  ER  
neutri nos  wi thout v i o l at i ng the age/dens i ty constra i n t .  
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( 7 )  

( 8a )  

( 8b )  

The  den s i ty contri buted by N R  neutr i no s  depend s  on  two p arameters : 
the  mass ( m  ) and the neutri no-to-photon rat i o  ( n  ( X ) ) ;  the 

\} " 
age / den s i ty constra i nt  can  on ly  bound the  product  of the two . 

m n ( X )  � 6eV , 
\} " 

t0 � 10 Gyr : m n ( X )  � lOeV . 
" \} 

To further constra i n neutr i no  degeneracy we mus t  turn to 

con s i derat i on s  of ga l axy format i on .  

4 .  GALAXY FORMATION AND NEUTR I NO DEGENERACY 

( 9 a )  

( 9b )  

Structure can  on l y  evo l ve i n  a n  expand i ng U n i verse duri ng  those epochs 
when the U n i verse i s  " Matter Domi n ated" ( MD )  - t h at i s ,  when the 
den s i ty i s  domi n ated by NR p art i c l es ( Meszaros 1974 ) . I f  the present 
Un i verse i s  MD, the ear l y  un i verse was domi n ated by ER , degenerate 
neutri nos for epochs whose red s h i ft exceeds zeq where 
1 

+ 
zeq = p0/ pER ( X ) . So that structure cou l d  h ave evol ved from 

perturbat i ons  whose amp l i tude was suff i c i ent l y  sma l l to be con s i stent 
w i t h  the absence of an i sotropi es in the m i crowave rad i at i on 
background , we must req u i re ( Stei gman and  Turner 1985 ) that 

3 zeq � 10 • U s i ng t0 to constra i n  p0 , we f i n d :  



5 0  G. STEIGMAN 

The req u i rement  of a suff i c i ent l y  l ong  epoch of MD res u l t s  i n  a 

s i gn i f i cantly t i ghter bound on the degeneracy of ER  neutr i nos . 

( lOa )  

( !Ob )  

The  s i tu at i on i s  even more t i ght ly  constrai ned for  NR degenerate 

n eutr i nos . "Ord i n ary" mas s i ve ,  nondegenerate neutri nos wi l l  d amp 
ex i st i ng perturbat i ons  by free-streami ng  and mi x i ng up  reg i on s  of h i g h  
and l ow den s i ty ( Bond , Efstath i ou and S i l k  1980 ) . For nondegenerate 
NR neutr i nos , the free-stream i n g  scal e i s ,  

A ( Mpc ) : 1 2 ( 100eV / m  ) .  v v ( 1 1 )  

I f  w e  ut i l i ze tne most  conserv at i ve ( l east constra i n i ng )  bound from 
the age of the Un i verse ( eq .  9o ) then , 

A ( Mpc )  > 120 n ( X ) . v - v 

F or X=O , n = 3 / 1 1  and A > 33Mpc . E ven for nondegenerate , v v 

( 12 )  

mas s i ve neutr i nos  the free streami ng  sca l e  i s  much too l arge ( Wh i t e ,  

Frenk and Dav i s  1983 ) .  I f  the neutr i no contr i out i on to the present 
mass dens i ty i s  kept f i xed , degenerate neutr i nos  are l i ghter than 
nondegenerate neutr i nos and ,  therefore , they free-s tream further , 

d amp i ng perturbat i on s  on even l arger sca l es . I f ,  i ndeed , rel i c  
neutr i nos  are degenerate , they must e i ther be mas s l es s  or ,  b e  s o  l i ght 
as to be rel ati v i s i t i c  even at present . 

5 .  DEGENERATE NEUTR I NOS AND B IG  BANG NUCLEOSYNTHES I S  

Nuc l eosynthes i s  i n  t h e  context o f  the standard , hot B i g  Bang Mode l  
w ith  three f l avors of  nondegenerate ,  l i ght neutr i nos  y ie l d s  pr imord i al 

abundances of the l i ght e l ements ( D ,  3He , 4He ,  7L i ) i n  exce l l ent  

agreement wi th current observat i ona l  data ( Y ang et a l . 1 984 ) . A l ower 
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bound to the n uc l eon-to-photon rat i o  ( n ) i s  prov i ded by the observed 

abundances of D and 3He ( Y ang et a l . 1984 ) : 

n ? nM I N  � 3-4 x 10-10 • From the observed abundances of D ,  4He 
and 7L i  an upper bound to n may be der i ved : n s nMAX : 7-10 x 
10-lO . I f ,  i n  contrast w i th the " standard" mode 1 ,  the neutr i nos are 
degenerat e ,  the pred i cted abund ances wi l l  c hange and the current 

cons i stency may be destroyed . I f  the observed abundances are to be 
accounted for , neutr i no degeneracy must be bounded . 

5 . 1  Non-e Neutr i nos 

5 1  

The  effect of degeneracy i n µ- , T- , • • •  neutr i nos  is  to i ncrease the 
tota l  energy dens i ty at the t i me of nuc l eosynthe s i s .  Degeneracy i n  
these neutr i nos  i ncreases the expan s i on rate ;  the U n i verse coo l s  t o  a 

f i xed temperature ear l i er :  t � t '  = s-1t .  The " s peed-up" f actor 
depends on  the degeneracy . 

S ( X )  = [ 1+7aN ( X ) ] l / Z , ( 13 )  
43 " 

Where aN ( X )  = N ( X )-1 ( see eq . 5 ) .  For X d i fferent from zero 
" " 

( and  f i xed n ) ,  the f aster expan s i on resu l ts i n  i ncreased abundances of 
D ,  3He  and 4H e .  To preserve cons i stency w i th  the observed 
abundances req u i res nM I N  to i ncrease ( to reduce D and 3He )  and 

nMAX to decrease ( to reduce 4He ) .  There wi l l  be a cri t i ca l  v a l ue ,  
Xe , such that for I X I > Xe , nM I N  > nMAX and NO con s i stency 
remai ns . I f  we adopt ( Boesgaard and Ste i gman 1985 ) D / H  s 10-4 and 

Yp s 0 . 2 5 ,  then Xe = 1 . 4 .  

5 . 2  e-Neutri nos 

For degenerate e-neutr i nos , there are two effec t s .  As for the 
non-e-neutr i nos , the un i verse wi l l  expand more rap i d l y  

( t�t · = s-1 t ; S = S ( Xe ) ) .  A much more i mportant effect of 
e-neutr i no degeneracy i s  to i nf l uence the neutron-to-proton rat i o .  I n  
equi l i br i um ,  
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( 14 )  

For  X e < 0 ,  there i s  a n  excess o f  anti neutr i nos over neutri nos  
wh i ch c auses the equ i l i br i um abundance of neutrons to i ncrease . The  
h i gher neutron abund ance resu l ts  i n  the product i on of l arger amounts 
of a l l the l i ght e l ements . To preserve the cons i stency with the 
observed abundances of D and 4He requ i res : Xe � -0 . 05 .  

I n  contrast , for Xe > 0 ,  the neutr i no excess  dri ves the neutron 
abundance down . The dearth of neutrons i nh i b i ts nuc l eosynthes i s ,  

decreas i ng the abundances of the l i ght e l ements . I f  we i n s i st that 
the pr imord i al abundance of deuteri um exceed that observed today ,  
D / H  � 10-5 ( Boesgaard and Stei gman 1985 ) , and that Yp � 0 . 23 ,  then 
we requ i re Xe � 0 . 10 .  

5 . 3  Neutr i no Degeneracy And The Nucl eon Dens i ty 

The present den s i ty of nuc l eons may be expressed i n  terms of the 

nuc l eon-to-photon rat i o  and the present den s i ty of rel i c  photons 
( nN = nn ) .  For a rel i c  photon temperature T 0 < 3K and a y y -
Hubb l e  parameter H0 � 50 kms-1 Mpc-1 , the nuc l eon den s i ty 
p arameter ( the r at i o  of the nuc l eon den s i ty,  pN , to the c r i t i ca l  
den s i ty pc ) i s  bounded by, 

10 n 10 = 10 n . ( 15 )  

As  w e  have al ready noted , con s i stency between the pred i ct i on s  of BBN 

and the obs�rved abundances req u i res that n10 � 7-10 so  that , 

nN � 0 . 14 - 0 . 19 .  A nuc l eon domi nated U n i verse fa i l s  t o  be c l osed 
by a factor wh i ch exceeds - 5-7 . I ndeed , were nN = 1 ,  then 

n 10 ? 5 2 ( H0/ 50 ) 2 • But , for n10 � 50 , i n  the standard mode l , 
the pr imord i al abundance of deuteri um wou l d  be f ar too sma l l 
( D/ H  $ 5xlo-8

) and those of 4He and 7L i , far too l arge 
( Y  > 0 . 2 7 ,  7L i / H  > 6 x 10-9 ) .  p - -

The quest i on ar i ses , though,  whether i n  the presence of neutr i no 
degeneracy , a l arge nucl eon dens i ty mi ght st i l l  y i e l d  - through BBN -
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the l i ght e l ements i n  the i r  observed abundances ( Y ah i l and Beaudet 
1976 ;  Dav i d  and Reeves 1980 ) . For �N = 1 ( n10 � 50) , we must 
avo i d  the overproduct ion  of 4He and 7L i . Th i s  c an be ach i eved 

5 3  

t hrough an e l ectron-neutr i no degeneracy ( Xe > O) wh i ch wi l l  reduce 
the neutron abundance and , hence , the y i e l d s  of the l i ght e l ements . 
However , the  yi e l d  of deuter i um wi l l  be f ar too smal l .  I f  the 
non-e-neut r i nos  are degenerate , the Un i verse w i l l  expand more rap i d l y  

and tend t o  l eave beh i nd more 0 ( wh i ch hasn ' t  been burned t o  3H e ,  
4H e ,  etc . ) .  W i th two ( or more ) f l avors o f  degenerate neutr i nos , BBN 

acqui res two adj ustab l e  p arameters :  the e-neutr i no degeneracy ( Xe ) 
and the overa l l s peed-up factor ( S ) . Through s u i tab l e  f i ne tun i ng of 

n ,  Xe and S ,  i t  may be poss i b l e  to recover the agreement between the 
pr i mord i al and observed abundances ( Dav i d  and Reeves 1980 ) . There i s ,  
however , a ser i ous  prob l em wh i c h ,  heretofore , has  gone unnot i ced . 

I n  the presence of degenerate,  ER neutr i nos , t he Uni verse becomes 

MD l ater ; there i s  l es s  t i me av a i l ab l e  for structure to  evo l ve .  For 
�N = 1 and S ? 1 ,  

( 1 6 )  

S i nce , to recover agreement w i th  t h e  l i ght e 1 -�ent abundances requ i res 

s2 >> 1 ,
3

zeq : 102n12
1 s2 • But , for structure to evo l ve ,  

zeq � 1 0  , s o  that S � O . ln10 • 
2 

For examp l e ,  for n10 : 50 , we see that S � 5 .  But , for 
n 10 : 50 , agreement w i th the l i ght e l ement abundances wou l d  requ i re 
s 2 ? 50 ; i n  th i s  case ,  zeq � 102 . I ndeed , even i f  we permi t 
H 0 38 so  that �N = 1 i s  achi eved for n 10 = 30 , we see that 

52 � 3 compared to the v a l ue s2 ? 15  requ i red for BBN . 

ti .  SUMMARY 

Re l i c  neutr i nos are v i rtual l y  i mpos s i b l e  to observe d i rect ly  and the 

o n l y  constrai nts  to a u n i versa l  neutr i no degeneracy ( asymmetry ) fol l ow 
from cosmo l og i ca l  cons i derat i on s .  

Stab l e ,  mas s i ve neutr i nos  must b e  l i ght ( m  < 24-42eV ) ;  v 
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degenerate mass i ve neutri nos even l i ghter. However , such  l i ght  
neutr i nos  h ave such  l arge free-streami ng sca les  that they damp 
perturb at i ons  on sca les  re l evant for ga l axy format i on ;  th i s  prob l em i s  
worse  for degenerate neutr i nos . Thus , i f  rel i c  neutr i nos  are 
degenerate , they w i l l  be mass l es s  or ER at present .  

F or mass l e s s  or ER  neutri nos , the weakest constr a i n t  on the  
degeneracy comes from the age/ densi ty constrai nt ( Sec . 3 ) : 
XER � 27-38 . A much more restr i ct i ve bound comes from 

con s i der at i ons  of the growth of structure i n  the expand i ng Un i verse . 
The req u i rement that the Un i verse h ave been MD for at l east a factor 
of 103 i n  expan s i on factor l i mi ts  the degeneracy to XER  � 6-7 .  

Any neutri no degeneracy w ith  I X I  � 0 ( 1 )  wi l l  h ave  ser i ous  effects  

on BBN .  For  non-e-neutr i nos , the effect of  the i r  degeneracy i s  to  
speed-up the expan s i on of  the  Un i verse , l ead i ng to the synthes i s  of  

- in  p art i cu l ar - more D and  more 4He . C on s i stency wi th  observed 
abundances i s  retai ned on ly  for : I X I � 1 . 4 . Degenerate e-neutri nos 

( or ant i neutr i no s )  h ave a d i rect effect on the neutron abundance 
dur i ng BBN and , even a sma l l degeneracy can have l arge effects on the 

resu l t i ng abundances o f  the l i ght e l ements . Cons i stency wi th the 
observed abundances requ i res : -0 .05 < X < 0 . 10 .  - e -

F i na l l y ,  we have seen that no comb i nat i on of neutr i no degenerac i e s  
( i . e . , choi ces o f  Xe and S )  wi l l  perm i t  rt N  = 1 and zeq ? 103 • 
Ga l axy format i on and BBN cons p i re - even i n  the presence of neutr i no 
degeneracy - to forb i d  a Un i verse c l osed by nuc l eons . 

I n  answer to the  quest i on posed by the t i t l e :  Not very ! 
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EARL Y - P H O T O P R ODUC T I ON OF D AND 3 H e  AND P R E G AL AC T I C  
NUCL E O S Y N T H E S I S  O F  T HE L I GHT  EL E M E N T S  

J ean AU D O U Z E 1 , 2 , D av i d  L I NDL E Y 3 a n d  Joseph S I L K 4 

1 I ns t i t ut d ' A s t r op h y s i que du CN R S ,  P a r i s  - F r anc e .  
2 L ab o r at o i r e  Rene Be r n a s , O r s a y  - F ra n c e . 
3 T h e o r e t i c a l  A s t r o p h y s i c s ,  F e rm i l a b ,  B a t a v i a  - U S A . 
4 D e p a rtment  o f  Ast r o n om y , Uni v e r s i t y  of C a l i f o r n i a ,  Be r k e l e y  

U S A . 

A B S T R AC T : T wo u n c on v e n t i onal  s c en a r i os c o n c e r n i ng t h e  e a r l y  
nu c l e os y n t h e s i s  o f  t h e  l i g h t e s t  e l e m e n t s  ( D ,  3 H e ,  4 H e ,  7L i )  
wh i ch a t t empt  t o  a l l e v i a te t he s t r ong p r e d i ct i ons o f  t h e  
S t a n d a r d  Big  B a rig nuc l e os y nt h es i s  a r e  br i e f l y  re v i ewed  here . 
T h e  fi r st o ne c o n s i s t s  in a " B ig B ang p h o t o s y n t h e s i s "  o f  D and 
3 H e  induced on 4 H e  and 7L i  by energet i c  photons  com i ng from the 
d e c ay o f  h y p o t h e t i c a l m a s s i v e  neut r i n os a nd g r av i t i n os in  
t h i s  c a s e  t h e  present  ob s e r v e d  D abun d a nc e  co u l d  be  cons i s t ent 
w i th a c l o sed u n i v e r se o r  such t h at Q = 1 . T he second  one  
con s i s t s  in a p r eg a l a c t i c  fo rma t i on o f  D ,  3 H e  and  7L i  by  t h e  
i nt e r a c t i on o f  e n e r g e t i c  4 H e  n u c l e i  p r o d u c e d  by a f i r s t  
gene r a t i o n  o f  m a s s i v e  st a r s  w i t h  t h e  p r i mo r d i a l  gas made  on l y  
o f  p u re h y d r o g en . 

I .  I N T R ODUCT I ON 

T h is c on t r i b u t i on p r esents  t wo pos s i b le sce n a r i os w h i ch h a v e  
b e e n  d e s i g n e d  t o  ch a l l enge t h e  cu r re n t  " C a n on i c a l  B i g  Rang 
nuc l eo s y n t h e s i s "  m o d e l s .  T h ese m o d e l s  wh i ch are t h o r o u g h l y  
des c r i be d  in  t h i s  book  ( see e g  t h e  cont r i b u t i on s  o f  R e e v e s , 
S t e i gman and D e l b ou r g o- S a l v ador e t  a l . )  l e ad t o  v e r y  s t r ingent  
p re d i c t ions  on  t h e  p r e s e nt baryonic  den s i t y  ( such t h a t  Q B� 
0 . 0 1 ) ,  the  ov e r a l l  dynam i c a l  ev o l u t i on o f  the Uni v e r se ( wh i c h  
s h o u l d  b e  e x p a n d i ng for  e v e r )  a n d  t he number o f  d i f fe r ent 
fam i l i e s  o f  leptons  ( wh i ch is 3 acc o r d i ng t o  t h e s e  mod e l s ) . 
G i v en the c o sm o l o g i c a l  i m p o r t ance o f  s u ch p r e d i c t i ons w h i ch a r e  
not a l w a y s  co n s i d e re d  i n  ag reement  w i t h  the cu r r e n t  ob s e r v e d  
a b u n d a n c es ( see e g  V i d al - Madj ar  a n d  G r y ,  1 9 84)  a n d  wh i ch a re at  
v a r i ance  with t h e  p r e s ent i n f l a t i o n a r y  mo d e l s  which  p r e d i c t  
Q= 1 , i t  is v e r y  i m p o r t ant t o  e x am i ne a l l the p o s s i b l e  
a l t e rn a t i v es . 
A n o t h e r  chapt er o f  t h is b o ok ( S ch a e f fe r  e t  a l . )  shows t h at t h e  
e x i s t e n c e  o f  st a b l e  q u a r k  nugg e t s  w i t h  at omi c mass  A a r o u n d  
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1 0 1 6 - 1 0 1 8 c o n s t i t u t es o n e  w ay t o  r e c o n c i l e  the p r e s e nt o b s e r v e d  
a b u n d a n c e s  o f  t h e  v e r y  l i gh t  e l e m e n t s  wi t h  a l a r g e  v a l u e  o f  Q .  
H e re t w o  o t h e r  " n on s t a n d a r d "  s c e n a r i os a re b r i e f l y  r e v i e w e d . 
T h e  f i r s t  co n s i s t s  i n  t h e  s e c o n d a r y  e f f e c t  on 4 H e  a n d  7 L i 
i nd u c e d  b y  e n e r g e t i c  p h o t o n s  c o m i n g  f r o m  t h e  d e c a y  o f  
g r a v i t i no s  an d / o r  m a s s i v e  n e u t r i n o s . T h e  s e c o n d  o n e  w h i c h  
c o n s i s t s  i n  t he p o s s i b l e  e f fe ct o f'  p r e g a l a c t i c  c o s m i c  r a y s  o n  
t h e  p r i m o r d i a l  p u r e  H g a s  h a s  s l r e a d y  b e e n  p r e s e n t e d  i n  t h i s  
p r o c e e d i ng s e r i es ( A u d o u ze a n d  S i l k ,  1 9 8 3 )  a n d  t h e r e f o r e  w i l l  
o n l y  b e  summ a r i z e d  he r e .  

2 .  P H O T O S Y N T H E S I S  OF D AND 3 H e  I N D U C E D  B Y  MA S S I V E 
N E U T R I N O / G R A V I T I NO DE C AY 

I n  t h i s  s c e n a r i o  we a s sume the e x i s t e n c e  o f  u n s t a b l e  g r a v i t i n o s  
a n d / o r  m a s s i v e  ne u t r i no s  wh i c h  b y  d e c a y  p r o d u c e  p h o t o n s  
e n e r g e t i c  e n o u g h  t o  c a u s e  t h e  p h o t o f i s s i on o f  4 He j u st a ft e r  
t h e  o u t c o m e  o f  t h e  p r i m o r d i a l  nu c l e o s y n t h e s i s .  A s  s u g g e s t e d  by 
L i n d l ey ( 1 9 7 9 )  a nd H u t  and W h i t e  ( 1 9 8 4 ) , o n e  c an i m a g i ne t h e  
e x i st �n c e  o f  ma s s i v e  ne u t r i n o s  ( m v� 5 0 0  Me V )  w i t h  a l i f e t i m e  
� v�1 0  - 1 0 5  s e c  w h i c h  c o u l d  d e c a y  b y  re l e a s i n g  s u c h  
e n e rg e t i c  p h o t o n s . T h i s  i s  a l s o  t h e  c a s e  fo r t h e  de c a y i n g 
g r a v i t i n os p r e d i c t ed by s u p e r s y m m e t r i c  m o d e l s  ( F a y et 1 9 8 4 ) . T h e  
m a s s  o f  th � s e  st i l � h y p � t h e� i c a l

.
p a r t i c l e s r� n g e  f r o m  2 0  G e V  t � 

1 T eV wh i l e  t h e i r  l i f e t i m e i s  � g r a v � 1 0 ( 1 0 0 G eV /m g r a v ) -
s e c . 
T h e  h i gh e n e r g y  p h o t o ns w h i ch a r e  p r o d u c ed by t h e  d e c ay o f  s u c h  
p a rt i c l e s  n o t  on l y  i n d u c e  p h o t o f i s s i o n o n  4 H e  ( a n d  7 L i )  b u t  
a l s o a r e  s l o w e d  d own by t h e  t w o  f o l l ow i n g  p r o c e s s es ( i )  
p r od u c t i o n  o f  e+ e - p a i r s  b y  i n t e r a c t i o n  w i t h  t h e  t h e r m a l  
p h o t o n s  ab o v e  a c r i t i c a l  p h o t o n  e n e r g y E y s u c h  t h a t  
E y k T =  1 / 5 0  MeV 2 , ( i i )  C om p t o n  sc a t t e r i n g o r  p a i r  p r o d u c t i o n 
i n  t h e  p r e s e n c e  o f  n u c l e i  be l o w  t h i s  c r i t i c a l  p h o t o n  en e r g y .  
S i n c e  t he t h r e s h o l d  for t h e  4 He p h o t o f i s s i on i s  a b o u t  20 M e V , 
t h e  t h e r m a l  t e m p e r a t u r e  s h o u l d  be b e l o w  1 0 - 3 MeV . I t  i s  n o t  
u n t i l  t h e  t e m p e r a t u re i s  l ow e r  t h an 2 1 o- 4 M e V  t h at d o u b l e  
p h o t on p a i r  p r o d u c t i o n f a l l s  b e l o w  t h r e s h o l d . W h e n  t h e  
t em p e r a t u re T o f  t h e  U n i v e r se i s  s u c h  t h at 2 1 0- 4 < T < 1 0- 3 M e V , 
t h e  i n i t i a l  ph o t o n s  p r o d u c e  p a i r s  wh i c h t h e n  u n d e r g o  i n v e r s e  
C om p t o n  s c a t t e r i ng a n d  p r o v i d e  a s p e c t r u m  o f  s e c o n d a r y  
p h o t o n s . Some o f  t h e s e  s e c o n d a r y  ph o t o n s  wh i ch h a v e  a n  e n e r g y 
a b o v e  t h e  4 He t h r e s h o l d  c o n t r i b u t e  a l s o  t o  t h e  p h o t o f i s s i on o f  
t h e  l i g h t  e l em e n t s .  T h e r e f o r e  i n  ev a l u at i n g  t h e  de s t r u c t i o n o f  
4 H e ,  3 H e  and D ,  o n e  s h o u l d  t a ke i n t o  a c c o u n t  t h i s  s e c o n d a r y  
p r o d u c t i o n ( L i n d l e y , 1 9 8 5 ) .  
T h e  r e l a t i v e  a b u n d a n c es o f  4 H e , 3 H e  a nd D a re t h en g i v en by a 
qu i t e  s i m p l e  rea c t i o n  ne t w o r k  : 



EARL Y-PHOTOPRODUCTION OF D AND He-3 59 

d N 4 = - E 4 N 4 d n [ / ne 

d N 3 = ( - E 3  N 3  + f 4 3 E 4 N 4 ) dn E / n e 

d No = ( - ED No + f 3o E 3  N 3  + f4o E 4 N 4 ) dn [ / n e 

w h e r e  N 4 , N 3  a n d  No a r e  t h e  a b u n d a n c e s  ( b y  n u mb e r )  o f  4 H e ,  
3 H e  a n d  D ,  E 4 E 3 a n d  Eo t h e  c o r r e s p o n d i ng de s t r u c t i o n r a t e s ; 
t h e  f a r e  t h e  b r a n c h i ng r a t i o s ; n E i s  t h e  nu m b e r  p e r  u n i t  
v o l u m e  o f  en e r g e t i c  d e c a y  el e c t r o n s  a n d  po s i t r o n s  a n d  ne t h e  
t h e rm a l  e l e ct r o n  de n s i t y .  

I n  t h e  c a s e  o f  g r a v i t i n o s , s i n c e  t h e y  do n o t  pr o b a b l y  d e c a y  
u n t i l  a ft e r  t h e  e a r l y  n u c l e o s y n t h e s i s  t h e  e f fec t s  o f  t h e i r  
p r e s e n c e  a n d  d e c a y  o n  t h e  a b u n d a n c e s  o f  t h e  l i g h t  e l em e n t s  
m i g h t  '.J e  i m p o r t a n t . I f  t h ey e x i s t ,  t h e y  s h o u l d  b e  a s  n u m e r o u s  
a s  p h o t o n s  a n d  s i n c e  t h e y  a r e  m a s s i v e ,  t h e y  m i g h t  e a s i l y  
d o m i n a t e  the d e n s i t y  o f  t h e  U n i v e r s e  d u r i n g  t h ese e a r l y  e p o c h s , 
e f f e c t  wh i c h  s h o u l d  be a v o i d e d  s u c h  as a n y  d i s t o r t i o n o f  t h e  
m i c r ow a v e  b a c k g r o u nd i n d u c ed b y  d e c ay p r o d u c t s .  
N e v e r t h e l e s s  w i t h i n  t h e s e  co n s t r a i nt s ,  o n e  co u l d  i n q u i r e  
w h e t h e r  g r a v i t i n o s  do m i n a t ed n u c l e o s y n t h e s i s  fo l l o w e d  b y  
p h o t o r e a c t i o n s  i n d u c e d  b y  t h e  d e c a y  o f  t h e s e  p a r t i c l e s  c a n  l e a d  
t o  l i g ht e l em e nt a b u n d a n c es c o n s i s t e n t  w i th t h e  o b s e r v a t i o n s . 
I f  t h e  m a s s  of t h e  g r a v i t i n o s  i s  s u c h  t h a t  mg r a v > 5 0  MeV , t h e  
U ni v e r s e  i s  do m i n at e d b y  n o n  re l a t i v i s t i c  g r a v i t i n o s  w h e n  t h e  
n / p  r a t i o f r e e z es o u t . T he e x p a n s i on a c c e l e r a t es i n  s u c h  a w a y  
t h a t  t h e  fr e e z e  o u t  t e m o e r a t u r e  i s  i n c r e a s e d  s i g n i f i c a n t l y  s u c h  
as t h e  n / p  r a t i o wh i ch i s  t h en c l o s e  t o  1 . •  I n  t h i s  c a s e  a ft e r  
t h e  p r i m o r d i a l  n u c l e o s y n t h e s i s ,  t h e r e  i s  no t h i ng b u t  4 H e  ( N 4 = 
n ( H e ) / ( A = 4 )  = 0 . 2 5 ) . 4 F i g u r e  1 sh o w s  t h e  p a rt i a l  t r a n s fo rm a t i o n  o f  H e  t o  3 H e  a n d  D 
as a fu n c t i on o f  t h e  g r a v i t i no l i f e t i me : i f  t h e  l i f e t i me i s  
t o o  s h o r t  not h i ng h a p p e n s  wh i l e  i f  it i s  t o o  l o n g  D a n d  3 H e  a r e  
a l so d e s t r o y e d .  
A ft e r  h a v i ng b e e n  do m i n at e d b y  t h e  m a s s i v e  g r a v i t i n o s , t h e  
U n i v e r se i s  a g a i n  d o m i n a t ed by r a d i a t i on a ft er t h e i r  d e c a y . T h e 
c a l c u l a t i o n s  h a v e  b e e n  p e r fo rm e d  i n  t h e  c a s e  w h e r e  n s /ny� 
5 1 0 - 1 0  at t h e  t i m e  when g r a v i t i n o s  h a v e  s i g n i f i c a n t l y  
d e c a y e d . T h e r e s u l ts d e p e n d  n o t  o n l y  o n  t h e  l i fe t i m e  ( an d  
t h e r e f o r e  t h e ma s s ) o f  t h e  g r a v i t i n o  b u t  a l s o  on t h e  e l e c t r o n  
e n e r g i es t h e  5 0  M e V  e l e c t r o n s  i n d u c e  i n  f a c t  m o r e 
p h o t o f i s s i o n  t h a n t h e  2 0 0  M e V  o n e s . T h i s  i s  b e c a u s e  t h e  
p h o t o r e a c t i on c r o ss s e c t i o ns h a v e  s t r ong p e a ks a t  e n e r g i es o f  
s o m e  t e n s  o f  MeV o r  l e s s  ; t h e r e fo r e  5 0  MeV e l e c t  r a n s  p r o d u c e  
m o re i n v e r s e  C om p t on p h o t o n s  t h an t h e  2 0 0  M e V  e l e c t r o n s .  F o r 
e l e c t r o n  o f  h i g h e r  en e r g i e s ( i . e .  o f  1 0 0 G eV ) , t h i s  t r e n d  i s  
r e v e r s e d  a n d  t he n u m b e r  o f  p h o t o r e a c t i o n s  i n d u c ed p e r  
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fig_�')_ E f f e c t  o f  d e c a y i n g  g r a v i t \n o s  on l i g h t  e l em e n t  
a b u nd a n c e s .  I n i t i al a b u n d a n c e s  w e r e  0 . 2 5 �e by n u m b er ( 1 00% b y  
m a s s ) fo r t h e  u p�e r  p a n e� , and 0 . 06 ( 24% by m a s s ) fo r t h e  l o w e r  
p a n el , w i th n o  H e  o r  H i n  e i t h e r  c a s e .  M a s s i v e  g r a v i t i n o s  
r a p i d l y  p r o d u c e  e l e c t r o n - p o s i t r o n  p a i r s ,  w h i c h  t h e n  c a u s e  
p h o t o d i s s o c i at i on t h r o u gh i n v e r se C om p t on p h o t o n s .  T h e  t wo s e t s  
o f  c u r v e s  a r e  fo r 50 Me V a n d  2 0 0  M e V  e l e c t r o n s . A b u n d a n c e s  a r e  
p l o t t ed a g a i nst g r a v i t i no l i f e t i m e . 
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g r a v i t i no s  i n c r e a s e  app r o x i ma t e l y  i n  prop o r t i on to  the ma ss o f  
the g r a v i t i no ( L i n d l e y ,  1 9 8 5 ) . 
T h i s  i n c r e a s e  i s  how e v e r  com p e n s at ed by t h e  fact that  in o r d e r  
t o  fi x ns/n y , t h e  rat i o  ng r a vl ny sho u l d  d e c r e a s e  w i t h  
t h e  m a s s  o f  t h e  g r a v i t i n o . Wi t h i n  t h e  unc e rt ai nt i e s  o f  the 
c a l c u l at i o n , t h e  r e s u l t s  a r e  i n d e p endent o f  t h e  g r a v i t i no 
mass . I n  t h e  resu l t s  showed in F i g . 1 ,  there  i s  a regime  wh e r e  
n (  3 H e ) > n ( D )  bec ause t h e  t h r e s h o l d  o f  4 He + y + 

3 He i s  l ower  
t h a n  t h a t  o f  4 H e  + y + D .  T h e  n ( D )  ab u n d a n c e  is higher  than  
1 0- 5 w i th in r a n g es o f  about  a fact or 5 i n  the g r a v i t i n o  
l i fe t ime . 

M a s s i v e  n e u t r i no s  can a l s o  be a source  o f  ene rg e t i c  phot..:rn s 
a ft e r  t hey d e c ay i nto e n e rg e t i c  e l ec t r ons . I n  t h i s  c a s e , i: h e  
numb e r  o f  ne u t r i nos re l at i v e  to  that  o f  ph otons  fal l s  o f f  w i t h  
t h e i r  mass  bec ause t h e  f r e e ze o u t  o f  ne u t r i nos o c c u rs at n o n  
r e l at i v i s t i c  temperat u r e s , s e e  e . g .  D ic u s  et a l . ( 1 9 7 8 ) .  I f  
n e u t r i n os w i th mass > 1 MeV d e c ay onto e+ e- p a i rs p l us l i g h t  
n e u t r i nos t h e n  the t y p i c a l  e l e c t ron ene r g y  w i l l  be ab o u t  1 / 3 o f  
t h e  n eu t r i nos m a s s .  F i g ure 2 a  shows t h e  r e s u l t i ng D ,  3 H e  and 4 H e  a b u n d a n c e s  for t h r e e  d i f fe re n t  e l e c t ron energ i es .  T h e  
r e s u l t s  are  q u i t e  s i m i l ar to  t h o s e  o b t a i ned w i th g r a v i t i n o s .  I n  
F i g u r e  2 b  t h e  l i fet ime  o f  neu t r i no s  such that  D/H�1 0 - 4 has 
been  pl o t t e d  as a fu nct i on o f  t h e i r  mass ( t h e  re s u l t s  h a v e  been 
g i v e n for ns/ny = 5 1 0- 1 0  and 5 1 0 - 9 r e s p e c t i v e l y ) .  T h e  
n e u t r i n o  ab u n d a nces dec r e a s e  wh e n  t h e i r  ma ss i n c r e a s e  a n d  then  
a w i der r a nge o f  l i fet ime is c o n s i s t e nt w i t h  D/H> 1 0- 4 • 

I f  one o f  t h e s e  two  h y p o t hes i s  ( i . e . t h e  e x i s t e n c e  o f  
g r a v i t i nos o r  m a s s i v e  n e u t r i n o s )  i s  est ab l i shed , p r i m o r d i al 
n u c l e o s y n t h e s i s  doe s  not p r ov i de any mo r e  any cosmo l og i c a l  
c o ns t r a i nt e i ther o n  the b a r y on d e n s i t y  ( re l at i ve t o  t h at o f  
p h o t o n s ) or o n  t h e  numb e r  o f  neut r i no fami l i e s .  

3 .  P R E G AL AC T I C  SY N T H E S I S  OF THE  L I GH T  EL EME N T S  

A s  s a i d  in  t h e  i n t r o d u c t i o n , w e  h a v e  a l r e a d y  present ed in  t h e s e  
M o r i ond R en c o n t res ( Au d o u ze and S i l k ,  1 98 3 )  the s c e n a r i o  by  
wh i ch one assumes that  after t h e  B i g  Bang t h e  primo r d i a l  g a s  is 
m a de only o f  hy d r o g en and t h en i s  e n r i ched  i nto the l i g h t  
e l em e n t s  D ,  3 H e , 4H e  and 7 t i  by t h e  j o i nt e f fect  o f  
c o n t a m i n at i on i n duced b y  v e ry m a s s i v e  p o p u l a t i on I I I  s t a rs and 
of  t h e  s p a l l a t i on react i on s  t r i g g e r e d  by  p r eg a l a c t i c  co s m i c  
r a y s . T h i s  s c e n a r i o  i s  f a i r ly c o n t r i v ed not b y  the e n e r g e t i c  
r e q u i r em e n t s  b u t  b y  t h e  fact t h a t  in  or d e r  t o  av o i d  a n y  7 1_ i 
o v e r a b u n d a ce r e l at i ve t o  D ,  t he e n e r g e t i c  p a r t i c l es f o r m i ng t h e  
p r eg a l a c t i c  co smi c r a y s  sh o u l d  h a v e  a m i m i n i m  e n e r g y  o f  a t  
l ea s t  300  MeV / N .  
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������ E f fe ct o f  m a s s i v e  u n s t a b l e n e u t r i no s  on l i g h t  e l em e n t  
a b u n d a n c e s . T h e  up p e r  p a n e l  s h o w s  t h e  re s u l t i n g  ab u n d a n c e s  fo r 
t h r ee d i f f e r e nt n e u t r i no m a s s e s , as a fu n c t i on o f  l i f et i m e , 
from an i n i t i a l 4 H e  ab u n d a n c e  o f  0 . 07 by num b e r  ( 28 %  by m a s s ) . 
T he l o w e r  p a n e l  s h o w s  t h e  r e g i on � m a s s - l i fe t i me p a r a'lle t e r  
sp a c e  i n  w h i c h  a n  a b u n d a nc e  o f  H g r e a t e r  t h a n  1 0- i s  
s y n t h e s i z e d . 
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4 .  CONCL I J S I ON 

T h e  pa rt i al phot o f i s s i on o f  4 H e  ( and i n d u c e d  by the  decay  o f  
g r a v i t i nos and/or  m a s s i v e  neut r i nos j u st a ft e r  the  e a r l y  
n u c l e os y n t h e s i s  oc c u r i n g  in  a c l o s ed ( l a r g e  b a r y o n i c  dens i t y ) 
u n i v e r se c a n  l e ad i n  p r i n c i p l e  t o  p r imord i al a b u n d ances  
c o n s i st ent w i t h  th e obs e t v a t i o n s . This  t y p e  o f  scen a r i o  such as 
the  p r e g a l a c t i c  s y n t h e s i s  i n d uced by cosmic  rays  on a p u r e  
h y d r o g e n  p r i mo r d i al g a s  const i t u t e  an  a l t ernat i v e t o  the  
s t an d a r d  B i g  B ang n u c l eosynth e s i s  and i t s  cosmo l og i cf1 1  
c o n s e q u e n c e s  on the  b a r y on i c  dens i t y  and t h e  n u m b e r  o f  
n e u t r i nos ( a nd l e p t on f am i l i es ) . A n o t h e r  a l t e r n at i v e  to t h i s  
v e r y  i m p o r t a n t  p r o b l em m i g h t  a l s o  be f o u n d  in  t h i s  bo�k 
p r op o s ed by S c h a e f fer et a l .  who a n a l yse the e ffect i nd u ced by 
the  e x i s t e n c e  o f  qu a rk-nugget s .  
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7 5 0 1 4  Par i s  F r a n c e  
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T h e re are many i n d i c a t i o n s  t h at t h e  b aryo n i c  c o n t e n t  o f  t h e  
u n i ve r s e  i s  r a t h e r  l o w .  T h e  o b s e rv a t i on o f  t h e  l um i no u s  mat t e r  
i n  g a l ax i e s  l e a d s  t o  a r a t i o  nb o f  t h e  b a r yon de n s i ty o v e r  t h e  
c r i t i c a l  d en s i ty o f  abou c 0 . 0 5 .  S i m i l ar v a l u e s  a r e  o b t ai n e d  
� ram t h e  mod e l s  o f  p r imord i al n u c l eo s y n t h e s i s  t h a t  p re d i c t  
a b u n d an c e s  o f  D ,  3He a n d  7 Li t h at f av o u r  u n amb i gu o u s l y  a n  o p e n  
u n i ve r s e  wi t h  v a l u e s  o f  nb ran g i n g  from 5 1 0 - 3 t o  0 . 1 .  On t h e  
o t h e r  h an d , t h e  o b s e rv a t i o n  o f  t h e  mas s t o  l i g h t  r a t i o  at t h e  
c l u s t e r  s c a l e s  as we l l  as t h e  l arge s c al e  ve l o c i t y  f i e l d  o f  
g a l a x i e s  l e a d s  t o n >  0 . 2 . T o  e x p l a i n  t h i s  d i s c r e p an c y , t h e  
e x i s t e n c e  o f  d ark m a t t e r  h a s  b e e n  p o s t u l a t e d . From t h e  r e s u l t s  
o f  n u c l e o s y n t h e s i s  c a l c u l a t i o n s , o n e  i s  u n avo i d a b l y  l e d  t o  
p o s t u l a t e  t h a t  t h i s  d a r k  m a t t e r  mu s t  b e  n o n - b aryon i c ,  t h at i t  
mu s t  h av e  n o  s t ro n g  i n t er a c t i on wi t h  bary o n s  and n u c l e i . 
A l t h o u g h  s e v e r a l  hypo t h e t i c a l  p art i c l e s  c o u l d  be g o o d  
c an d i d a t e s  f o r  t h i s  n o n - b aryon i c  ma t t e r  ( ma s s i v �  � c u t r i no s , 
"warm" or " c o l d "  p a r t i c l e s ) n o n e  o f  t h e s e  h a s  y e i;  been 
c o nv i n c i n g l y  s h own to ex i s t . 

I t  h a s  b e e n  s u g g e s t e d 1 ] t h at sma l l  dro p l e t s ,  " n u gg e t s " ,  
o f  qu ark ma t t e r  c o u l d  e x i s t  ad be s t ab l e  or at l e a s t  
me t as t a b l e  wi t h  r e s p e c t  t o  t h e i r  d e c ay i n t o  o rd i n ary n u c l e o n s  
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or n u c l e i . T h e s e  n u g ge t s  c o u l d  be p re s e n t  i n  � h e  u n i ve r s e  a n d  

prov i d e  a n  a l t e r n a t e  e x p l an a t i o n  f o r  t h e  d ark ma t t e r . T h i s  

p o s s i b i l i ty h a s  many a t t ra c t i ve f e a t u re s . I t  � l l ows f o r  an 

n = 1 u n i ve r s e  as i s  l i ke l y  in many of t he t h e o r i e s  f o r  t h e  

very e a r l y  u n i ve rs e ,  w i t h  s pe c i e s o f  par t i c l es t h a t  a l l are 

of baryo n i c  n a t u re a n d  can t h u s  be t ra n s f ormed i n t o  one 

ano t he r . T h e  ra t i o nb/n of t h e  baryon den s i ty over t h e  t o t a l  

mat t er d e n s i ty i s  t h u s  a n a t u r a l  o u t c ome o f  t h e  t he ory r a t h e r  

t h an a n umber t h a t  m u s t  b e  c h o s e n  a p r i o r i . Moreove r ,  whereas 

the den s i ty f l u c t u a t i on s  o f  b aryo n s  u n d e rgo S i l k  d amp i n g a t  t h e  

smal l er s c a l e s ,  t h i s  i s  n o t  t h e  c a s e 2 ] f o r  q u a r k  n u gg e t s  d u e  

t o  t h e i r  very l ow e l e c t r i c  c h arge F l u c t u a t i o n s  at t he 

g a l a xy s c a l e s  are t h u s  al l owed a n d  ga l ax i e s c an be made 

e as i l y .  T h e  q u e s t i o n , however ,  mu s t  be ra i s e d  whe t h e r  t h e  

s t rong i n t e r ac t i on s  o f  t h e  �uark n u gge t s  wi l l  n o t  s po i l  t � �  
agreemen t  o f  c a l c u l a t e d  a n d  obs erved ab u n d a n c e s  o f  t h e  l i g h t  

e l eme n t s  s i n c e , a s  i s  we l l  kn own , t he early n u c l e o s yn t h e s i s  

c a l c u l a t i on pro du c e  very s t ro n g  c o n s t ra i n t s  o n  t h e  var i o u s  

parame t e r s  t h a t  d e s c r i be t h e  u n i ve r s e . 

T h e  p hy s i c a l propert i e s  of t h e  q u ark n u gge t s  are q u i t e 

u n c e r t a i n 1 • 3 ] and several c a s e s  mu s t  be c on s i d ered i n  a 

c a l c u l a t i on o f  t h e  e a r l y  n u c l eosyn t h e s i s  i n  pre s e n c e  o f  

n u gge t s  t h e  l a t t e r  c o u l d  b e  more s t a b l e  t h a n  � u c l e i , 

m e t a s t ab l e  w i t h  a l on g  l i f e t ime or u n r:, t a b l e  w i t h  re s p e c t  t o  

t h e i r  d e c ay i n t o  bary o n s  a n d  n u c l e i . N u gge t s  w i l l  em i t  a n d  

a b s o r b  n u c l eo n s , a c c o r d i n g  t o  t h e  r e ac t i o n s  

( 1 ) 

T h i s  c h an g e s  t h e i r  b a ryon n umber by o n e  u n i t .  We a s s ume t h a t  

s u b s e q u e n t  reac t i o n s  w i l l  c h ange t h e  number o f  n u g ge t s  a n d  

f i n a l l y p r od u c e  a popu l a t i on o f  n u g ge t s  w i t h  an average baryon 

n umber A eq u a l  t o  be mo s t  probab l e  v a l u e . For t h e  b aryon 

a b s o r p t i o n , we u R e  t h e  geome t r i c a l  c ro s s - s e c t i on of t h e  n u gge t 

p l u s  a cou l om b  b a rr i e r f o r  t h e  prot o n s . T h e  baryon emi s s i o n  

r a t e  i s  t re a t e d  i n  a way t h a t  i s  s t an d ard f o r  t h e  f i s s i on o f  

ord i n ary nu c l e i 4 J : i t  i s  proport i o n a l  t o  t h e  f r e q u e n c y  o f  

at tem p t s  f o r  t h e  emi t t ed part i c l e t o  g o  o u t  o f  t h e  n u gge t , 

m 1 1 l t i p l i e d  b:,' t h e  re l evan t e n e r·gy b a r r i e r  f a c t" o l" s 5 J . T h e  
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n ume r i c a l  c a l c u l a t i o n s  i n c l u d i n g t h e  r e a c t i o n s  ( 1 )  are 

p e r f o rmed u s i n g a c om p u t e r  c o d e 6 J w i t h  al l s t an d ard n u c l e ar 

r e ac t i on s .  

A t  T � 1 0 0MeV w h e r e  t h e  c a l c u l a t i o n  i s  s t ar t ed , t h e  

r e ac t i o n s  ( 1 )  are i n  e q u i l i br i um a n d  t h e  re l a t i ve abu n d a n c e  o f  

b aryo n s  a n d  n u gge t s  i s  d e t erm i n e d  b y  t h e  S a h a  e q u at i o n . I n  t h e  

c a s e  o f  s t a b l e  o r  me t as t ab l e  n u gg e t s ,  t h e  b aryon emi s s i o n i s  
r a p i d l y s u p p re s s e d  b y  t h e  c or re sponding e n e rgy barr· i e r s  a s  t h e  

t em p e r a t u r e  g e t s  l owe r .  B aryo n  ab s o rp t i on a l s o  g e t s  

B U P � r e s s e d , e v e n  i n  t h e  c as e  o f  s t a b l e  n u gge t s  d u e  t o  t h e  

h i gh n -:_ p a n d  n + p -:_ d r e a c t i o n  r·a t e s  mo s t  n e u t r· o n s  are 

c ap ., u re d  i n t o n u c l e i  t h at are preve n t ed f rom b e i n g  ab s o rb e d  by 

t h e  n u g g e t s  d u e  to T h e  C o u l om b  b a rr i e r .  A s i mp l e  mo d e l  t h at 

� e p ro d u c e s  t h e  r e s u l t s  o f  t h e  more c omp l e t e  n um e r i c al c a l c u l a _  

t i o n s  c an b e  o b t a i n e d  a s  f o l l ows . T h e  t im e  evo l u t i o n  o f  t h e  

ra t i o  n b/n i s  g i v e n  by 

w i t h  r e a c t i o n  r a t e s  

c 

R 

"-em -

1 

A 

( 2 ) 
n 

( 3 )  

( lJ. ) 

h ere , r i s  t h e  rad i u s  o f  a n u gg e t , t h e  f a c t o r  � c/R i s  t h e  
f re q u e n c y o f  a t t emp t s  b aryon emi s s i on , a n d  t h e  f a c t o r  1/A i s  

d u e  t o  t h e  f a c t t h a t  t h e  emi s s i on r a t e  i s  p r o p o r t i o n a l  t o  t h e  

n um b e r  o f  n u gge t s  t h a t , f o r  a g i ve n  v a l u e  o f  nn u g • g o e s  as 1/A . 
T h e  f a c t o r  nQ i n  e q . 3 i s  t h e  b aryon n u m b e r  d e n s i ty wi t h i n  a 

n u g g e t  c �  i o 3 9 cm - 3 ) ,  w h e r e a s  n c i s  t h e  c r i t i c al d e n s i ty o f  t h e  

u n i v e r s e  ( � 1 0 2 3 c m - 3 a t  t h e  t i me o f  n u c l e o s y n t h e s i s ) . D u e  t o  

t h i s  l arge d i f f e r e n c e  o f  s c a l e ,  t h e  e q u i l i b r i um ( 1 )  i s  
s t r o n g l y  d i s p l ac e d  i n  favour o f  t h e  b aryo n s  even i n  t h e  c a s e  

o f  s t a b l e  q u ark n u g g e t s  p r ov i d e d  A i s  n o t  t o o  l ar g e . T h e  v a l u e  

o f  A i s  g i v e n  b y  t h e  l aw s  o f  phy s i c s . I t  i s  h owev e r  q u i t e 

u n c er t a i n  a n d  we c o n s i d er i t  as a parame t e r . I n  c a s e  A 
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R e s u l t s  o f  p r i mo rd i a l n u c l e o s y n t h e s i s  i n  t h e  c a s e  

o f  s t a b l e s  n u g g e t s  w i t h  a n  n = 1 u n i v e r s e .  T h e  f r a c t i o n o f  

b a r;y o n i c: m a t e- e r  i n  t h e  f o rm o f  n u c l e o n s  n b ( l owe r s c a l e ) i s  

2 o l e l y  d e t e r .11 i n e d b;y t t1 e  s i z e A ( u p p e r  n c a 1 e )  o f  t t1 e  q u a r k  

n u g g e t s  ( e q .  U t o  6 ) .  T h e  a bu n d a n c e s  b;y n u m b e r  o f  t h e  l i g h t  

e l eme n t s , wh i c h d e p e n d  o n  t h e  p a r am e t e r  A ,  a r e  t h u s  a l s o  a 

f u n c t i o n o f  n b . T h e  b o x e s  i n d i c a t e  t h e  a r e a  a l l ow e d  b;y 

o b s e r v a t i o P s  f o r  e a c h  o f  t h e  s p e c i e s . A l l  t h e  o b s e rv e d  

a b u n cl a n c e E' c a n  b e  o b t a i n e d  s i mu l t F.i n e o u s l ;y  w h e n  o u r  u n i q u e  

�· a r· ame t e r A  i .c:  c l'> O f' e n  t o  b e  ab o u t i o 1 7 .  T h i s  J e !'i •i f; t o  t h e  

p r e d i c t i o n  t h a t  n b � 0 . 0 2 0 .  9 P,  
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i s  s ma l l e r  t h a n  � 1 0 1 6 , o n l y  n u c l eo n s  are p r e s e n t ,  w h e r e a s  

f o r  A > 1 0 1 6 n u c l e o s y n t h e s i s  o c c u r s  i n  t h e  p r e s e n c e  o f  b aryo n s  

o n l y .  T h e  a c t u a l  va l u e o f  t h e  r a t i o  .Qb/.Q c a n  b e  o b t a i n e d  b y  

a s um i n g  t h a t  every b ary o n  em i t t e d  by a n u gg e t  b e c om e s  a p r o t o n  

o r  i s  emb e d d e d  i n  a n u c l e u s  o f  D ,  3He o r  7 L i : 

w i t h  

w h e r e  

x (_A ) -4/3 
A t ra n  

1 6  ( F. ) - 3/2 3 /4 A t r an = 1 .  6 1 0  --- "l. , 
1 0MeV 

( 5 ) 

( 6 )  

( 7 ) 

i s  n ow a b e t t e r e s t i m a t e  t h an t h e  v a l u e  ( 1 0 1 6 ) o b t a i n e d f rom 

t h e r· a t i o  n Q/n c · T h e  eq . 5 s h ows t h at t t1 e  va l u e  o f  .Qb/n - t r1 a t  

i s  a re s u l t  o f  t h e  n u c l e o sy n t h e s i s  c a l c u l a t i o n  - d e p e n d s  

m e r e l y  on t h e  v a l u e  o f  t h e  p arame t e r  A .  F o r  a g i v e n  v a l u e  o f  
n ,  t h e c a l c u l a t e d a b u n d an c e s  ( F i g .  1 )  t h u s  a r e  a f u n c t i o n o f  

A ,  b u t  c a 11 e q u i v a l e n t l y  b e  p l o t t e cl a s  a f u n c t i o n o f  nb . T h e  

o b s e rved va l u e s  o f  t h e a b u n d a n c e s  c o r r e s p o n d  t o  D b � 0 . 0 2 a n d  

A 2 i o 1 5 ( f o r  c_ l OM e V  an d "l. � 0 . 1 ) .  
T h e  h y p o t h e s i s  t h a t  t h e  u n i ve r s e  i s  p o � u l a t e d  by s t a b l e  

o r  m e t a s t a b l e  q u a rk n u g ge t s  t h u s  i s  c o n s i s t e n t  w i t h  t h e  o b s er v E  

a b u n d a n c e s  o f  l i g h t  e l emen t s ,  d e s p i t e  t h e  s t ro n g  i n t e r ac t i on s  

o f  b a ry o n s  a n d  q u ark n u gg e t s , p ro v i d ed t h e  average b ar y o n  

n um b e r  o f  t h e s e  n u gg e t s  i s  q u i t e  l ar g e  ( A � 2 1 0 1 5 ) .  I t  l e a d s  

t o  a u n i v e r s e  wi t h  9 8 %  o f  t h e  mat t e r  i n  t h e  f o rm o f  n u g ge t s  

a n d  ? %  i n  t h e  f o rm o f  b aryo n s .  
A s t o n i s h i n g l y  e n o u gh , u n s t ab l e  n u gge t s  w o u l d  n o t  p r o v i d e  

t h e o b s e rv e d  ra t e s
5 J , u n l e s s  t h e y  d e c ay a t  e x t rem e l y  l at e  a n  

e p o c h  s o  a s  t o  i n s u r e  t h a t  t h e  d e c ay p r c � u c t s  are n o t  t r apped 

i n t o  t h e  ga l ax i e s  ( wh er·e t h e  ab u n cl a n c e  o t> s e r·vat i o n s  a re made ) .  
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PRIMORDIAL NUCLEOSYNTHESIS WITH GENERIC PARTICLES 
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'BSTRACT . We discuss a rev1s 1on of the standard model for big  bang 
nucleosynthesis  whi ch allows for the presence of gener ic  particle 
spec ies .  The primordi al production of 4He and D + 3He is calculated as 
a funct ion of the mas s ,  sp in  degrees of freedom , and spin stat istics  of 
the generic part i cle for masses in the range 1 0-2 � mlm � 1 02 . The 
particular case of the Gelmini and Roncadelli  maj oron model for massive 
neutrinos i s  discussed . 

1 • INTRODUCTION 

The standard model of b ig-bang nucleosynthes is ( l ) has proved an 
i nvaluable toot for plac ing constraints on various aspects of particle 
physics models . 2 ) With this in  m ind , we have developed a method which 
treats the effects of a generi c  particle species on primordial 
nucleosynthes is .  In sect ion 2 we  review the pertinent features of the 
standard model and cont inue in sect ion 3 to d iscuss the alterat ions to 
the standard model which are necessary to include generic  part icles .  
Sect ion 4 contains the results for some gener ic  particles and section 5 
presents a di scussion of a spec if ic  model for massive neutr inos . 

2 . A REVIEW OF THE STANDARD MODEL 

Th� �hys ics of b ig-bang nucleosynthesis  cons ists of two d istinct 
phases .  l 3 During the first  phase , characteri zed by T > 1 MeV 
( throughout we use units  so that h = c = k 1 ) ,  the rate of weak 
interaction7 r k oc G�T5 , i s  larger than the expansi on rate ,  r oc 
( GNp ) 1 1 2oc G� �T2 , wand �hus � ight neutr inos maintain thermal equ i l iB��u� 
with photons via  e e+��vi vi . Nucleons maintain chemi cal equ i l ibrium 
through pv ��ne , n��pev , and pe��nv i nteract i ons and thP 
neutron-to-pfoton ratio  follows an equ i l i bricrm value , 

7 1  
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(.!!..) p exp( - _g_) T Q m n mp = 1 . 293 MeV . 

T. P. WALKER ET AL. 

( 1 ) 

Neutrons and protons remain i n  equil ibr ium unti l  weak i nteractions 
freeze out ( i . e . I' k = r ) at a temperature TF = 0 . 7  MeV . From this 
point , ( nip ) slowl� decr��ges due to non-equi l ibr ium neutron decay unti l  
the onset o f  the second phase : nucleosynthesis .  This second phase , 
characteri zed by T � o .J MeV , involves var ious nuclear interact i ::ms 
whi ch proceed unti l  r - � r • For T > 0 . 1  MeV , the formati on of 
deuterium via np 7nua+e�ls sil��essed by-photodissociation due to the 
relatively low b inding energy of the deuteron ( 2 . 2 MeV ) . The relative 
abundance of deuterons can be expressed 

nd ( 2 . 2MeV ) ex n exp T 
, nN 

( 2 )  

where n i s  the nncleon-to-photon rat io .  A t  T - 0 . 1  MeV ,  this bottle�eck 
is c ircumvented and the various n , p , d  reactions create D , 3tte , 3H ,  He , 
and 7Li . The lack of stable mass 5 and 8 nuclei , Coulomb barr i ers , and 
the relatively large binding energy of 4He result in most of the 
available neutrons being transformed into 4He . 

Primordial heli um-4 production ' s  dependence on these phases i s  
described b y  three parameters : the nucleon-to-photon ratio  n ,  the 
neutron half-l i fe T1 12 , and the number of effective radiative degrees of 
freedom ( usually 

E
arameterized as the number of l i ght neutrino species  

N ) .  The amount of  He produced i n  the  big-bang i s  dependent upon ( nip ) 
a� freeze out ( Y  = mass fraction of 4He = 2 ( nlp )  1 [ 1 + ( nlp ) F] ) .  The 
earl ier weak interaBtions freeze out , the greater t nlp)F and the !fr�er 
Y . Thus the i ncrease in Y with i ncreasing N ( - re�2 ) and T 1 1 ( a: fwk

/ ) .  
yP also depends upon thg effic iency of Xuclea� i nteracfions at 
cBnverting neutrons i nto 4He . As the number densi ty of phot�ns 
decreases , the deuteri um bottleneck breaks at higher temperatures ,  thus 
resulting in the increase of Y with i ncreasi ng n . 

The primordial productioR of D and jHe also depends on the 
�fficiency df 4He product ion . Nearly all D and 3He are processed into 
He and thus their  abundance depends upon the nuclear i nteractiou rate -

ex3ansion rate i nterplay . H igher nucleon abundances ( n )  mean faster 
D- He depletion whi le a faster expansion rate ( N 1 12 ) leads to an earl ier 
freeze out of nuclear i nteractions, when D-3H¥ abundances are larger . 
Therefore , D and 3He decrease with i ncreas ing n or N- 1 12 • 

3 . A -"TERATIONS FOR GENERIC PARTICLES 
v 

We have altered the original computer code of Wagoner ( 4 ) to 
correctly treat the addit ional phys ics  of a gener i c  particle  species . By 
generic particle ,  we mean a particle which mai ntains good thermal 
contact with ei ther photons or l ight neutr inos throughout 
nucleosynthesis .  As such, the  i th generic  particle can be described by 
a temperature T and has energy densi ty and pressure  
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( 3 ) 

( 4 )  

where gi i s  the number of spin states , ( e . g .  g = 2 ,  gv = 1 ,  gy = 2 , • . • ) ,  y . = m . /T ,  and e i i s  + ( - ) 1  for fermions ( bo§ons ) ( 1n natural 
units  a =  i21 1 5, , 

For T = 1 0  MeV , the universe is  dominated by electrons , neutrinos, 
photons , and the generi c  particles .  The entropy in  a volume R3 ( t )  ( R ( t )  
i s  the FRW scale factor ( 5 J )  can be deco�posed into two parts :  

and 

R3 
[2 ( ) L (Y)  (p . +p . ) ]  Ty 

x Pe+Pe + Py + Py + 1 1 i 

R3 \ ( ) S = T'"" [ 2 xNv ( P v  + p ) + L. 
v 

( p  + Pv ) ] .  v v v j v 

( 5 )  

( 6 )  

The factor 2 results from consideration o f  particles and anti-particles , 
and the sums are over generi c  species which maintain  g?g� thermal 
contact with photons or l ight neutrinos.  Up until  T - 3 MeV , l ight 
neutrinos and photons maintain thermal equil ibrium v ia  neutral and 
charged current weak interactions and are described by the same 
temperature . Unt il  thi s decoupl i ng we have 

S = S + S = constant y v ( T  � Tdec = 3 MeV ) ( 7 ) 

Below Td , the decoupled l ight neutrinos maintain a thermal 
distribut16g described by T and we have v 

constant 

constant 

Sy (Ty=Tv=Tdec ) 

S)Tv=Ty=Tdec ) 
( 8 )  

Using the above formal i sm we can describe the dynamical evolution 
of ( }he universe through primordial nucleosynthesis as a function of 
TY 

7 . The scale factor , R (Ty ) can be expressed in  terms of combinations 
or integrals l i k e  those or equati ons ( 3 ) and ( 4 ) ,  as can the neutrino 
temperature T ( Ty ) , The expansion rate as a funct ion of Ty follows from 
the field equ¥tion 

2 
(!) R r 2 

exp 
811G 

-3- p ( 9 )  
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The weak i nteraction physi cs i s  also a function of T and T
0� through the phase space dependence of the in it ial and f inalystates r 

the interactions pv +� ne ,  pe +�nv , and n +� pev .  We have supplemented 
Wagoner ' s  code by numerically calculating the rates of these 
interactions, including radiative and Coulomb correct ions ( 8 ) , for given 
values of (T T ) Y '  v • 

4 . RESULTS FOR GENERIC PARTICLES 

By assumption,  a given gener ic  particle spec ies mai ntains good 
thermal contact through nucleosynthesis  with ei ther photons or l i ght 
neutr inos and thus the phys ics of each gener ic spec ies is completely 
spec ified by its mass , spi n  degrees of freedom , spi n  stat i st ics ,  and 
annihilation mode . In f igure 1 ,  we show the 4He ( a ) and D+3He  ( b )  
y ields for primordial nucleosynthesis  with gener i c  part icles coupled 
ei ther to photons or l ight neutrinos , having g ; 1 , 2 , and in the mass 
range 1 0-2 S mime � 1 02 . All  calculations were done with n1 ; 3 , , 1 1  ; 
1 0 . 6 min ,  and N ; 3 . 0 .  Hori zontal dashed l ines ind icate s�andard mo§el 
y ields wi th thevindicated number of l ight neutrino species . 

The plots of Y and D+3He as a function of gener ic  part icle mass 
are most easily  Bnderstood by consider ing three d istinct  regions 
character i zed by mime : 

( I ) 

( I I )  

( I II ) 

mlm e 
1 < 

� 1 0 1 .  75 

mlm < 1 0 1 · 25 
e -

mlm < 1 0- 1  
e -

( m  � 
( 0 . 5  

( m  S 

30 MeV ) 

MeV S m 

50 keV ) 

These regions are indi cated in  figure 1 ( a )  and 1 ( b ) . 

� 1 0  MeV ) 

In  all the graphs , we recover the standard model results  for m > 
30 MeV , s ince a part icle of this mass will  be present only i n  trivial 
abundances at the time of primordial nucleosynthes i s .  I n  addi tion ,  
�eneric particles cou�led to photons and having m � 50  keV overproduce 
He and underproduce D+ He because these particles act as " pseudo-l ight 

neutrinos" increasing P TOT • and because they dump most of their entropy 
after nucleosynthesi s ,  necessi tating a larger value of n duri ng the 
bottleneck phase . ( 9 ) Gener ic  part icles coupled to neutrinos do not alter 
n and thus these particles wi th masses below 50 keV act only as extra 
l i ght neutrino degrees of freedom ( the g ; 1 part icle  is a boson and 
contr ibutes slightly more to the energy density  than i ts fermion 
counterpar t ) . 

We need to consi der the energy density  as a function of TY to 
understand the Y and D+3He production for generic  part i cles in  the mass 
range 0 . 5  MeV - Po MeV . The energy dens i ty for a un iverse containing a 
generic  X part i cle which annihi lates to photons can be wr i t ten : 
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F i gures 1 ( a )  and 1 ( b )  indi cate pr imordial y i elds of 
respect i vely , for gener i c  par t i cles coupled to 
l i ne s )  or l i ght neutri nos ( dash-dot l i ne s )  as 
par t i cl e  mas s .  Spin degrees of freedom are l abeled 

11He and D+3He , 
photons ( sol i d  

a function of 
by g .  

F i gures 2 ( a ) and 2 ( b )  show primordial y i elds of 4He and D+3He , 
respect i vely , for the maj oron model of Gelmi n i  and Roncadel l i .  Here 
m represents the mass of the heavy neutr ino and the l i ght h i ggs.  

In all f igures ,  hor i zontal dashed l i nes represent standard model 
y i elds for the i ndi cated number of l i ght neutr i no spec i e s .  
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( 1 1  ) 

where the f irst term accounts for electrons and photons , the second for 
l ight neutr inos , 

-�nd the third for the X part icles with yy = m /T and 
f ( yy ) def ined as T times equation ( 3 ) .  The energy den§ity xofy the 
stafldard model is Just 

p 
STD 

( 1 2 )  

We see that for a given T we can have P x�Y ' s < PsTD • even though we 
have an extra X particle ,  protided 

in  thi s case ,  (Tv/Ty ) x�Y ' s � ( Tv/Ty ) STD • and thus i nequal ity ( 1 3 ) holds 
provided 

T 4 T 4 
f ( y ) < (....Y.) - ( v ) yx a2 

-
Ty STD Ty x�Y ' s 

I t  i s  possible for part icles in  the mass range 
sati sfy thi s inequal i ty �nd the result ing p x�Y ' s underproduction of both He and D+3He . 

( 1 4 ) 

0 . 5  MeV - 1 0  MeV to 
< PsTD causes an 

In a similar way , it is possible to have a generi c  part i cle coupled 
to neutrinos whi ch has a mass so that p � , > ( pSTD + energy dens i ty of 
the massless equivalent of the X ) . Fo? vtXese gener ic  particles , we 
observe overproduction of 4He and D+3He relative to their extra l i ght 
neutrino counterparts . 

5 .  A SPECIFIC APPLICATION : HEAVY NEUTRINOS WITH MAJORONS 

As a spec ific  appl icat ion of the generi c  part icle approach, we have 
considered th� �ffects of a heavy neutr ino , l ike  that described in  
majoron models t l O J ,  on primordial nucleosynthes i s .  In these models ,  
neutrino masses are generated through the spontaneous breaking of a 
global B-L symmetry , and as such they contain a Goldstone boson , the 
majoron . The symmetry break i ng is accompl ished by expanding the H iggs 
sector to contain a triplet which couples to pairs of fermion doublet 
f ields and acquires a non-zero vacuum expectation value ( v . e . v . ) .  The 
inclus ion of the Higgs triplet introduces 6 massive scalars to the 
theory , 5 of which have masses on the order of the doublet 
v . e . v .  ( 250 GeV ) times a coupl ing constant . The remaining scalar picks  
up a mass similar to  the heavy neutr ino mass which i n  turn i s  
proportional to the triplet v . e . v . The triplet v . e . v . i s  constrained 
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by l im i ts on maj oron cool ing of var i ous astrophysical obj ects to be less 
than -1  Mev . < 1 1 J 

In maj oron models ,  the domi nant interaction i s  the maj oron medi at�d 
annihi lat i ons of heavy to l ight neutr inos which has a cross section < 1 2 > 

0 ann ( 1 5 )  

where gH ( L ) i s  the heavy ( l i ght ) neutrino-maj oron coupl ing ,  8 the c . m . 
neutr t no

)
veloc i ty ,  and s the total c . m . energy squared . I t  can be  

shown 1 3  that such i nterconvers i ons are suffi c i ently fast to keep the 
heavy neutr ino in equi l i br i um with l ight neutr inos unt i l  after 
nucleosynthes i s .  

Thus w e  can treat these heavy neutri nos a s  gener i c  neutrinos 
coupl ed to l i ght neutr inos in order to determine thei r  effect on 
primordial nucleosynthes i s .  For s impl i c i ty we take l ight H i ggs boson 
and heavy neutrino to have the same mass and take Nv = 2 ,  n 1 0 = 3 , and 
1 1 12 = 1 0 . 6  m i n .  The resul t s  are shown in figures 2 ( a ) ana 2 ( b ) . 
Not i ng that neutri nos less massive than about 1 MeV overproduce He ,

<
?U} 

might try to decrease n to br ing Y = 25% , the accepted �ppef � ) mi t ,  
but we can ' t  do this because that �ould make too much D +  He . 1 Thus we 
conclude that maj oron-type model s with neutrino masses less than 1 MeV 
cannot reproduce observed primordial abundance s .  We 
astrophysi cal l imits  on the triplet v . e . v . imply that m 
thus i t  appears that astrophysi cal/cosmologi cal argument� 
constraints on the acceptable neutrino masses ( i . e . , � 

6
) 

maj oron-type model s ,  i f  not rule them out completel y .  � 
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ABSTRACT 

It is shown that big bang nucleosynthesis requires at least some or the 
baryons in the universe must be dark. All current solutions seem to require at 
least two ad hoc assumptions. or these more complex but complete solutions, the 
ability to produce large scale free structures where these dark baryons lie may be 
the best way to resolve the different proposed solutions to the several different 
dark matter problems. 

This paper will first look at the various arguments regarding dark matter. In so doing, it will 
be emphasized that there are several cosmological dark matter problems1.2, not all or which 
require exotic (non-baryonic) stuff. !This paper closely follows rer 1] In ract, it will be shown that 
some dark baryons are necessary, and how these dark baryons are distributed may eventually 
prove to be the way for resolving the nature or the bulk or the matter or the universe. In particu
lar, we will emphasize the fact that no simple solution works which uses only an exotic particle 
with no additional assumptions. 

It will then be shown that the additional constraint, that the large scale structure or the 
universe be sca.le-rrees,i may severely constrain the allowable dark matter solutions even ir we 
allow violations or Turner's la.w4, that "the Tooth Fairy may only be invoked once in a scientific 
pa.per". Such a sea.le-free solution tells us that clusters a.re la.id out in a fractal; since the rra.cta.I 
is close to dimension one, it may point in the direction of cosmic strings or other linear 
phenomena. The conclusion will be that the correct, "best", solutions may tell us something 
about phase transitions in the early universe. It will also be shown that the best way to resolve 
the various contradictory models may be to find the dark matter baryons which end up in 
different place in the different scenarios. 

The Dark Matter Problema 
As emphasized in ref. 1 and 2, there are at least three classes of dark matter problems: 

1. Dyna.mies 

2. Galaxy Formation 

3. InHa.tion 
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The first is the well established6 fact that the light emitting regions or the Universe have 
relatively low mass-t<>-light ratios so that if there were only that much mass in the Universe, the 
cosmological density parameter fl:ap/Pcrit would be ....., 0.007, a very open universe. However, if 
those same light emitting galaxies are observed interacting with more distant galaxies in binaries 
and small groups, then the implied mass or each galaxy is about a factor or ten larger and the 
implied fl is ....., 0.07. this tells us that galaxies have massive halos which are dark. (As Schramm 
and Steigman8 emphasize, it is the light, not the mass, which is missing.) Ir the dynamics or large 
clusters or galaxies are observed, then the implied mass per galaxy is even larger. Ir all galaxies 
have that much mass, then fl is from 0.1 to :5 0.4. It is important to emphasize that no 81/Blem 
implies an fl > 0.4. 

To put these numbers in perspective, remember that Big Bang nucleosynthesis7 puts an 
upper limit OD the density of baryons in the universe of flt < 0.15 for a present background tem
perature or To :5 2.8K. Thus, within the uncertainties, all or the dark halo material could be 
baryonic, although the higher super-cluster masses may require something additional. 

Hegyi and Olive8 have shown that if  the halo material is non-baryonic, then it  must either 
be in blackholes (that were baryonic at the time or Big Bang nucleosynthesis) or low mass, astro
nomical objects (Jupiters or low mass, d im stars). This latter class would require a very stron 
peak at low mass in the initial mass function. 

Freese and Schramm' have combined the nucleosynthesis arguments with age arguments to 
conclude that fl, � 0.03. In particular, they show that the lower limit OD globular cluster ages or 
13 x 1011 years implies that h0;5 0.7. Therefore, the lower bound on h 6/n1 from Yang et al.7 yields 
a lower bound on fl6 of 0.03. Thus, it is argued that the bulk of the baryons must be dark. As we 
will see, it is not clear whether these dark baryons make up the dark halos or whether they are 
distributed elsewhere. However, it should not be forgotten that the dynamical and the nucleosyn
thetic arguments are still consistent with fl ....., 0.1 and everything being baryonic10• 

The arguments for non-baryonic matter center on two additional dark matter arguments: 
galaxy formation and "inflation"; inflation being the most theoretical, it is perhaps the hardest to 
avoid unless we live in a special epoch in the history or the universe. As we will see, the galaxy 
formation arguments may have some intriguing loopholes. 

The inflation argument comes from the proposal or Guth11• Although the detailed mechan
ism has been modified considerably (see review in ref. 12 and references therein), the basic para
digm is still there. Inflation is the name given to the process which sets the initial conditions of 
the universe by a rapid, de Sitter phase expansion. Such a phase will solve the horizon problem, 
the flatness problem, the monopole problem and it will produce fluctuations which might eventu
ally yield galaxies. The detailed particle models which produce inflations consistent w#I. � 
tions still appear very ad hoc12• However, the flatness problem alone tells us that something like 
inflation must have occurred, or else we live in a very special epoch in the history or the universe. 
In particular, since fl varies with time on a gravitational time scale, we can conclude that, since 
we still don't know whether fl is significantly different from unity after ....., 15 x 109 years, at the 
Planck time (10-43 seconds), fl bad to be fine tuned to be unity to ....., 60 decimal places. Inflation , 
or anything like it, solves this problem by making fl = 1 to a far greater accuracy and thus 
avoids forcing us to live in the special epoch where fl first deviates from unity. Since fl = 1 is in 
excess or fl6, this tells us that the bulk or the matter or the universe is non-baryonic. Note also 
that since flctustmd < 0.4, inflation tells us that the bulk or the matter or the universe is not 
clustered with the light emitting stuff. 

The above sequence or arguments tended to favor massive (- lOeV) neutrinos as dark 
matter since they would be non-baryonic and would not strongly cluster with the light emitting 
stuff. Then the galaxy formation arguments came along and the shift from neutrinos to "cold" 
matter occurred. One point to be emphasized is: the galaxy formation arguments may have a 
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significant loophole and the large scale structure arguments may force u s  t o  go through the loo
phole. 

The galaxy formation arguments13 center on the following points: 

1. Quasars exist at redsbifts14 z > 3. 

2. Anisotropies in  the microwave background are small16, 6T/ T�2 x 10-li. 

3. Baryonsyntbesis requires primordial, adiabatic 8uctuations18• 

4 .  Fluctuations, 6p/ p ,  grow linearly with the expansion until 6p/ p - 1 or until redshift z -
1/0. for n < 1. 

5. Fluctuation growth does not start until matter domination. 

Ir the universe were baryon dominated, then from arguments 2, 3, 4 and 5, 6p/ p would only 
reach - 2 x 10-2 today since the background radiation decoupled at redshift z - 3000. But we 
know that 6p/ p exceeds 1 today. Thus, we need something in addition to baryons. Ir the 
additional material were in the form of neutrinos or other particles which are relativistic , "bot",  
until just before galaxy formation, then conde�sed objects wouldn't form until z ::::, I ,  violating 
argument 1. The best candidate thus appears to be "cold" matter which is moving slowly and 
can begin clustering rapidly on galactic scales. It has been shown13 that argument 4 also implies 
that n must exceed - 0.4 in order to have sufficient growht. This latter point appears to violate 
the dynamic argument that matter in clusters bas n < 0.4 since cold matter will cluster on 
smaller scales than superclusters. Thus, superclusters should contain all cold matter if light emit
ting stulJ goes along with it. 

Inltlal Solutlon11 and Loophole• 

From the above discussion , it is apparent that in the simple picture, no single dark-matter 
candidate works: bot particles don't form galaxies fast enough and cold particles put too much 
mass on small scales where it is not seen. Even hybrids or hot and cold particles fai117•18• Two 
classes of solution have been able to work: one is to have light, not trace mass1v, the other is to 
have cold particles decay to bot20• 

Ir light does not trace mass, then many (most) clumps of cold matter and baryons do not 
turn on their baryons and fail for some reason to shine. Such a failure to universally ignite 
requires a tootbfairy , albeit a thermodynamic one (rather than a particle physics one). This ther
modynamic tootbfairy is added to the particle physics tootbfairy (the one which produced the 
cold particles: axions, pbotinos, heavy leptons, planetary mass black boles, quark nuggets, etc . ) .  
The decaying scenario requires two toothfairies as well, but both are of the particle variety. 

Some people have preferences for one or another variety of tootbfairy . Thermodynamic ones 
might, in principle, be eliminated since they only require classical physics, but remember, we still 
can 't p redict th e u:eather. On the other band, particle ones might, in principle, be eliminated by 
future accelerator experiments. 

Another way out is to duck the galaxy formation argument by having something other than 
matter carry the primordial Huctuation21• Under such a scenario, the Huctuations would not be 
smoothed by the free streaming of the matter and radiation. They would be sitting, waiting for 
the baryons to ran in once the baryons decouple from the radiation and the universe is no longer 
matter dominated. Such Huctuations behave like the old isothermal fluctuation model. Cosmic 
strings22 are a fine example of such fiuctuations if energy density in strings p5, relative to the total 
matter energy density p, is p5/p-lcr3, then Ouctuation growth in p to 6p/p-1 can occur for the 
baryons and rapid galaxy formation is no problem. Strings would have mass scales smaller than 
- 1012� damped by grav itational radiation, but otherwise behave like isotbermals with, how
ever, an equal power on all mass scales, Harrison-Zeldovicb spectrum. Strings are also capable of 
producing non-random pbases23 which may be valuable for explaining large clusters and voids24 
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While baryosynthesis argues against primordial isothermals on scales larger than the hor
izon, it does not prevent subsequent phase transitions Crom producing isothermal-like fluctuations 
on scales smaller than the horizon at these phase transitions. An example is the possible genera
tion of planetary mass black holesu or quark nuggetsz at the quark-hadron-chiral transition. 
Such objects can serve as small scale isothermal seeds that baryons can condense upon27.28 after 
recombination. Such objects can serve as the seeds for the Ostriker-Cowie29 explosive galaxy for
mation scenarios. 

Thus, galaxy formation either requires cold matter or isothermal-like fluctuations which 
require some phase transition in the early universe, either generating strings or some other rem
nant. 

Large Scale Structure 

The distribution or matter in space has been described in detail by Peebles30 using the tw<r 
point correlation (unction {(r). This is the excess probability over random that two objects are 
separated by a distance r. The correlation function for galaxies, {99, has been shown to have the 
form {9g(r} = cr"r-1.8. Similarly, it has been shown31.S2.M that the correlation (unction of rich 
clusters {cc also has the form {cc = crccrl.8; but ror Abell R � 1 clusters O<cc � 20cr99 and lrcc 
is even larger for Abell R � 2 clusters. 

At first glance this appears strange since the larger separated clusters would not h ave had as 
much gravitational clumping as the more closely separated galaxies. However, Kaiser34 and Fry36 
pointed out that if clusters are merely the 3u peaks in the galaxy d istribution function, then one 
would obtain a factor or � 20 enhancement since the less clumped galaxies would dilute the 
amplitude for {. Such biasing would mean that {9g(r) oo {,c(r) so that when {99 goes negative, 
{cc should also be n egative, only more so. Current datase indicates that {99 deviates Crom the r-1.s 
power law and goes negative at r � 20h()1 Mpc (where h0 = H0/100 km/sec/Mpc), but {cc is 
positive out to r :<, 100h()1 Mpc. Thus, simple biasing seems in trouble. Of course, the negative 
correlations may be due to unfortunate statistical fluctuations in our neighborhood, bu t it should 
be remembered that essentially all models of galaxy formation with a Harrison-Zeldovich type 
!luctuation spectrum yield €n going negative for some r which is well below 100 Mpc. Therefore, 
a positive {cc at 100 Mpc is in conHict with the biasing interpretation for all the stand ard galaxy 
fQrmation scenarios. 

This problem has been reexamined using a dimensionless approach3 where all distances are 
measured in units of L = n-l.3 (where n is the density of objects in the catalogue). With this 
procedure, {(r) = /3(L)(hr/Lt1.8• This is analogous to the renormalization approach that is used 
in condensed matter physics to analyze scale-Cree transitions. In particular, if /J(L) were fou nd to 
be constant for all , this would imply that {(r) is scale free. It is interesting that {(L) is approxi
mately the same for both R � I and R � 2 as well as the Schectman37 catalogue. However, 
/J(L) for galaxies is about a factor of 3 larger. Thus, this dimensionless approach has eliminated 
the dependence on cluster richness and reduced the entire dynamic range to a factor of � 3. 
That all the various cluster-cluster functions have the same tJ(L) seems to imply that there is a 
scale-free process operating from scales of Mpc to IOO's of Mpc . The slight enhancement of tJ99 is 
simply implying that galaxies have had their clustering enhanced by gravity a factor of � 3 over 
the scale-free process which produced the r-1.8 behavior. 

A scale-free process of this type is known as a fractalse. The r-1.8 power law tells us that the 
dimension D of the fractal is D = 3 - 1.8 = 1 .2. This is pretty close to a linear, D = I, fractal. 

There are several possible scale-free processes which might yield a D = 1 . 2  fractal for laying 
out gala."Xies and clusters in the universe. 

1. Biasing This can yield a scale-free process if the primordial Huctuation spectrum is scale
free. However, as mentioned above, the lack of negativity at large r in €cc seems to argue 
against this mode. 
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2. Strings Ir the primordial ftuctuations are created by cosmic strings, they would be laid 
out along a pattern left by the primordial string before it fragmented. The fractal dimen
sion of this pattern depends on how the strings move and fragment, but a near linear D � 1 
fractal is not unreasonable. 

3. Percolation Ir galaxy formation is related to explosions of primordial seeds, and if the 
density of such seeds is sufficiently high, percolation can occur and a scale-free pattern can 
form. The fractal dimension of such a pattern depends on the geometry of the region where 
the seeds are dense(neutrino pancakes?). 

Conclusions 

Combining the need for a scale-free, large-scale structure mechanism with fl 
the requirement that galaxies form rapidly with fJT/ T small, restricts us to: 
1 .  biasing a n d  cold dark m atter 
2. strings and bot dark matter 
3. percolated explosions and hot dark matter. 
If we relax the scale-free requirement then a fourth solution is also allowed : 
4. decaying particles. 

1 and with 

In the "bias and cold" case, the d ark baryons are in non-shining clumps of cold matter 
unrelated to clusters of galaxies. Such a solution also requires ecc to be n egative at the same 
scales that en goes negative. As Bardeen, Kaiser and Szalayag point out, at present, no cold bias
ing solution seems simultaneously consistent with !} dynamic and with ecc VS egg· 

The "string and hot" case requires the dark baryons to be in the halos of galaxies. The hot 
x-ray gas in rich clusters11 implies that galaxies in clusters had significant baryonic matter associ
atRd with them which fell into the deep potential well of the cluster and was heated to x-ray tem
peratures. Ir all galaxies bas this much baryonic material, it would yield dark baryonic h alos. A 
strong (recent) plus for the string model comes from the work on superstrings which is the current 
best candidate for the Theory Of Everything (T.O.E.) . While ten dimensional superstrings are 
themselves not directly related to the cosmic strings needed for galaxy formation , Wit.ten40 bas 
shown that the two superstring models 0(32) and E(S) x E(S), which are anomaly-free, fin ite and 
have chiral fermions, naturally lead to cosmic strings. These cosmic strings form when the 
supertheory breaks at the GUT epoch . 

The "percolation and hot" case also has the dark baryons in h alos, but this model uses 
baryons in early explosions so that the early universe is quite active which should lead to observa
tional consequences. This model requires early universe phase transition activity since the seeds 
can only be sufficiently plentiful if isothermal-like ftuctuations are generated on scales that even
tu ally produce seeds. The quark-hadron transition is the best candidate for such a transition . 
However, while current estimates imply a first-order transition, it is still quite dilricult4 to get 
long-lived quark nuggets or planetary-mass black holes. 

The fourth solu tion, like the first, already requires that one of our assumptions abou.t 
current observations is wrong. It also requires that a very fine tuned particle physics situation 
exists with a massive particle decaying to light one just after the initiation of galaxy formation. 
In this case, the d ark baryons would also be in the form of halo material. 

In summary, the way to distinguish possibilities is to find the dark baryons. While the best 
current. estimate might lean towards strings and hot stuff, there is dearly much more work to be 
done! 



84 D. N. SCHRAMM 

Acknowledgments 

I would like to thank my recent collaboratol'5 Katy Freese, Keith Olive, Gary Steigman , 
Alex Szalay ,  Michael Turner and Nicola Vittorio. 

This work was supported by NSF grant AST-8313128 and DOE grant DE-AC02-80ERI0773 
A004 at the University of Chicago and by DOE and NASA at Fermilab. 

References 

l .  Schramm, D.N. II Nuovo Cimenlo in press (1985). 

2. Schramm, D.N. Nuc.Ph1111. BHI, 53 (1985). 

3. Szalay, A. and Schramm, D.N. Nature 314, (1985). 

4 .  Turner, M.S. Fermincw11 in press (1985). 

6. Faber, S. and Gallagher, J. Ann.Rev.A11lron6A11lropllv11. 17, 135 (1977). 

Peebles, P.J.E., in Pllvrical Co1molo1v {eds Audouze, J., BaJiar, R., Schramm, D.) 

1980) . 
6. Schramm, D.N. and Steigman, G. Ap.I Hl, I (1981). 

7. Yang, J., Tumer, M., Steigman, G., Schramm, D.N. and Olive, K. Ap.J. 181, 493 and 

references therein (1984). 

I. Hegyi, D. and Olive, K. PAv11.Lett.B 111, 28 (1982). 

t. Freei;e, K. and Schramm, D.N. Nuc.PAv11.B. 113, 167 (1984). 

10. Gott, J.R., Gunn, J., Schramm, D.N. and Tinsley , B. Ap.J. 1V4, 543 (1974) . 

1 1. Guth, A. Phv11.Rev.D. 13, 347 (1981). 

12. Olive, K. and Schramm, D.N. Commenl1 Nuclear and Particle PA11ric1. in press (1985). 

13. Vittorio, N. and Silk, J. Proc.lnner Space·Outcr Space in press (1985). Bond R. and Ers

tathiou, G. Proc.lnner Space-Outer Space in press (1985). 

14. Frenk, C., White, S. and Davia, M. Ap.J. 171, 417 (1983). 

15. Usson, J. and Wilkinson, D. Proc.lnner Space-Outer qace in press (1984) . 

UI. Tumer, M. and Schramm, D.N. Nature 1'11, 301 (1979). 

Pmsa, W. Pli11lica Scripla 11, 702 (U180}. 
17. Davis, M., LeCar, M., Pryor, C. and Witten, E. Ap.J. 160, 423 (1978). 

18. Occhionero F .  ( 1 985) to be published 



DARK MATTER AND COSMOLOGICAL NUCLEOSYNTHESIS 

10. Davie, M., Erstathio11, G., Frenk, C. and White, S. Ap.l.Supp. in press (1085). 

20. Olive, K., Sec:bl, D. and Vishniac, E. PA111.Lett.B. in pre1111 (1084). 

85 

Olive, K., Schramm, D.N. and Srednicki, M. PA111.Lctt. in press and references therein 

(1985). 

21. Vittorio, N. and Schramm, D.N. Comment• Nuclear •n4 P•rlicle PA11iic1 in press (1085). 

22. Vilenkin, A. PA111.Rep., in press and references therein (1085). 

23. Tarock, N. and Schramm, D.N. 1984: Nature, 111 508 (1084). 

24. Pttblea, P.J.E. A1.l. l7f 470 (1084). 

2'. Crawford, M. ud Schramm, D.N. N•turc HI MS (1082). 

2G. Witten, E. Plrric1 Rc11.D. IO 272 (1084). 

27. Freese, K., Schramm, D.N. ud Price, R. Ap.I. 175 405 (1083). 

28. Raphaelli, N. in this •olame (1086). 

29. Ostricbr, J. ud Cowie, L. Ap.I. HI L127 (1080). 

30. Peebles, P .J.E. TAe L•r1e Scale Strudurc of tlle Univcrtc (Princeton Univ. Prem, Prince-

ton, 1081). 

31. BahcaJI, N. ud S0-1iera, R. Ap.J. 170 20 (1983). 

32. Klypin, A. and Kopylov, A. So11.A1tra.Lctt. I 41 (1083). 

33. Hauser, M. ud Peebles, P.J.E. Ap.J. 186 757 (1073). 

34. Kaiser, N. Ap.I. iD press (1084). 

3'. Fry, J. private communication (1083). 

36. Davis, M. Proc./nncr-Oufcr Space loc.cit. {1084). 

37. Schectman, S.A. Ap.I. submitted {1084). 

38. MandelbrQt, B. Fractal S11mmctr11 of Nature Freeman, San Francisco (1077). 

39. Bardeen , J., Kaiser, N. and Szalay ,  A. Fermilab Preprint (1085). 

40. Witten, E. Ph111.Lett. in pre&& (1985). 

41.  Applegate, J. and Hogan, C. Caltech Preprint (1985). 





NUCLEOSY N T HE T I C  CONSEQUENCES OF POPULA T I ON I I I  S TARS 

B . J .  Carr 
Queen Mary Col lege , University of Londo n ,  England 

W. G l a t z e l  
I nst itute o f  Ast ronomy , Cambr idge , Engl and 

Abstract : I t  i s  argued that the Popu l a t ion I I I  stars with the most 
ex�l a na t o r y  power are Very Mass i v e  Obj ects ( VMOs ) i n  the mass range 
1 0  < M/MQ< 1 05 • T h e i r  e v o l u t i on i s  reviewed , w i t h  p a r t i c u l a r  emphasis on 
t h e i r  nucleosynthetic consequences , and t h i s  leads to constraints on 
the mass spectrum of Popu l a t i on I I I  star s .  The possible relevance o f  
Popul a t i on I I I  s t a r s  f o r  some e l emen t a l  anoma l ies and t h e  cosmic helium 
abundance i s  d i sc ussed . 

1 .  I N T RODUC T I ON 

The s tudy o f  a pregal act ic popul a t i on o f  s t a r s  is mot i vated by their 
many possib l e  cosmological consequences .  Their remnants cou ld account 
for the dark matter i n  galactic halos ( White and Rees 1 97 8 ) ,  the ir l i ght 
coul d  produce d i stort ions i n  the 3K background ( Rowan-Robinson et a l  
1 97 9 )  or even the 3K background itse l f  ( Rees 1 97 8 ) ,  their heat could 
prov i de a mechanism to reionize the Universe ( Hartquist and Cameron 
1 97 7 ) ,  t he i r  e x p l o s i ons and mass loss could p roduce a burst o f  i n i t i a l  
enrichment ( T ruran a n d  Cameron 1 97 1 ) ,  p e r h a p s  expla ining c e r t a i n  
e lement a l  anomal i es a n d  contributing t o  the c o s m i c  h e l i um abundance 
( T a l bot and Arnett 1 97 1 ) ,  and they might even play an important role in 
ga l ax y  forma t i on ( Ostriker and Cowie 1 981 ) .  T hese sorts o f  consequences 
have been studied i n  deta i l  by Carr , Bond and Arnett ( 1 984 , herea fter 
CBA ) . 

O f  p a r t i c u l a r  interest is the question o f  which stars c ou l d  account for 
these phenomena w i thout con t r a d i c t i ng other observat ions . I f  
most o f  the U n i verse i s  processed through Popu l a t ion I I I  stars , then the 
requi rement that they do not produce too much background l i ght 
rest r icts t h e i r  masses t o  M >1 0  M @  o r  M< 0 . 1  M@ .  Stars i n  the mass range 
1 0< M/MQ< 1 00 generate a lot of heavy e l ements ( Weaver and Woosley 1 980 ) ,  
so i t  wou l d  be d i fficult to understand how t h e i r  remnants could provide 
the dark matter i n  galac t i c  halos w i thout producing too much enr ichment . 
On the other hand , stars at ear l ie r  epochs might have been larger than 
1 00 M® due t o  the i n fluence of the 3K background ( Kashl i nksy and Rees 
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1 98 3 )  and the absence of metals ( Silk 1 977 ) . Such VMOs would be 
expected to collapse to black holes with high efficiency (without metal 
ejection ) providing their mass exceeded a critical value Mc �200 M �. Their 
remnants would therefore be plausible candidates for solv ing the dark 
matter p roblem ( CBA ) and they would avoid making too much background 
light providing they burnt out at a redsh i ft z �1 0 .  

An important constraint on the mass range o f  black holes i n  the 
galactic halo comes from the requirement that their  passage through the 
galactic disk does not heat up the disk stars too much . This condition 
is satisfied only for holes smaller than 1 06 M@  ( L acey 1 984 ) .  We conclude 
that the most interesting candidates for Population I I I  stars are VMOs 
in the mass range 1 02<M/� < 1 0 5 • Thei r evolution is reviewed in Sect ion 2 
and thei r  nucleosynthetic consequences will  be discussed in Section 3 .  
The dynamical constraints would also permit the dark matter t o  be 
contained in the remnants of  SMOs in the mass range 10 5< M/M!,< 1 06 • 

However , since SMOs collapse di rectly ( wi thout burning their nuclear 
fue l ) due to relativistic instabi l i t ies if they have no initial 
metallicity  ( Fricke 1 973 ) , such stars would not be able to explain the 
other cosmological features mentioned above . We therefore emphasize the 
VMO scenario here , although SMOs would be more attractive if one wanted 
to perturb the standard picture as l i ttle as possible . 

2 .  EVOL U T I ON OF VMOs 

2 . 1  Hydrogen core burning 

Because of their  high masses , VMOs radiate near the Eddi ngton l imit . 
I nitially this luminosity will derive from the pp-chain ;  CNO burning 
cannot take p lace due to zero initial metal l icity . However , CNO burning 
takes over once the necessary catal ysts have been created by the 
triple-alpha react ion ( E l  E i d ,  Fricke and Ober 1 983 ; hereafter EFO ) .  
This automatically generates a CNO abundance of  about 1 0-9 ( Bond , Arnett 
and Carr 1 984 ; herea fter BAC ) .  I f , in addi t ion,  their is no init ial 
hel ium , a sl ight amount must first be created v i a  pp-reactions in order 
to tr igger triple-alpha burning . 

Luminosit ies close to the Eddington va lue cause radiation pressure 
dr iven mass loss . A rigorous theory of  mass loss sometimes also 
described in terms of  a nuclear pulsat ional instabil ity - does not exist 
since the detai led nonlinear mechanism of mass shedd ing is not very wel l  
understood . Consequently its treatment varies among di fferent authors 
( BAC , EFO , Woosley and Weaver 1 982 ) . EFO assume a semi-emp i r ical 
relation for the mass loss , whereas BAC derive an analytic relation 
between the total fraction of mass lost and the corresponding hel ium 
yield which is independent of the particular mechanism . This relat ion 
will  be d iscussed later . 
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2 . 2  Hydrogen she l l  burning 

When hydrogen is exhausted in the convec tive core , the helium core 
contracts and hydrogen igni tes in a shel l . BAC have run a 500 M@ 
Population I model using an implicit hydrocode and treating convection 
time-dependentl y .  I n  this case , 2 . 5  Me are burnt in the shel l ,  releasing 
3 . 5X 1 0 5 2  ergs on a local thermal timescale .  This leads to a supersonic 
expansion of the envelope , since the gravitational binding energy of the 
shell is only 0 . 5X1 0 5 2 ergs , and the result ing wind is expected to ej ect 
the envelope entirely . BAC conclude that the e f fect may be simi lar for 
Population I I I  stars if CNO catalysts are convec tively dredged up into 
the hydrogen-burning shel l .  

The calculations o f  EFO for Populat ion I I I  stars indicate that effective 
shell burning starts later than for Population I stars . In  addit ion , 
they show that mass l oss can substantially reduce the size o f  the shell  
source . They find that  the shell propagates outwards , increasing the 
size of the helium core . They obtain evidence for complete envelope 
ejection only when M exceeds 500 MQ . 

The Woosley-Weaver calculations for Population I I I  stars also exhibit a 
density decrease in the envelope but the shell does not become unbound 
in their models . S ince the results of �AC and EFO are qui te similar , the 
discrepancy between the d i f ferent authors is l ikely to be due to the 
d ifferent treatments of convection and mass l oss rather than the 
d i f ferent assumptions for the initial composi t ion . 

2 . 3  Hel ium core burning 

Mass loss must also be expected in the hel ium burning phase . However , 
the pulsational instabil ity is usually  assumed to be damped by the 
extended envelopes surrounding the cores . Hel ium burning leads to 
carbon-oxygen cores consisting mainly (� 90% ) of oxygen . EFO found by 
numerical calculations the fol lowing linear relations between the 
var ious masses : 

M = 0 . 89 M_ ___ ; M = 1 . 09 M co -llX co Cl. 
M = 0 . 56 M. 

Cl. 1 

where Mi is the initial mass , MHx is the total mass at hydrogen 
exhaustion , Ma. is the hel ium mass at hydrogen exhausti on , and Meo is 
the carbon-oxygen core mass . The relat ion � =Mi / ( 2-Y i) , where Y i  is the 
initial hel ium abundance , as derived by SAC analytically , agrees 
remarkably wel l  with the numerical result .  

2 . 4  Dynamical phase 

Carbon-oxygen cores in the mass range 30< Mc0 /M0<4X1 0 5  become dynamically  
unstable due to elect ron-positron pair  creation . ( More massive cores 
encounter a relativistical instability first ) .  They therefore col lapse 
and undergo explosive nuclear burn ing . Their ultimate fate 
osci llat ion , explosion or collapse to a black hole - is determined by 
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their  mass and angular momentum . Table 1 shows the di fferent mass ranges 
for zero angular momentum according to various authors . 

T ABLE 1 :  The fate of non-rotating carbon-oxygen cores 

Mass Range (Me ) Stabili ty Oscillation Explosion Collapse 

Woosley & Weaver ( 1 98 2 )  60-1 00 >1 00 
Bond et al  ( 1 984 ) < 32 "'32 32- 1 1 0  >1 1 0  
Ober e t  a l  ( 1 983 ) < 50 50-1 1 2  >1 1 2  

Glatzel e t  a l  ( 1 985 ) < 22 22-27 27-86 >8 6  

For low masses the energy released by nuclear burning is not sufficient 
to disrupt the star , so it  undergoes oscillations , eventually 
accompanied by explosive mass loss ( Ober et al  1 983 ) . Below a crit ical 
mass Aco' higher mass cores explode due to_nuc lear burning without 
leavi ng any remnant . Cores with mass above Meo proceed to such high 
temperatures that endothermic photodisintegration of  nuclei takes place ; 
this reinforces the collapse and ultimately leads to black hole 
formation.  We note that the critical mass Mc of  th� initial hydrogen 
star is related to the critical  core mass by Mc� 1 . 64Mc0,  providing the 
mass l oss during hydrogen-burning is not too large . 

The explosions are almost ent irely due to explosive oxy9en 
burning . However , incomplete sil icon burning occurs for masses near M eo 
and , in these cores , a tiny fraction of  iron group elements is 
synthesized ( 5% at maximum) . The surroundings are therefore enriched 
mainly with oxygen but also with inte rmediate nuclei from sulphur to 
calcium. 

F I GURE 1 :  The fate of rotat ing ca rbon-oxygen cores 
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The s t ab i l i z ing e ffect o f  rotat ion extends the mass range i n  which 
explosions can occu r . For suitably chosen angul a r  momentum , explosions 
are obtained for core masses up to 1 04 Me cor responding t o  a hydrogen 
mass o f  <v 2X1 a4 M 9  ( Glatzel et al 1 985 ) . Above this mass , neutrino losses 
preclude any explosion . The nucleosynthesis in the rotating models is 
simi l a r  to the nonrotating ones . Figure 1 shows the d i f ferent regimes of 
stabi l i t y , osci l lati ons , explosion and col l apse in terms of spec i fic 
angu lar momentum and mass for an n=O polyt r ope . T o  obtain the masses and 
angul a r  momenta for an n=3 polyt rope ( as i s  appropriate for M> 1 0 2MQ ) , 
the numbers given have to be mu l t i p l ied by fac tors o f  3 . 36 and 5 . 86 , 
respec t i v el y .  We note that a VMO may fragment into a b inary system i f  
the angul a r  momentum i s  too large . T h i s  only happens i n  the " stable" 
region of F igure 1 ,  so the l im i t i ng mass for which explosions can occur 
i s  una f fected . However , black hole remnants coul d  conceivably ar ise in 
the "stable" region if the angu lar momentum and mass o f  one o f  the 
fragments was i n  the col lapse doma i n .  

3 .  NUCLEOSYNTHET I C  CONSEQUENCES 

3 . 1 Con s t r a i nt s  on the spectrum of Populat ion I I I  stars 

O f  all constraints which can be imposed on the spectrum o f  Population 
I I I  s t a r s , the nuc leosynthetic ones are the most str ingent for 
4M@<M<Mc . S ince there exist Popu l a t ion I stars with met a l l ic i ties as low 
as 1 0-'3 , the Popu lation I I I  enrichment cannot exceed this val ue . 
F ur thermor e ,  i f  one assumes that Popu l a t i on I I  stars form a fter 
Popu l a t i on I I I  stars , t he maximum enrichment Z max i s  reduced to 1 0- 5 , 

F I GURE 2 :  Upper l imit on the dens i t y  o f  Population I I I  stars 
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s i nce t h i s  is the lowest meta l l ic i t y  found in Populat ion I I  stars ( Bond 
1 981 ) .  The assoc iated l imit on n *(M ) ,  the density of the Populat ion I I I  
stars i n  u n i t s  o f  the c r i t ical dens i t y , i s  shown in F igure 2 on the 
assumption that Z = 1 0-3 and that the metal y i e l d  of the stars i s  

max 



92 B. J. CARR AND W. GLATZEL 

Zef = 0 . 2  for 4<M/M9< 8 ,  Zej= 0 . 01 for S<M/Me<1 5 ,  Zej= 0 . 5- ( 6 . 3Me/M) 
1 5< M/fvle< 1 02 ,  and Zej =0 . 5  for 1 02Mg<M<Mc . The l imit scales with 
initial gas density , which is taken to be n g=0 . 1 .  

for 
the 

F igure 2 also indicates the l imits associated with background l ight and 
black hole remnant constraint s .  The l ight constraint is important in the 
mass range above 1 02 M9 only i f  the stars burn at a low redshi ft .  
However , a s  indicated earl ier , i f  one a llows for the effect o f  rotation , 
the enrichment limit can be extended up to a mass o f  2x1 0 4t-\;, , in which 
case the upper limit on nJM) woul d  be as indicated by the dashed line . 

Assuming a standard IMF ,  

n(M) dM "' M-CLdM M .  < M < M min max 

one avoids overenrichment providing 

or 

z . f * 1 / ( 2-CL) 
M > M (�-) max c Zmax 

z . f 1 I ( 2-CL ) 
4 (�) M • < M min e Zmax 

for CL < 2 

for CL ) 2 

where f* is the total fraction o f  the Universe go ing into the stars . I f  
we want the Population I I I remnants to provide the dark mat te,r , f * must 
be close to  1 .  In this case , we can obtain a p rescribed pregalactic 
enrichment by a suitable choice o f  the parameters CL ,  tv\nin , and Mmax." 
Howeve r ,  it requires rather fine-tuning to get an enr ichment of 
1 0-3 -1 0- 5 ( as would be required to explain the G-dwa r f  p roblem or 
spect ral distortions in the 3K background ) and - i f  Mmax<0 . 1  M 9  or 
�in>Mc - one gets no enrichment at all . 

An a lternative solution is to postulate two generations o f  stars , one 
containing a large fraction of the mass of the Universe and 
p roducing the dark matter , the other containing a smal l  fraction and 
exploding to produce a smal l  enrichment . This coul d  come about rather 
naturally if the exploding stars form first . For one could envisage the 
characteristic star mass automatically shi fting out of the exploding 
range , either because it is decreased by the cooling e ffects o f  the 
metal s  or because it is increased by the r ise in the Jeans mass induced 
by the stars ' heating e ffect . In either case , the enrichment produ�ed �� 
the first stars would be self-l imited to a value in  the range 1 0- -1 0 
( CBA ) . 

3 . 2  Abundance anomal ies 

Stars with [Fe/H ] <-1 are found to have three times the solar oxygen-to 
-iron ratio and the ratio decreases with increasing metal l icity ( Sneden 
et al  1 979 ) .  H igh [ O/F e ]  is observed both in field metal-poor stars and 
globular clusters . Furthermore , extragalactic H I I  regions exhibit a 
sulphur-to-oxygen ratio which decreases with increasing oxygen abundance 
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( F rench 1 980 ) and field metal-poor stars also have enhancements in 
other oxygen burning produc t s .  S ince exploding VMOs create an enr ichment 
in oxygen and oxygen-burning p roducts w i thout eject ing iron group 
element s , they might be able t o  explain these anoma lies . 

Pagel and Edmunds ( 1 981 ) have rev iewed arguments indicat ing that some 
n i t rogen may be primary . The mechani sm of VMO hydrogen shell ejection 
d i scussed above prov ides a source o f  p rimary n i t r ogen if carbon and 
oxygen can be dredged up into the hydrogen-burning shel l .  I f ,  on the 
other hand , VMOs with M >M c can eject met a l s  by this mechanism, a strong 
l im i t  could be p laced on the number of the corresponding black hole 
remnan t s  ( Tarbet and Rowan-Robinson 1 982 ) . 

3 .  3 Hel ium 

I f  VMO remnants are t o  provide the missing mass , their helium 
enrichment is crucial . A relation between the hel ium enrichment � y  of 
the surroundings and the total fraction ¢ L o f  mass l ost , which is 
independent of the particular deta i l s  o f  mass loss , was der ived by BAC . 
For high mass l oss , the hel ium y i e l d  is l o w ,  s ince the mass is lost 
b e fore helium i s  produced signi ficant l y . I f  the mass loss i s  
su fficiently l o w  t h a t  t h e  boundary o f  t h e  star shrinks m o r e  slowly than 
the hydrogen burning convective core (¢r. < ( 1 - Yi ) 1 ( 2 - Yi) ) , the hel ium 
y ie l d  is found t o  be : 

The maximum y i e l d  �Ymax is obtained i f  the sur face j ust follows the edge 
o f  the shrinking convect ive core and , in this case , we obtain 

�y max 
for Yi = 0 . 22 
for Yi = 0 

This resu l t  i s  in remarkable agreement with the numer ical calculations 
of EFO . These authors obtained � y  between 0 . 1 26 and 0 . 1 77 over a l l  
mass ranges . We n o t e  that , in t h e  c a s e  o f  enve lope ejection dur ing 
hydrogen-shell burning , the hel ium enrichment i s  always maximal . 

S ince we find an enrichment of � Y=0 . 1 7  for a p r imordial hel ium abundance 
of � .=0 . 22 ,  we would ine v i t ably overproduce hel i um if a large frac t ion 
of da\.k matter were in VMO black hol e s .  In this case only SMOs could 
provide the dark matter , since they col lapse without any hel ium 
product ion . However , we could also adopt the point of view that the 
cosmic hel ium abundance i s  actually produced by Population I I I  VMOs . The 
fraction F of the universe which i s  processed through VMOs and the 
resu l t ing hel ium abundance Y are related by ( Bond et al 1 983 ) :  

F = l (2 ( 2 - Y)) ex  ( --3!_ )  dY 
o ( 1 - Y) 2 

p y - 1 
For sma l l  Y ,  this just gives F� 4Y , so one naturally gets the sort o f  
value required i f  F i s close to 1 .  More precisely , for 0 . 2 <Y<0 . 25 we 
need 0 . 9<F<0 . 95 .  
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NUCLEOSYNTHESIS ACCOMPANYING CLASSICAL NOVA OUTBURSTS 

James W. Truran 
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1 0 1 1  W. Springfield , Urbana , IL 6 180 1  

ABSTRACT. Theoretical studies o f  thermonuclear runaways i n  degenerate 
hydrogen-rich matter leading to classical nova outbursts pred ict that 
nova ej ecta can be characterized by substantial overabundances of the 
elements carbon ,  nitrogen , and oxygen as wel l  as of other interesting 
nuclear species . Observational determinations of abundances in nova 
ej ecta have now confirmed both that anomalous CNO enrichments do 
indeed occur and that the elements neon ,  sodium , magnesium and alumi
num can also be present in s ignificant amounts . This paper reviews 
the abundance patterns observed in novae and d iscusses these wi thin 
the context of the theoretical models . We then examine the possible 
implications of these abundance enrichments for galactic �ucleosy�6 
thesi s .  The possible role of nova in the production of 2 Na and Al 
i s  also d iscussed. 

1 . INTRODUCTION 

Theoretical studies have now conf irmed the view that the outbursts of 
the classical novae are a consequence of thermonuclear runaways pro
ceeding in accreted hydrogen shells on the white dwarf components of 
these close binary systems . For the conditions which are expected to 
obtain in this environment , nuclear energy generation is provided by 
the carbon-nitrogen-oxygen (CNO) cycle hydrogen-burning reaction 
sequences . Peak temperatures � 200-300 mil lion K are achieved in 
explosive hydrogen burning on a hydrodynamic time scale. The natural 
l imits imposed on the rate of nuclear energy generation in the opera
tion of these reactions at high temperatures holds important implica
t ions for hydrodynamic models of nova outbursts ( Truran 1 982 ) and has 
led to the prediction that enhanced CNO abundances may be required to 
explain the observed characteristics of novae in outburst ( Starrfield 
et al 1 97 2) .  Hydrodynamic calculations which further confirm these 
conclusions have since been performed by a number of researcher s 
( Sparks , Starrfield and Truran 1 9 78 ;  Starrfield , Truran and Sparks 
1 9 7 8 ;  Prialnik ,  Shara and Shaviv 1 97 8 , 1 97 9 ;  Nariai , Nomo to and 
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Sugimoto 1 980 ;  Prialnik et al 1 982 ; Starrfield , Sparks and Truran 
1985 ) . 

My aim in this paper is to identify the contributions which novae may 
be expected to make to nucleosynthesis in the galaxy. In the follow
ing section, we first briefly review existing data on heavy element 
abundances in the ej ecta of classical novae. Specif ic  predictions 
concerning the formation of heavy nuclei accompanying thermonuclear 
runaways in nova outbursts are then elaborated. Discussion of the 
implications of nuc lear processes in novae for galactic nucleosynthe
sis then follows . 

2. COMPOSITION OF NOVA EJECTA 

Recent observational investigations of the compositions of nova nebu
lar remnants have provided critical support for and constraints upon 
the thermonuclear runaway model for the classical novae . Abundance 
determinations are available , in particular , for the ej ecta of the 
novae Vl 500 Cyg ( Ferland and Shields , 1 978) , HR Del ( Tyl enda 1978) , 
DQ Her ( Williams et al 1 978) , RR Pie (Williams and Gallagher 197 9 ) ,  
T Aur (Gallagher et al 1 980) , Vl 668 Cyg ( Stickland et al 1 98 1 ) , V 693 
CrA (Williams et al 1 985 ) ,  and Nova Aquil a  1 982 ( Snij der s ,  Seaton and 
Blades 1 982) .  -nie-mass fractions in the form of heavy elements deter
mined for the first s ix o f  these average � 0 . 23 ,  and range from 0 .039 
for RR Pie to 0 . 56 for DQ Her .  The bulk o f  this matter i s  i n  the form 
of carbon , nitrogen and oxygen. This is consistent wi th theoretical 
calculations of thermonuclear runaways leading to nova outburst s .  
Information concerning the isotopic composition o f  this material would 
also be extremely useful. Existing models predict that the 1 2c/ 13c , 
1 4N/1 5N ,  and 160/ 1 7 0 ratios characterizing nova ej ecta wil l  differ 
s ignificantly from those of solar sys tem mat ter. 

Two recent novae, Nova Corona Austrina 1981 and Nova Aquila 1 982 , both 
show evidence of substantial enrichments of heavy nuclei other than 
carbon, ni trogen and oxygen. In particular ,  Nova Corona Austrina 198 1  
is enriched in C ,  N ,  O ,  Ne , Na , Mg .  and Al and Nova Aq ui la 1 982 is 
enriched in C ,  N ,  0 ,  Ne , and Mg. 

The presence of these increased concentrations of nuclei from neon to 
aluminum presents an interesting challenge to theories of nova out
bursts .  We note that significant increases in the concentrations of  
such heavy nuclei are not expected to  accompany nova outburst s : the 
controlling CNO reaction sequences operating at temperatures � 1 50-300 
million degrees act largely to rearrange existing CNO isotopic abun
dances but not to increase the total number of CNO nuclei . The high 
CNO abundances must therefore reflect the envelope composition prior 
to the ignition of hydrogen. Breakout of the CNO cycle hydrogen 
burning sequences via 1 5o(a , y) l 9Ne(p ,y) 20Na can occur at high tempera
tures ( T  > 4 x 108 K) , yielding neon and heavier nuclei (Wiescher et 
al 1 985) .� Such conditions may be realized in thermonuclear runaways 
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on neutron stars (Wallace and Woosley 1 98 1 ; Starrfield et al 1 982) ,  
but i t  seems unlikely that the neon ,  sodium ,  magnesium a:ii<l"alumnium 
enrichments seen in novae can be understood on this basis , since 
burning t emperatures are typically not high enough for breakout to 
occur. Recent calculations of runaways on white dwarfs of masses 
approaching the Chandrasekhar l imit predicted peak temperatures in the 
shell source approaching 3 . 5 x 108 K ( Starrfield , Sparks and Truran 
1 985 ) .  

I t  would appear , rather , that the outward mixing of whi te dwarf core 
material mus t  provide the enrichment mechani sm. In particular , it has 
been found that shear-induced turbulent mixing between the whi te dwarf 
and the accreted material can lead to envelope CNO enrichments 
(Kippenhahn and Thomas 1 97 8 ;  MacDonald 1984) . For the recent novae 
which show high Ne-Na-Mg-Al concentrations , such mixing up o f  core 
matter can explain the abundance peculiarities if one assumes an 
underlying 0-Ne-Mg whi te dwarf ( Law and Ri tter 1 98 3 ;  Truran 1 98 5 ;  
Wil liams et a l  1 985) .  

It i s  clear from this brief review of observational determinations of 
abundances in nova ej ecta that significant abundance enriclnnent s  can 
occur , in support of the prediction of theoretical studies. 

3 .  OVERVIEW OF NOVA NUCLEOSYNTHESIS 

We now examine the predictions of theoretical models of novae wi th 
regard to the synthesis of a variety of nuclear species .  

7Li . The production of lithium in novae as 7Li can result from 
hydrogen burning reaction sequences ( Arnould and N6rgaard 1 97 5 ;  
Starrfield et al 1 978 ) . As in the case o f  red giants , the 7Be 
formed via �He ,y) 7Be must be transported outward by convection 
to cooler regions of the envelope faster than it can be converted 
to 7Li by 7Be(e- ,v ) 7Li and destroyed via 71i (p ,y ) 8Be( 24He) . The 
t emperature and convective histories are thus critical fac tors which 
determine the uncertainties in predictions of 7Li production. The 
initial 3He concentration of the envelope matter i s  also of interest ,  
s ince much of the 3He present may be converted readilJ to 7Be . Model 
calculations by Starrfield et al ( 1 978 )  predict tha t Li enriclnnents 
of factors up to 2 1 02 may be achieved in matter subsequently ej ected 
by novae . Unfortunately , only upper limi ts on lithium abundances in 
novae are currently available from observations ( Friedjung 1 97 9) . 

1 2c and 1 60 .  The concentrations of these two dominant isotopes of 
carbon and oxygen represent the product s  of helium burning in interme
diate mass and massive stars .  The factors by which these two isotopes 
can be enriched in the ej ecta of novae are too small to be important 
to galactic nucleosynthesi s .  The anomalously low 1 2c; l 3c and 1 6o; l 7o 
isotopic ratios predicted for nova ej ecta further confirm that novae 
cannot represent significant sources of 1 2c and 160 .  
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14N .  I t  is well known that 14N represents the dominant product of  
"CNO-cycle hydrogen burning for hydrostatic burning conditions in  
stellar interiors . Under these circumstances , extremely high N/O  and 
N/C ratios can be achieved as well  as a high isotopic ratio 1 5N/ 14N. 
Theoretical calculations predict nitrogen excesses and observations 
reveal nitrogen enrichments up to factors � 100. Wil liams ( 1 982) 
argues that novae may represent an important source o f  1 4N in the 
galaxy while Peimbert and Sarmiento ( 1 984) argue agains t 1 4N produc
tion by novae. The critical consideration is s imply the fact that the 
characteristic 1 5N/1 4N ratio expected for nova ej ecta is far too high 
with respect to solar for 14N production to have galactic implica
tions .  Determinations of isotopic ratios for matter ej ected by novae 
would provide important information regarding this matter .  

1 3c ,  1 5N .  and 1 70 .  These isotopes , particularly 1 5N .  can be overpro
duced by large fac tors in nova explosions ( Sparks , Starrfield and 
Truran 1 976 : Wiescher et al 1 985) . 1 5N and 1 70 overabundances of 
factors > 103 are predicted for some models. Novae might in fact be 
abl e  to account for the observed abundance levels of these two iso
topes in galactic matter. Certainly , the ej ecta of novae may be 
expected to be characterized by profoundly non-solar isotopic abun
dance patterns for carbon. nitrogen and oxygen. Detailed predictions 
will  of course be sensitive to the temperature and convective his
tories o f  the ej ected material. 

1 9F .  Recent studies (Wiescher et al 1 985) indicate that small  over
abundances o f  19F might also be-achieved in nova ej ecta. The predic
ted abundances are extremely temperature sensitive , and the required 
temperatures are on the high s ide of those typical of nova runaways .  
Based upon existing studies o f  the nuclear processing o f  matter in 
novae ,  i t  seems unlikely that novae represent the main site o f  1 9p 
production in the galaxy . It should be not ed , however , that no other 
studied nucleosynthesis site has ye t provided a suf ficient level of 
production of 1 9F to meet galactic requirement s .  

22Na and 26Al . Synthesis of the astrophysically important radioactive 
isotopes 22Na ( • 1 ; 2 = 2 . 6  y) and 26Al (, 1 ;2 = 7 . 2 x 105 y) can also be 
expected to occur under the explos ive hydrogen burning conditions that 
are achieved in classical nova outbursts .  The formation of signifi
cant concentrations of 22Na provides an attract ive possibl e explana
tion ( Clayton 1975 ) for the highly 22Ne-enriched Ne-E anomaly 
( Eberhard t et al 1 97 9 ;  Lewis et al 1 97 9) identified in meteorites . 
Questions c�ning 26Al production are of course important both to 
consideration of the source of the 26Mg anomalies found in meteorites , 
that correlate wi th Al/Mg ratios ( Lee ,  Papanastassiou , and Wasserburg 
1 977 ) , and to the interpretation of the diffuse galactic gamma-ray 
line emission from 26Al (Mahoney et al 1 984) . 

Numerical calculations of 22Na and/or 26Al production under explosive 
hydrogen-burning condi tions have been performed by Arnould and 
N�rgaard ( 1 978) , Lazareff et al ( 1 979 ) , Arnould et al ( 1 980) , 
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Hil lebrandt and Thielemann ( 1 982) and Wiescher et al ( 1 985) . While 
the situation here i s  complicated and there r emain considerable uncer
tainties associated with predictions of nucleosynthesis in novae . i t  
i s  nevertheless possible t o  state several general conc lusions . The 
calculations of nucleosynthesis in novae by Hillebrandt and Thielemann 
( 1 98 2) and Wiescher et al ( 1 985 )  predict concentrations of 20Ne and 
2 1Ne formed relative�Ne + 22Na which are too large to explain the 
meteoritic Ne-E component . However , the 22Na/23Na production ratios 
they obtain are consistent with the formation of a Ne-E component as a 
consequence of 22Na decay in grains formed in the expansion and 
cooling of nova ej ecta. We note that 22Na decay provides an extremely 
attractive mechani sm for the formation of 22Ne-enriched neon isotopi c 
anomalies , though the bulk of the 22Ne in galactic matter was likely 
formed rather as 22Ne ( Truran and Hillebrandt 1 985 ) . 

The extent to which novae are responsible for the 26Al present in 
galactic  matter is  also of considerable interest .  Clayton ( 1 984) has 
recently argued that novae represent the l ikely source of the 26Al 
detected in the interstellar medium by Mahoney et al ( 1984 ) .  His 
estimate was based upon the numerical predictioU-Of-:26Al production by 
Hillebrandt  and Thielemann ( 1 982) .  The calculations by Wiescher et al 
( 1 985 ) , which include substantially revised thermonuclear reactio��� 
rates , indicate a level of 26Al product ion lower by a factor o f  
approximately ten than that of the previous work. Given their predic
tion of 26Al production and reasonable est imates of nova frequencies 
and mass contributions , i t  now seems dif ficult to understand how novae 
can be a maj or galactic  source of 26Al . Further calculations are 
necessary to clarify this issue. 

4 .  NOVAE AND GALACTIC NUCLEOSYNTHESIS 

In reviewing the role of novae in nucleosynthesis , i t  i s  important to 
keep in mind both that the contributions of novae are small ,  relative 
to the masses released into the interstellar medium by either plane
tary nebulae or supernova ej ect ion, and that predictions regarding 
novae are highly uncertain. The overall contribution of novae to the 
abundance of a specific nucleus in the Galaxy is dependent upon the 
frequency of nova outbursts , the average mass ej ected per nova event , 
and the fractional mass of the ej ecta in the form of the nucleus of 
interes t .  The rate of nova events for the Andromeda galaxy has been 
determined to be 38 yr- 1  (Arp 1956 ) ;  we adopt a value 40 yr- 1 for the 
current rate of nova events in the Galaxy . ( Any estimate of the t ime 
dependence of the rate of nova activity over the history of the galaxy 
is  rendered uncertain by the fact that the progeni tors of the classi
cal novae have not been unambiguously determined . )  Determinations of 
the masses ej ected by novae are also quite  uncertain. Theoretical and 
observational considerations suggest a " typical" mass ej ected of order 
io-4 Mo · Peimbert and Sarmiento ( 1 984) argue for io-5 Mo ej ected per 
event on the basis  of recent studies of Nova Cygni 1 978 and Nova 
Aqui lae 1 982 , but both of these are qui te fast novae which are distin-
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guished by high levels of heavy element enrichment and thus may not 
reflect the behavior of the "average" classical nova. We adopt a 
value 10-4 �'() • We thus arrive at a rate of mass ej ected per year for 
novae of (40 yr-1 ) ( 1 0-4 Mo/event) � 0 . 004 Mo yr- 1 . Thi s  is a factor 
of ten or more below s imilar rough estimates for the contributions for 
planetary nebulae and supernovae. 

In light of the fact that novae contribute only a small fraction of 
the mean mass of stel lar ej ecta returned to the inters tellar medium ,  
i t  is clear that only nuclei which are overproduced by significant 
factors are of interest with respect to galactic nucleosynthesis .  The 
rarer isotopes of carbon , nitrogen and oxygen are particularly note
worthy in this regard. Determinations of isotopic-abundance patterns 
for nova ej ecta ,  if possible , would provide critical information 
regarding thi s  matter. Novae may also prove important contributors to 
the abundances of 7Li and of the unstable nuclei 22Na and 26Al . 

Thi s research was supported in part by the National Science Foundation 
under grant AST 83-1441S .  
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ABSTRACT. Nuclear structure information available on proton rich unstable nuclei 
were used to evaluate thermonuclear reaction rates in the rp-process in explosive 
hydrogen burning. These rates were applied in a systematic analysis for a variety of 
temperature conditions, appropriate to nova explosions, to study nucleosynthesis 
for isotopes of Ne Na Mg Al Si. The results are discussed in comparison with recent 
observations of elemental abundances in nova ejecta. 

Recent observations of elemental abundances in novae outbursts have shown 
strong enhancements in Ne, Na, Mg , Al (Williams et al. , 1 983) and in Ne, Mg, Si, S 
(Snijders et al. 1 984) for nova CrA 1 981 and nova Aql 1982, respectively (Fig. 1) . Nova 
events are interpreted as a thermonuclear runaway in an accreting hydrogen shell 
on top of a degenerate C-0-white dwarf in a stellar binary system. This results in 
temperatures during the outburst in the range of 1 · 1 08K < T < 3 · 108K 
(Starrfield et al . ,  1978). However, nucleosynthesis in hydrogen burning at such condi
tions does not lead to the observed elemental abundances (Arnould et al. , 1 980; Hille-
brandt, Thielemann, 1982) . · 

This raises the following questions , relevant for the general understanding of 
the nova mechanism: 
l .  I s  the present knowledge of nuclear reactions in explosive hydrogen burning 

complete? 
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2. Can nova explosions result in higher temperatures, which enable a break-out 
from the hot CNO-cycle? 

3 .  Can a nova explosion on a Ne-0-Mg-white dwarf explain the observed abun
dances? 

In the following we attempt to provide answers to these questions, which may help to 
solve the present puzzle of abundances in nova ejecta. 

For investigating these questions, reaction network calculations for hot hydro
gen burning at different temperatures and densities were performed. The reaction 
network used contained 1 1  7 nuclei up to mass A = 42 linked by 4 73 beta-decay, pro
ton, alpha and neutron reactions and their reverse reactions. The reaction rates 
were obtained, whenever possible, from the compilations of Fowler et al. ( 1 975) , 
Harris et al. ( 1 983) , Woosley et al. ( 1978). The rates for proton capture reactions on 
short-lived nuclei A<30, however ,  which are important in hot hydrogen burning, are 
rather uncertain. Wallace and Woosley ( 1 981)  estimated the rates for these reactions 
on the assumption that only one or two resonances make significant contributions to 
the reaction rates. Because additional structure data about the particular com
pound nuclei are available now we recalculated the rates taking into account all pos
sible resonances as well as nonresonant reaction mechanism likely to contribute to 
the stellar reaction rate. 

The energies of the possible resonances were calculated from the excitation 
energies of known proton unbound states in the compound nuclei. If the analogue 
nucleus does show a higher level density, additional states were assumed in that 
excitation range.  Possible energy shifts between these analogue levels were taken 
into consideration. Corrections for the Thomas-Ehrman shifts were applied in par
ticular for the level energies of the resonant states in 19Ne(p ;y)20Na. These shifts 
were calculated using standard formula (Thomas, 1 952) . Spin and parities for most 
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Figure l .  Observed elemental abundances in novae CrA81 and Agl 82 relative to 
solar abundances. 
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resonances were taken from the analogue states of the corresponding isospin multi
pletts. The resonance strengths which will determine the rate, were calculated by 
the well known relation: 

c.J-Y = ___ 2_J_+_1 ___ rp rz 
(2Jr + 1) (2jp + 1) ftot 

( 1 )  
with J ,  i r .  ir as  spin o f  the resonance state, the target nucleus and the projectile, 
respectively. The total width ftot and the partial widths f P and f7 for the entrance 
and exit channel of the particular resonance level determine the strength. The pro
ton partial width is proportional to the Coulomb penetrability for a charged particle, 
which was calculated with standard codes for a nuclear channel radius 
R = l . 20(Af/3 + Ar11 3) , with Ar. AP as target and projectile mass ,  respectively. 
The partial width is also proportional to the spectroscopic proton factor e;. 
reflecting the single particle structure of the particular state . They were derived 
from the known spectroscopic neutron factors ®� of the corresponding analogue 
levels (Endt, van der Leun, 1978) . If no information was available a ' typical' value 0; = 

0. 1 has been assumed. If the analogue states of the resonances are bound, the 
-y-partial width was determined from the known lifetimes of these states. Otherwise, 
the single particle -y-width was calculated assuming predominantly decay to the 
ground- state or the first excited states, which were favoured by high energy and low 
l -transfer (El ,  Ml ,  E2 transitions) . The results were weighted by the mean value of 
the distributions of known -y-ray transition strengths in the same mass region (Endt, 
1 979) . 
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Figure 2. Comparison of the calculated reaction rates with previous estimates .  
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The direct c apture (DC) is usually the dominant nonresonant term in (p :y)
reactions and may therefore contribute considerably to the reaction rate. The cross 
section for possible DC-transitions to bound states were calculated in terms of the 
DC-model described by Rolfs, ( 1 973) . Usually the cross section is determined by the 
transitions to the groundstate and the first excited bound state s .  Only such transi
tions are therefore c onsidered for the calculations . The spectroscopic factors for 
the final states were derived from the experimentally known ones of the analogue 
states (Ajzenberg-Selove, 1983; Endt, van der Leun, 1978) or from shell model pre d
ictions (Cole et al. ,  1976). 

Figure 2 shows the comparion between the rates from Wallace and Woosley &J981) and the new ones described above . For the proton capture on the isotopes 
Na, 21Na, 22Na the rates agree within one order of magnitude . However, the com

�arison of the different rates for the proton capture on 19Ne , 21Mg , 23Mg , 25Al and 
Si shows a disatfreement of several orders of magnitude in the temperature range 

below T = 3 · 1 0  K. This results mainly from the addition of several new resonances 
as well as from the nonresonant direct capture contributions to the reaction rates. 
The new rate for 26Si(p ;y)27P is considerably smaller than quoted by Wallac e and 
Woosley. The former rate was based mainly on the influence of a d-wave resonance at 
E = 250 keV. The existence of this proposed resonance could not be c onfirme d. The 
reaction rate at low t emperatures is therefore mainly determined by a weak d-wave 
resonance at E = 80 keV and the direct capture process only. This re sults in the 
relatively small reaction rate. 

The network calculations were performed for constant temperatures at 
T = 1 · 1 06, 1 . 5  · 1 06 , 2 · 1 06, 3 · 1 06, 4 · 106 and 5 · 1 06 K with a typical density of 
p = 5 · 10 g /cm3. The envelope composition was assumed to be 90% solar with a 10% 
admixture of C-0-white dwarf matter respective 0-Ne-Mg-white dwarf matter. The 
calculations were stopped when a typical nova energy of 3 · 1 046 erg was reached. 

The results of the calculations are displayed in terms of a reaction ft.ow analysis 
in Figure 3. Shown are the time integrated reaction flows Fii between the nuclei i 
and j :  

Fii = f[ � Ji  + 'f.NAp(av).;J. Ji Yi - 'f,A.i }j - 'f.NAp( av)ik }j Yk ) dt . (2) l i jk 

Yiikl are the nuclear abundances, Aij are the decay rates for {I-decay or photo
disintegration and ( av) are the two particle interaction rates.  Thick solid lines 
represent flows of F > 10-3, dashed lines flows 1 0-3 > F > 1 0-4 and thin solid lines 
flows 1 0-4 > F > 10 -6. It is easily to observe that at low temperatures 
T < 1 . 6  · 1 06 K the dominant burning sequence is the hot CNO-multicycle, while in 
the temperature range 1 . 6 · 1 06 K < T < 2 · 106K also the hot NeNa- as well as the 
hot MgAl-cycle will show up. At higher temperatures 2 · 1 06 K < T < 3.5 · 1 06K the 
CNO-cycles are still closed, no leak reaction occurs between the CNO region and the 
NeNa region, but the reaction path in the mass region beyond Ne already runs far off 
line of stability and is determined by the c apture rates on the particular radioactive 
nuclei involved. At temperatures above T = 3.5 · 1 0  K CNO material will also leak to 
the NeNaMgAl region, by the reaction sequence 150(o:;y) 19Ne(p ;y)20Na. Beyond Ne, 
as already for temperatures in excess of 2 · 1 06 K. a c ontinous ft.ow-pattern emerges 
close to the proton drip line underlining the change from a series of burning cycles 
to a rapid proton capture process. 

The reaction network was also applied to existing hydrodynamic nova models by 
Starrfield et al . ( 1 978) . The calculations were performed for temperature and den
sity profiles of model 1 ,  2, 4, 8 assuming solar abundances with a slight admixture of 
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Figure 3. Reaction fl.ow for different temperatures at constant density 
p = 5 · 1 03 g / cm3. 

C-0-white dwarf matter (Starrfield et al. 1 978, Hillebrandt, Thielemann, 1 982) . Table 
I shows the resulting isotopic abundances by number of nuclei produced at the base 
of the envelope where the highest temperatures occur. This neglects possible con
tributions from nucleosynthesis in the outer zones of the envelope at lower tempera
tures and from mixing between the burning zones. However, comparision with Fig
ure 1 indicates clearly that for these model conditions, even with the modified, 
mostly increased reaction rates, no enrichment for Ne, Mg, Al, Si was found. This is 
because only above T = 3.5 · 1 06 K CNO-material will be processed by the reaction 
sequence 150(a;)')19Ne(p ;y)�a into NeNa, while the nova models used only predict 
peak temperatures far below T = 3 · 1 06 K. 
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TABLE I 
Predicted Ejecta from Nuclesynthesis Calculations Model* 

1 2 4 8 
tH 0. 690 0 .693 0.370 0 .639 
4He 5.63(-2) 5 . 74(-2) 6.67(-2) 5 . 68(-2) 1 1B 1 . 88(-1 0) 4 .09(- 1 1) 1 .25(-1 1) 3 . 94(-10) 12c 1 . 55(-4) 1 .  70(-4) 1 . 20(-3) 4 .63(4) 13C 8.325(-4) 2 .03(-3) 1 . 08(-2) 3 .61 (-3) t4N 1 . 89 1 (-3) 1 .60(-3) 1 .30(-2) 3 .25(-3) 15N 2.69(-3) 1 .44(-3) 1 . 1 0(-3) 2 .07(-3) 160 8.75(-6) 2 .39(-6) 1 . 13(-4) 4.83(-6) 110 5.29(-7) 4. 95(-7) 4.42(-5) 2 .26(-5) 180 1 . 09(-7) 1 .56(-7) 7.8 1 (-5) 2 .20(-5) 19f 6.42(-1 0) 7 .64(-1 1) 8.63(-8) 6 . 39(-9) 
�e 4.60(-6) 2 .34(-6) 5.2 1 (-5) 5 .37(-5) 
21Ne 4.96(-9) 3 .03(-9) 4.2 1 (-8) 5 .32(-8) 
�e 0.00 0 .00 0.00 0 .00 
22Na 8.01 (-1 0) 1 . 29(-9) 2.38(-8) 2 .45(-8) 
23Na 1 .42(-7) 2 .  79(-8) 1 . 37(-7) 2 .46(-7) 24Mg 2.40 (-9) 5. 22(- 10) 8. 97(-9) 5. 92(-9) 25Mg 5.23(-7) 2 .34(-7) 2.04(-5) 4.68(-6) 26Mg 2.74(-1 0) 9 . 1 1 (- 12) 3 .68(-10) 1 . 16(- 10) 
27Al 2. 1 1 (-8) 4 .28(-9) 8.87(-8) 4.86(-5) 28Si 4.42(-6) 2 .52(-6) 1 .  94(-5) 5 .38(-5) 
29Si 4.05(-8) 2 .00(-8) 9.00(-7) 4.08(-7) 
30Si 5.01 (-7) 3 .44(-7) 6.7 1 (-7) 2 .95(-7) 3Ip 2.42(-7) 1 . 13(-7) 1 . 25(-7) 2 . 29(-6) 
32s 1 . 55 (-6) 8 .26(-7) 9.52(-6) 1 .05(-5) 
33s 1 . 3 1 (-6) 6 . 89(-7) 1 . 1 6(-7) 4.82(-6) 
34s 1 . 38(-6) 7 .35(-7) 4. 2(-7) 2 . 20(-6) 
36s 0.00 0 .00 0.00 0 .00 
35Cl 5.93(-6) 3 . 36(-6) 7. 60(-8) 1 . 12(-6) 
36Ar 1 . 26(-4} 1 .38(-4} 1 . 80(-6} 2 .43(-6} 

*Following temperature and densities of models given in Starrfield, Truran, and 
Sparks ( 1978) . 

This indicates, assuming the modified reaction rates are sufficiently correct, 
that nova events may operate at slightly higher temperatures up to T = 5 · 106 K as 
already suggested by Sugimoto et al. ( 1 980) . Hydrogen burning at these high tem
peratures certainly will allow to produce enrichment in Ne, Na, Mg , etc. This is 
shown in Figure 4a which displays the resulting elemental abundances relative to 
solar abundances after hydrogen burning at T = 5 · 106 K. Similar results may be 
obtained by nova explosions on a Ne-0-Mg-white dwarf, which may exist in nature as 
weU (Nomoto 1 985, Law, Ritter 1 983) . In such a case, the enrichment in Ne, Mg does 
not require high temperature burning, but results from mixing of white dwarf 
matter into the envelope, being preprocessed by carbon burning . Figure 4b shows 
the calculated elemental abundances for hot hydrogen burning at a typical nova 
temperature T = 1 . 6  · 106 K, assuming for the envelope solar abundances plus 10% 
enrichment from material which underwent prior carbon burning (Arnett, 
Thielemann, 1985) . 
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To prove either suggestion for the observed nova events t o  be correct requires 
more detailed hydrodynamic nova calculations, considering not only the burning 
conditions at the base of the envelope but also the effects of shell burning at lower 
temperatures and densities in the outer zones of the envelope.  
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Figure 4. Start abundances and final elemental abundances for hot hydrogen 
burning (5 · 1 061<) in solar matter enriched in C and 0 and for hydrogen burning 
at lower temperatures ( 1 .  6 · 1 06K) in solar matter enriched in 0, Ne Na Mg Al. 
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A B S T R A C T .  Several projects i nvolving Type I supernovae and their 

impact o n  nucleosynthesis are described. 1 )  A maj o r  effort i s  u nderway 

to compute the spectrum at epochs near maximum l ight. 2) Dynamical 

calculations have been done exploring the range of possible outcomes of 

the evolution of binary white dwarfs. 3) Consideration is given to the 

need to eject i ron  from the Galaxy to avoid overproduction by Type I 
events. 4) The nature of the class of peculiar Type I supernovae i s  

explored. 

1 .  INTRODUCTION 

A number of other papers in these proceedings discuss various aspects of 

Type I supernovae (see contributions by Canal , Matteucci ,  Thielemann, 

and Woosley) .  To avoid duplication, this paper will present a potpourri of 

four topics which all bear on the subject of nucleosynthesis by Type I 
supernovae.  

A crucial problem is  the direct determination of abundances of the 

ejecta by analysis of the spectrum. Three components are necessary , a 

thorough set  o f  modern observational data,  detailed hydrodynamic and 

nucleosynthetic models,  and theore tical spectra to compare the two.  

Great progress has been made in the first two areas. McDonald 

Observato ry has been particularly fruitful in providing a detailed spectral 

record of many supernovae (Branch et al 1 98 3 ;  Wheeler 1 985) .  Elaborate 

numerical calculations give a very detailed picture of the expected 

conditions and abundances in specific models (Nomoto , Thielemann, and 

Yokoi 1 984;  Woosley ,  Axelrod ,  and Weaver 1 984) .  Until recently the 

third leg of this analytical triad has been the weakest. The pioneering 

work of B ranch (Branch et al 1 982) and Axelrod ( 1 980  a,b) has ushered i n  

a n e w  era o f  spectral model ing. Section 2 describes the e ffort underway 

at Texas to calculate detailed model atmospheres of Type I supernovae. 

The contribution of Type I supernovae to nucleosynthesis will not 

1 13 
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be complete ly understood without an understanding of their  a strophysical 
origin.  The carbon deflagration model has proved capab l e  of reproducing 
many observational aspects of Type I supernovae: light curves ,  spectra, 
kinematics,  and abundances .  There are manifest problems, however, i n  
determining the origin o f  Type I supernovae. I n  particular, while b inary 
transfer of mass onto a white dwarf has long been discussed, no self
cons istent way has been discovered to produce a Type I supernova  by 
means of the transfer of hydrogen onto a carbon/oxygen white dwarf. 
Sutherl and and Wheeler ( 1 984) summarize the problems in the following 
fashion. At low mass accretion rates, nova explosions drive off a majority 
of the accreted hydrogen, and perhaps some of the dwarf core material as 
well, so the Chandrasekhar limit is not attained quickly enough. At 
somewhat higher rates ,  "double detonation" driven by the ignition of a 
thick degenerate helium shell consumes the star leaving insufficient 
elements of intermediate mass. At higher mass accretion rates, hydrogen 
and helium will burn quiescently on the surface of the dwarf, but produce 
a luminosity exceeding observed limits. At very high accretion rates ,  the 
matter can not be assimilated by the dwarf and so will linger around the 
binary, presumably to contaminate any explosion with hydrogen, which is 
not observed in  the spectrum. Thus, according to constraints as they are 
currently perceived, no hydrogen accretion rate from zero to infinity can 
yield a supernova of the observed properties to be a Type I .  Iben and 
Tutukov ( 1 984) and Webbink ( 1 984)  have proposed tha t  these problems 
can be  avoided if the accreted matter is not hydrogen. They outline an 
evolutionary sequence that will lead to the formation and coalescence of 
two white dwarfs composed of helium or carbon and oxygen. The process 
by which the two dwarfs coalesce is not well understood. In Section 3 a 
set of initial models is described in which the outcome of the complex 
evolution is  parametrized. Dynamic models then set constraints on the 
possible evolutionary outcomes which could be cons istent with the 
observations of Type I supernovae. 

A well known problem with the carbon deflagration model is  that it 
predicts the ejection of order a solar mass of iron per event There is a 
danger of overcontaminating the G al axy with iron in this model , although 
the severity of the problem is  controversial. In Section 4 the question of 
the overproduction of iron is addressed, and the possibility that the ejecta 
of Type I supernovae are expelled from the G alaxy is  considered. 

Recent observations confirm the existence of a spectrally 
homogeneous class of peculiar Ty pe I supernovae. These observations 
and the nature of this class of supernovae are described in Section 5 .  

2 .  ATMOSPHERE MODELS 

The attempt to better understand the spectra of Type I (and other) 
supernovae is  being undertaken with the aid of a code developed by 
Robert Harkness ( 1 9 85) expressly to handle this problem. The code solves 
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the special rel ativistic radi ative transfer equations in  a spherical 
geometry using the co-moving form and numerical methods outlined by 
Mihalas, Kunasz, and Hummer ( 1 976) and Mihalas ( 1 980) .  The code can 
handle the full non-LTE problem, and is  efficiently vectorized and 
optimized to run on a Cray ls or multiprocessor XMP. Model W7 of 
Nomoto, Thielemann, and Yokoi ( 1 9 84) which represents a deflagrating 
carbon/oxygen white dwarf is used as input data. For the Type I 
problem L TE i s  assumed because of the l arge number of heavy elements 
which must be  handled. 

One of the outstanding problems of the nature of the spectrum of 
Type I supernovae near maximum light is  the origin of the severe UV 
deficiency which sets in  at about 3000 A (see , eg, Branch et  a l  ( 1 983) .  
This deficiency and the attendant flux redistribution must  be understood 
before Type I supernovae can be used with complete confidence as 
distance indicators, and before the composition and structure of the ejecta 
can be accurately deduced from the spectral lines. Close attention has 
been paid to the origin of the continuous opacity in order to understand 
the shape of the continuum in Type I events. At low frequencies the 
continuous opacity is principally free-free. At high frequencies, it is due 
in great part to bound-free absorption from the ground states of cobalt 
and i ron in  the core of the model. The ground state bound-free opacities 
are very large, of order 1 04 cm2 I gm, and will maintai n a large optical 
depth until well after maximum l ight, but they contrib ute l ittle to the 
opacity at wavelengths < 300 A. Excited state bound-free opacites due to 
Co and Fe are expected to contribute between 3000 and 300 A but atomic 
data on these transitions is  lacking . As a stop-gap, the appropriate levels 
have been included in  the code with LTE populations and a constant 
reasonable but arbitrary cross section of 10 megabarns has been 
assigned. The resulting contributions cause the bound-free opacity to ri se 
from the minimum at about 3000 A resulting from free-free to the 
ground state contribution at 300 A This gives a maximum of the 
transmitted flux at about 3000 A qualitatively in agreement with the 
observations. Quantitatively ,  however, the decline i n  flux at short 
wavelengths is  not as severe as observed. The excess flux in the UV 
severely affects the formation of the spectral lines as well as the 
continuum. Without the excited state opacfty, the UV radiation from the 
hot Co/Fe core b lasts directly into the mantle and changes the ionization 
and excitation structure, thus degrading the fit to the lines. 

Whether the disagreement is due to some source of opacity which 
has not yet been included, to the simplicity of the current method of 
treating excited states or to the lack of some physical process in the 
model remains to be determined. Thanks to communications with D .  
Dearborn and M. Howard a t  this meeting, w e  may b e  able t o  obtain 
relevant excited-state bound free transition probabilities from Livermore. 
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3. B INARY WHITE D WARF MODELS 

To explore the importance of b inary white dwarf evolution to the origin 
of  Type I supernovae, a number of simple parametrized models have 
been been computed (Wheeler, Li, Sutherland, and Swartz 1 9 85 ) .  We 
assume that gravitational radiation causes two He or C/O dwarfs to spiral 
together until the smaller mass, larger volume star fills its Roche lobe as 
shown in the first part of Figure 1 .  The process of mass loss from a 
degenerate star filling its Roche lobe is not well understood. Departures 
from spherical symmetry of the Roche lobe may affect the systematics 
drastic ally, and the effect of the angular momentum of the disrupted 
matter is  a severe complication. If the two dwarfs have the same 
composition the likely outcome is  for the smaller dwarf to be disrupted 
on nearly a dynamical timescale and its mass deposited suddenly as  an 
envelope on the larger mass dwarf gas illus trated in the second part of 
Figure 1 .  (Iben and Tutukov 1 984; Webbink 1 9 84).  If a He dwarf i s  
paired with a C/O dwarf, the helium dwarf is  likely t o  be the less massive, 
and to be disrupted on a longer timescale such that i t  gets engulfed in  a 
common envelope of its own making. This extra complication and the fact 
that accretion of He onto a C/O core is relatively mundane compared to 
the other possibilities has led us to set this possibility aside and consider 
the cases of two white dwarfs of similar composition. 

Lobe  F i l led  

(He )  Clo  
(He )  

D i s rupt ion  
She l l  

Burn ing  

�� 
0/Ne/Mg 

(C/O)  

Figure 1 - The disruption o f  a white dwarf which fiils its Roche lobe produces an 

envelope around its companion. A burning shell  is assumed to cons ume the 

envelope and a portion of the inner core. 

Studies of the possible outcome of the accretion of C/O onto C/O are 
just beginning (Nomoto and Saio 1 98 5 ;  Woosley 1 985) .  The first 
calculations assume spherically symmetric accretion at a constant rate 
near the Eddington limit. These studies show that a burning  shell ignites 
which consumes the accreted matter, and which eats into the inner core 
as shown in  the third part of Figure 1 .  Even with the simplifying 
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assumption o f  spherical symmetry, the validity of the assumption o f  a 
constant accretion rate can be questioned. A more representative 
situation might be  to place an envelope of fixed mass (equal to that of the 
disrupted dwarf) on top of the core, and allow the shell burning to 
proceed in quasi-thermal equilibrium. C alculations corresponding to the 
accretion of He onto He have apparently not been done. 

Because of the uncertainties in the evolution of binary dwarfs , we 
have chosen to adopt a different approach. We have constructed a series 
of p arametrized models which correspond to possible outcomes of the 
phase of disruption and shell burning. We have then initiated 
thermonuclear explosions in  these models and s tudied the dynamics to 
determine which are viable candidates for Type I supernovae. This 
allows us to set constraints on the evolution which must be  satisfied if i t  
is  t o  lead t o  Type I supernovae. 

We envisage the general result of the evolution of two white dwarfs 
of identical composition to y ield a structure with an inner core of the 
original compos ition, and an outer mantle composed of the burning 
products of that compositon (see Figure 1 ) .  That is, the result of accretion 
and shell burning of He is a C/O mantle on a He core, and the result for 
C/O is an O/Ne/Mg mantle on a C/O core . In our calculations the mass of 
the inner core is the principle free parameter. 

For the case of two CIO dwarfs , we assume a total mass very near 
the Chandrasekhar limit and a central density of 1 09 g/cm3 . The latter is 
a bit  lower than normal on the assumption that the rapid accretion will 
promote early ignition. Ignition is  initiated in  the center and followed by 
a deflagration scheme (Sutherland and Wheeler 19 84 ) .  The burning in 
the outer O/Ne/Mg mantle is  followed by a simple alpha chain plus 1 6 0 -
l 6 0. We find that the mantle is very difficult to deflagrate, and provides 
virtually no energy to power the explosion. This means that the C/O core 
must itself be massive enough to drive the thermonuclear explosion, and 
hence in excess of about 0 . 8  M0 (Sutherland and Wheeler 1 984).  We find, 

for instance that a model with a C/0 core mass of only 0 .5  M0 p r o d u c e s  

expansion velocities o f  less than 7000 km/s in the bulk o f  the matter, 
insufficient to correspond to a Type I explosion. 

The exploratory calculations of the accretion of C/O onto C/0 have 
indicated that the burning shell penetrates to the center of the star 
(Nomoto and Saio 1 9 8 5 ;  Woosley 1 985).  If this result continues to hold 
even approximately in future more realistic calculations, then double C/O 
dwarf evolution can not lead to Type I supernovae. 

The case of two He dwarfs has another degree of freedom in that 
the mass needed to trigger an explosion can be less than the 
Chandrasekhar mass.  We have considered models with a total mass of 
0 . 8 4  M0 guided by the calculation of accretion of H onto He dwarfs by 

Nomoto and Sugimoto ( 1 977) .  In these models the outer mantle of C/O 
overlying the He core is  at  low densities, < 1 0+7 gm/cm3 . Such densities 
normally cannot support a self-propagating detonation in C/O (B uchler, 
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Wheeler, and B arkat 1 97 1 ). We anticipated that the envelope would be 
o nly slightly processed to provide the observed intermediate mass 
elements, and the high specific energy of the helium would provide the 
requisite kinematics in a model which was not locked into the 
Chandrasekhar mass. This feature might be useful to explain the 
Pskovskii/Branch correlation between light curve shape and velocity 
(Branch 1 982).  

We found, however, that the helium i s  so volitile that i t  acts as an  
inner piston and gives rise to  an overdriven detonation in  the  mantle .  
The result is  to consume the whole model to  iron peak elements, leaving 
none of the observed intermediate mass elements. Only if  we reduced the 
mass fraction of C to be well below 0. 1 could we avoid this consequence. 
As a result,  we must conclude that the evolution of double He white 
dwarfs also fails to produce reasonable models for Type I explosions. The 
evolutionary people must be yet even more clever!  

4. IRON PRODUCTION AND EJECTION FROM THE GALAXY 

The carbon deflagration model for Type I supernovae raises questions 
about a possible overproduction of iron in the Galaxy. The model requires 
> 0.4 M0 of 56Fe per event (Arnett, B ranch, and Wheeler 1 985) .  The rate 

of production of Fe in the Galaxy is about 0.005 Mo pc- 2G y c  1 (Twarog 

1 9 80) .  Twarog and Wheeler ( 1 9 82) u sed a chemical enrichment model 
with constant infall to deduce that the allowed production of Fe per Type 
I event was 0.3 M0 r_ 1 1  where r_ 1 1 is  the rate of Type I explosions i n  

units o f  1 0 - 1 1 pc-2 yr- 1 which in  turn corresponds approximately t o  one 
event in  1 00 years in  the whole Galaxy. At the lower limit of the model 
production rate , and considering the various uncertainties, the problem 
seems to be  nearly explained away. 

Ostriker and Wheeler ( 1 985)  have re-examined this problem to 
reconcile their differing estimates of the severity of the iron production 
problem. An examination of the contribution of the individual 
components contributing to the enrichment at the current epoch revealed 
that of the 0.3 M0 per event estimated by Twarog and Wheeler, 0.2 M0 

was allowed by dilution due to infall and only 0. 1 M0 was allowed by 

removal of Fe from the ISM by ongoing star formation. Thus if there is no 
current infall, Type I supernovae can only eject of order 0 . 1  M0 per event, 

and the discrepancy with the models is  of order a factor of four. 
A simple estimate of the infall power due to matter falling i nto the 

Galactic gravitational potential (a solar mass per year at 1000 km/s) is of 

order 1 04 1 erg/s. The power generated by Type I supernovae ( l 0-2 p e r  
year with 1 05 1 ergs) i s  o f  the same order. The observed soft X-ray flux, 
however, is only of order 1 03 9 erg/s. These arguments suggest that  there 
can not be infall currently, and that the thermal energy as well as the i ron 
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ejecta must be expelled from the Galaxy. Such a selective expulsion 
process for Type I e vents which are naturally objects of large scale height 
might prevent Type I remnants from contributing to the population of old 
radio remnants (Li, Wheeler, and Bash 1 984) and account for the 
accumulation of Fe in the intracluster gas. 

5 .  PECULIAR TYPE I SUPERNOVAE 

Two recent supernovae SN 1 983n in M83,  and SN 1 9 8 4 1  in NGC 99 1 have 
confirmed the exis tence of a spectrally distinct class of peculiar Type I 
supernovae (Wheeler and Levreaul t 1 9 85 ) .  The spectra of these two 
events are virtually identical. They do not resemble the spectra of Type 
II supernovae at  maximum light, and show no apparent evidence for 
hydrogen. On the other hand, they do not have the major absorption 
feature at  6 1 00 A that characterizes classical Type I events and otherwise 
the maximum light spectra resemble classical Type I events a month or 
two past  maximum. 

The peculi ar Type I events are dimmer at maximum light than 
classical Type I supernovae by about a factor of 4, although the shape of 
the light curve is not much different from that of classical Type I events. 
The peculiar Type I supernovae seem to always be  associated with 
Popul ation I environments, H II  regions, spiral arms, b ars, etc. in strong 
contrast to the classical Type I events. The similarity of the velocity from 
the Doppler width of the spectral features, and of the ejected mass from 
the width of the l ight  curve peak, suggests that the kinetic energy of the 
ejecta i s  nearly the same for the classical and peculiar events. If these 
peculiar  events are powered by radioactive decay of nickel , however, 
then only a small amount can be ejected, of order 0.2 M.0 This suggests 

that the kinetic energy of the peculiar events can not arise from 
thermonuclear energy alone, the popular hypothesis  for the classical 
events. The only other obvious source of energy i s  core collapse. 

If  the peculiar events eject about 1 .5 M 0 ,  the same as the classical 

events, and leave behind a neutron star, then the mass of the immediate 
progenitor must be of order 2 - 3 M0 • This mass represents the core of a 

star of original main sequence mass of I O  - 20 M0 • A progenitor of this 

mass is consistent with a population I progenitor, but  not necessarily with 
a Wolf-Rayet s tar, which would be expected to have considerably more 
mass and hence to produce a light curve of excessive width (but see the 
contribution here of C ahen). 

These arguments suggest that although the spectra of the peculiar 
events qualitatively resembles those of Type I events, the physics of the 
explosion may be more closely related to Type II events. The estimates 
of the mass range suggest that the peculiar Type I e vents may arise from 
the s ame s tars that normally produce Type I I  supernovae, but under 
circumstances that produce a shedding of the envelope by mass ejection 
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or transfer. 
evolution. 

Here is  another fascinating challenge to the theory of stellar 
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ABSTRACT . The white dwarf model  of Type I supernovae is dis
cus sed with particular emphas i s  on the often neglected effe
cts of cryst a l l i z at ion upon thermonuc lear i gnition and bur
n ing propagation . Preliminary hydrodynam i c  results  are pre
sented for dif ferent as sumptions concerning the outcome of 
phase  tran s i tion in coo l ing white dwar fs . L i ght curves as so
c i ated wi th those  mode l s  are shown to reproduce the " P skovs
k i i-Branch e f fect " .  The pos s ible relevance of this  to the 
determination �$ Hubb le ' s  constant and ways to avoid over
produc tion of Fe are final l y  di scu s s ed .  

1 .  INTRODUCTION 

1 . 1  The white dwarf  model .  

Exploding white dwarfs  are now the most wide ly  accepted mo
del  for Type I supe rnova outbursts ( SN I )  . In this  mode l ,  hy
drodynamic thermonuc lear ignition propagat ing through5 �n 
e l ectron-degenerate core produce s  variable amounts of N i  
from inc inerat ion o f  a fraction o f  the core , plus intermedia
te-mass  e lement s  ( 0 ,  Mg , S ,  S i ,  Ca) from partial  burning of 
the rest of the mater ial  (MU l l er and Arnett 1 9 8 2 , 1 9 8 5 ; Su
the r l and and Whe e l 56  1 9 8 4 ;  Nomo5g 1 Thie55mann , and Yokoi  1 9-
P 4 )  . The decay of Ni  through Co to Fe would account for 
the shape of the l i ght curves and the late-time spectra (Ar
nett 1 9 8 2 ;  Axe lrod 1 9 8 0 ) , wh i l e the yield  of intermedia-

1 2 1  
J .  A udouze and N. M111hieu I eds . ) ,  Nuc/eosrnlhesis and /is lmplica1ions on Nuclear and Pariic/e Physics, 121-130. 
© 19/i6 hr D. Reidel P11hli.1hing Comp11nr. 



122  R. CANAL ET AL. 

te mas s  e lements would  account for the spectra at maximum 
light ( Branch et a l .  1 9 8 2 ,  1 9 8 3 ) . The corre sponding scena
rios involve white-dwarf s  in c lose b inary systems , accreting 
mas s  up to the point of ignit ion ( Schatzman 1 9 6 3 ;  Iben and 
Tutukov 1 9 8 4 ) . This includes both He and C-0 white dwar fs , 
with either main-sequence star s ,  red giants or white dwarfs  
( aga in He o r  C-0) as  po ssible  companion s . 

1 . 2 Modes of burning propagation and their imp lications 

Detonation has been the first sugge sted mechani sm for pro
pagating the thermonuc l ear burning throughout the s tar , 
in the context o f  degenerate c arbon ign ition in the cores 
o f  red giants of intermediate mas s : 4 M . � M � 8 M .  ( Arnett 
1 9 6 9 ) . The burn ing would be supersonica�ly propaga�ed by 
the shock wave generated by the in itial f lash . In the case 
of a central ignition , thi s  would lead to complete incine
ration and disruption of the white dwarf . The reason is that 

'L < 'T 'T prop < exp EC ( 1 ) 

those being the time scales for burning propagation acro s s  
the core , for core expans ion,  and for electron captures on 
the inc inerated materia l .  A typical  value of 't' for a de-
tonation wave is � 0 . 1  sec . Core 1 0xpans��n duriR�0�h i s  time 
is negligible and densitie s ,., 1 0  g cm are required for 
the e l ectron captures to compete with hydrodynamic expans ion . 
Deflagration has been later advocated as  tae relevant mecha
n i sm of burning propagation , for carbon ignition at least 
(Mazurek , Me ier,  and Wheeler 1 9 7 7 ) . It  con s i s t s  in the sub
son i c  propagation by Rayleigh-Tay lor instab i lity and it re
sults in the partial incineration and total  di sruption of 
the core ( Sutherl and and Wheeeler 1 9 8 4 ;  Nomoto , Thielemann , 
and Yokoi 1 9 8 4 ) . We have , in this  c ase : 

1:' - l < 
prop exp 

l 
EC ( 2 )  

'l" beina ,.... 1 sec . The core has enough time to expand be-
fo��0Burning is  comp lete . Intermediate-mas s  e l ements ,  as 
we l l  a�ome unburnt oxygen and c arbon can be e j ected . 
Hydrodynamic burning .  Detailed hydrodynamic calculat ions 
(Mu l ler and Arnett 1 9 8 2 , 1 9 8 5 )  show the propagation o f  a 
turbul ent , inhomogeneous combustion front . On ly a fraction 
of the core is  incinerated but the outcome is also total 
di srupt ion . The two-dimens ional  numerical experiments so 
far performed show the unre liabil ity o f  one-dimen s ional 
schemes for predicting detailed nucleosynthes i s  ( see Arnett,  
thi s  vo lume) . 

A l l  of the aforementioned c alculations do as sume a f lu
id core at the start of ignit ion . Burning propagation thus 
r a�pens on hydrodynamical time scales .  This  determines the 
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f inal disruption . F luid core s ,  however , are not the most ge
neral case when dealing with mas s-accreting white dwarfs . We 
will  see that , by also cons idering partia lly solid cores , the 
range of pos sible outcomes is apprec iably broadened.  In par
ticular, bound remnants c an be left after a SN! outburst and 
variable amount s  of material c an be e j ected . 

2 .  WHITE DWARF COOLING 

Coolin g  C-0 white dwarf mode ls  predict the growth of a so
lid core when the internal temperatures fall below the free
z ing point of the C-0 mixture (which is funct ion of the den
s ity) . Spe c ifically,  the time for crysta l l i zation of the ig
ner half  o f  a C-0 wh ite dwarf o f  1 M i s  1:' = 7 .  3 x 1 0  
yr ( Lamb and Van Horn 1 9 7 5 ) . Time s o� this 8f��r are short 
enough to be accommodated in the interval fo l lowing white 
dwarf formation and preceding mas s  accretion , for most sce
narios of SNI production in c lose binary systems ( see , for 
example , I ben and Tutukov 1 9 8 4 ) . Thu s ,  partially solid cores 
should be expected at i gnition , in a s i gn i ficant fraction of 
cases at least . Their s i z e  wi l l  depend on the cool ing  time s ,  
initial mas ses , and accret ion rates ( Hernanz e t  a l .  1 9 8 5 , in 
preparation) . 

3 .  PARTIALLY SOLID CORES AND THEIR  PHYSICS 

According to recent Monte Carlo s imulations ( Slattery , Doo
len,  and De Witt 1 9 8 0 ) , solidification in a cooling,  high
den sity, one-component plasma happens for ('" " t = 1 7 7 + 3 ,  
this parameter being the ratio of Coulomb tocE?zrmf� energy .  
What happens i n  a two-component plasma such a C - 0 mixt�
re i s  s t i l l  an open quest ion . Since r i s  proportional to Z 
for fixed temperature and den s ity , it i s  not obvious that 
carbon and oxygen wi l l  crystal l i z e  togethe r .  We have three 
different pos s ibi litie s : 
a )  Formation of a random C-0 alloy . In this case , the main 
effect is that thermonuc lear burning can only propagate by 
conduction . The e lectron captures can then compete with ex
pansion , st5ce py��onuc lear reactions s tart at high densi
ties ( � 1 0  g cm ) and the veloc ities o f  the conductive 
burning front are sma l l , compared to the hydrodynam ical ti
me scale ( Canal and I sern 1 97 9 ;  I sern , Labay , and Canal 1 9-
8 4): 

'Y < 1' < T ( 3 )  EC exp prop 

't' being ,... 5 0 0  sec . Thi s  value is obtained by u s ing  the 
di¥!8�ion approximation for calculating the speed of the 
heat wave . A more accurate treatment , deal ing  with the mi-
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croscopic structure of the front is currently under way ( I sern 
and Schatzman 1 9 8 5 ,  in preparation ) . 1 0he va��e for the pycno
nuclear i gnition density ( f  � 1 X 1 0  g cm ) must be stres
sed , s ince spuriou s ly low values have recent ly been quoted 
in the l iterature ( see Machkovich,  this vo lume , for a comple
te discus s ion)  . 
b )  Non-random C-0 a l loy . Schatzman ( 1 9 8 3 ) has showzytha t ,  in 
the solid phase , it i s  more energetically favourable to ha
ve the carbon ions surrounded by oxygen ion s ,  rather than ha
ving other carbon ions as neighbours . Thu s ,  were the C /O ra
tio on ly s l i ghtly below unity at the end of he l ium burn i�g ,  
the carbon ions would become i solated fro�2 each othr6  up9n 
freez ing.  Recent upward revis ions of the C ( o<  , 0 ) 0 c ros s
section would f��our rgi s  hypot96 s i s . 1 6ts main consequence 
would be that C + 0 and 0 + 0 should become the 
re levant reactions for i gnition in the pycnonuc lear re gime . 
Thus , besides the re lative s lowness of burning propagation , 
the ignition 1 �ould e1 de layed to higher den s i t ie s ,  up to 

fc � 2 x 1 0 1 6  g cm and it would be induced by the e lectron 
captures on 0 .  
c )  C/O  separation in the solid phase . Thi s i s  sugge sted by 
Stevenson ' s  ( 1 9 8 0 )  phase diagram for a C-0 mixture . The pre
dicted oxygen-poor eutectic means that , for Xe = x0 = 0 . 5 0 ,  
oxygen would crystal l i z e  first and accummu late at tne center 
of the star . Machkovich ( 1 9 8 3 )  has shown in deta i l  how this 
could even l ead to a complete C /O separation . The effect is  
to reduce t96 reaction rates ( the central layers woy6d be _ 3 made up o f  0) . Ignition i s  delayed to f � 2 x 1 0  g cm 
and it i s  due to the electron c aptures .  D�pending1 gn the si
ze of the soli92 cor e ,  we  c an have either central C i gnition 
or off-center C i gnition , the last taking place at the bot
tom of the still  f lu id l ayers . ( Canal , I sern,  and Labay 1 9 8 0 ;  
I sern et al . 1 98 3 )  . 

4 .  HYDRODYNAMICS 

Several cases have been studied thus far,  by one-dimensio
nal  numerical s imulation s only : 
a )  Mode l s  as suming �omplete C/O  separat ion , initial  whit�8 dwarf_�a s s�s Mwg 7 � 1 . � 1 M8 , and accretion rates 4 x 1 0  
M0 yr � M � 1 U  M8 yr , evolve towards homologous co
l lapse of the ent ire core . The study of the later ph ases of 
the collapse , up to and after bounce , i s  current ly in pro
gress  (Arnett and Canal 1 9 8 5 ,  in preparation ) . 
b) Models as suming complete mixing in both the f luid and the 
solid phases give central c arbon ignition , col lapse of the 
solid layers to a neutron star,  and explos ion with ej ec tion 
of the fluid layers ( I sern , Labay , and Canal 1 9 8 4 ) . 
c )  Models  with partial  C/O  separation give off- center i gn i -
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F igure 2 .  T h e  l i ght curve s of  
mode l s  a and e ,  super impo sed 
to the composite B-band l ight 
curve s ( dots)  for " s low" and 
" fast"  SNI obtained by Barban , 
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tions and partially explode , leaving a white dwarf remnant 
( L6pez et al . 1 9 8 5 ) . Most of the aforement ioned results are 
still  pre lim inary and to be con f irmed by more complete ca lcu
lation s . 

5 .  LIGHT CURVES FROM PARTIALLY SOLID MODELS 

We will n ow concentrate upon the third c l a s s  of models  j ust 
enumerated : those  with partial C / O  sep arat ion . Models in thi s  
c lass e j e ct variable amounts of part ially inc inerated matter . 
This last characteristic might give the key to the " P skovs
kii-Branch e ffect" in the SNI light curves ( P skovskii  1 9 7 7 :  
Branch 1 9 8 2 ) . Thi s effect consists  in a corre lation between 
peak absolute magnitude , the rate of dec line of the init ial 
post-peak l i ght curve , and the photospheric veloc ities  at ma
ximum light . " S low" SNI ( those with broader maxima) are bri
ghter and expand faster than those with narrower maxima 
( the " fast " ones ) . Arnett ' s  ( 1 9 8 2 )  analys i s  already sugge sts 
that the e j ection of different amount s  of material might ex
plain thi s  e f fec t .  In the context of model s  based upon dege
nerate carbon ignition , th is  would imp ly leav ing a bound rem
nant . 

We have ca lculated the light curves for several 5�ode ls  
defined by  their total e j ected mas s  and the mass  of N i  syn
the s i z ed .  Different characteristics of the models  are given 
in Table 1 .  Incineration of all  but the outermost 0 . 2  M0 of 
the e j ected material has been pre s cribed , in accordance with 
our pre l iminary results for the explosion hydrodynamic s .  A 
detailed account of the input phys ics  and the numerical tre
atment can be found in L6pez et a l .  ( 1 9 8 5 ) . 

In Figure 1 we show the light curves for models a and e 
from Table 1 .  Model a wou ld correspond to the " s low" and mo
del e to the " fast"  �nd of the range . The same model s  are 
d i sp layed in Figure 2 ,  superimposed to the composite l i ght 
curve s obtained by Barbon , C iatti , and Ro s ino ( 1 9 7 3 )  for 
" s low" and " fast"  SNI . We see that the observed and the pre
dicted s lope s  do agree quite we ll . 

6 .  LIGHT CURVES AND THE HUBBLE CONSTANT 

SNI are in principle goed standard candles  and can be used 
to calibrate Hubble ' s  constant , H 0 (Arnett , Branch,  and Whe
eler 1 9 8 5 ) . As  indicated in the same pape r ,  the cal ibration 
based on the hypothesis of total d isruption o f  the white 
dwarf and almost identical peak luminosities  for the d i f fe
rent outbursts would fai l if on ly a portion of the matter i s  
ej ected and/or the peak luminos ities d o  cover a finite range . 
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Model  M e j  

(MG ) 

TABLE 

Model Character i s t i c s  

�i 

(MG ) 

Ekin R p 
5 1  1 5 ( 1 0 erg)  ( 1 0 cm) 

R .  CANAL ET AL. 

v L4 3  MB p 

( km/ sec )  ( erq/sec )  
----------- --------------------- --- ---------- - - ------------ -

a 1 . 4 3 5  1 .  2 1 . 1 2  1 .  6 0  1 3 1 1  8 2 . 2 6 - 2 0 . 0 1  

b 1 .  2 1 .  0 0 . 8 1 1 .  5 2  1 2 0 7 5  1 .  8 3  - 1 9 . 7 6 

c 1 .  0 0 . 8  0 . 6 0 1 .  3 8  1 1 4 0 8  1 . 6 1  - 1 9 . 64 

d 0 . 9  0 . 7  0 . 5 0 1 . 3 0 1 0 9 7 5  1 . 4 9  - 1 9 . 5 5 

e 0 . 8  0 . 6  0 . 3 4 1 .  1 8  9 6 4 5  1 .  2 2  - 1 9 . 3 4 

The veloc ity-magnitude relation giverfoy the Pskovski i-Branch 
e ffect provides a new method of  calibrat ion , however . In  F i 
gure 3 w e  compare the model s  from Table 1 with the ve loci ty
magnitude re la!fon ob!f ined from the observational data for 
tt0 = 6 0  km sec Mpc . We see that our mode l s  do follow re
asonably we l l  the observed relation . One should keep nonethe
less  in mind t9e error bars in the photospheric  ve locities  
( + 8 0 0  km  sec- ) and in  the magnitudes ( + 0 . 5m) ,  as  we l l  as  
the character of the mode ls , still  not se l f-con s i stent . 

7 .  NUCLEOSYNTHESIS PROBLEMS 

In the mode l s  we have j u st con s idered for the t� ght c�3ves ,  
the off- center carbon ignition5§appen s at r� 1 0  g cm . This 
would imp l y  overproduct ion of Fe ( see Woos ley ,  this volu
me ) . Higher accretion rates than those thus far cons idered 
may give ( i n com� inat ion with big central  oxygen core s )  ther
monuc lear ignition at lower dens ities , but it  is 9 ti l l  ��c le
ar whetter they can be lowered down to f � 2 x 1 0  g cm 
and and how the al lowed range of  ej ected mas ses  would then 
change . The mode ls as suming comp lete C-0 mixinq in the solid  
phase ( random a l l oy s )  are  more promi s ing on th i s  respec t ,  
s i nce the matter initi a l l y  at high den s ities  goe s  into the 
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c o l l apsed remnant . L i ght curve s for those model s  c an on ly be 
calcu l ated , however , when the dynamics  of the c o l l ap s ing co
re s has been fol lowed up to their bounce at supranuclear den
s i t ie s , s ince some of the kinetic energy of the e j ecta w i l l  
come from t h e  binding energy of the neutron star . 

8 .  CONCLU S I ON 

Partially  solid  C-0 cores are to be expected on the bas i s  
of  the white dwarf model o f  SN I .  The dynamics  of  the i r  ther
monuc lear ignition does substanti a l ly d i f fer  from that of the 
completely f luid cores  u su a l ly cons idered , and several as
sumptions are po s s ible  as  to the distribution of the i r  che
mical  c ompo s ition . The mode l s  predict  the e j ection of  vari
abl e  amounts of  partially  inc inerated materi a l , s imultaneo
usly with the format ion of a bound remnant ( ei ther neutron 
star or white dwarf ) . Thei r  l i ght curve s might explain the 
Pskov s k i i -Branch ef fect and wou l d  provide a calibration of  
Hubbl e ' s  con stant . Some of  them would  avoid the nuc leo synthe
tic  d i f f iculties  as soc iated with c arbon i gnition at h igh den
s i t ie s .  The pre sent resu lts  are , however , s t i l l  fragmentary 
and they suffer from the common drawbacks of a l l  one-dimen
s iona l  approaches to stel lar hydrodynamics . 
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ABSTRACT There is increasing evidence that Type supernovae 
C SN I >  are the main producers of iron-peak elements in the Galaxy. in 
addition observations of SN I also ind icate the existence of appreciable 
amounts of intermediate elements I l ka O. Mg . S i .  S. and Ca in the 
outer layers of the explod ing star.  Such an abundance pattern can be 
produced by carbon defiagration models of accreting carbon-oxygen 
white dwarfs in binary systems or stars on the asymptotic giant branch 
C AG B >  which ignite central carbon burning explosively. The present 
study d iscusses the n ucleosynthesis results of those carbon defiagration 
supernovae in detail . Special emphasis is given to the discussion of 
burning conditions and corresponding nucleosynthesis products . The 
overproduction of 54Fe+58N i .  mentioned in earlier publ ications.  is sti l l  
existi n g .  Assuming that SN I which contributed to the abu ndances i n  the 
solar system . originated from white dwarfs with a metall icity range 
0. 1 <Z/Z0< 1 . might remove this overprod uction . This would al low for SN I 
to be the major contributors of Fe-group nuclei in galactic 
n ucleosynthesis . 

1 .  I NTRODUCTION 

SN I have been suggested to produce a significant amount of iron 
peak elements and intermed iate mass elements . F rom the observational 

1 3 1  
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point of view. there Is some evidence for the existence of a large 
amount of Iron I n  S N  I ;  I . e . late time spectra and l ight <.. Jrves of 
SN I are well explained by the radioactive decay model of 5'.! 1 .  Freshly 
produced 

56
Ni decays via 

56
Co to 

56
Fe < Arnett 1 9 79;  Colgate . Petsheck. 

and Kriese 1 980 : Meyerott 1 980 ; Chevalier 1 98 1  ; Axelrod 1 980 : 
Weaver. Axel rod . and Woosley 1 980 ; Schurmann 1 98 3 ;  Sutherland and 
Wheeler 1 984> . These models requ ire a total amount of 0. 2 - 1 . OM0 of 
56

N i  ejected per SN I event. 
The evidence for the presence of intermed iate mass elements in 

SN I was found I n  early t ime spectra of SN I ;  I n  particular the features 
of SN I 1 98 1  b at maximum l ight are well identified with l ines of Ca . SI . 
S. Mg. and O C Branch et a l .  1 98 1  > . These observations s uggest the 
following composition structure of SN I ;  I . e . the outer layers . observed 
at maxi m u m  l ight.  are composed of 0-Sl-Ca and the Inner layers . 
exposed at late times . contain o .  2- 1 M0 

56N i .  
From a theoretical point of view. the most plausible model for SN I 

is the thermonuclear explosion of accretlng white dwarfs in close 
binaries C see Wheeler 1 982 for a review> . I n  particular the carbon 
deflagration model has been suggested to be consistent with many of 
the observed features of SN I < Nomoto . Sugimoto . and Neo 1 9 76;  
Nomoto 1 980.  1 98 1 ; Chevalier 1 98 1 ; M O i ier and Arnett 1 982.  1 985) . 

Recently N omoto . Thielemann and Yokol c 1 984> have calculated 
hydrodynamical models of carbon deflagratlon supernovae and the 
associated nucleosynthesls in detail c hereafter NTY models> . The NTY 
models produce 0 .  5-0 . 6M0 

56N i  I n  the I n ner layers and substantial 
amounts of O-Sl-Ca In the outer layers . These models . therefore . can 
naturally account for the suggested composition structure of S N  I .  
Moreover .  Branch C 1 984> and Branch et a l .  c 1 985> have calculated 
synthetic s pectra of the NTY model and obtained a rather good flt to 
the observed spectra near maxi mum l ight.  provided that the outer layers 
of the white dwarf are mixed . 

These studies I ndicate the Importance to 1.nvestlgate 
nucleosynthesls process in carbon deflagratlon models In deta i l .  
was performed by Th ieleman n .  Nomoto . a n d  Yokol C 1 985> . I n  
present contribution . w e  want t o  review these results briefly. 

the 
This 

the 

2 .  ACCRETING WHITE DWARFS AND CARBON DEFLAGRATION 
SUPERNOVAE 

The fate of accretlng white dwarfs In binary systems depends mainly 
on their lnltlal mass of the C+O core and the mass accretion rate C see 
e . g .  Nomoto 1 980 . 1 98 1 .  1 982a> . Accretion leads to the bui ld-up of a 
He-layer on top of the C+O white dwarf. If He does not burn steadily 
or with weak flashes at the base of the He-layer.  It will  Ignite I n  a 
violant flash causing either only an outward detonation wave through the 
He-layer < single detonation : Nomoto 1 980.  1 982b; Woosley. Axelrod . 
and Weaver 1 984) or also an Inward detonation wave through the C+O 
core < double detonation: Nomoto 1 980 . 1 982b; Woosley. Weaver. and 
Taam 1 980> . I n  the case of steady He-burning at the base of the 
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He-layer the C+O core g rows and carbon will  ign ite at the center and 
d rive an outward deflagration wave . 

The main characteristics of detonation and deflagration are the 
followi n g :  C a> in a detonation a strong shock is formed and peak 
temperatures in the shock are sufficient for explosive ig nition of the 
fuel . C b> In the deflagration case the peak temperature due to 
compression is not sufficient to ignite the fuel and the burning front 
propagates rather via convective m ixing of burning and u n burnt material 
behind the shock wave . The difference between these two models is due 
to the larger energy release and lower Ign ition temperature in 
degenerate He-burning in comparison to C-burning C see F ig s .  l and 2 
in Nomoto . 1 982b> . I n  the detonation the burning front propagates 
supersonicly with respect to the unburnt matter. resulting in complete 
burning to n uclear statistical eq u i l l bri u m  and an iron-peak abu ndance 
composition . I n  the def lag ration the front propagates subsonicly and 
matter can adjust before the burning front arrives; I . e . the star 
expands to weaken the deflagration . Depending on the Initial 
temperatures and densities only partial burning to intermed iate mass 
n uclei occurs and such a model predicts certain amou nts of nuclei l ike 
M g .  S I .  S .  and Ca in the outer layers where the deflagration front is 
weakened already. while I ron-peak nuclei dom inate In the central parts 
of the exploding C+O core . 

The probabil ity of occurrence for this kind of scenario In bi nary 
systems and the reason why detonation models are apparently not 
present in SN I events have been discussed by l ben and Tutokov 
C 1 984> . Webbink C 1 984> . and Nomoto . Thielemann and Yokoi C 1 984> . 
It has to be noticed . however. that those cons iderations sti l l  contain a 
large deg ree of uncertainty. Despite these uncertainties . the carbon 
deflagration model is the most plausible one in the sense that it can 
account for many of the observed features of SN I as discussed in the 
introduction . Thus we present here nucleosynthesis products from carbon 
deflagration supernovae based on the model calcu lations of Nomoto . 
Thieleman n .  and Yokoi C 1 984> . The details a bout the reaction network. 
nuclear reaction rates and computational techniques have been d iscussed 
I n  Thielemann . Nomoto . and Yokoi C 1 985> . 

3 .  EXPLOSIVE N UCLEOSYNTHESIS IN THE CARBON D E !=L AGRATION FRONT 

3. l .  General Featu res of Explosive N uclear Burning in the Deflagration 
Wave 

F rom a nucleosynthesls point of view the peak temperatures T p of 
each mass zon e .  achieved during the propagation of the deflagratlon 
front are the most i mportant q uantities and displayed in F i g .  l as a 
function of the Lagrangean mass coord inate . The values range from 
�9x l 09K at the center down to ::::i2x l o9K at the position where the 
deflagration wave dies out. 

Thus the material undergoes various modes of explosive Si-burning 
for peak temperatures in excess of T 9 • P. "'�p / C l o9K> �4. 5-5 .  O out to 
� l .  OM0. explosive 0-burning for T 9 .  P � 3 .  z and l .  Os Mr/ M0s 1 .  1 5 .  
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Fig. 1 :  Maximum 
temperatures and 
densities obtained 
during the outward 
propagation of the 
deflagration front, 
as a function of 
Lagrangean mus 
coordinate M/Me. 
Zones of different 
explosive burning 
conditions are 
indicated. 

Thus. the material undergoes various modes of exj,loslve SI-burning for 
peak temperatures In excess of T 9 • �=T rl < 1 0  K> �4. 5-5. O out to 
i=l . OM8• explosive 0-burnlng for T9 • d::3 .  2 and 1 .  0SMr/M0s l .  15. 
explosive Ne-burning for T9 . 9;i:2. 2 and f. 15sMr/M0�ii 1 .  28 and explosive 
C-burnlng for T 9 , pS2. 2 In trie outmost parts of the C+O core which Is 
processed explos(vely before the deflagratlon front dies out. The total 
overproduction of material . compared to solar abundances and 
normalized to 56Fe Is displayed In Fig . 3 .  The results of the lndlvldual 
explosive burning processes can be seen In Fig . 2 and clearly Identified 
by their burning products: 

B 1 0 - r  
fu a: a:: LI.. 
(f) •J) §.". 1 0 -2 

t) . 2  0 .  4 0 . 6  0 . 8 
M/M0 

1 . 0 

Fig . 2: Resulting 
nucleoaynthesia 
after explosive 
.,,_aaing . Shown 
are the major 
abundances. The 
inner dashed line 
Indicates the tran
sition from an 
alpha-rich freeze
out to Incomplete 
silicon burning. 
The outer dashed 
line marks the 
quenching of the 
deflagration front 
be)lond which un
burned carbon and 
oxygen are left. 
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C l >  Fe-peak nuclel C e .  g .  56NI> for complete SI-burning . being mixed 
with 40ca. ll2s. 28SI and 36Ar In the partially burnt outer zones 
C 2> 28SI and 32s In the 0-burnlng zones 
c 3> 160 . 28s1 . 24Mg In Ne-burning and 
C 4> 20Ne and 24Mg coming up In the outermost zones of C-burnlng . 

In the following subsections we want to discuss and analyze our 
results from different zones of a carbon deflagratlon supernova with 
regard to those parametrized explosive nucleosynthesls calculations. 

I O '  

0: C[ _J 1 00 0 'f> ' 
w '...) z 0: 0 1 q - •  z => m C[ 

1 0 -2 
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A 

3. 2. Explosive Slllcon Burning 

50 60 70 

; Fig. 3: Nucleoayn-i thesia of • carbon 
-§ deflagration supernova. 

The abundances of 
stable Isotopes relative 
to their solar values 
are shown. The ratio 
la normalized to 
�e. Note the strong 
overabundances of 
�i. �i. and 
�e. 

All mass zones In the Inner core with Msl . OM0 experience maximum 
burning temperatures In excess of 4. 5x1 09K during the passage of the 
deflagratlon front. This allows < depending on the time scale> the 
attainment of complete nuclear statlstlcal equlllbrllum < NSE> or at least 
quasl-equlllblrum C OSE> for nuclei In the mass range 28<A<45. Peak 
temperatures larger than 5x1 09K lead to slllcon exhaustion ; otherwise 
only Incomplete SI-burning takes place In agreement with Woosley. 
Arnett. Clayton C 1 973> . This Is the case In the range O .  8<M/M8< 1 .  0 
as can be deduced from Figs. 1 and 2 .  

As known from parametrized explosive nucleosynthesls calculations. 
three different kinds . of freeze-out conditions can occur. When assuml!!� 
an adiabatic expansion on a hydrodynamic time scale Ttt0=446Kt>p < K"" l >  with p C O =p exp< -tlTHo> and T < t> =T < t>lt>p> 113. Fig. 20 In Woosley 
et al .  < 1 973> dlvl;fes the c l>rr T p> -plane f nto regions of < l >  Incomplete 
slllcon burning. < 2> normal freete-out and C 3> a-rich freeze-out. Peak 
temperatures below 5x1 09K lead to Incomplete SI burning. At higher 
temperatures. low densities cause an a-rich < particle-rich> freeze out 
and high densities lead to a normal freeze-out. Those boundaries are 
displayed In Fig. 4. Also shown are the maximum temperatures and 
densities of each mass zone of the carbon deflagratlon supernova during 
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the passage of the deflagration front. The parametrized calcu latlons with 
an adiabatic expansion are not completely comparable with the present 
i nvestigation but can g ive a rough estimate on the expected behavior. 
as the boundaries are not very dependent on the parameter K in  the 
hydrodynamic t imescale THO· 
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Fig . 4: The maximum temperatures 

and densities <T 9, p· Pp> of each 

mass zone, experienced during the 

propagation of the deflagration front, 

are indicated as crosses (see also 

Fig. 1 > . The dahshed lines show the 

boundaries of normal freeze-out, 

alpha-rich freeze-out and incomplete 

silicon burning, extensively investigated 

by Woosley, Arnett, and Clayton 

( 1973) in parametrized explosive 

nucleosynthesls calculations . 

The freeze-out abundances . however.  depend not only on the 
freeze-out temperatures and densities but also on the neutron excess Tl 
= E< N rZ l Y 1 < N 1 and Z 1 being neutron and proton number of nucleus I .  
respectively> . a s  equ i l ibirum abundances depend on p .  T .  and Tl· Tl is 
greatly changed via electron captures on protons and nuclei during the 
explosive processi ng at high densities and temperatures. This leads to a 
neutron excess of up to Bxl 0-2 at the center as d isplayed i n  Fig . 5 
c after freeze-out . before long-term a-decays> . There are uncertainties 
In Tl which Is determined by electron captures In the inner core and 
the ln ltlal abundance of 22Ne in the outer zones . Tl has a strong 
Influence on the products of explosive nucleosynthesis .  The detailed 
d iscussion about explosive SI-burning In terms of parametrized explosive 
nucleosynthesis calculations by Woosley et a l .  < 1 973> has only been 
carried out for neutron excesses 1)<4. 6xl 0-3. Thu s .  with regard to 
Fig . 5, an exact comparison can only be made for zones at 
M r>O.  4M0. 

3 .  2. 1 .  Incomplete SI-burning 
Explosive conditions which leave about 1 0-20% 28Si by mass after 

freeze-out result In roughly the same amount of 56N i  < decaying to 56Fe> . Woosley et a l .  c 1 973> showed such a result  In  Fig . 1 9  where the 
parametrized calculations were performed with a peak temperature 
T 9 p=4 . 7 and a peak densit� Pp=2x 1 07 � cm-3. The main abundances 
C lri decreasing order> are 8sr. 32s .  Fe. 40ca . 36Ar. 54Fe. 52cr. 55Mn.  58N i .  and 57Fe. Simi lar conditions can be found i n  the carbon 
deflagratlon supernova for mass zones at 0. 75<Mr/ M0< 1 . 0 < see Fig.  2> . 
The peak temperatures and densities for those zones vary from 4 .  6 to 
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5 .  3xl 09K and 1 .  5 to 4xl 07g cm-3• respectively. The nuclei 56Fe. 52cr. 
55Mn and 57Fe are decay products of the parent nuclei 56N i .  52Fe. 55Co . and 57N i .  

'IJ 

neutron excess lJ = I:  ( N; - Z; )  Y; 
I 

0 .  0 0 . . I 0 .  2 0 .  3 0 . 4 0 .  S 0 .  6 (I . 7 0 .  8 1) . 9 I . I) 
M I M .  

Fig . 5:  Neutron excess 

T)=1 -2Y e• due to elec

tron captures on protons 

and heavy nuclei during 

the high temperature 

nnd density phase of 

the explosion . T) domi

nates the abundance 

composition in nuclear 

statistical equilibrium 

(NSE) . 

3 .  2 .  2 .  alpha-rich freeze-out 
Peak temperatures In excess of 5xl 09K lead to a complete NSE and 

28SI exhaustion . When peak densities larger than 2xl 08g cm -3 are 
achieved . a so-called normal freeze-out occurs . This means that 
freezing occurs because of deficient a-particles . This Is In contrast to 
the a lpha-rich freeze-out where a-capture reaction rates would sti l l  al low 
the bui ld-up of heavier nucle i .  Woosley et al . < 1 973> present such a 
case In Fig . 23 which gives the results of a nucleosynthesls run for 
TP. p=5.  5 and Pp=2xl 07g cm-3. The main constituents are 56Fe.  58N i .  5 Fe .  and SONI fol lowed by 62Ni  and 59co. Simi lar conditions are 
obtained In the carbon deflagratlon supernova for mass zones at 
0 .  35<Mr/ M0<0.  75 with 5 .  3<Tg p< 7 .  O and 4xl 07<pp < g  cm -� <3x l 0  � The 
comparison can again be made with Fji. 2 .  Note . however .  that SONI . 62N I .  and 59Co are not plotted . Again Fe. 57Fe . SON I .  62N i  and 59co 
are produce·d via the parent nuclei 56N i .  57 N i .  SOzn . 62zn and 59cu.  
respectively. Sl ight deviations occur as  not exactly the same burn ing 
conditions are met and In addition the inner zones have a larger 
neutron excess Tl than considered In the calculations by Woosley et a l .  
( 1 9 73) . 

3 .  2 .  3 .  the neutron-rich Inner core 
The Inner core with 0<Mr/ M0< 0 .  35 experiences the highest densities 

and temperatures In explosive burning and thus the largest amount of 
electron capture . resulting In a neutron excess roughly between 1 0-2 

and l 0-1
. This leads to the build-up of neutron-rich nucle i .  so that 

after freeze-out a nucleus l i ke 56Fe has the dominant abundance at the 
very center. With decreasing Tl C going outwards> 56Fe is replaced by 
54Fe and 58Ni  until finally 56Ni  becomes the dominant nucleus . This can 
be seen In Fig . 2 .  
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Other Important contributions are given for the n uclei 57Fe. 55M n .  
and 52Cr < decay products of 57 N I .  55co. and 52Fe> . This neutron-rich 
Inner core has a strong Influence on the Isotopic composition of Iron 
group nuclei in the supernova ejecta . It is also dependent on the 
amount of electron captures occuring during explosive burning. For the 
values of the neutron-excess T). present under those conditions .  no 
parametrized nucleosynthesis calculations are available .  For a detailed 
d iscussion see Thielemann .  Nomoto and Yokoi < 1 985> . 

3 .  3 Explosive Oxygen Burning 

Temperatures In excess of roughly 3 .  5xl 09K lead to a 
quasi-eq uilibrium In the equilibrium cluster 28<A<45 < Woosley et al . • 
1 9 73 > . Those conditions are accomplished in ex§;'osive oxygen burning 
and the main burning products are 28SI . 32S .  Ar. 40ca.  38 Ar. and 
34 S .  This can be seen In Fig . 2 .  for 1 .  03<Mr/ M0< 1 . 1 5 .  

The abundances in the quasi-equil ibrium cluster are determined by 
the alpha. neutron . and proton abundances. As we have material which 
does not experience high densities and temperatures d uring explosive 
burning . electron captures on nuclei are negl igible.  Thus Tl stays 
constant at values i::iO .  002 and the neutron to proton ratio is 
automatically determined . Under those conditions the resu lting 
composition is only dependent only on the alpha and neutron 
abundances at freeze-out. Woosley et a l .  < 1 973) used the isotgclc 
pair 32St28Si to define the alpha abundance at freeze-out and 38Ar/ Ar 
to define the neutron abundance . The necessary conditions for solar 
abundance ratios are then given by the quantities t>Xn and t>Xa as 
functions of the freeze-out temP.erature. They also found out that under 
the same conditions the pairs 39Kt35CI .  40Ca/36Ar . 36Ar 132s .  37 c1135c1 . 
38Ar/34S .  42Ca/38Ar. 41K/'39K. and 37c1133s have solar ratios within a 
factor of 2 .  as long as the freeze-out temperatures. T_t_ fall within the 

28 ;;r.z 34 36 range 3 .  1 < T9 f< 3 .  9. Under those conditions . Si . S .  S .  Ar. 
38Ar. 40ca . ·and 42Ca and ma='be 46-r1 are reproduced In  solar 
proportions while 33S .  35Ci . 37CI . K .  and 41K are underproduced by a 
factor of roughly 3 .  The latter was not clearly stated In Woosley et al . 
< 1 973> . but changes In solar abundances from Cameron < 1 968) to 
Cameron C l  982> and Anders and Eblhara C l  982> < especially for Cl> 
yield this change. 

The values of t>Xn . pXa . and Ts, t found In the oxygen burning 
zones of our model fit quite well Into ttie scheme outlined above and so 
does the nucleosynthesls of these zones < for details see Thielemann.  
Nomoto . Yokol . 1 985> . 

The importance of explosive oxygen burning to the carbon 
deflagration supernova can be evaluated from F la . 3 .  34s .  38Ar. and 
42ca are roughly on a constant l lne. 35CI .  37CI . 39'K .  a n d  41K are down 
by a factor of 3 compared to the previous nuclei . in agreement with 
the discussion outlined above . The values for 28Si . 32S i .  36Ar. and 
40Ca . however. are up by a factor of 2 to 5 .  This means that the 
dominant production site for those nuclei is nm explosive oxygen 
burning . it was discussed In the previous subsection that their major 
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source I s  Incomplete silicon burning . as c a n  also b e  concluded from 
F ig . 2 .  

3 .  4 . Explosive Neon and Carbon Burning 

Peak temperatures for explosive carbon and neon burning are close 
to 2xl OsK and up to 3xl OsK .  respectively. These conditons are found for 
the outer zones of the exploding C+O white dwarf with mass coordinates 
M r> 1 . l 5M0. Here the deflagration front Is a l ready weakened considerably 
and the peak temperatures drop rapidly until the burning front finally 
quenches . 

In Ne-burn1n3 we find that F l� . l l a  shows . after the build-up of 
20Ne via 12c c  c . a > 20Ne and 2c c 12c . p> 23Na C p . a > 20Ne. how the 
photodlslntegration of 20N e  leads to an additional Increase I n  the 
pre-existing 160 a nd the build-up of 24M g  and 28s1 .  Besides these major 
abundances explosive neon burning also provides substantial amounts of 
27 Al . 29s1 .  30s1 . and 31 P c see also Morgan 1 980> . 

In explosive carbon burning 12C Is mainly burned to 20N e .  Besides 
the pre-existing 160; 20N e .  24M g  and 28Si are the dom inant 
abundances . Explosive carbon burning Is suited to produce 20N e .  23Na. 
24M g . 25M g .  26Mg . 28A I .  29st and 30st I n  approximately solar proportions 
< Arnett 1 96 9 .  Howard et al . 1 97 2 .  Truran and Cameron 1 97 8 .  Arnett 
and Wefel 1 97 8 .  Morgan 1 980> . While I n  "normal" explosive carbon 
burning conditions around 2xl OSK considerable q uantities of 

23
N a  are 

f:rod uced . h igher temperatures lead to the destruction of 23N a  via 
Na C p. a >  20Ne C see also Morgan 1 980> . 

In the present calculation we find minimum peak temperatures 
around 2 .  2xl OSK before the deflagration front q uenches and therefore 
the amount of 23N a  is negligi ble . It has been stated a l ready In N omoto. 
Thielema n n .  and Yokoi C 1 984> that the numerical treatment of the 
deflagration front is a difficult task i n  the q uenching region and that the 
present method is only approximate .  Thus we could expect 23N a  and 
also more 20N e  and 24M g  to be existent i n  outer layers. 

Generally It can be said that i n  SN I events the major burning 
products of explosive neon and carbon C and partially oxygen> burning 
are not produced with sufficient amounts to account for galactic 
n ucleosynthesls C see Fig . 3> . The nucleosynthesls products of SN I are 
domi nated by Incomplete and complete explosive sil icon burning C see 
Fig . 1 for the mass coordinates of the different burning zones> . The 
produced amount of M g  and 0 Is h owever sufficient to explain the 
observed features I n  SN I spectra C Branch et al. 1 985> . 

4 .  CONCLUSIONS 

The main nucleosynthesls results of a carbon deflagratlon supernova can 
be summarized as follows C see Fig . l > : 

1 .  In the central f art of Mrs o .  7 5 M0. peak temperatures in excess 
of 5xl OsK Is attained &o that the material is incinerated into N S E .  For 
Mr�O .  35M0 . the density at the peak temperature Is h ig her than 2x l 08 g 
cm 3 and thus a normal freeze-out C I . e .  • freezing d ue to a-particle 
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deficiency> takes place . At 0 .  35< Mr/ M0s;o. 75. the density Is lower and 
an a-rich freeze-out resulted . In this region . prod uction of 54Fe and a 
small amount of 40Ca and 36Ar. found In the NTY model . does not take 
place because these elements are processed by C a .  y) reactions . 
Instead 58NI Is produced via 54Fe C a .  y> 58NI . 

2 .  At 0. 75<M/M0� 1 . 0 . Incomplete SI burning takes place and 56NI . 40ca . 36Ar, 32s and 8Si are the major products . 
3 .  Sti l l  outer layers undergo explosive 0 ,  N e .  and C-burnlng , 

£reducing mainly C D  28SI . 32s .  36Ar, and 40Ca , C ID 160 ,  24Mg,  and 8S i .  and C l i l >  20Ne and 24Mg. Nuclear abundances with m inor 
contributions to the solar mix are coproduced and a solar abundance 
distribution is obtained within the atomic mass range . characterizing 
each of the mentioned explosive burning processes . The mass contained 
in the explosive 0- , Ne- . and C-burning zones I s ,  however,  too small 
In comparislon to matter In complete and Incomplete SI-burning zones, 
to attain a solar abundance pattern for the total SN I ejecta . Therefore 
SN I ejecta are dominated by products of complete and incomplete 
Si-burning, being thus also main contributors to Fe-group 
nucleosynthesis in Galactic evolution . This can be seen In Fig . 3 .  

The general abundance pattern C O .  5-0 . 6 M 0  56N I  In the Inner core 
and some Intermediate mass elements . Ca-Sl-0 . in the outer layers> 
are quite consistent with all presently observable features of SN I .  I . e . .  
l lght curves . late t ime spectra < Axelrod 1 980) . and early t ime spectra 
< Branch 1 985:  Branch et a l .  1 985> . 

The remaining problem In the present carbon deflagratlon model Is 
the overproduction of 54Fe < sl ightly> . 58Ni . and 62Ni  relative to the solar 
abundances . We have analyzed the uncertainties of nuclear partition 
functions and electron capture rates in Thielemann .  Nomoto . and Yoko! 
< 1 985> . These uncerta inties do not seem to be large enough to remove 
the overproduction difficulty although complete i nvestigation with a ful l  
network calculation for different sets of partition functions and electron 
captures remain to be done . Other possibi l ities to improve this difficulty 
are as follows : 

1 .  The central density at the carbon ign ition is in most cases 
appreciably lower than the present model of W7 ; In other words the 
typical accretion rate leading to the carbon deflagration Is sign ificantly 
h igher than 4x l 0-8M0 yr-1 . 

2 .  The m ixing length parameter a= i / H Is not constant but 
changing during the propagation of the deflagrafion wave . 

3 .  The 12C/ 160 ratio in the Initial fuel can vary from one white 
dwarf progenitor to another, dependent on the i n itial main sequence 
mass and He-burning temperatures. There might a lso be a radial 
discontinu ity due to different temperatures In core and shel l  He-burning . 
which can influence the propagation of the burning front.  

4.  The carbon deflagration supernova is not the only major source 
of iron peak elements In the Galaxy. Possible other sources Include SN 
I I  and the subclass of SN I wtilch is characterized by the absence of 
the Si feature at about 6 1 00 A in the early t ime spectra C e .  g .  . SN 
1 983n in M83 and SN 1 9841 in NGC099 1 ;  see Wheeler 1 985> . The 
amount of Iron peak elements and the 58Ni/56Fe ratio in the ejecta of 
SN Ii depend on the mass cut and the explosion energy. which awaits 
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for further Investigation . The subclass of SN I might be d ue to the 
detonation type explosion because the detonation models srr.roduce 
neg l igible amount of Intermediate mass elements. If s o .  the N l /

56
Fe 

ratio must be small  I n  these SN I because the detonation models 
experience neg l igible neutronlzatlon owing to the low I g nition density and 
synthesize mostly 

56
N t  with an underproduction of 58N i . 62N i . and 54Fe 

< Nomoto and Sugimoto 1 9 7 7 ;  Nomoto 1 982b :  Woosley et a l .  1 984> . 
5 .  Another. quite prom ising possl bl l lty Is the following : 

White dwarfs I n  bi nary systems can have ages which cover the whole 
range of the galactic disk populati o n .  This leads to l i m its on the 
metall lclty of O. 1 <Z/Z0< 1  for systems having contributed nucleosynthesls 
products to the solar system . The metalllclty determ ines original qNO 
abundances . the 14N content after hydrogen burning and the 22Ne 
abundance after He- burn i ng which ts contained I n  the C+O white dwarf. 
The neutron excess 11 I s  only strongly affected by electron captures 
with in the I n ner core . The neutron excess which determi nes the 
abu ndance of 58Nt and < or> 54Fe. out to M r� l . O M0 I s  g iven by the 
I nitial 22Ne content or In other words th-3 I nitial metal l lclty. A reduction 
I n  Tl by a factor of 1 O reduces 58N i  and C or> 54Fe by more than a 
factor of 1 00 C Truran and Arnett. 1 97 1 ; see tables I l l  and IV> . Thus a 
moderate metalllclty of �c . 5 for SN I averaged over the h istory of 
nucleosynthesls contributions to the solar system might sti l l  result I n  
neg ligi ble amounts o f  54Fe and 58N i  for Mr> O .  35M0 . T h i s  would lead to 
a total reduction of 58N I  by 35-40% and 54Fe by 25% . 

54Fe will  then be withi n  the u ncertai nty range of a factor of 2 in 
F i g . 3.  and 58N t  comes very close to i t .  62N i  being produced I n  form of 
62zn via 54Fe C a . y> 58Nt C a . g> 62zn wil l  change accordantly. 

We might conclude that this effect . when also taking Into account 
the uncertainties mentioned I n  1 .  -3. . could actually lead to a solar 
abundance pattern of Fe-group nuclei . after c 1eraglng all  SN I 
contributions In the past . However .  an additional calculation would have 
to prove this conclusion and also show that no problematic affects on 
other abundances are Introduced.  
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DIFFERENTIALLY ROTATING EQUILIBRIUM MODELS ANO THE 
COLLAPSE OF ROTATING DEGENERATE CONFIGURATIONS 

ABSTRACT 

Ewald MOi ier 
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0-8046 Garching b .  MOnchen . Fed . Rep .  of Germany 

and 

Yoshlharu Eriguchi 
Department of Earth Science and Astronomy 
College of Arts and Sciences 
University of Tokyo 
Komaba . Meguro-Ku . Tokyo. Japan 

Using a recently developed method C Eriguchi and MOiier. 1 985a> two 
kind of problems involving axisymmetric.  d ifferentially rotating degenerate 
configurations are investigated : 

C I> Equilibrium models of rotating polytropes are used to estimate the 
properties of the degenerate core of a massive star M�8M8 at the. 
endpoint of Its collapse without performing a detalled collapse 
calculation .  Our analysts shows C Erlguchi and MOiier . 1 985b) that a 
rotating stellar core will not collapse ail the way to neutron star 
densities on a dynamical time-scale.  If Its Initial ratio of rotatlonai to 
gravitational energy {Ji is larger than some minimum value: fJmin=O . 0 1 . 
0 .  03 . and 0 .  08 for y= l .  30 . 1 .  25.  and 1 .  20. respectively. Instead the 
collapse is stopped due to rotation at an Intermediate . dynamically 
stable. axlsymmetric equil ibrlum state . The further evolution will proceed 
on a secular time-scale . 

C l l >  Rotating . completely catalyzed . zero-temperature Newtonian 
confl�uratlons with central densities In the range 1 07 gcm-3<pc< 
5 .  1 O 4gcm -3 are calculated . Based on these models we have then 
studied the question . If there exist evolutionary scenarios of rotating 
white dwarfs . where due to angular momentum tosses a white dwarf with 
a mass larger than the Chandrasekhar mass wil l  evolve towards a 
neutron star on a secular time-scale.  I . e .  without a sudden release of 
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gravitational potential energy In the form of an optical su pernova 
outburst. 

We find C MOiier and Erlguch l .  1 985> that dynamically stable rotating 
equ ilibrium models exist up to densities of t:i l 01 1 gcm-3 < without rotation 
t:i l 09gcm

-3> and with masses up to l . 7M0 < without rotation l . OMe» ·  
Configurations with masses I n  the range 1 .  7<M/ M0<2 . 2 are also 
dynamically stable . but secularly unstable against non-axlsymmetrlc 
perturbations. We find that for all studied combi nations of mass . 
angular momentum and angular momentum distribution the evolution of a 
rotating C cold> white dwarf must become dynamic at densities arou nd 
l O 12gcm -3• I .  e .  roughly 80% of the neutron star's binding energy will  
be released on a dynamical time-scale. 

REFERENCES 

Erlguchl . Y .  and MOiier. E . : 1 985a .  Astro n .  Astrophys . C ln press> . 
Erlguchl . Y. and MOiier. E .  : l 985b . Astron . Astrophys . C I n  press> . 
MOiier. E .  and Erlguch l .  Y . : 1 985. submitted to Astro n .  Astrophys . 



Theoretical Models for Type I and Type II Supernova 
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Recent theoretical progress in understanding the origin and nature of Type I and Type II su
pernovae is discussed. New Type II presupernova models characterized by a variety of iron core 
masses at the time of collapse are presented and the sensitivity to the reaction rate 12C( a, -y) 16o 
explained. Stars heavier than about 20 M0 must explode by a "delayed" mechanism not directly 
related to the hydrodynamical core bounce and a subset is likely to leave black hole remnants. The 
isotopic nucleosynthesis expected from these massive stellar explosions is in striking agreement 
with the sun. Type I supernovae result when an accretirig white dwarf undergoes a thermonuclear 
explosion. The critical role of the velocity of the defiagration front in determining the light curve, 
spectrum, and, especially, isotopic nucleosynthesis in these models is explored. 

1. New Presupernova Models of Massive Stars 

As a part of an ongoing project to calculate and understand the final evolution of massive stars 
and the consequent Type II supernova display, we have recently simulated the evolution of stars 
of a variety of masses: 11,  12, 15, 20, 25, 50, and 100 M0 (Table 1) . Some aspects of these 
models have been published previously (Wilson et al. 1985; Weaver and Woosley 1985) and the 
detailed evolution of the remainder is the subject of papers now in preparation. Here we briefly 
review the properties of the presupemova models and, especially the sensitivity of structure and 
nucleosynthesis to the new reaction rate for 12C(a, -y) 160. Stars have been studied using a revised 
version of the stellar evolution program KEPLER (Weaver, Zimmerman, and Woosley 1978; 
Weaver, Woosley, and Fuller 1984) which incorporates the new weak interaction rates of Fuller, 
Fowler, and Newman (1982ab, 1985) , an improved implementation of weak processes at an earlier 
stage of the star's life (near oxygen core depletion) , revisions to nuclear screening corrections 
(although see paper by Mochkovitch, this volume; photodisintegration reactions should not be 
screened) , finer time step and zoning criteria, and Cameron (1982) initial abundances. Because 
of the smaller helium abundance employed in the new studies, helium core masses are smaller 
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than in some of our earlier studies. For example, the new 11 M0 star has a helium core at the 
end of its life of 2.4 M0, slightly smaller than the helium core in our old 10 M0 star (Woosley, 
Weaver, and Taam 1980) . Helium core masses in the larger stars are also reduced by about 103. 
More importantly, the revised weak rates and prescription for their implementation leads to iron 
core masses that are considerably smaller in 12 and 15 M0 stars than in Weaver, Zimmerman, 
and Woosley (1978) . Our present 15 M0 model (Table 1) is an example with an iron core mass 
reduced from its 1978 value, 1.56 M0 , to 1.33 M0. On the other hand, revisions to the reaction 
rate for 12C(a,')')160 lead to larger iron core masses in the bigger stars. The new 25 M0 model, 
for example, which had a mass in 1978 of 1 .61 M0 and in Weaver, Woosley, and Fuller (1985) of 
1.35 M0, now has a mass of 2.1 M0. These differences will be explored later. First we deal with 
the evolution of the lighter stars. 

TABLE 1 

PRESUPERNOVA MODELS AND EXPLOSIONS 

Main Sequence Iron Core Explosion Baryon 
Mass (M0) Remnant (M0) Energya(1050erg) Massa(M0) 

1 1  -b 3 .0 1 .42 
12 1.31 3.8 1.35 
15 1.33 2.0 1 .42 
20 1.80 
25 2.10 4.0 2.44 
50 2.45 
100 -b -4 39 

a All except for 100 M0 determined by Wilson et al. (1985) .  
b Never developed iron cores in hydrostatic equilibrium. 

Neutron 
Stara (M0) 

1 .31 
1 .26 
1 .31 

1.96 

Black Hole 

Our new 11 M0 star had an evolution that differed markedly from all the other stars ex
amined here. It was also the only model reported here which employed an old (Fowler, Caughlan, 
and Zimmerman 1975) rate for the 12C(a, ')') 16o reaction rate, although, in this particular case, 
we do not view that as critical. Qualitatively, the life history was similar to that which has been 
reported previously for a 9.6 M0 star by Nomoto (1984ab; see also Miyaji et al. 1980). The helium 
core mass in the Nomoto study was 2.4 M0, roughly the same as here at the end of the evolution. 

However, just after depletion of carbon in the center of our 11 M0 star, the helium core mass was 
2.6 M0, hydrogen dredge-up of the helium core during off-center carbon burning accounts for the 
difference. The later stages of evolution are characterized by temperature inversion in the core 
(owing especially to plasma neutrino losses) and off-center burning. A neon core develops (603 
neon and 203 each of magnesium and oxygen) containing very nearly a Chandrasekhar mass 
(l .45 M0) .  That this mass exceeds 1.37 M0 marks a critical departure between the present work 
and that of Nomoto (1984ab) . For the smaller mass, neon and subsequent burning stages never 
ignite (under stable conditions) whereas in our 11  M0 model, both neon and oxgen burning do 
occur in a shell from about 0.6 M0 to 1.3 M0 (Fig. 1) and, in a second convective burning stage 
from 1.3 M0 to 1 .4 M0. Thus at the end of its life this star consists of a cold (T - 5 x 108 K) 
central core of about 0.5 M0 of neon surrounded by silicon and sulfur with a total mass slightly 
exceeding the (zero entropy) Chandrasekhar mass. Further cooling then leads to the collapse of 
the core containing combustible nuclear fuel. 
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Fig. 1 - Composition (a) and structure (b) of an 1 1  M0 star just after the off-center ignition 
of oxygen burning. The temperature at the base of the convective oxygen shell at this point 
is 1 .87 x 109 K.  The central density and temperature are 8.19 x 107 g cm-3 and 5.63 x 108 K 
respectively. The surface luminosity, effective temperature, and radius, all of which should not 
change prior to the stellar explosion, are 1.47 x 1038 erg s-1 , 4290 K, and 2 .47 x 1013 cm. The 
neutrino luminosity is 1 .21 x 1042 erg s-1 . Note scale breaks at 3.0 M0 (a) and 4.0 M0 (b). 
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It must be acknowledged at this point that the onset of collapse in this star has not been 
calculated in an entirely self-consistent fashion. Electron capture reactions were not included 
in the calculation of neon and oxygen burning although oxygen burns at such a high density 
off-center here that such captures would certainly have been important, probably triggering core 
collapse at an earlier stage. At a density of -108 g cm-3, for example, capture on the products 
of oxygen burning (e.g. 33S (e- , 11)33P; see Woosley, Arnett, and Clayton 1972} would lead to 
(Yo) - 0.49 reducing the zero entropy Chandrasekhar mass to 1.38 M0 and causing the core 
to collapse. We do not think that the continued evolution is especially sensitive to this detail, 
but a self-consistent calculation would obviously be desirable. It is interesting to note that the 
contraction of the core is not without nucleosynthetic import in the overlying layers. We find 
that the heating of the helium burning shell leads to extension of the helium convective zone into 
the hydrogen envelope. The mixing of protons into a. super-heated helium shell has obvious and 
far reaching implications for r and s-process nucleosynthesis which will be discussed elsewhere. 

As the core contracts to 2.5 x 1010 g cm-3, oxygen burning, greatly enhanced by electron 
screening, ignites at a temperature of - 5 x 108 K. We note that at this point the core is also 
hovering on the verge of general relativistic instability (Shapiro and Teukolsky 1983} because r 
is so nearly equal to 4/3. Future calculations should include post-Newtonian gravity. Owing to 
the extremely degenerate nature of the core the nuclear runaway that ensues leads to complete 
combustion to iron group nuclei. Thereafter the evolution becomes quite similar to that described 
by Nomoto (1984a.b} for his 2.4 M0 helium core. Iron group products capture electrons efficiently 
lea.ding to a. sudden drop in Y. a.t the center of the star to a.bout 0.40. The thermal increment to 
the pressure from burning is inconsequential compared to the great loss in electron degeneracy 
pressure and the core begins to implode dynamically. As neon and magnesium and, later, silicon 
and sulfur, fa.II down they a.re heated by compression and burn explosively so that a. standing 
combustion front exists a.t -110 to 170 km. Once the collapse is well under way, energy transport 
by convection is negligible. 

The explosion of this model was calculated by Wilson et al. (1985) and the reader 
should see that reference for details. We note, however, that the explosion was of the "delayed" 
variety, occurring only after a.bout 0.07 s. This differs qualitatively from the results of Hillebrandt, 
Nomoto, and Wolff (1984) who obtained a. prompt hydrodynamical explosion for Nomoto's 9.6 
M0 star. We suspect that the difference may lie in different nuclear equations of state employed in 
the two codes or perhaps slight differences in the initial models. This point is under investigation 
by Wilson and Mayle. 

Other models were also calculated with the improved version of KEPLER but using the 
recently revised rate for 12C(a, 1)160. Measurements by Kettner et al. (1982) and a. reanalysis 
of new and old data. by Langanke and Koonin (1984) have led to a. revised rate, as tabulated 
by Ca.ughla.n et al. (1985) , that under typical conditions in massive stars, is a.bout 3 times the 
old value used in our previous calculations (Fowler, Ca.ughlan, and Zimmerman 1975} . Such a. 
large revision has, as we shall see, major implications not only for nucleosynthesis, but also for 
the structure of the presupernova. star. The iron core mass in the 12 and 15 M0 models a.re not 
greatly altered from those obtained (for 20 and 25 M0 stars) by Weaver, Woosley, and Fuller 
(1984) ,  although, as it turns out, the extent of the oxygen burning shell is much larger with the 
new rate) , but the new 25 M0 model has a. much larger iron core (Figs. 2 and 3) .  

Why should there be such great variation in the iron core mass for stars of 15 and 25 
M0 or for two stars, both of 25 M0, differing only in the magnitude of the reaction rate for 
12 C (a, I) 160? The answer resides in the nature of carbon and neon burning and how they affect 
the entropy stucture of the stellar core (Fig. 4} .  In the 15 M0 star and in the older 25 M0 
star with low a-rate, carbon burning ignites as a well developed, exoergic, convective burning 
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Fig. 2 - Composition (a) and structure (b) of a 15 M0 star at the onset of core collapse (as defined 
by collapse velocity equals 1000 km s-1) .  Interior to the iron core (1.33 M0) energy is being lost 
due to a combination of neutrino emission from electron capture and photodisintegration. Peaks 
in the nuclear energy generation, Enuc, are apparent at the silicon, oxygen, and helium burning 
shells. Also plotted are the neutrino losses due to plasma processes (e., in the region outside 
the _iron core). Note the rapid fall off in density just outside the iron core and the substantial 
abundances of the elements silicon thru calcium in the oxygen convective shell. 
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Fig. 3 - Composition (a) and structure (b) of a 25 M0 star at the onset of core collapse. Note 
the large iron and the less rapid fall off in density (compared to Fig. 2) outside that iron core. 
Notation and sampling time are as in Fig. 3. 
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stage. In fact, the 15 M0 star goes though three distinct stages of carbon convective burning 
before igniting neon burning at its center. The first stage depletes carbon in a region out to 
about 0.4 M0; the second convective shell goes from - 0.4 out to 1 .0 M0; and finally a third 
stage burns carbon out to about 1.5 M0• The initial carbon abundance following helium burning 
in this star is 0.14. While carbon burning goes on, neutrino losses cool the core and its entropy 
decreases. During the first carbon convective stage, the central conditions are Tc = 8.1  x 108 

K, Pc = 3.8 x 105 g cm-3 while at the end of the third stage, (at neon ignition) Tc = 1.6 x 109 

K, Pc = 8.9 x 106 g cm-3. This loss of entropy from the core allows the evolution to "keep in 
touch" with the Chandrasekhar mass (as adjusted for the finite entropy of the electrons) . Thus 
a strong carbon burning shell is established at the edge of a (semi-)degenerate core. From this 
point onwards there always exists a sharp increase in the entropy at M - 1 .4 to 1.5 M0 that 
restrains the outward extension of convective shells during oxygen and silicon burning so that 
when the star finally collapses it does so with an iron core of 1 . 33 M0, close to the traditional 
Chandrasekhar mass for material with equal numbers of neutrons and protons. At least a portion 
of the decrease from - 1.44 to 1 .33 M0 is a consequence of electron capture during and shortly 
after oxygen burning. 

The 25 M0 star with the most recent a-capture rate (Table 1) is quite another story. 
Because the carbon abundance following helium depletion is so low, -9% by mass, carbon burning 
and neon burning never ignite in the center of the star as exoergic, convective burning stages. The 
trace abundances of carbon and neon burn away radiatively, without the nuclear energy generation 
ever exceeding neutrino losses. Because there is no cooling stage, and because the 25 M0 star had 
a larger entropy in its core to begin with, the core does not become especially degenerate (Fig. 
4) and is not sensitive to the Chandrasekhar mass. Carbon is depleted radiatively out to a mass 
of about 2.5 M0• Neon burns radiatively out to about 1.5 M0. The next fully developed burning 
stage after helium burning is oxygen burning. Prior to silicon core ignition, oxygen burns in a 
convective core first out to about 1.35 M0 and then in a convective shell out to 2.4 M�. When 
silicon does ignite, it is within a 2.4 M0 core comprised of almost pure silicon and sulfur. The 
large entropy increase associated with the oxygen shell is then at 2.4, not 1 .4 M0 as it was in 
the 15 M0 model. Silicon burns out to 1 .3 M0 but, even with Ye - 0.46, the core is too small 
to collapse given its thermal content. Thus a silicon convective shell burns out to 2 . 1  M0 before 
the core collapses. It is interesting that the property of a massive star that most sensitively 
determines its final evolutionary state, neutron star or black hole, namely the iron core mass at 
collapse, is so sensitive to occurrences during its relatively early life. 

The 50 M0 stellar evolution was qualitatively similar to that of the 25 M0 model al
though, owing to a larger entropy, less centrally condensed core, and smaller carbon abundance, 
the iron core at the end was even larger, 2.45 M0• 

The 100 M0 star, on the other hand, met a death unlike any reported thus far. Near 
the end of helium burning, the hydrogen envelope of the star was removed from the calculation 
when it became apparent that no reasonable choice of surface boundary conditions would allow 
it to stay on with a luminosity that was very nearly super-Eddington. Thus in its final stages 
the star was a 42 M0 helium core, i.e., a massive Wolf-Rayet star. Removal of the envelope has 
no important effect on the subsequent evolution of the helium core although it obviously affects 
the observational properties of the star. Following the central (radiative) exhaustion of carbon 
and neon, this core encountered the electron-positron pair instability upon attempting to ignite 
oxygen. The first collapse resulted in a peak central temperature of 3.0 x 109 K at a density of 
1 .5 x 106 g cm-3 which led to explosive oxygen burning and expansion. The initial explosion 
was far too weak to unbind the entire star, but a portion, about 1/4 M0, was ejected from the 
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Fig. 4 - Entropy distributions in the inner regions of 15 and 25 M0 model star just prior to 
carbon ignition {solid line) , neon ignition (dashed line) , and oxygen ignition {dot-dashed line). 
The total entropy and partial entropy in the electrons is given for both stars in dimensionless 
units of Boltzmann's constant. Stellar structure is most sensitive to the electronic entropy since 
the electrons are the major source of pressure. The locations of convective shells are sensitive 
to the distribution of total entropy. Entropy decreases substantially in the 15 M0 model during 
carbon burning. 
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surface at velocities of several thousand kilometers per second (2.2 x 1049 erg). The central density 
of the star declined to 7.1 x 104 g cm-3 , and roughly one month long Kelvin-Helmholtz stage 
ensued as the star contracted and encountered the pair instability again. This time a higher peak 
temperature, 3.3 x 109 K is reached and a more violent explosion ensues, 6.5 x 1049 erg carried 
by an additional quarter solar mass of ejecta. For a time, again of about a month, the star 
oscillates violently but eventually settles down to encounter the pair instability a third time, the 
peak temperature this time being 3. 7 x 109 K. This leads to a strong explosion and the ejection of 
2.7 M0 of surface material (helium, carbon, and oxygen) with energy 3.4 x 1050 erg. Oscillations 
and relaxation then lead to a fourth instability with T = 4.6 x 109 K and a weak explosion. On 
the fifth time down, 2 years after the onset of the first explosion, there is nothing left at the 
center of the star to burn, hence no explosion. The remainder of the star, neglecting rotation, 
becomes a black hole. This model and its observational consequences should amuse and employ 
us theoreticians for years. Stay tuned! 

As a general result of our study of stars in the 11 to 100 M0 range, it appears that the 
compact remnants of stars having main sequence mass � 20 M0 [with exact value sensitive to 12C(a, "'f)16o], will have quite different properties from those of lower mass. In particular, since 
nuclear equations of state suggest an upper bound to the mass of a stable neutron star of -2.0 
M0, stars heavier than -20 M0 may leave black holes and lighter stars (but heavier than -10 
M0) will leave neutron stars. It is important also to note that an object which eventually, after 
cooling and deleptonization, becomes a black hole may be the residual of an explosion which ejects 
matter, produces explosive nucleosynthesis, and exhibits a light curve not markedly discrepant 
with observations of Type II supernovae (Wilson et al. 1985). 

2. Delayed Explosions of Type II Supernovae 

For many years the outward propagation of the shock wave produced by the bounce of these iron 
cores has been studied as a possible mechanism for the explosion of the star (cf. Bowers and 
Wilson 1982; Arnett 1980, 1983; Brown, Bethe, and Baym 1982; Hillebrandt 1984; Bruenn 1984; 
Cooperstein 1982; Kahana, Baron, and Cooperstein 1984) .  For the most part, the results of these 
studies have not been particularly encouraging, except, perhaps, in the case of very low mass iron 
cores (Hillebrandt 1982; Hillebrandt, Nomoto, and Wolff 1984; Cooperstein 1982) . The shock 
stalls, overwhelmed by photodisintegration and neutrino losses, and the star does not explode. 
More recently, slow late time heating of the envelope of the incipient neutron star has been found 
to be capable of rejuvenating the stalled shock and producing an explosion after all (Wilson 1984; 
Bethe and Wilson 1985; Wilson et al. 1985) .  The basic mechanism is energy transport by electron 
neutrinos and anti-neutrinos which capture on nucleons and scatter on electron-positron pairs just 
behind the stalled (accretion) shock. The source of the neutrinos is the cooling proto-neutron-star 
beneath the shock and, to a lesser but important extent, the neutrinos liberated by the accretion 
flux itself. A complete discussion of the complexities (and attendant uncertainties) associated 
with this particular explosion mechanism are best left to the referenced papers by Wilson and 
co-workers and to future papers. For now we merely note that each of the explosions listed in 
Table 1 were calculated by Wilson and Mayle and were of this "delayed" variety (Wilson et a/. 
1985). Credible variations in the nuclear equation of state may allow the prompt explosion of the 
11 ,  12, and 15 M0 models (E. Baron and H. Bethe; private communication; Bethe and Brown 
1985) , but it appears highly unlikely that explosion of iron cores as large as 2.1 M0 (i.e. the 25 
M0 model) will ever be achieved solely by a hydrodynamical bounce. Thus the nucleosynthesis 
we shall now discuss is quite contingent upon the successful occurrence of a delayed explosion. 
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Otherwise the complexity of rotation will have to be considered (cf., Bodenheimer and Woosley 
1983). 

3. Nucleosynthesis in Type II Supernovae 

The passage of the shock wave through the overlying mantle of the star, in addition to providing 
the impulse for its ejection, leads to high temperatures and nuclear reactions that have been 
followed in detail for the 15 and 25 Me models (Weaver and Woosley 1985; Wilson et al. 1985). 
Figure 5 shows the explosive nucleosynthesis in the 25 Me model and nucleosynthetic results of 
15 and 25 Me models are both shown compared to solar abundances in Figure 6. In the case of 
the 15 Me model, the abundances ejected are almost entirely, with the obvious exception of the 
iron group, produced in the pre-explosive stages of evolution and merely shoved off the star by the 
explosion. The diminished importance of explosive nucleosynthesis, as compared, for example, to 
past studies (Weaver and Woosley 1980) is a consequence both of the low explosion energy and 
the rapid fall off in density around the core of the preexplosive star. The large abundances of 
silicon through calcium are especially a result of an extensive oxygen burning convective shell just 
outside the core (Fig. 2). It is interesting to note that the energy liberated by nuclear reactions 
was not an inconsequential fraction of the final explosion energy in the 15 Me model. The final 
kinetic energy at infinity was calculated to be 2 x 1050 erg, 30% of which was generated by nuclear 
burning during shock wave passage. 

Because of the larger explosion energy in the 25 Me model, there was a considerable 
amount of explosive nucleosynthesis and nuclear energy generation formed an even greater fraction 
of the final kinetic energy at infinity. The initial shock contained roughly 1051 erg as calculated in 
the core bounce program, but the binding energy of the mantle was also about 1051 erg. Nuclear 
burning gave 4 x 1050 erg and the final kinetic energy was also 4 x 1050 erg. Thus without the 
energy from nuclear burning following shock wave passage a portion of this star may well have 
reimploded. In the 15 Me model calculated by Wilson et al. (1985) some mass reimplosion was 
actually observed. 

Figure 7 shows the isotopic nucleosynthesis resulting from the explosion, by Wilson's 
delayed mechanism (Wilson et al 1985) , of our 25 Me presupernova model. The comparison with 
solar abundances is very good, much better, for example, than that published for a previous 25 
Me model by Woosley and Weaver (1982). The changes reflect principally the altered structure of 
the presupernova mantle and core brought about by alterations in weak interaction rates (Weaver, 
Woosley, and Fuller 1984) and in the reaction rate for 12C (a, 'Y) 160. It is worth noting that 34 
species out of a total of 61 in this mass range are produced within a factor of two of their relative 
solar abundances and 52 are produced within a factor of 4. In the sun these abundances span a 
range in mass fraction of 7 orders of magnitude. Of the remaining 9, 13C and 15N are probably the 
products of hydrogen burning in lower mass red giant stars and novae respectively (cf. Wallerstein 
1973; Lambert and Tomkin 1974; Sneeden and Lambert 1975; Wallace and Woosley 1981); the 
origin of fluorine is unknown (although see Howard, Arnett, and Clayton 1971; Scalo and Despain 
1976) ; 180 is produced in a 15 Me star to be reported elsewhere; 46Ca and 47Ti are very rare 
species whose production might be quite sensitive to poorly determined nuclear reaction rates 
(or a change in stellar mass) ; 48Ca and 54Cr can be made in a neutron-rich nuclear statistical 
equilibrium (Hainebach et al. 1974; Hartmann, Woosley, and El Eid 1985); and 63Ni was near 
the end of our nuclear reaction network and may not have been tracked accurately. 

Although the agreement is really very good overall, some annoying discrepancies can be 
noted. Carbon is down relative to oxygen. That's not so bad. Perhaps carbon is produced in low 
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Wilson et al. (1985) . 
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Fig. 6 - Comparison of bulk elemental nucleosynthesis in 15 and 25 M0 supernovae to solar 
abundances (Cameron 1982). The enhancement factor is the mass fraction of a given element in 
the ejecta compared to its mass fraction in the sun (which was also its initial abundance in the 
calculation) . The deficient production of carbon, neon, and magnesium, especially in the 15 M0 
study, is a consequence of the revised rate for 12C(a, "1) 160.  The large productions of silicon thru 
calcium in the 15 M0 model do not exist if this material falls back onto the neutron star following 
hydrodynamical interaction with the stellar envelope. Such was the result in the present study, 
but this occurrence is quite model dependent. 
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Fig. 7 - Isotopic nucleosynthesis in a 25 M0 explosion. Final abundances in the ejecta are plotted 
for isotopes from 12C to 64Ni compared to their abundances in the sun (Cameron 1982) .  An 
average overproduction factor of 9 characterizes the distribution. If one gram in 9 of the matter 
in the Galaxy has experienced conditions like those in a 25 M0 star, its metallicity will resemble 
the sun with an abundance pattern as shown. 
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mass stars (Dufour 1984) . Of greater concern are the products of carbon burning, eg. 20Ne, 23Na, 
and 24Mg. It appears unlikely that all these abundances could systematically be underestimated 
by a factor of two in the sun (relative to oxygen, say) , nor does it appear probable that other 
masses of supernovae, eg. 15 Me are going to fill in the gap. All things considered, it would 
have been better if the rate for 12C(a, "Y) 160 had not increased quite so much. Further increases 
(beyond the roughly factor of 3 times FCZ75 used here) would make matters worse still. We 
shall see. The rates will, of course, be whatever the nuclear physicists determine. It is interesting 
however, that in our previous model (Weaver, Woosley, and Fuller 1984) ,  these same species were 
major overproductions while the silicon through calcium group was underproduced; the only 
difference, a smaller rate for 12c(a, "Y) 16o. 

Following the observations of Mahoney et al. (1982) ,  increased attention has been fo
cused upon the production of 26 Al in Wolf Rayet stellar winds (see papers by Casse and by 
Dearborn this volume) , novae (see paper by Truran this volume and Wallace and Woosley 1981) 
and supernovae. Clayton (1984) , in particular, has emphasized the difficultiy associated with 
producing the (strong) observed signal using 26 Al produced solely during supernova explosions. 
While Clayton's conclusion is somewhat sensitive to both an assumed model for Galactic chemical 
evolution and the unknown distribution of 26 Al interior to the solar orbit, we accept it for now 
and merely point out that revisions of reaction rates and stellar model have lead to a substantial 
increase in the supernova produdion of 26 Al over that estimated by Woosley and Weaver (1980) , 
26 Al/27 Al � 10-3 .  Here, for the new 25 Me model, 26 Al/27 Al = 6 x 10-3 and 6 .9 x 10-5 Me 
of 26 Al are ejected. Of this 26 Al, a lesser fraction, 1.9 x 10-5 Me comes from .. proton capt�re 
on magnesium in the hydrogenic envelope (see also Dearborn and Blake 1985) .  Similarly, in the 
15 Me model, 7 .1 x 10-6 Me was ejected in the hydrogenic envelope. These values would have 
been larger if the initial metallicity had been greater or if mass loss had been included in the 
calculation. On the other hand, this is an upper bound to the 26 Al that could be produced in 15 
or 25 Me stars of constant mass and solar metallicity since we considered all reactions on 25Mg as 
going to the long lived ground state of 26 Al. In fact, some would go to the isomeric state (Harris 
et al. 1983) and be lost. Also recent re-examination of the 25Mg(P,"Y )26 A19 reaction rate by Peter 
Parker at Yale (private communication) substantially reduces the value over that reported by 
Champagne, Howard, and Parker (1983) and included in the tables of Caughlan et al. (1985) for 
temperatures less than 40 million degrees (and increases it for higher temperatures) .  Typically 
hydrogen burns at temperatures at the cooler end of this range in 15 and 25 Me stars and the 
synthesis of 26 Al in such stars will be correspondingly reduced. On the other hand, losing the 
26 Al in a wind can increase its effective production in the hydrogen envelope since getting the 
material off of the star reveals the radioactivity to possible observation before a portion has had 
time to decay while waiting for the. supernova (Dearborn and Blake 1985). More calculations are 
needed, especially using the modified 25Mg(p,"Y)26 Al reaction rate. Calculations are also needed 
of nucleosynthesis in nova ejecta enriched in neon and magnesium (see Truran, this volume). It 
is interesting that supernovae like the 25 Me star described here, though perhaps still unable 
to account for all of the signal observed by Mahoney et al. should still give a substantial flux. 
We crudely estimate this to be about 10% of the HEAO-C signal (ignoring production in the 
hydrogen envelope) . Since the Gamma-Ray Observatory will have at least 10 times the sensitiv
ity of HEAO-C to these "Y-lines (Kurfess et al. 1983) , the signal from supernovae may stiil be 
discernable (depending upon the poorly determined Galactic distribution of the HEAO-C signal) . 
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4. Type I Supernova Models - General Comments 

There are many reasons for believing that Type I supernovae might be the result of accreting white 
dwarfs provoked into thermonuclear explosion. Observational evidence favors the association of 
such supernovae with a low mass population. They are not preferentially situated in the spiral 
arms of spiral galaxies (cf. Maza and Van den Bergh 1976) and they do occur in elliptical galaxies 
where no Type II supernovae are seen (Tammann 1977) and no young stars are expected (although 
see Oemler and Tinsley 1979) . Type I supernovae, by definition, lack hydrogenic lines in their 
spectra as would be the case if a white dwarf exploded. The velocities inferred from spectral 
measurements of Type Is and the energies of the explosions agree with what one would obtain 
by converting a fraction of a white dwarf mass to iron (or 56Ni) . Further observational evidence 
supporting this inference is provided by the fact that iron is seen in the explosions (Kirshner 
and Oke 1975; Wu et al . .  1983) as well as the radioactive decay product of 56Ni, 56Co (Axelrod 
1980a,b; Branch 1984a,b ) .  Furthermore the degenerate nature of a white dwarf guarantees that 
a nuclear runaway will convert a substantial fraction of its mass to iron on a short time scale 
(Hoyle and Fowler 1960) with the resulting light curve generated by the decay of these same 
radioactive species (Pankey 1962; Truran, Arnett, and Cameron 1967; Colgate and McKee 1969; 
Arnett 1979; Chevalier 1981; Weaver, Axelrod, and Woosley 1980) . Finally, Type I supernovae 
are a very uniform class of events which might be understood if they all had a very simil.ar .origin, 
a compact object that creates 0.3 to 1.1  M0 of 56Ni (Axelrod 1980a,b ) .  For all these reasons it is 
generally presumed that Type I supernovae are the.Consequence'of the thermonuclear disruption 
of an accreting white dwarf star. 

Generally speaking, there are two mechanisms for the explosion: detonations and defi.a

grations. Detonations have been recently reviewed by Nomoto (1982ab) and by Woosley, Taam, 
and Weaver (1985) ; defiagrations have been recently examined by Nomoto, Thielemann, and Yokoi 
{1984) and by Woosley, Axelrod, and Weaver (1984) . See these reviews for extensive discussions 
of specific models and references to the published literature. Burning occurs by detonation when 
the runaway ignites in helium-rich material. This may occur either at the center of an accreting 
helium white dwarf or, off-center, at the base of an accreted helium layer on a carbon-oxygen or 
an oxygen-neon white dwarf. Ignition in helium occurs at sufficiently low density that burning to 
nuclear statistical equilibrium at T � 8 x 109 generates a large local increase in the pressure, a 
factor of 5 being broadly representative. A higher temperature cannot be attained by the com
bustion to iron since photodisintegration truncates the energy deposition. This large overpressure 
leads to a shock wave. As material passes through the shock wave, typically at speeds of 2 to 3 
times the speed of sound, the temperature and density rise, virtually instantaneously, and nuclear 
burning gives enough energy to keep the shock wave going. Because the expansion is supersonic, 
material does not have time to "get out of the way" ahead of the burning front and essentially 
the entire layer of helium is converted to iron group elements, especially 56Ni. Indeed, if the 
helium layer is thick enough and the density in the carbon-oxygen core not too high, the shock 
wave driven into the carbon oxygen core may propagate as a successful detonation wave as well in 
which case the star is totally disrupted and there is no bound remnant. More typically, a portion 
of the carbon oxygen core stays behind as a white dwarf remn�t of the supernova. 

The detailed computer models of this variety (referenced above) have been quite success
ful in reproducing the light curves observed in Type I explosions and in synthesizing, in proper 
solar proportions, some of the major isotopes of the iron group elements. Unfortunately this 
class of model is not consistent with spectroscopic restrictions. Ignition at a lower density and 



160 S. E. WOOSLEY AND T. A. WEAVER 

conversion of all the ejected material into iron gives an explosion that is both too energetic, i.e., 
the velocities are too high compared to observed line widths and Doppler shifts, and lacking 
in substantial quantities of intermediate mass elements, especially silicon and calcium, that are 
quite prominent in the early time spectrum. For this reason, greater attention is given, at least 
presently, to deflagrating models. 

Deflagrations generally occur when an accreting carbon-oxygen white dwarf approaches 
the Chandrasekhar mass and ignites in its center. Typical ignition conditions require a balance 
of neutrino losses by the plasma process to balance the nuclear energy generation by a highly 
screened carbon fusion reaction and imply p - 2 x 109 g cm-3 •  At this high density a temperature 
of 8 x 109 K gives only a small increment in the large Fermi pressure, i>10%, which is not enough 
to generate a self-consistent de�onation wave. Instead, once the burning front begins to travel, 
unburned fuel expands ahead of the front, having been notified by a sonic precursor of the events 
transpiring in the core. Density decreases as material crosses the burning front, generates heat, 
and expands. Perhaps most importantly, the expansion of a portion of the white dwarf is rapid 
enough that the (subsonic) burning front never overtakes it and thus unburned fuel is ejected, as 
well as a portion of the star that experiences intermediate burning temperatures and produces 
intermediate mass elements. 

5. Problems with Deftagrations and Some Possible Solutions 

The problems with deffagrating models center upon the poorly defined nature of the burning front 
and gross uncertainty in the velocity with which it propagates. The only clear limits are that it be 
subsonic yet lead, ultimately to the rapid expansion of the entire star. If the deflagration moves 
slowly compared to sound, then the expansion of the star is well underway before the burning 
front passes a fiducial point, say half-way out in mass. Thus less matter is burned to iron and, 
for starting points of similar gravitational binding, the supernova energy and velocity are smaller. 
Less 56Ni produced also means a dimmer, briefer light curve, eventually, for Ms6 i> 0.3 M0, too 
dim and too brief to be in accord with observations. A rapid deflagration velocity, on the other 
hand, gives the converse of these properties. 

A generic problem with deftagrations is that, so far, they give unacceptable nucleosyn
thesis for the isotopes of the iron group. In the work of Nomoto, Theilemann, and Yokoi (1984), 
for example, 54Fe/56Fe is overproduced by a factor of 3.9 (Model W7) compared to the sun. 
Woosley, Axelrod, and Weaver (1984) find an even larger overproduction in a similar model. In 
this volume, F. Thielemann presents a recalculation of Model W7 that properly includes the "a
rich freeze-out" of Woosley, Arnett, and Clayton (1973) . In the new study, he finds much of the 
material that previously was in the form of 54Fe is transformed into 58Ni. This helps things a bit 
since elemental ratios in the sun are more poorly known than isotopic ones, but the abundance 
of 58Ni in the sun is comparable to that of 54Fe and the overproduction is still quite large, about 
a factor of 5 in the new calculation for any reasonable value of electron capture rates. 

The difficulty stems from the large ignition density of the deflagrating models which 
leads to a great deal of electron capture during the explosion. One would like to have almost 
no capture since adequate 54Fe (9r 58Ni) can be created by just those neutrons available from 
conversion of the initial metallicity of the star to 22Ne. In fact, 54Fe/56Fe resulting from nuclear 
statistical equilibrium with no electron capture is about 0.05 (Z/0.015) , i.e., about solar for solar 
metallicity. Perhaps those white dwarfs that' make Type I supernovae are metal deficient, but 
obviously the amount of electron capture must be kept to a minimum. 
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Two resolutions have been suggested for this dilemma (the second being reported here 
in published form for the first time) . The first attempts to decrease the central ignition density 
by raising the accretion rate to a very high value. Then and Tutukov (1984) and Webbink (1984) 
have discussed the possibility that two carbon oxygen white dwarfs might merge as a consequence 
of gravitational radiation in a binary pair. Such probabilities as one can legitimately assign to 
such uncertain events are consistant. with observed SNI rates. In the final merger, the effective 
accretion rate must be very large; for lack of any calculation, an Eddington value is usually 
assumed. Unfortunately studies (thus far unpublished) by Nomoto and by us show that such 
high accretion rates do not, in the general case, lead to central carbon ignition. Compression 
of the outer layers by the rapid mass addition leads to off-center burning that gradually, on a 
thermal diffusion time, propagates inwards until the entire white dwarf has been converted to a 
oxygen-magnesium-neon composition. In the specific calculation leading to Figure 8, a carbon
oxygen white dwarf of 0.7 M0 and central temperature 5 x 107 K was allowed to accrete carbon 
and oxygen at a rate 2 x l.o-5 M0 y-1. Once the mass had increased to 1.06 M0 carbon burning 
ignited in a shell at 0.77 M0• Over the next 19,000 years the carbon shell burned into the star 
at the same time that the star's mass continued to increase eventually reaching the center about 
the time the Chandrasekhar mass was achieved. No explosive burning or dynamic events were 
observed. This star presumably does not ignite neon or oxygen burning until such high central 
densities are reached that electron capture causes a collapse to a neutron star (Miyaj i et al. 1980) . 
Thus while such objects are very interesting candidates for producing certain x-ray variables, they 
are hardly Type I supernovae. No radioactive 56Ni will be produced and very little matter will 
be expelled. 

More recently we have examined this same sort of model for larger initial white dwarf 
masses and larger accretion rates. So long as the time scale for reaching the Chandrasekhar mass, 
(1.44 - �)/ M, is less than the thermal difusion time to the center of the star, the burning front 
will not have time to reach the center before a carbon defiagration ignites. Also, larger white 
dwarf masses diminish the effects of off-center compression relative to central heating. For a white 
dwarf of 1.37 M0 accreting at 10-5 M0 yr-1 , for example, we find that carbon ignites in the 
center. Accretion onto a 1.0 M0 white dwarf is under study. However, since these larger masses 
and accretion rates imply a central ignition density comparable to what one generally uses with a 
Chandrasekhar mass white dwarf anyway, part of the motivation for going to the high accretion 
rate is lost (although one does retain the possibility of making a Type I supernova in the fashion 
suggested by Then and Tutukov). We prefer to solve the problem of abnormal nucleosynthesis 
in defiagrating models a second way, by a more careful consideration of the properties of the 
propagating burning front. 

The velocity of a conductive defiagration is vb - 8/r - (lmfpc/r) 112 where vb is the 
velocity of the defiagration (flame) front, 8 is its thickness, lmfp is the mean free path of the 
electrons (= 1/ttp), r is a typical burning time in the front, and c is the speed of the electrons 
which here are relativistic. For a density p - 2 x 109 g cm-3, the opacity is quite low owing to the 
long path length of the degenerate electrons. At T9 = 1, 1t = 2 x 10-5 cm2 g-1, and at T9 = 8, 
1t = 8 x 10-3 cm2 g-1. The nuclear burning time is of course very sensitive to the temperature 
which rapidly changes in the burning front. Typically half of the carbon burns, releasing about 
2 x 1017 erg g-1 ,  by the time the temperature has risen to 4 billion degrees. At this temperature, 
r - 10-10 s and thus, with obvious great uncertainty, 8 - 10-3 cm and vb - 107 cm s-1. 
These values are interesting, but largely irrelevant since the flame will not propagate as a stable 
conductive front (cf. Muller and Arnett 1982) .  
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Fig. 8 - Composition of a white dwarf that has experienced a very high accretion rate and off
center carbon ignition. The composition of an initially 0.7 M0 white dwarf of carbon and oxygen 
is sampled 37,000 years after the onset of accretion at 2 x 10-5 M0 yr-1 .  Very small regions of 
unburned carbon and oxygen still exist in the inner 0.02 M0 and outer 0.03 M0 of the star. The 
central density at this point is 2.57 x 108 g cm-3 as the white dwarf is nearing the Chandrasekhar 
mass. Continued evolution will lead to a neutron star. 
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For any reasonable conditions in the white dwarf star, the kinematic viscosity (Spitzer 
1962; Landau and Lifshitz 1959) will be sufficiently small and the characteristic velocities and di
mensions suffiently large that the Reynolds number is very great. Thus the fl.ow will be turbulent. 
Specifically, for R > 105, as noted by Zeldovich and Rozlovski (1947 as referenced on p. 477 
of Landau and Lifshitz 1959) , a spherically propagating combustion front in free space will have 
self-turbulence with characteristic dimension equal to the radius of the spherical fiame. Thus we 
envision the runaway initiating as a point in the center of the star, stabilized perhaps for some 
brief period by convection, but eventually localized to a small region. The pressure scale height 
as the runaway commences is 5.3 x 107 cm and contains 0.35 M0, but carbon burns at a rate less 
than the sound crossing time for this region once the temperature exceeds 1.5 x 109 K .  As the 
temperature in the center continues to rise, ultimately re

.
aching 8 x 109 K ,  the runaway becomes 

even more localized. Thus the fiame front initially propagates in a very small region and, as we 
have just discussed, this means that the initial scale of the turbulence will also be quite small 
and the velocity of the Bame relatively slow. As the burning front encompasses more and more 
material, the turbulent scale grows and so does the velocity. Thus one may approximate vb - krb 
where k is a constant of proportionality and rb is the radius of the burning front. The solution 
to this equation is rb = r0 exp(kt) and hence vb = v0 exp(kt). Of course, one must impose the 
restriction that the turbulent motion remain subsonic, so as a maximum upper bound (which 
may, in fact, be approached) , vb'"' :;; c. , the sound speed. Thus we adopt 

where f and Ro are adjustable constants, f < 1, R0 less than the radius of the (expanding) white 
dwarf, which, in practice, will be determined by requirements on explosion energy, light curve, 
and nucleosynthesis. 

This prescription is obviously arbitrary, but we feel that it relates more physically to the 
actual circumstances than any formulation based upon a convective mixing length, i.e., pressure 
scale height as used in all previous studies (cf. Nomoto, Thielemann, and Yokoi 1984; Woosley, 
Axelrod, and Weaver 1984) . Certainly in its initial stages, the burning front has little knowledge 
of the pressure scale height. It propagates in a region of nearly constant density and pressure. 
The relevant scale is the scale of the turbulence. 

We are quite concerned about the very early propagation of the front because the isotopic 
nucleosynthesis is so sensitive to it. A white dwarf near the Chandrasekhar mass obviously has 
r :::z 4/3 and is only marginally stable against large excursions in radius either inwards or outwards. 
Thus burning only a tiny fraction (we estimate �0.03 M0) of carbon and oxygen in the center of 
the star releases enough energy that it would expand to the point where its central density has 
dropped by a factor of 10. What is needed then, in order to avoid the excess electron capture that 
has plagued the defiagration model, is only that the star have time to respond to this burning and 
expand before the burning front encompasses a substantial fraction of its mass. Later, when the 
expansion has occurred, one then wants the burning front to go very fast in order to burn enough 
of the star that an energetic explosion results. This is the behavior that equation (1)  will give 
and seems, to us at least, to be what is physically expected. We are carrying out a calculation to 
see if it will all work quantitatively. 

This work has been supported by the National Science Foundation (AST-84-18185) and, 
at LLNL, by the Department of Energy through contract number W-7405-ENG-48. 
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I .  INTRODUCTION 

The study of  very massive stars with masses !.'!. � 100 Me is motivated by 
the poss ibility that Pregalactic very massive stars (POP III  stars ) 
might have formed and evolved with important cosmological consequences 
( c f .  Ober et al . 1 9 8 3 ;  Carr et al . 1984 ) . There is also observational 
evidence (Humphreys 198 1 )  for the existence of very massive stars in 
both the Galaxy and the LMC , and masses up to 200 M@ may well be expec
ted also from theoretical point of view (Maeder 1980)  . 
Evolutionary calculations (Woosley and Weaver 198 2 ;  El Eid et al . 19 8 3 ;  
Carr et al . 1 9 84 ) indicate that very massive stars (M 2 loo Mo ) encoun
ter the electron-positron pair instability and collapse during Carbon 
burning or at the onset of oxygen burning . The ensuing incomplete ex
plosive oxygen burning leads in certain cases to the so called pair 
creation supernovae (PCSN) • 
Previous spherically symmetric computations of PCSN (Woosley and Weaver 
1982 ; Ober et al . 1983 ; Carr et al . 1984 ) explored the mass range for 
which PCSN occur . A general agreement has been achieved that carbon
oxygen cores explode within the mass range 40 :S Mco/M6 :S loo . It is , 
however , a difficult task to relate these core masses to the main se
quence ones , since mass loss and mixing are still not well understood 
( cf .  Langer et al . ,  these proceedings ) .  The present best estimate is : 
100 ;S M/Me ;S 300 . 

In this contribution we present a brief summary of the results we have 
obtained for the mass range of the PCSN including the effect of rota
tion in a simple but illustrative scheme . Detailed discussion will be 
published elsewhere ( cf .  Glatzel et al . 1985 ) . We constrain the mecha
nical structure of the rotating C-0 cores to MacLaurin spheroids (axi
symmetric homogeneous ellipsoids) to describe their stability and dyna
mical evolution. This method which has been previously applied to rota
ting iron-nickel-cores (Glatzel et al . 198 1 ; hereafter GFE ) allows con
sistent study of marginally unstable configurations from which the non
spherical collapse proceeds . 
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Our treatment does not intend to replace detailed 2D calculations 
(Stringfellow and Woosley 1983 ) . Rather it will illustrate the main 
effects of  rotation on PCSN, and will yield guide lines for such simu
lations . 

II . BASIC EQUATIONS AND ASSUMPTIONS 

For Maclaurin spheroids , the gravitational potential is a quadratic 
function of the coordinates ri (Chandrasekhar 1969 ) , and the homogenei
ty condition requires that the velocity field is linear in the coordi
nates ( rigid rotation) • Hence the pressure is also a quadratic function 
of r1 . The boundary condition of zero surface pressure requires the 
isobaric surfaces to be similar to the actual boundary of the spheroid. 
In the notation of GFE , the pressure distribution is given by 

3 2 2 P = P ( 1  - I: r - /a . ) c i=l .1. l 
( 1 )  

where Pc i s  the central pressure , and ai are the axes of the spheroid . 

For a velocity field describing nonspherical collapse ,  the momentum 
equations for the semi-major axis a1 and the semi-minor axis a3 are : 

2 d a i  
� ( 2 )  

( 3 )  

where W is the angular frequency , 2A1 +A3 = 2 and A3 is a function o f  the 
eccentricity e = { 1 - (a3/a1 )2 } 1 /2 only ( c f .  GFE) . The momentum equa
tion for the axis a2 is the same as Eq . ( 2 ) , since a1 = a2 for Maclaurin 
spheroids . 

The mass M and angular momentum L are given by : 

M 

L 

411 2 p 3 al a3 
2 2 
S M a1 W 

In addition we assume dM = dL = o .  dt dt 

( 4 )  

The energy equation i s  used to calculate the temperature T implicity .  
It has the form: 

de:c 1 (P + E: ) dp 
- Q dt = p c c dt ( 5 )  

where e: = E: ( p ,  T ,  [ x . ] ) i s  the central energy density , and Q is the 
energy Ioss fate (erg c�-3s- 1 ) is mainly due to neutrinos in our compu
tations . 
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+ 
The equation of state has been computed for a mixture of e , e  and 

1 6 9  

photons in thermodynamic equilibrium . The appropriate complete ex
pressions (cf . Cox and Giuli 1968)  for pressure , internal energy and 
entropy have been numerically ev�luated+assuming charge neutrality to 
fix the chemical potentials of e and e . The ions are treated as Max
well-Boltzmann gas ; their contribution is simply added . 

The net-work of the nuclear reactions is essentially the same as that 
used by Ober et al . ( 19 8 3 ) . It is a simplified one consisting of 1 3  
alpha-nuclei startin� at 4He and also including 1 2c r 2c ,a ) 2 0 Ne , 1 2c ( 1 6o , a) 
2 4Mg and 1 60 ( 1 60 , a )  8Si . 

At high temperatures and dens ities we have included photodissociation 
of a-particles into nucleons via the equilibrium process 4He t 2n + 2µ 
The abundances have been calculated using the Saha equation in this 
case . 

The energy loss term Q in Eq . ( 5 )  is due to photo- , pair-annihilation- , 
and plasma-neutrino processes (Beaudet et al . 196 7 ) . The correction 
factors of Ramadurai ( 1976)  have been also included . 

Using standard techniquffi the oruinary differential equations ( 2 ) , ( 3 )  
and ( 5 )  have been integrated simultaneously with the reaction network . 
The mass M and the angular momentum L and the initial conditions for 
the integration are chosen as described in the following section . 

III .  INITIAL MODELS 

The initial models are assumed to consist of oxygen and carbon with 
X0 = 0 . 95 and Xe = 0 . 05 in accordance with evolutionary calculations 
(cf .  El Eid et al . 1 9 8 3 ) . The initial quantities (T ,  p ,  P ,  M, L) of the 
rotating cores at the onset of dynamical instabil ity are determined by 
the requirement of equilibrium and marginal stability . 

As described in detail by GFE the condition of marginal stab il ity is 
equivalent to y ( p )  = Ycr ( e )  where Yer is a critical adiabatic index 
which is a function of eccentricity e only ( cf .  Eqs . ( 1 2 )  and ( 1 3 )  of 
GFE ) , and y = ( d  ln Pc/ 8  ln P l s is the adiabatic index . For given dimen
sionles s  entropy S the isentropes T ( p ) , Pc ( P ) , and y ( p )  are calculated 
using the equation of state . The parameter e determines Ycr ( e )  which is 
equated to y ( p )  to obtain p from which T and P follow . 

The initial mass and angular momentum of the rotating cores are deter
mined from the equilibrium conditions . Putting the l .h . s .  of Eqs . ( 2 )  
and ( 3 )  equal to zero , and inserting the resulting equations into Eq . ( 4 ), 
M and L can be expressed in terms of e , p ,  and Pc . The results are given 
in GFE ( their Eqs . 8 and 9 ) . 

Up to now we have treated homogeneous models which correspond to a poly
tropic index n = 0 .  It is however possible to correct M and L for poly-
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tropes of  n = O .  For the realistic case n = 3 ,  which allows compari
sons with other investigations , GFE found correction factors 3 . 36 and 
19 . 69 for M and L ,  respectively . 

IV . RESULTS 

a)  Spherically symmetric calculations 

The method described in sect . II has been applied to the case of zero 
eccentricity . The only parameter here is the initial entropy S i which 
can be uniquely related to the core mass ( c f .  Eq . 8 of GFE ) . We found 
a relationship Meo = 59 (Si/ lo) 2 · 50 over a range 8 < Si < 1 5 , where Meo 
denotes the mass of the C/O core corrected for n = 3 polytropes . This 
result is in good agreement with the work of Carr et al . ( 198 1 ) . 

Our results for e =  O are summarized in Table 1 .  A remarkable overall 
agreement is achieved with other more elaborated computations . In the 
range 7 . 3  < Si < 1 1 . 6 explosive oxygen burning reverses the collapse 
leading to explosion , but for Si > 1 1 .6 the collapse velocities are too 
large and the equation of s tate is too soft to stop the collapse before 
the nuclei photo-dissociate . These endothermic processes lead to total 
collapse . 

b )  Dynamical evolution with rotation 

The initial rotating cores are characterized by the parameters (Si , ei ) 
which are uniquely related to the specific angular momentum j = L/M and 
the mass M via the equil ibrium and marginal stability conditions . The 
advantage of using j and M is that these quantities may be assumed 
conserved during collapse . 

The results of the 2D dynamical homogeneous calculations are contained 
in the j-M diagram in Fig.  1 .  Following the lines of constant Si below 
the stability boundary we find with decreas ing e i regions of oscilla
tion, explosion , and collapse . In the region of oscillation , ei is 
large enough so that nuclear burning and rotation reverse the collapse 
at moderate values of T and p ,  but the energy release from explosive 
oxygen burning is insufficient to disrupt the core . There is , however , 
no sharp transition between this and the explosion region beneath . 

The dynamical evolution in the regions of explosion and collapse is  
shown for selected cases in  Figs . (2 )  and ( 3 ) . For model 1 ( see also 
Fig . 1 )  with (Si , ei l = (20,  0 . 40)  the collapse is reversed just prior 
to the region of photo-dissociation indicated by the Ni-+a transition 
line in Fig . 2 .  This is more pronounced for model 2 with (Si , ei ) = 
(40 ,  0 . 60) , where the collapse is reversed even earlier . Fig . 2  shows 
also that the pair creation instability regions become smaller with in
creasing eccentricity due to stabilization induced by rotation . 



Table 1 :  The various domains regarding the evolutionary fate of nonrotating C/0-cores in terms of  

the initial entropy S
i 

or core mass M ( in units of solar masses ) . The masses given in 

this Table for the present work have been corrected for a polytropic density stratifi

cation of index n = 3 and thus correspond to M as introduced in Sect . Illa . 
co 

Authors 

Woosley and 
Weaver ( 19 8 2 )  

Carr e t  al . 
( 198 1 )  

Ober e t  al . 
( 1983 ) 

stability 

s .  
:L 

<8 

M 

<32 

<50 

oscillation 

s . 
:L 

'V8 

M 

'V32 

present work <6 . 8  < 2 1 . 8  6 . 8-7 . 3  2 1 . 8-26 . 9  

explosion 

S .  
:L 

8- 1 2 . 4  

M 

60- 100 

32- 95 

50- 1 1 2  

7 . 3- 1 1 . 6  26 . 9-86 

collapse 

s .  
:L 

> 1 2 . 4  

> 1 1 . 6  

M 

> loo 

>95 

> 1 1 2  

>86 

..,, > :;;:; ('") )'l m > ::l 0 z 
VJ 
c:: ..,, m )'l z 0 < > m 
� ::i :i:: )'l � 
� 0 
z 

:::; 
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The models 3 and 4 both collapse beyond the Ni-+a transition line . Con
sequently ,  the coll apse proceeds to the s tage where neutrino energy 
losses become essential on dynamical time scales . Although the energy 
release by oxygen burning would be sufficient to disrupt the core , the 
reinforcement of the collapse by photodissociation , and the energy 
dissipation by neutrinos lead to total collapse . We note that this type 
of evolution is accompanied by neutrino damped oscillations which are 
induced by rotation . 

Summing up : all cases , in which rotation and nuclear burning succeed 
to stop the collapse prior to the region of photodissociation of nuclei 
constitute the region of explos ions in Fig . 1 ,  while the regi.on of 
collapse contained all cases for which the endothermic photodissocia
tion processes together with the neutrino energy losses ultimately 
lead to total collapse despite of rotation . 

Meanwhile Stringfellow and Woosley ( 1985 ) have done inhomogeneous 2D 
hydrodynamical calculations for very massive He cores (M/� = 200 - 500). 
Their results shown in Fig. 4 are qualitatively in good agreement with 
our results . Our curve ( dashed line in Fig . 4 )  separating the regions of 
explosion and collapse , is shifted upward by a factor 1 . 9 .  This is due 
to the assumption o f  rigid rotation in our computations . 

V .  CONCLUSION 

We have followed the evolution of rotating mass ive C-0 cores assuming 
Maclaurin spheroids for the description of their structure . This  sim
plified treatment allows us to establish the marginally unstable ini
tial configurations depending on the geometry and the thermodynamic 
state of the cores . These are then used as initial models for the non
spherical core collapse calculations . 

For zero rotation our results are in reasonable agreement with those 
obtained from more elaborated treatments ( c f .  Table 1 ) . 

With rotation our results are contained in a "phase diagram" ( c f .  Fig . 
1 )  in which the various regions of stability , oscillation , explosion 
and collapse are shown in terms of j and M. We arrive at the conclusion 
that rotation extends the region of pair creation supernovae , whenever 
the collapse is reversed prior to the stage , where photodissociation 
of nuclei occurs . Beyond this stage the endothermic photodissociation 
together with energy dissipiation by neutrinos lead to total collapse 
despite of rotation . 

Our results are also in good qualitative agreement with recent 2D in
homogeneous investigations ( cf .  Fig . 4 ) . 
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u .. � 1018 E .'.:'. 

stabil ity 

Fig . l :  A "phase diagram" which shows the ultimate fate of a pair crea
tion unstable C/O core in terms o f  specific angular rromentum j ,  
and mass M .  I f  neutrino losses are neglected, the explos ion do
main extends down to the dotted line. The curve labeled jmax {M)  
separates the regions of quas istationary evolution from 

a. 
"' 

6.0 

5.5 

5.0 

E 4.5 

4.0 

that of dynamical evolution . Configurations of constant initial 
�ntropy S .  are connected by dashed line s .  Dots on these curves 
�k diff�rent initial eccentricities e .  with a constant spa
cing of 0 . 1 .  For each initial entropy tfie lowest dot belongs to 
e .  = 0 . 1 .  '!."he location of model 1-4 , whose dynamical evolution 
ik described with Figs . 2-3 is indicated. 

il'=0.6 : 0.1. : 

9.00 9.25 9.50 
log T 

Fig . 2 :  Central temperature T and density during the dynamical evolution 
of model 1 with S . , e . ) = ( 20 ,  o . 4 )  and model 2 with (S . , e . )  = 
(40, 0 . 6 )  • The tr�s!tion reqions Ni�� and �� n , p ,  whichiare 

centered around X = XN. and x = x , respectively, are indica
ted . The dashed llfnes 1 enclo'ie .thi regions of pair creation 
instability for the eccentricities they are labeled with; these 
are identical to the initial eccentricities of models 1 and 2 .  
':'he curve labeled e = O encloses the region o f  pair creation in
stability for zero angular momentum.. Models 1 and 2 explode . 
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Same as Fig . 2  for model 3 with (S . , e . ) = ( 20 ,  0 . 3 )  and model 4 
with {S . , e . )  = {40, C . 4 ) . Neutrin5 . 16sses have been included in 
��e dynkau�al calculations. Model 3 and 4 undergo rota�ionally 
induced oscillations which are damped by neutrino losses and 
finally collaps e .  
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Fig . 4 :  Specific angular momentum versus mass . The results o f  20 in
homogeneous calculations of Stringfellow and Woosley ( 1985 ) are 
compared with the present 2D homogeneous calculations (dashed 
line ) . 
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NUCLEOSYNTHESIS AND MASSIVE STAR EVOLUTION 
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ABSTRACT . The uncertainty of the theoretical evolution of massive stars 
due to incomplete knowledge about internal mixing processes is examined , 
and consequences for the chemical evolution of galaxies are drawn . In 
contrast to earlier work , we found semiconvection to be very important 
in the post main sequence evolution of stars in the mass range 10 - SOM , 
when the mixing timescale of semiconvection is accurately taken into 

0 

account . For more massive stars semiconvection is less important , but 
some mixing in addition to the usual convective mixing seems necessary 
to exlain details in the observed HR-diagram . An assumed enlargement 
by 1 . 9 pressure scale heights of the convective core in a 100 M star 
is not supported by the observations . Much smaller core enlarge�ents 
are thereon proposed . 

1 .  INTRODUCTION 

Massive stars are main contributors to the galactic enrichment,  both 
during their hydrostatic evolution and their explosive final states : 
They develop strong stellar winds in their Wolf-Rayet and Pre-Wol f-Rayet 
phases ; their explosions as supernovae are caused in the lower mass 
range by the collapse of the iron nickel cores and in the upper mass 
range ( ? 100 M ) by the production of e

+
e

-
-pairs and subsequent explo

sive O-burning .
6

Also abundance anomalies in the galactic cosm�2 rays 
26e possibly produced by evolved massive stars , e . g .  that of Ne and 

Al . At present , the evolution of massive stars is far from being fully 
understood; this even applies to the evolution of the main s equence . 
Models of galactic nucleosynthesis suffer mainly incertainties in the 
following processes :  a )  the mass loss rates and their changes during 
evolution , b l  hydrodynamical instabilities and the resulting mxing of 
matter ,  heat , and angular momentum. As for a) , the evolutionary phase 
of massive stars for which the mass loss rate is known bes t ,  is the main 
sequence . Here the uncertainty is about a factor of 2 (Lamers 1985 ) . How
ever , a change by a factor 2 in M implies already a change in the number 
of  Wol f  Rayet stars by a factor of 1 7  ( Maeder 1984) . Considering b ) , e . g .  
Lamers ( 1985 ) pointed out , that with the observed mass-loss rates for 
0-stars Conti ' s  scenario for the production of WR-stars ( c f .  Maeder 1984 ) 
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would not work even for very massive stars . That means that internal 
mixing on the main sequence may prevent very massive s tars from becoming 
red supergiants (RSG) . Mixing additional to the standard convective 
mixing also alleviates the problem with the observed very wide main 
sequence ( c f .  Maeder 1982 , Doom 1985 ) . 

The present work deals mainly with point b ) . It should be pointed out 
that the e ffects of mass loss and hydrodynamical instab ilities on nucleo
synthes is are not independent of each other . For example ,  it is well  
known that a strong mass loss  rate changes the internal structure of 
a star by increasing the temperature gradient outs ide the convective 
core and thereby reducing rotationally induced instabilities ( Z ahn , 1983) , 
semiconvection (Langer et al . 1983) , and convective overshooting . On 
the other hand , such instabilities may strongly a ffect the position of 
the star in the HR diagram, especially in the post main sequence evolu
tion, and therefore modify the mass loss rate . A direct influence is 
possible when instabilities occur at or very close to the surface of the 
star . 

In this contribution we present some ideas concerning the effects of 
1)  semiconvection and 2) enlarged convective cores ( due to convective 
overshooting or other mechanisms ) which could help to solve the puzzling 
problem of massive star evolution and nucleosynthesis ( cf .  Maeder 1984 ) . 

2 .  SEMICONVECTION 

Since the work of Kato ( 1966 ) it is known that the Schwarzs child-crite
rion for convection V > Vad is valid only for the chemically homogeneous 
case ( dlnµ I dlnP = :  Vµ = O J ,  and the Ledoux-criterion 

V > V 
d 

+ ( dlnT I dlnµ )  • V  =: V should be use in the presence 
a P . O  µ L 

of a µ-gradient. For V 
d 

< V < V a vibrational instabi lity occ�rs , which 
is denoted as semiconv�ction (set in the following. Nonradial g -mode
oscillations in µ-gradient zones have been found to be globally unstable 
due to enhanced heat di ffusion in the perturbed state ( "Kato mechanism" )  
(e . g .  Gabriel and Noels 1976) . The timescale • on which SC acts was 
estimated by several authors (Kato 1966 , Gabri�I and Noels 1976 , 
Stevenson 1979)  to be of the order of the local Kelvin-Helmholtz time
scale , eg.  10 3- 104 yrs for a 30 M star . Since this timescale usually 
is very short compared to the evolu�ionary timescale T many authors con
cluded that semiconvection always establishes the neuE�ality condition 
according to the Schwarzschild criterion , i . e .  V = V 

d
" One purpose of 

the present investigation is to point out that this rs not true for 
several phases of the evolution of massive stars . Drastic consequences 
may appear when the actual timescale of semiconvection is properly taken 
into account . 

Therefore evolutionary calculations have been carried out for a 15- and 
30 M star up to carbon ignition, using the semiconvection formatism of  
Lang�r, Sugimoto and Fricke ( 1983) , who evaluated express ions for the 
semiconvective di ffusion of matter and heat depending on the local physi-
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cal conditions in the s tar . For comparison , sequences without semi
conve ction , i . e .  ignoring µ-gradients , have been calculated ( Lange r ,  
El Eid , Fricke 1985 ) . In the following w e  give a �rief outline of 
these results . For example ,  one stage in which T <>< T holds , is 
the phase between central H- and He-burning . The�v 

the
s�hole structure 

of the star changes on a Kelvin-Helmholtz timescal e ,  and stars in the 
range 10 M < M < 60 M turn from the blue side of the HRD to the red 
supergiant

0
stage . In �is evolutionary phase the hydrogenprofile in the 

intermediate region of the star , i . e .  above the H-burning shell , is 
established and is then retained during the entire He-burning phase .  
This H-profile determines the fraction o f  the He-burning phase which 
the star pends in the RSG-stage ; a large part of the intermediate region 
of the star becomes superadiabatic in the previous core contraction 
phase . Ignoring µ-gradients , convective mixing homogenizes a large 
part of the intermediate zone up to layers very close to the H-burning 
shell ,  which there fore reaches quickly regions with a high H-content 
and burns very e ffective ly ,  so that the star makes a loop to the blue 
part of the HR diagram . If µ-gradients are properly taken into account 
the convective mixing is strongly reduced , and the slope of the H
profile in the layers j ust above the H-burning shell stays relatively 
smal l . Therefore , the e fficiency of the shell source is kept small and 
the s tar remains in the RSG region . 

This mechanism decreases the fraction of blue/red-supergiants relative to 
standard evolutionary calculations ( c f .  Brunish , Gallagher and Truran 
1983) , as suggested by observations . Therefore , semiconvection in
fluences indirectly the evolution by increasing the effective mass loss 
to the very high value which is characteristic for the RSG-stage as 
compared to that in the BSG-stage . 

Furthermore , semiconvection affects the growth of the He-burning con
ve ctive core , especially in the final phase of core-He-burning , and 
thus decreases the final C/0-ratio in the core (see Table 1 ) : 

1 5  

with SC 0 . 90 

without SC 0 . 9 7  

30 

0 . 4 7  

0 . 6 1  

30 M 60 M 100 MO 

0 . 60 0 . 55 0 .02 

0 . 85 0 . 5 8 0 . 05 

Table 1 :  C/O ratios in the convective core at the end of core-He
burning for stars with initial masses of 1 5 , 30 , 60 , and 100 M

0
• The 

case with inclusion of SC is compared to that without SC . The symbol 
M indicates that mass loss is taken into account , o indicates that 
overshooting has been included ( see below for the 100 �-star) . Only 

1 2 l 6 
the sequence at 100 M has been calculated with the new C ( a , y )  0 
rate ( Caughlan et al .

0
1 9 85 ) , while in the others the rates of Fowler 

et al . ( 19 7 5) have been used . 

The penetration of the convective envelope into the stars in the RSG
phase is influenced by semiconvection , which is reflected in the CNO
and H ,  He-surface abundances . For details see however Langer ,  El Eid 
and Fricke ( 1985 ) . 
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3 .  ENLARGED CONVECTIVE CORES (OVERSHOOTING) 

The Schwarzschild-condition is strictly speaking a criterion for the on
set of convection , but not necessarily for the convective regions in the 
s teady state . Those may be somewhat larger than at the onset of convec
tion due to the inertia of the moving convection cells . At present this 
enlargement by "overshooting" is unknown . Theoretical models predict 
overshooting distances from close to zero up to 1 or 2 pressure scale 
heights ( for a summary see ,  e . g .  Eggleton 1983 , or Marcus et al . 1 9 8 3 ) . 
Many of these models predict the extent of overshooting in terms of 
the pressure s cale height Hp to be constant during the evolution . In 
this situation we parametrize the convective core enlargement in the 
following way: the Schwarzschild-convective core is assumed to be in
creased by aover H (r ) , where r is the boundary of the S chwarzsch ild 
core with a a ¥re� parameter

s
taken as constant for a given s tar . 

In this pic��i� a value a = 0 corresponds to the standard case ( no 
overshooting) .  The temper��ii�e gradient in the overshooting region is 
s imply put equal to the adiabatic temperature gradient , in accordan02 
with mos t  overshooting theories .  

I t  should be noted here , that an increased core could possibly also 
be produced by rotationally induced instabilities . In this case the m�!ing 
of matter resulting from l inear theory is proportional to (V 

d
-V 

d
) 

( cf .  Zahn 1 9 8 3 )  and may become very large near the convectiv�a
core

a 

boundary. In our simpl i fied procedure we account for such effects and 
proper overshooting in the same way by an parametrized enlargement of 
the convective core . All outer convective regions (not connected with 
the convective cores ) have been treated here in the s tandard way for 
simplicity . We have studied the e ffects of overshooting on the evolution 
of a 100 M star . The overshooting parameter a over has been chosen 
as 1 . 9 .  Th�s is the highest value found in the literature and corres
ponds to the prediction of the "Roxburgh-criterion" (Roxburgh 1 9 7 8 )  . The 
convective core at the ZAMS is then increased from the standard value 
of about 80 M0 to 92 M

_ 
in this  case . Such large overshooting may be 

taken as an upper limi� to any realistic core enlargement . For comparison 
we have calculated a second sequence with a = O ,  i . e .  without over-
shooting. In both sequences semiconvection RX�r

been taken into account 
as described in chapter 2 .  Mass loss has also been incorporated , adop
ting the formula proposed by Lamers ( 198 1 )  for the main sequence phase . 
For He-burning ,  however , we hav�5

taken for the mass loss rate the maxi
mum of the Lamers rate and 3 • 10 M /yr , where the last value is typical 
for all kinds of WR-stars . In Fig . T we have plotted the total mass 
change and evolution of the interior structure with time for both se
quences . The main differences between the two considered cases may be 
interpreted as follows . In the case a = 1 . 9 the increased convective 
core transports the ashes of the cent�Xlr

burning very closely towards 
the s tellar surface . This is not only due to the enlargement of the core 
at the ZAMS by �M � 12 M but mainly due to the fact that the convective 
core shrinks much more s�owly in the case a = 1 . 9 as compared to the 
case a = O .  The difference in the size 8¥ethe convective cores at 
the en8v6f H-burning is as large as almost 30 M and has the following 

0 
e ffects : 
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100 r--===---

- - - - - -
- - -

80 - - -
- - -

6 0  

1. 0  

3 

Fi g .  1 .  The time evolution o f  the total mass ( solid l ines ) and the 
interior unstab l e  regions (broken l ines ) for two cal culated sequences 

wi th an i n i t i a l  mas s of 100 M0 with ( aover= 1 . 9 )  and wi thout ( aover= 0 )  
overshooting up t o  central H e  e xhaus tion . Semi convection occurs adjacent 
to several conve ctive regions i n  rath e r  thin l ayers and i s  marked by 

thi ck brok e n  l i ne s . The beginning of He-burning in the case aover= 1 . 9 
is coincident with the kink in the curve M ( t ) , caused by the sudden 

i ncrease of the mass loss rate to 3 • 1 0- 5 Me/yr ( typi cal for WR stars ) at 
thi s  s tage . 
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1 )  H-burning: In the case a = 1 . 9 the surface abundance of hydro-
gen is reduced drastically e�� early . Therefore the star turns to the 
left of the ZAMS already during the main sequence phase (cf .  F�g .  2 ) . 
At the surface the star shows typical WN abundances after 2 10 years , 
i . e .  already after half of the hydrogI� burning lifetime ; on thI2other 
�gnd, if a = O an enhancement of N and a reduction of H ,  C and 

0 can on£yefie seen at the surface after central H-exhaustion .  
2 )  He-Burning : For a = O the star keeps a substantial part of its 
H-rich envelope unti£VEfie end of core-H-burning . As a consequence it can 
develop an H-burning shell and result in an RSG-stage where it spends 
about 20% of its He-burning lifeti�� , until the strong mass loss in this 
part of the HR-diagram (several 10 M /yr ) has removed the main part of 
this envelope . Then the star turns to0the blue and reaches effective 
temperatures between 30 000 and BO 000 K .  In this stage it burns the 
rest of  the central Helium like a typical WN-star (cf .  Fig . 2 ) . 
In contrast ,  the star with aover = 1 . 9 burns the central He at effec
tive temperatures around 200 000 K, first as a WN-star , then turning 
into a WC star already at a central helium fraction Y = 0 . 8 ,  and finally 
into a WO-star . It is important here to note , that (a� in most published 
calculations for WC and WO-stars ) effects of the ionisation at high C ,  
0 abundances are completely ignored concerning the opacity as well as 
the equation o f  state . Since C and 0 are the main constituents of matter 
in the WC and WO-phase ,  the resulting error in the e ffective temperature 
will probably be large . Taking the above effects into account , Sackmann 
and Boothroyd ( 1984) have analyzed carbon rich stellar envelopes .  They 
found that it is a good approximation to simply replace the Carbon by 
Hydrogen.  Doing so , we obtained the dotted track in the HR-diagram in 
Fig . 2 .  We stopped the calculations when the surface abundance of carbon 
became greater than 10% by mass ( this occurs at Y = 0 . 5 ) , since the 
above approximation breaks down then . The effect gf a large C abundance 
in surface layers is seen to be very large from Fig .  2 as the star again 
turns strongly to the right in the HR diagram. The nuclear enrichment 
due to the stellar wind is very different for the two sequences ( cf .  
Table 2 )  due to the very different predicted durations o f  the WR-phases 
in both cases , which can easily be extrapolated from Fig . 1 .  The star 
with aover = O never reaches the �2 an�6wo ��ases . 2�r this reason the 
enhancement factors X . /X . for C, o ,  o and Ne are much smaller 
(in most cases even s"lt;�J'.�erithan 1 )  than the corresponding values for 
the sequence with a 1 . 9 .  Here X is defined as over wind 

Xwind = f Xsurface M dt I f M dt 

and X .  is the initial abundance of isotope x .  
Finaliy , some remarks will be made about the comparison of the calcula
ted evolutionary tracks with the observed HR-diagram for massive stars 
( cf.  Humphreys and Davidson 1979 , Humphreys 1984) . Concerning the main
sequence evolution the sequence with a = O seems to fit better , be
cause there are several stars to the r��fiE of the ZAMS observed which 
are more luminous than a 100 M ZAMS model . Also the post-RSG-evolution 
fits rather nicely in this cas� : ( i )  after the H-rich envelope has been 
removed from the star in the RSG-stage the star moves very rapidly 
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H 

He 

1 2
c 

1 3
c 

1 4 N 

1 5
N 

1 6
0 

1 7
0 

1 8
0 

20Ne 

2 2Ne 

upper 

lower 

Tab . 2 .  
���1��g¥��Q�g1g=���R��=g��=��=�g�g=1��g 

l o s t  m a s s /M 0 

1 2 . 3  

2 7 . 6  

2 2  . 0  

2 4 . 8  

2 .  1 0  

0 . 0 8 7  

0 . 00 1 9 6  

0 . 00 3 4 7  

0 .  3 4 2  

0 . 5 2 6  

0 . 000020 

0 . 000029 

1 . 5 7  

0 . 3 4 0  

0 . 00 3 6 8  

0 . 00 8 1 7 

0 . 0 1 80 

0 . 0006 

0 . 3 1 5  

0 . 4 3 5 

0 . 2 3 5 

0 . 04 9  

value : u = 1 . 9 ove r  

v a l u e : " =O over 

x w i nd Xwi nd / X i 

. 3 1 5  0 .  4 5  

. 5 1 1  0 .  7 3  

. 5 6 4  2 . 09 

. 4 60 1 . 70 

. 0 5 3 8  1 2 . 8 8 

. 00 1 6 1  0 . 3 9 

5 . 0 3 - 5  1 .  1 2  

6 . 4 3 - 5  1 .  4 3 

. 00 8 7 7  6 . 9 6 

. 00 9 7 4  7 . 05 

5 . 1 3 - 7  1 .  1 4  

5 . 2 9 - 7  1 .  1 8 

. 0404 3 . 2 1 

. 00 6 3  0 . 50 

0 . 9 4 - 4  20 . 9 8  

1 . 5 1  - 4  3 3 . 6 2 

4 . 6 2 - 4  1 5 . 4 0 

0 .  1 0- 4  0 .  3 3  

. 00808 1 . 00 

. 00800 1 . 00 

. 0060 3 6 . 70 

. 00090 1 . 00 

1 83 
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6.5 

6.L. 

6.2 

6.1  

5.5 

Yc = O  Yc = 0.8 I I Yc = 0.5 
-

0 \ 

0 over = 1 . 9 

O over=0.9 ----t� 

llover= 0.0 ---.,._,,, 

5 . 0  

N. LANGER ET AL. 

100 M0 

L. . 5  .t. .O 3 .5 
log 1eff 

Fi g .  2 .  Evolutionary tracks i n  the HR-diagram of two cal culated sequen

ces with i n i ti a l ly loo M@ with ( aover= 1 . 9 )  and wi thout ( aover= 0) over

shootin g . The main s equence phase of a star having aove r=0 . 9  is also 

shown (broken l i ne ) . The thi ck fully drawn parts o f  the tracks i ndi cate 

the s tages of quiescent He-burning . The He-burning ph as e down to Ye = 
0 . 5  of the s e quence with a0veT= l . 9  h as also been calcul ated wi th the 
simpl ification , that carbon in the envel ope mimics hydrogen in some 

respects ( dotted line ) . 
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towards higher effective temperatures , performing some small loops 
on thermal timescales around log Teff = 4 . 3 .  It is interesting to 
note that this is j ust the location of the Hubble-Sandage variables 
in the HR-diagram ( e . g .  P Cygni or n Carina) , which are obviously 
stars in a somewhat unstable state . Also Lamers et al . ( 1983 )  argued 
from the observational point of view , that P Cygni is a star between 
the RSG and WR stage . ( ii )  the star settles down to burn most of its 
central helium content as a WN star j ust at the location in the HR
diagram where observer place the WN stars . With the sequence a = 
1 .9 both phenomena , the explanation of the Hubble-Sandage var�XI\fes 
and the location of the WR stars in the HR-diagram are much more 
difficult to accomodate . 

A strong discrepancy with observations in the a = O track is the 
observed absence of red supergiants with lumino�YEies above MJJol = 
- lo ,  since with this sequence a red supergiant with Mtol = - 1 1 . 3  and 
a lifetime o f  R1 40000 yrs is produced . However ,  it should be kept in 
mind that the mass loss rate for very luminous RSGs is very large . 

1 85 

For lack of better knowledge we have extrapolated the Lamers formula 
into this region and arrived at mass loss rates as large as 3 • 1o-4 
Ma/yr . It may be quite possible that such high mass loss rates will 
obscure the star in optical wavelength , turning it into an IR-source . 
In fact in the HR-diagram of Humphreys and Davidson ( 1979 ) some IR
stars are indicated at luminos ities of �ol RJ -9 . 5  and e ffective 
temperatures log Te ff R1 3 . 75 . Now , the th�oretical Hayashi-line at 
these luminosities is located at effective temperatures log Teff RJ 3 . 5 .  
That the observed stars are found � 2500 K left of the Hayashi- ine is 
rather improbable on theoretical grounds . An explanation could be that 
the effective temperatures o f  these IR-stars might be overestimated 
and , at the s ame time , the bolometric corrections underestimated . Then , 
after correction , the stars could possibly be placed very close to the 
predicted location on the Hayashi-line . 

As a further argument in favour of the aover= O sequence might be con
sidered the fact that in this case no artificial increase of the mass 
loss rate is required in the WR stage , since the Lamers formula pre
dicts there M-values of the order of 3 • 10-5 Ma/yr . For the case aover 
1 . 9 during He-burning the mass loss rates according to Lamers have to 
be raised artificially by factors 5- 10 in order to obtain a WR type 
mass los s .  

To definitely solve the problem o f  the convective core enlargement , 
further work is required .  Evolutionary calculations at different masses 
and with different overshooting parameters have to be carried out to 
address also the problem of the number statistics of WR s tars . Also the 
e ffects of different mass loss rates have to be explored s imultaneosly . 
However , from the above arguments we conclude , that a value of the over
shooting parameter a0ve r of 1 . 9 is rather improbable . We also construc
ted a main sequence for aover= 0 . 9 .  From Fig . 2 it can be seen that 
this value gives similar results as aover= 1 . 9 .  We therefore propose 
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that e ither much smaller values of aover are appropriate or that the 
e ffects of internal mixing are much more complex than can be described 
by s imply increasing the convective core . 

4 .  CONCLUSION 

No simple s cenario of massive star evolution emerges from the present 
work . Many uncertainties involved in massive star evolution could not 
even be addressed in detail here . A specific mass loss rate had simply 
to be assumed in spite of the fact that it is particularly poorly known 
in the RSG phase ( c f .  Chiosi et al . 1978)  and the WR stage ( cf .  Maeder 
198 1 )  . Furthermore there remains a di screpancy concerning the opacities 
calculated by different groups ( cf .  Stothers and Chin 1 9 7 7 , and 
Bertelli et al . 1 9 84 ) . Also the e ffect of the initial metalicity on the 
evolution has not been investigated here . 

Despite of these de ficiencies the present investigation al lows to draw 
the following conclusions : In contrast to widespread opinion , that 
semiconvection has only little influence on the evolution of massive 
stars , it has been found by properly taking into account the timescale 
of semi convection that the pos t-main sequence evolution of stars in the 
mass range o f  10 - 50 M0 is strongly influenced by this phenomenon . The 
fraction o f  the He-burning l i fetime which is spent in the RSG phase is 
determined by semiconvection . This has important consequences for the 
total mass lost during the He-burning phase and therefore for the number 
of WR stars and galactic enrichment . The central C/0-ratio at the end 
of He-burning has been shown to depend on the tre atment of semi convec
tion . Although the analysis of Langer et al . ( 1 985 ) was restricted to 
constant mass evolution without ove rshooting new calculations (Langer 
et al . 1985a) show , that the above mentioned effects are not weakened 
if mass loss and convective core enlargement is taken into account . 

The evolution of a 100 M0 star with two extreme assumptions on the core 
enlargement (by O and 1 . 9 pressure scale heights ) has been analysed .  
Assuming the mass loss rate o f  Lamers ( 1981 ) the upper luminosity limit 
of Mi,01 = - 10 as presently deduced from observations (Humphreys 1984 ) 
for red supergiants can only be reconciled with theory if some extra 
internal mixing (a0ver > O) is postulated.  Witout such mixing high mas s 
stars would undergo a redward evolution with excessive luminosities 
after H-exhaustion . Howeve r ,  several points indicate , that this extra 
mixing (overshooting) cannot be very e fficient , ( i )  the large width of 
the main sequence at log L/L0 R$ 6 . 2 ,  ( i i )  the location of the Hubble
Sandage variables in the HR-diagram , and ( ii i )  the observed position 
of the WR stars in the HRD . There fore we propose that a value of aover 
much smaller than 1 is appropriate . 

Recently Audouze ( 1984)  stressed that the constraints of the ste llar 
evolution theory to the theory of the chemical evolution of galaxies 
are stronge r than vice vers a .  Considering, howeve r ,  our incomplete 
knowledge on massive star evolution we may suspect that the close 
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interaction of both fields will be required to obtain answers to the 
numerous fascinating and yet unsolved problems in this area of research . 
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EVOLUTION AND NUCLEOSYNTHESIS OF MASSIVE STARS WITH EXTENDED MIXING 

C .  de Loore , N .  Prantzos , H. Arnould and C .  Doom 
Brussels-Saclay-Brussels collaboration on massive 
s tar evolution 

ABSTRACT . We discuss the evolution of massive stars (M .  > 50 M ) with 
extended mixing . In the computations , we have faken �&fo-accougt 
detailled nucleosynthesis of 28 isotopes from H to Si , and all 
relevant reactions for hydrogen and helium burning , including the 
produc tion of neutrons . The results show the same qualitative behaviour 
as in previous models computed with extended mixing but with no 
detailled nucleosynthesis . The principal difference with previous models 
is that we find a smaller hydrogen burning lifetime . This is due to the 
fact that the CNO cyc le only  reaches equilibrium on a timescale , 
comparable with the hydrogen burning timescale . 

1 • INTRODUCTION 

During the last years it was realized that convective cores must be 
larger than given by the classical Schwarzschild criterion . The reason 
is that turbulent kinetic energy is transported beyond the clasical 
boundary of the convective core . The influence of this effect on the 
evolution of massive stars has been studied by several authors ( Bressan 
et al . 1981 , Doom 1982 , S tothers and Chin 1985 ) ,  showing that extended 
mixing is a key factor in the understanding of the evolution of massive 
stars . The first computations of lower mass stars with extended mixing 
( Maeder and Mermillod 1981 ) showed that it can be an important factor 
for lower mass  stars as wel l .  These results were strenghtened by recent 
computations ( Doom 1985 ,  Bertelli et al . 1985 ) .  This is a first reason 
to reinvestigate nucleosynthesis in massive stars during hydrogen and 
helium burning . 
Since the extended nucleosynthesis computations of massive stars by 
Maeder ( 1983 ) ,  many reac tion rates have changed (Harris et al . 1983 , t�mmerman1gt al . 1984 ) . The most important change concerns the reaction 

C(a , y ) O ,  the rate of which is a fac tor of three larger than 
previously assumed ( see e .g .  Trautvetter , this volume) . This change is 
expected to alter the C/O ratio during core helium burning considerably. 
This is the second reason to reinvestigate the nucleosynthesis of 
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mas s i ve s ta r s . Moreover , neu t rons are e x p l i c i t l y  inc luded in our 
c ompu t a t ions , in c o n t ra s t with the Hae d e r  ( 1 983 ) compu t a t i o n s . 

2 .  INPUT PHY S I C S  

2 . 1  !1a s s  l o s s  ra t e s  

Dur i ng c o r e  hydrogen bur n i ng , a mas s i v e  s t a r  appears as an 0 o r  a n  O f  
s t ar . Dur ing t h i s  phas e , we hav e  ado p t ed the mas s  l o s s  f o n:ial i s m  o f  
Lame r s  ( 1 981 ) :  

-�( M / yr ) = 1 . 63 1 0-1 3  Ll . 4 2 R0 . 6 1 
M

-0 . 9 9  

whe re a l l  qua� t i t ie s  a r e  i n  s o l a r  un i t s . T h i s  ma s s  l o s s  f o rma l i s m  
repre s e n t s  we l l  t h e  o b s e rved inc rease of ma s s  l o s s  r a t e  when a s tar 
evo l ve s  o f f  the z e ro age :aa i n  sequence ( ZAl!S ) . Dur i ng the core h e l ium 
burn i ng phase , a !1la s s i ve s t a r s  whi c h  ha s l o s t  i t s  hyd r og e n  r i c h  e nv e l o pe 
appears as a Wol f-Raye t ( \JR) s t� � . I n  t h i s  c a s e , we have ado p t e d  a 
c o n s t a n t  mas s  l o s s  r a t e  o f  3 1 0  l !(.) / yr ,  wh i c h  i s  t h e  averag e  o f  the 
o b s e r ved r:ias s  loss r a t e s  of 21 \TR s t a r s , p r e s e n t e d  b y  H a r l o w  et a l . 
( 1 98 1 ) .  

2 . 2  ltix ing 

I n  order t o  d e t er :aine the boundary o f  the c onvec t iv e  c o r e , we have used 
the c r i t e r ion d e r i ve d  by Roxburgh ( 1 9 7 8 ) . It has been shown h y  Doom 
( 1 9 8 5 )  t h a t  t h i s  c r i te r ion g i ve n  an a p p r o x i ma t io n  o f  t h e  i nt eg r a t ed f l ux 
o f  t u rbul e n t  kine t ic e n e r g y  L t ( r) through a s u r f a c e  wi th r a d i u s  r :  

L ( r )  = T fr 
( L -L ) T -2 d T 

_ d r ' t 0 r dr ' 
whe re L i s  the t o t a l  lumino s i ty at l e v e l  r and L is t he i n t eg r a t e d  
r a d i a t ive f l ux . The boun d a r y  n f  t he c o nv ec t i ve c � re i s  t h e n  g iv e n  b y  the 
l e v e l  vhe re L vani she s : 

t = t o 
Th i s  c r i te f io n , de r i v e d  by RoxhurGh h1pl ies that convec t i ve c o r e s  are 
lar3er than G i ven hy the c la s s i c d l  S c hwa r z sc h i l d  c r i te r i o n , s in c e  the 
f l ..ix of k i ne t i c  e n e r r; y  is max 1 "1a l at t h i s boundar y ,  and then d r o p s  to 
z e ro in the zone o f  " ex t 2nded .;iixing " , j us t  ou t s id e  the c la s s i c a l  c o re . 
In the who l e  c o n ve c t i ve z o ne , we use the adiaba t i c  tempe ra ture g r ad i e n t  
( l !aede r 1 9  7 5 )  • 

Co!11pu ta t ions o f  the evo l ut ion o f  iaa s s i ve s ta r s  w i t h  the 
Roxbur�h c r i t e r ion to de t e r m i n e  the boun d a r y  of the convec t i ve c o re 
r e p r e s e n t  we l l  t he o b s e r ve d  c harac t e r i s t i c s  o f  t he upper HR d i agram i n  
t he mass ranr;e 1 . 2 M to 1 2 0  1 1 : 

- The obserted u p p e r  T i rni t to t he l umino s i ty o f  l a t e  t y p e  
supe r g i a n t s  a t  : th  1 = -9 .8  is r e p r o d uc e d : s t a r s  t h a t  a r e  mo re l uminous 
l o se the i r  hyd rog2n rich envelope d ur i ng c o r e  hydrogen burni ng , and 
e v o l ve t o wa r d s  the le f t  o f  the ma i a s e q u e nc e , produc i ng \JR s t a r s  
a c c o r d ing t o  t h e  Cnn t i  ( 1 9 7 6 ) s c e na r i o ; 

- The obser ve!d e x t e ns ion of t h e  i;1a in sequence band a round 
log L/L'" = 5 ( do wn to 10:3 Te = 4 . 2 5 )  i s  r e p ro d uc e d ;  
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- The problem of the main seq�ence widening of intermediate 
mass stars ( see e .g .  Maeder and Mermillod 1981 ) is resolved , since the 
new computations produce a much wider main sequence band . 

We will use the Roxburgh criterion in all model s .  

2 . 3  Radius correction 

1 9 1  

De Loore et al . ( 1982 ) have shown that the photosphere of an early tyne 
s tar , exhibiting an intense stellar wind , moves outwards into the wind . 
S ince the evolutionary code only gives a "hydrostatic" radius R* ' it is 
necessary to apply this correction for all stars with a high mass loss 
rate . We have done thi s ,  using the win2 velocity law 

v( r) = 2800 km/ sec (1 - R*/r) 
which, according to de Loore et al . (1982 )  gives a reasonable agreement 
between theoretical and observed radii of WR stars . 

2 . 4  Opacities and initial composition 

We have used the opacity tables of Cox and Stewart ,  from which the 
tables for the appropriate composition were interpolated . 

The intitial composition of all mode ls is X = 0 . 7 , Y = 0 . 27 
and Z = 0 . 03 . ,  which is appropriate for Population I stars . The 
distribution of all elements ,  heavier than helium is taken from Cameron 
( 1972 ) .  

2 . 5  The evolutionary code 

The evolutionary code used is discribed by de Loore et al . (197 8 )  and is 
based on the code HB8 of Pac zynski . The Roxburgh criterion was 
introduced to determine the boundary of the convec tive core . The 
evolution of the chemical abundances is followed by solving a system of 
30 coupled differential equations for each layer , with the linearization 
method of Wagoner ( 1969 ) . In the convective regions , the average 
react ion rates are used , so only one system of equations has to be 
solved . An exception i s  made for neutrons , which reach equilibrium on a 
t imescale shorter than the convection tigescale . Hydrogen burning 
nucleosynthesis is �ot followed below 10 K, and helium burning i�6not 
followed below 7 10 K .  The decay of radioacitve species such as Al is 
always followed . 

3 .  RESULTS 

We have computed the evolution of a 100 , 80 , 60 and SO M model from the 
ZAMS up to the end of core helium burning . The evolution�ry tracks of 
these models are shown in Figure 1 .  This figure also shows the evolution 
of a 40 M model up to core helium ignition for the purpose of 

• (ii comparison . 
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Figure 1 :  The evolutionary tracks o f  the 40 ,  50 ,  60 ,  80 and 100 M model s  
in  the HR diagram . The 40 M track is given up t o  the onset of co�e 
helium burning . The other t�acks are shown up to core helium exhaustion . 

3 . 1  Internal evolution 

The evolution of the 60 M model is typical for the evolutionary 
behaviour of these massiv� stars ( see also Fig .  1 of Prantzos et al . ,  
this volume) . During core hydrogen burning , the stellar mass  decreases 
from 60 M on the ZAMS to 45 M at the end of core hydrogen burning , due 
to the st�llar wind mass loss .AThe convective core decreases from S24M - A on the ZAMS to 42 . 5 MA when the central hydrogen �bundance Xe is 10 
and then drops rapidly to zero . After some 3 . 8 10 yr the stellar mass 
equals 52 M • At this moment , layers that have been in the initial 
convec tive �ore appear at the surface . The atmospheric hydrogen 
abundance X now begins to decrease , and the atmospheric nitrogen 
abundance a�fuptly rises by a factor of 5 . The star has now turned from 
a normal O star into an Of star . Its mass loss rate has increased by a 
factor of 4 since the ZAMS , as is observed in Of stars . The deficiency 
of hydrogen in Of stars has been observed in one case (Kudritsky et al . 
1983 ) . 

At the end of core hydrogen burning the Of star has evolved 
into a transition object between Of and WR ( see also Doom et al . 1985 ) . 
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These objects are very extreme Of supergiants ,  containing little 
hydrogen and with a spec trum resembling that of a WR star ( see Andrillat 
1982 for a review) . 

At the beginning of core helium bu!�ing the star has b�come a 
WN star and the mass loss rate rises to 3 10 M /yr .  In some 10 yr the 
convective core rises from zero until it  reaches098% of the total 
s tellar mass (43 M ) .  During this phase , some hydrogen is mixed into the 
convective core . �� have fjsu�d 3hat this hydrogen is immediately burnt 
by the react ion 1 C ( p, Y ) N ( B )1 c .  The zone of hydrogen shell burning 
i s  pushed outwards by the rapidlyly growing convective core and is soon 
extinguished . 4 Some 8 10 yr after the beginning of core helium burning , the 
s tellar mass equals 43 M0 • Layers that have been in the helium burning 
core now appear at the stellar surface . The atmospheric hydrogen 
abundance i s  now zero , and the stellar surface is carbon enhanced . The 
s tar has turned into a WC star . Later on , oxygen becomes also very 
abundant at the surface and the star could become a WO star . 

The stellar mass now decreases very rapidly due 60 the large 
mass  loss rate . At the end of core helium burning ( S . 46 10 yr after the 
beginning of core hydrogen burning) it is 32 . 3  M • During the whole 
phase of core helium burning the convect ive core0represents some 98% of 
the stellar mass . When the central helium abundance Y is 0 . 01 ,  the 
convective core drops to zero , and core helium burnin� is terminated . 

The internal evolution of the other models  is qualitatively 
equal to the 60 M model . At the beginning of core helium burning in the 
SO M model ,  no hydrogen is mixed into the helium core . S tars more 
masstve than 60 M have relatively larger convective cores . They also 
evolve more rapidly into transition objects , and have only a very short 
WN phase . The mos t  important timescales of these stars are summarized in 
Table I .  

The hydrogen burning lifetimes o f  the actual models are shorter 
than found in previous computations including extended mixing (Doom 
198S ) .  This is a consequence of the inclusion of a detailled nuclear 
network in the computations . In the previous computations it was 
explicitly assumed that the CNO cyc le is in equilibrium of the ZAMS . In 
the present computations this assumption is not made . The computations 
show that the CN cycle reaches equilibrium on a very short timescale 

TABLE I :  Relevant times of the evolution of massive stars with 
mass loss , extended mixing and including detailled 
nucleosynthesi s . All times are in millions of years 

Beginning of Of phase 
End core hydrogen burning 
End core helium burning 

Initial Mass ( M  ) 
SO 60 80 ° 100 

4 . 7  
s . s  
6 . 1  

3 . 8  
s .o 
s . s  

2 . 7  
4 . 4 
4 . 8  

2 .0  
4 . 0  
4 . 4 
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( 104 yr) . However , the ON cycle only reaches equilibrium on a timescale , 
comparable to the hydrogen burning lifetime . This leads to a less 
efficient energy production during a large part of the hydrogen burning 
phase ,  since a part of the CNO cyc le is "blocked" . The star adjusts 
itself to this situation by rising slightly its central temperature , 
inducing a faster consumption of hydrogen . As a consequence ,  the s tar 
loses mass on a slightly longer timescale , which indirectly also 
shortens the hydrogen burning lifetime . 

These results are in contrast with the results of Maeder 
( 1 983 ) , who found that the CNO cycle reaches equilibrium relatively 
fast . However , in the computations of Maeder , extended mixing was not 
taken into account . In our models ,  the convective cores are larger , and 
therefore extend to lower temperatures . Since the evolution of the 
abundances in the core depends on the average reaction rates , these are 
lower in our models than in Maeders' models . Therefore , the CNO cycle 
reaches equilibrium on a longer timescale . 

As in previous computations with extended mixing , we found no 
semiconvection in our models . This is clearly due to the combined effect 
of mass loss and overshooting ( see also Bressan et al . 1981 , Doom 1982 , 
1985 ) . 

3 . 2 The evolution in the HR diagram 

The evolution of our model s  in the HR diagram is qualitatively equal to 
the result s  obtained with previous computations including extended 
mixing . Massive stars (M .  > 42 M for the present models , M .  > 33 M for 
previous models) lose th�ir hydr�gen rich envelope during c6re hydr�gen 
burning . At the beginning of the core helium burning phase they do not 
produce red supergiants , but evolve to the left of the main sequence to 
form WN stars ( see also Bressan et al . 1981 , Doom 1982 , 1985 ) . Less 
massive stars produce red supergiants .  The computations show that WR 
stars are formed in a natural way according to the Conti ( 1976 ) scenario 
if mass  loss by stellar wind and extended mixing are combined . In 
extended mixing is not taken into accoun t ,  WR stars are only formed if 
very large mass  loss rates are adopted at some stage before core helium 
burning (Noels and Gabriel 1981 , Maeder 1983 ) . 

The bifurcation mass we find between the formation of red 
supergiants and the formation of WR stars is somewhat larger than found 
in previous computations . Also , the maximum luminosity for late type 
supergiants we obtain is larger than in previous computations . This is 
due to the fact that our hydrogen burning lifetimes are shorter . 
According to the present computations , a 40 M model loses less mass 
during core hydrogen burning than in previous0computations and does not 
evolve to the left of the main sequence band after core hydrogen 
exhaustion . It produces a red supergiant with a luminosity of log L/L 
5 . 95 . However , the exac t bifurcation mass depends on the mass loss 0 
rates . I t  has been shown by Doom ( 1985 ) that the mass loss formalism, 
derived by Lamers (1981 ) contains possible systematic errors , due to the 
inconsistent derivation of the mass of the program stars . He showed that 
the real mass loss rate of very massive stars ( Mi > 40 M ) could be 20 -A 50% smaller than given by Lamers and the mass loss rates for lower mass  
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stars could be slightly larger . Although Doom ( 1 985 ) corrected for this 
inconsistency,  he did not obtain a more accurate fit to the 
observations . However ,  this shows that the mass  loss rates , used in the 
computations are not certain . An increase in the mass loss rate of some 
20 - 30% could lower the bifurcation mass and -luminosity noticably, 
removing the discrepancy .  

Another indication that the mass loss rates for very massive 
s tars during core hydrogen burning may be less than given by the Lamers 
formula is that the main sequence band for this stars is narrower than 
observed in the HR diagram (Humphreys and McElroy 1985 ) .  If smaller mass 
loss rates were adopted , the main sequence band would be broader ( cf 
Stothers and Chin 1985 ) . 

Our computations do not admit to make an estimate of the ratio 
of WN to WC star s ,  since this ratio is determined by other factors such 
as the number of WR stars produced through the red supergiant scenario , 
the number of binary WR stars and the lower mass boundary of WR 
progenitors ( see Doom et al . 1985 ) . 

The discussion of the detailled nucleosynthesis , included in the present 
computations is presented is a separate paper in this volume . 

The Bussels-Sac lay-Brussels collaboration on massive stellar evolution 
includes the following groups : Astrophysisch Instituut , Vri je 
Universiteit Brussel , Pleinlaan 2 ,B-1050 Brussel , Belgium ( C. de Loore 
and c .  Doom) ; Centre D ' E tudes Nuc leaires de Saclay , Service 
d ' Astrophysique , DPh/EP/Ap ,  91 191 Gif sur Yvette Cedex , France ( N .  
Prantzos) , and Institut d ' Astronomie e t  de Geophysique , CP 165 , 
Universite Libre de Bruxelles , Avenue F . D . Roosevelt SO , Bruxelles , 
Belgium (M. Arnould) .  The collaboration is supported by the Belgian 
Fund of Joint Fundamental Research ( FKFO) under contract Nr 2 . 9002 . 82 . 
M. Arnould is Chercheur Qualifie of the F . N .R . s .  Belgium . 
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ABSTRACT . We have made detailed nucleosynthesis computations for the 
H - and He burning phases in massive stars with mass loss and 
overshooting . We present here some results concerning the evolution 
of core and surface abundances , as well  as the composition of the 
ej ecta of these stars . 

1 • INTRODUCTION 

The study of the evolution and nucleosynthesis of massive stars has 
regained interest among the theoreticians , as well as the observers 
in the past few years . On one hand , new light has been shed on some 
aspects of stellar physics , such as the mass loss ( especially , the 
extremely high mass loss rates of WR stars ) and the extent of the 
convective zones due to overshooting ( e . g .  Doom , 1982 , a , b ) . On the 
other hand, due to the continuous efforts of the experimentalists , 
the rates of some key nuclear reactions have been revised recently . 
Consequently , a reassesment of the problem of nucleosynthesis in 
massive stars is indeed necessary . 

In this paper , we present detai led results of our nucleosyn
thesis computations for the H - and He burning phases ( § 3 )  , in 
massive ( M ) 50 M0 ) stars , the evolution of surface abundances during 
the 0-0f-WN-WC pnases and the yields of the stellar winds ( §  4 ) . The 
physics of our stellar models as well as the main results of our 
stellar evolution computations are given in another paper in this 
volume ( De Loore et al . ) .  

I t  should be useful to recall here the interest of these 
massive , mass losing stars for nuclear astrophysics : 

- the appearence of the core burning products at the stellar 
surface provides a unique opportunity for a direct test of our 
theories of stellar nucleosynthesis ;  

- the ej ection of large quaµtities of material with non-standard 
composition through the intense stellar winds contributes to the 
enrichment of the interstellar medium in some particular species . 

197 
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Among the most obvious implications of this enrichment we could 
mention : 

the ( possible ) explanation of the isotopic anomalies observed 
in the galactic cosm ic rays ; 

• the ( possible ) contribution to the isotopic compos ition of the 
early solar system ; 

. the gamma-ra26 1ine astronomy , and particularly the origin of 
the 1 .8 MeV line of Al observed in the galactic center . 

2 .  INPUT NUCLEAR PHYSICS 

The nuclear reaction :nrtwork used in our computations includes 28 
isotopes , from H to Si . The initial abundances are set to : X = 
0 . 70 , Y = 0 . 27 , Z = 0 .03 , with a metal distribution corresponding to 
the one given by Cameron ( 1982 ) . The nuclear reaction rates are from 
Harris et al . ( 1983 ) , Fowler et al . ( 1975 ) , Zimerman et al . ( 1984 ) . The 
uncertainty factor f ( 0 .  to 1 . )  is set to the value f = 0 . 1  
whenever i t  appears in the formulae . 

For H burning , the 3 p-p chains , the CNO tricycle as well as �ge Ne-Na and the Mg-Al cycles are considered . The nucleosynthesis of 
26Al has been carefully followed . In particular its isomeric state 

Amm is considered as a separate species , as it is not thermal ized 
�gder the stellar conditions of interest in this work . For the 

Al ( p ,  � ) reaction the rate of Woosley et al . ( 1978 ) is '!�opted . Of 
1gnsiderable interest for He burning is the rate of the C ( oc.. , "ii ) 

0 reaction which has been revised upwards by a factor of 3 a few 
years ago , and could even be higher ( e . g .  Trautvetter , this volume ) .  
Neutrons are 2:[eleased during core He burning in mas�ve stars , 
through the Ne ( °" ,  n )  reaction , the "fue\'4 of which ( Ne i4comes 
from the "arges" of the11§lrevious CN�2cycle ( N) through the He 
( ex. , "ii ) F ( p + ) 0 ( ex. , � ) Ne chain . The neutron 2cr.apture 
§5oss-sections for all the nuclei in our network between Jie and 

Si are taken from Almeida and Kappeler ( 1982 ) , whereas �e Ne 
( n. •2* ) rate is taken from Harris et al . ( 1983 ) and the Al ( n ,  p ) 
and Al ( n , cx. )  rates are given by Zimerman et al . ( 1984 ) .  In order 38 take into account the captures of neutrons by seeds he�y�er than 

Si , a neutron "sink" with abundance ( by number t NS = �1 NA§).- and 
an effective neutron capture cross section 65= � 6..A NAe / _ NS 
is introduced , 6A being the n-capture cross-sectfon or tile nucleus 
with mass number A ,  and solar abundance by number NAe " The results of 
the computations with a full s-process code ( see Prantzos et al . , 
this volume ) confirm the val idity of this approximation . More details 
about the techniques used for our treatment of nucleosynthesis are 
given elsewhere ( Prantzos et al . , 1985 ) . 

3 .  NUCLEOSYNTHESIS IN THE CORE : RESULTS AND UNCERTAINTIES 

The main characteristics of the evolution of our 60 M0 star are 
presented in fig . 1 ,  and are discussed by De Loore ( this volume ) .  The 
evolution of the chemical composition inside the large , homogeneous ,  
convective core of the star i s  presented in fig . 2  ( for nucl ides with 
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A < 20 ) and 3 ( for nuclides with A )  20 ) .  The chemical evolution of 
the stars with MZAMS = 50 , 80 and 100 M0 has the same qualitative 
aspects ( with some minor quantitative di :fferences ) and will not be 
presented here . 12 l3 l4 15 As a result of the CN cycle , C ,  C ,  f!4and �5 reac�2 very 
rapi�?Y their equilibrium mass fractions of 2 . 10 , 7 . 10 , 10 tgd 
4 . 10 respectively . The N24 cycle does no�7 reach equi1_�brium : 130 
decreases steadily to 6 . 10 followed by 0 whereas C 1ed C 
follow the slight increase in the equilibrium abundance of N which 
is due to the increase in temperature . 20 24 The major isotopes of the Ne-Na and Mg-� cycles ( Ne and Mg ) 
are not influenced by H burning .  However , Ne reaches its equili
brium abundance ,  which is very sensitive tg temperature : at the e�g 
of H burning_1central temperature T � 50 . 10 ° K )  it goes from 12� 10 
down to 3 . 10 • T��e is also an2�8rease in the abundance �; Na at 
the expense 21f. Ne , and of Mg at the ��pense of Mg . 25he 
abundance of Al incr�ases r�tdely to 1 . 5  10 as a re�glt of Mg 
( p, � ) , but after 10 years A!:_6starts � -decaying to Mg and its 
abundance declines slowly to 5 . 10 at the end of core H burning . The 
composition o:f a large part of the mass of the star ( tv 50 M0 or 84% ) 
is modified by the action of core H burning . A much smaller fraction 
of the stellar mass ( AJ 1 MG> ) is processed through the subsequens 
phase of shell H burning , but its duration is too short ( ,.., 0 . 1  10 
years ) to bring any substantial alteration to the chemical composi
tion of 7that region , despite the high temperatures prevailing there 
( T tv4 . 10 ° K ) . 4 During 1�e next phase of C9_1"Ef He burning , He is transformed 
first into C and finally into 0. At the enp6 of core He burning 
the stellar core ( M 12 32 M0 ) consists mainly of O ( N 86 %) and ofoa 
smaller amount of C ( N 6%) and heavier isotcrnes .  This high 0 
abundance is of course due to the use of the new C ( oc. , 0 ) reaction 
rate ( see also Prantzos and Arnould , 1983� Thielemann and Arnett , 
1984 ) .  

'\ta the beginning of He burning 14N is very rap\'$1:Y transformed 
into 0 :  for a very brief period ( rv 1000 years ) O becomes the 
second major nuclide , its abundaricg:: rising SPzztacuHrly to 1 �%,  but 
it is rapidly destroyed through 0 ( d, ,  � ) Ne . C and 0 left 
behind by the CNO tricycle also disappear at the beginning of He 
burning through ( OC. ,  n )  re'itions . For � short period ( N 10 year.s-) a 
"burst" of neutrons ( N 10 neutrons/cm ) is produced in the inne5 
parts 1gf tff core ,18but their density goes down by a factor of 10 
when c�2 0 and 0 disappear . A much more importanta11eutron source 
is the Ne ( ol ,  n )  rea7tion , operat�ve at T "" 3 . 10 K ,  producing 
neutron densities of 10 neutrons/ cm ( see Prantzos et al . , t��s 
volume , f2[ the reztpl ts of neu�aon-capture_ nucleosynthesis ) • The 0 
( Ol , ¥ ) Ne and Ne (<X, � ) Mg reactions , also become operative �O this P�!nt , leading to a substantial increasein the abundances of 

Ne an�2 Mg up to 0 . 03 and 0 . 005 respectively ) .  At the end of He 
burning Ne is almost completely transformed through ( °" • n )  and 
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�3oc. , � ) reactions into 25Mg and 26Mg while the abundances of :�Ne and 
22Na are also subst�tially enhanced by neutron captures on Ne and 

Ne respectively . Al , which is not produced during He burning , is 
rapidly destr0[7d through ( n, p ) and ( �� reac�bons , while the 
abundances of Al and of the Si isotopes ( Si and Si ) increase by 
a factor of 5 .  

Since the more energetically important reaction rates are known 
to within a few per cent , the lifetimes , structures and evolutionary 
paths of the stellar models are not influenced by the existing 
nuclear physics uncertainties, but the · nucleosynthesis predictions 
might be considerably altered . In order to explore quantitatively the 
effects of these uncertainties , calculations have been performed with 
extreme values ( 0  and 1 )  of the uncertainty factor f and the results 
are compared ( table 1 )  to the "standard" ( f  = 0 . 1 )  case . The 
resulting uncertainties in the abundances of some species are quite 
high , but , fortunately , none of them2�s very important in the context 
of this study ( with the exception of Al ) .  

As already mentionned , the differences in the chemical evolution 
of the 4 studied stellar models ( M  A = 50 , 60 , 80 and 100 M0 ) are 
rather smal l .  Fig .4  ind�Sd j!gows 2#.:.t �§e co�gentr�5ions 2of_ mo�S of 
�ge sp�5ies with X )  10 ( 0 ,  Ne , Na , Mg, Mg , Al , S i ,  

Si , Si )  at the end o f  the He burning , ar12almost t,r.dependent of 
the initial mass . This is not the case for C and Ne which are 
less abun�t in s�ars with larger masses , whereas the opposite is 
true for Ne and Mg : they are 3-4 times more abundant in the 100 
Me than in the 50 Me star . These results of course reflect the high 
sensitivity to temperature of the corresponding react\� rates . Of 
particular interest is the extremely high abundance of 0 ( 86% in 
all our models ) remaining at the end of He burning in these large 
stellar cores : in the case of the models with MZAMS = 100 M0 and 80 
Me , the resulting , almost pure oxygen, cores with M > 45 Me are 
potential candidates for the formation of pair-creation supernovae 
( see Cahen et al . ,  this volume ) .  

4 .  THE EVOLUTION OF SURFACE ABUNDANCES AND THE COMPOSITION OF WR 
EJECTA 

Mass losing stars offer a unique opportunity for a direct test 
of nucleosynthesis theories since they expose their core burning 
products to observation . Along with the H-R diagram , the surface 
composition of these stars provides a test for the models . 

The evolution of the surface composition in our model stars is 
essentially the result of the interplay between 3 factors : 

- the extent of the convective core ; 
- the mass loss rate , especially during the WR phase , as well as 

the moment of beginning of this phase ; 
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�-�--2�2_. 3_�32_._3�--4�9_._ 1_..,---6.,..4_. 7___,-- Mass !M0 ) 
1. at y c = 0. 

40 60 80 100 
FIG. 4 Core chemical composition at the end of He burning 

for our mo�els with MZAMS = 50 , 60 , 80 , and 100 M . 
The corresponding core mas ses are indicated at the top

0
ot the figure . 

TABLE 1 
Role of uncertainties in nuclear reaction rates 

( tests for the MZAMS = 60 M
0 

star ) 

Rate ratios Isotope Mass fractions obtained 
Reaction f = 

affected 
at the end of the cycle 

0 : 0 . 1  : 1 f=O f=O . l  f=l 

Hydrogen burning ( T
6 

= 5 0 )  

170 
170 3 .  7 (-4 ) 3 . 5 ( - 5 )  3 . 5 ( - 6 )  

( p , a: )  0 . 05 : 1 : 10 

180 10-2 
180 1 . 1 ( - 7 )  1 . 5 (-10 ) 1 . 8 ( -12 ) 

( p , a: )  : l : 10 19F 1 . 8(-8) 2 . 3 ( -1 1 )  2 . 3 ( -13 )  

21Ne ( p , 1 ) 0 . 1  : l : 10 2 1Ne 3 . 3 ( -7 )  3 .  ( -7 )  2 .  ( -7 )  

23 Na(p,a:) 0 . 1  : l : 10 2 2Ne 5 . 5 ( -6 )  3 .  ( -7 )  3 .  (-8) 

26 Mg(p , T ) 10-3 : l : 10 
26Al 27Al ( p , 1 ) 10-4 

5 . 5 ( -6 ) 5 . 5 ( -6 )  4 . 8 ( -6 ) 
: l : 10 

2 7Al 
27 Al ( p , a: )  10-5 1 . 4 ( -4 ) 3 . 5 ( -5 ) 5 . 3 (-6 ) 

: l : 10 

Helium burning ( T
8 

= 3 )  

24Mg ( a: , 1 ) 3 10-3 : l : 10 24Mg 7 .  ( - 3 )  4 . 9 ( - 3  ) 7 . 7 ( -4 ) 
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The most spectacular result of the combination of these 3 
factors is  the discontinuities in the evolution of the surface 
abundances of most of the nuclides involved , an effect already 
noticed by Maeder ( 1983a ) • This is due to the fact that , when the 
convec;ti ve core first reaches the surface , the abundance of each 
isotope is more or less different from its previous atmospheric one . 

In the following we describe the principal features of the 
evolution of the surface abundances for our MZAMS = 60 M0 star . The 
evolution in the case of the models with MZAMS = 50 , 80 , 100 M6 is 
not very different . 

When the H burning core first reaches the surface , the 
abundances of the isotopes that have been substantially modified at 
the very beginning of core H burni2g show a pronoun��d disconti��ity . 
In particular , the abundance of N j��ps from lg up to 10 and 
continues to rise slowly up to 2 . 10 for 10 years12 After an 
initial fall down1J>Y a factor of "' 50 ,  the abundance of C 1�ollows 
the slow rise of N ,  being in its turn followed closely by C .  The 
He abundance increases slowly at the expense of H which goes down to 
O .  20 at the end of th Of phase . Thus , the H/He ratio shitts from its 
solar system 1�alue of N3 down to 0 . 3 .  At the same time O decreases 
slowly , and O follows its decline , after a dramatic initial jump by 
2 orders of magnitude . Thus the Of -�hase is characti13i zi� by almost 
constant rati,9� of C{� '1_6 ,... 1 . 5  10 ; solar : ,.,34 , C/ C ( "' 0 . 3 ;  
solar : 1 .  5 1 0  ) and 0/ O ( "' O . 1 ;  solar : 5 . 10 ) , while there i s  a 
variation in the ratios of O/N ( from tvl _tz' 0 . 05 , compared to the 
solar system value of N 9 )  and C/O ( from 10 to 0 . 3 ,  compared to the 
solar 0 . 4 ) . 

�iry few of the heavier isotopes are affe25ed duri�6 this  phase , 
like Ne ( which increases by a factor of 2 ) , Mg and Mg . However , 
since these are not the maj or isotopes of the corresponding elements , 
the elemental Ne and Mg compositions are not affected . In contrast ,  
the abundance o f  the monoisotopic Na increases by a factor o f  4 with 
respect to its solar sys25m value . Most important is  the appearance , 
during !ge Of phase of Al the abundance of which increases slowly 
to 5 . 10 . This value is lower by a factor of N3 tha�6 the maximum 
amount reached inside the corEf , due of course to the Al decay in 
the stellar envelope for 2 . 10 years . 

In the following , quite short , WN phase , -�e atmospheric He and 
N abundances are stabilized to N0 . 90 and 2 . 10 respectivi� wherI�s 
H decreases steadily to 0 . 05 .  The particular shape of the C and C 
abundance curves at the end of the WN phase reflects the action of 
the , otherwise unimportant , shell H burning . 

When the He burning products appear at the sur:face1Jind thi 7wc 
stage sets in , various species "disappear" , like H ,  C ,  N and O ,  
the abundance9 of which drop by many orders o f  magnitude . The 
abundance of He present12a smal�2 discontinuity ( from 0 .  95 to 0 .  90 ) 
whil�3 the abur:!_�ances of C and Ne rise more spectacularly '3 up to 
5 . 10 and 10 respectively . In a ver�2 short time ( N 5  10 yeal� ) 
they are stab ilized to N0 . 3  and 3 . 10 respectively , whESeas O 
continues to increase and becomes the dominant species tv3 . 10 years 



204 N. PRANTZOS ET AL. 

X s 

1 .  

10-1 

10-2 

10-1 

10-• 

10-5 

10""' 

0 
H "o 

'H• 121: 

1. 2. 3. 4. 5. 5.1 5.3 5.5 
Time 1 106 yl 

FIG. 5 : Surface composition 
of the 60 M star ( A < 20 ) 0 

XWR 
x .  

100 
+ 

1 0  

+ + 

+ 

l__ ____ J. ____ l - L 
4 1 2  n 14 
He ( N 

1. 

10-S 

10-• 

+ 

+ 

_ _J_J 
16 17 

a 

X s 

1. 

10-1 

10-2 

10-3 

10-• 

10-5 

10-• 

+ 

1. 2. 3. 4. 5. 5.1 5.3 5.5 
Time l106y)  

of the 60 M star ( A > 20 ) 0 

i + 

+ + + 

+ 

21  22 23 25 26 29 30 
Ne Na Mg S i  

FIG. 7 overproduction factors of the principal nuclei 
( with respect to solar system ) in the ejecta of WR stars . 

1. 

10-1 

io-' 

10-3 

io-• 

10-5 

10-• 



NUCLEOSYNTHESIS IN MASSIVE, MASS LOSING, STARS 205 

after the beginning of the WR stage . This moment could be identified 
( ra2lfer a��itr�y )  as � beginning of the \1/0 phase . The abundances 
of Ne , Na , Mg and Mg also rise steadily in the \l/C phase , and 
at the end of He burning they are some 2 orders of magnitude larger 
than their respective solar system v!!9ues . A �re moderate increase 
( by a factor of 2-3 ) is observed for Si and S i .  Thus , besides the 
C ,  O and Ne excess ,  the \l/C and espec ially \1/0 stars should present an 
overabundance of Na and Mg . 

The same qual itative features are present in all our models . 
Quantitatively , the discontinuities exhibited at the surface are 
slightly more pronounced in the stars with smaller masses : since 
their convective cores occupy a smaller fraction or the total stellar 
mass , and because of the smaller mass loss rate during the 0 and Of 
phases,  the core burning products appear at the surface later ( being 
thus more "processed" ) than in the heavier stars . The differences 
however do not exceed 20% between the 50 M0 and the 100 M0 star . 

In spite of their short lifetimes , WR stars may nave a signi
ficant contribution to the enrichment of the interstellar medium 
( ISM) in some heavy elements , because of their high mass loss rate�5 
The mass i�ut of \l/R winds to the ISM has been estimated to 5 . 10 
M0/year/kpc ( Abott , 1982 ) .  

In this section , the yield in the stellar winds of our \l/R models 
is presented . For each nucl ide , the mass fraction in the \l/R wind is 
computed : 

where : XiS is th� surface abundance of the ith nuclide , and 
M\l/R = JwR m\l/R dt , is the total mass ej ected during the \l/R 

phase . 
The results are quite similar for the four stellar models ,  with 

di fferences of 20-30% obtained in some cases . 
In order to estimate the global contributions of the ej ecta of 

these stars ( 50 < MZAMS/M8-< 100 ) , to the enrichment of the ISM , an 
initial mass function ( IMF )  in this mass range i s  used to calculate 
the average mass fraction : liOO 

xi = so xi WR ( M )  � ( M )  M\l/R dM I j'� ( M )  dM 

where M = MZ , and t ( M )  
and Mac ElroyA?tt1.984 ) . 

-2 . 5  50 
CX:. M is the IMF adopted from Humphreys 

The resulting average enhancement factors ( with respect to the 
solar system abundances : f = X .  /X . 0 ) ar22 plotted in fig . 7 ( Only 
nuclides with f )  2 are presented) . Cle1arly Ne if2 the most overproiMced2f.pec� ( b�5 a factor of N 120 ) followed by C ( f  iv65)  and 

O ,  Ne , Na , Mg , 26M g .  
These results confirm previous preliminary computations 

( Prantzos and Arnould , 1983 ) ,  and they are not very differ1�t from ��e on�� obtained by Maeder ( 1983b ) , except for a few cases ( O ,  
Ne , Na) which are more properly treated i n  our work or , for which 

. 12 16 revised nuclear data have been used ( e .g .  C ,  0 ) . 
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5 .  CONCLUSION 

We presented results of detailed nucleosynthesis computations for the 
core H and He burning phases of massive stars ( 50 MZAMS/M0 100 ) 
with mass loss and overshooting . The main results may oe summarized 
as following : 12 16 

22 The use of revised nuclear data ( e .g .  for the C ( ex. ,�) O or 
the Ne ( n  , � ) reaction rates ) has a considerable influence on the 
core composition at the end of He burning , with important conse
quences for the later stages of the stellar evolution . 

- Due to the combined effects of mass loss and overshooting , the 
core burning products appear at the stellar surfaces ,  which exhibit 
the characteristics of Of - WN - WC - WO stars . 

- The enrichment of the ISM with the non-standard composition 
material of the WR winds may have interesting astrophysical impli
cations for : 
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NUCLEOSYNTHESIS IN MASSIVE STARS : WINDS FROM WR STARS AND ISOTOPIC 
ANOMALIES IN COSMIC RAYS 

A .  Maeder 
Geneva Observatory 
CH-1290 Sauverny 
Switzerland 

ABSTRACT: A short account of the main effects of mass loss on s tellar 
nucleosynthes i s  i s  given .  

The problem o f  the isotopic anomalies o f  the galactic cosmic rays is 
considered as wel l .  A new model i s  proposed . It is in good agreement with 
the observations and shows that the observed enhancement originates from 
the fact that cosmic rays are a probe of matter coming from inner galac
tic  regions where metallicity is higher ,  and also from the fact that in 
these inner galactic regions the relative contribution of WC s tars to 
the galactic enrichment is larger than in the solar neighbourhood . 

1 .  MAIN EFFECTS OF MASS LOSS ON NUCLEOSYNTHESIS 

Mass  loss by s tellar winds is of huge consequence concerning evolutiona
ry tracks in the HR diagram and on the genetic relations between OB stars , 
Hubble-Sandage variables , b lue and red supergiants and WR s tars . It also 
influences s trongly stellar nucleosynthesis  (cf . Dearborn and Blake , 
1979 ; Chiosi and Caimmi , 1979 ; Chios i ,  1979 ; Maeder , 198lb ; Chiosi and 
Matteucci , 1982 ; Maeder , 1983ac , 1984a) . Different kinds of effects are 
to be distinguished : the effects of mass  loss on the overall  stellar 
yields , on the status of supernovae precursors and also on the direct 
contribution of stellar winds to galactic enrichment .  Let us summarize 
briefly the main results about these points . 

1 . 1 .  Mas s  loss and the overall stellar yields 

A common procedure , applied to estimate the effects of mass  loss on nu
cleosynthesis , rel ies on the yields ob tained by Arnett ( 1978)  for con
stant mass  evolution of bare helium cores of mass  Ma · A relation M(Ma) 
between Ma and the initial s tellar masses M i s  used to transfer the re
sults of bare core calculations to those of s tandard s tars . Mass  loss 
reduces the s ize of convective cores and therefore the M(Ma) relation 
happens to be modified : in Arnett ' s  calculations , a smaller mass  M 
corresponds to a given initial mass M .  a 

207 

J. Audouze and N. Mathieu (eds.), Nuc/eosynthesis and Its Implications on Nuclear and Particle Physics, 207-214. 
© 1986 by D. Reidel Publishing Company. 



208 A. MAEDER 

The procedure above has frequently been applied , but , as emphasized pre
vious ly (Maeder , 198lb ) , it meets several difficult ies . 1) The bare core 
calculations do not account for the new dredged-up elements in the ex
ternal convective zone . 2 ) No account is given to the matter ejected 
into the winds . 3) Ma. is considered as constan t ,  whereas it does change 
considerably during the He burning-phase ,  particularly in the presence 
of mass loss .  4)Moreover , usually no difference is made between the newly 
synthetized and the original helium. Thus , the M(Ma_) procedure is to be 
used with great caution .  

A direct evaluation o f  all the various contributions o f  mass los ing 
s tars to the yields is preferable .  This has been done to estimate the 
s tellar yields in new helium and metals (Maeder , 1983c , cf . Fig .  1 ) , 
and new models are now in progress in order to follow the evolution up 
to the pre-supernova and to obtain in case of mass loss the stel lar 
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Fig. 1 Representation of the s te l lar yie lds expressed i n  mass fractions . 
The he liwn and heavy e lements ejected by the s t e l lar wind are distin
guished from those ejected in the supernova. 
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yields for various interesting elements .  We distinguish in Fig . 1 the 
yields due to the s tellar winds and the yields induced from supernova 
explos ions . For helium we note the increas ing importance of the part 
ej ected in the wind for large initial s tel lar masses , while the helium 
ej ected by supernovae becomes for large masses quite negligible .  

For heavy elements ,  Fig . 1 shows that the part ej ected in  stel lar 
winds is in relation to the one in supernovae rather small ,  occuring 
only in WC stars from progenitors l ikely to be initially larger than 
about 50 Me . The compos ition of these heavy elements ,  ej ected in the 
winds , is highly peculiar and wi l l  be discussed below .  The stellar yields 
in metals are reduced by heavy mass loss , an effect which is only s igni
f icant for large initial masses (M � ?O He) .  In this case ,  the fact that 
much helium is ej ected and not transformed into metals evidently con
tributes to a large reduction in the metal yields . This is also the rea
son why the envelopes of the yield in heavy elements for large stel lar 
masses are turned down in Fig . 1 .  

We see , from what preceeds , that the main change is due to mass 
loss and intervenes for large initial masses which are weakly weighted 
by the initial mass function ( e . g .  Mil ler and Scala , 1 9 7 9 ; Garmany et 
al . 1 9 82 ) .  Therefore , when properly averaged by the initial mass func
tion ,  the net yields are not very much modified by mass  los s ;  between 
evolutions with constant mass  and with mass  loss (at the observed rates) , 
there i s  only a decrease of about 1 0% for both the overall helium and 
the metal net yields , (Maeder , 1 9 8 1 ) . The fol lowing values were estima
ted (e . g .  Maeder , 1 983c) : yy = 0 . 0189 , yz = 0 . 0 143 . 

We mus t  emphasize that the above estimate also s ignificantly depends 
on the l imit MBH for black hole formation and on the location of the 
mass  cutoff between the ej ected and col lapsing parts . The above values 
were cons idered for MBH = 1 50 Me . However ,  a value of MBH = 50 Me seems 
more reasonable on the basis of pulsars present in young associations 
(cf . Schild and Maeder , 1 985) . Supposing that s tars with initial mases 
above 50 Me only contribute to galactic enrichment by their wind ej ecta , 
we get values of yy = 0 . 0 1 85 and yz = 0 . 0 103 . Cutting large masses re
duces evidently much more the metal yield than the one of helium.  The 
ratio Yy/Yz i s  1 . 80 in this case ; this corresponds in the framework of 
the closed galactic model with instantaneous recycling to a relative 
helium to metal enrichment oY/oZ = 1 . 35 (cf . Maeder ,  1 983c , 1 984a) . 

1 . 2 . Mass loss and the status of pre-supernovae 

As a contrast to the very large effects of mass loss in the HR diagram ,  
mass  loss  has  in  mos t  cases only a small incidence on the course of  
central evolution ,  e . g .  in  the log Tc  vs  log  pc diagram (cf . Maeder and 
Lequeux , 1 9 82 ) .  The phys ical reasons have been explained in the last 
reference .  To give an example of the smallness  of these effects, an ini
tial 60 M s tar containing only 25 Me at the end of the C-burning phase 

® • • • • has exactly the same central condit ions as its constant mass counterpart . 
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As shown in Fig . 2 , the d i s tribut ion of the internal temperature and 
dens i ty are very s imil ar in common s te l l ar parts and this is e qua l ly t rue 
for the d i s tribut ion o f  the e l ements .  Sma l l  dif ferences appear only in 
extreme cas e s , name ly when the central He + C/O core is eroded by mas s  
los s .  Thi s  occurs for WC s t ars , that is to say , for ini t ial mas s e s  
larger than 40 M 0  o r  50 M 0  ( c f . Schild and Maeder , 1 9 8 4 ) . And even in 
the case o f  WC s tars with s trong mas s  lo s s ,  the t empe rature devia t i ons 
from the s t andard tracks in the log Tc vs log pc di agram remains very 
l imi ted ( s e e  values in Maeder and Lequeux , 1982 ) .  

B ased on these facts , the l a s t  authors concluded that mo s t  mas s  lo
s ing s tars undergo a phase of core col laps e ,  and this in despite o f  the 
effect of mas s  loss b y  s te l lar winds . A maj or d i fference i s  however ,  
that due t o  mas s  los s ,  s tars with ini t i a l  mas s e s  above 3 0  or 4 0  M0 have 
hot b lue s tars as supernovae precursors . Supernovae from WR precur s ors 
are expe cted to exhib i t  character i s t ics analogous t o  tho s e  of Cas A 
( c f .  Peimbert and van den Be£gh , 19 7 1 ;  Lamb , 1 9 7 8 ;  Cheval ier and Kirsh
ner , 1 9 7 8 ; Johns ton and Yah i l , 1984) . 

1 . 3 .  Direct contribut ions of s t e l lar winds to galac t i c  enr ichment 

Wol f-Ray e t  s tars , whi ch are currently iden t i f ied with b are cores offer 
us mos t  valuab le nucleosynthe t i c  tests , s ince products o f  CNO and He-bur
ning reac t i ons become v i s ib l e  at s t e l lar surface s . Det a i l ed comparison be
tween mod e l  predict ions and ob s ervat ions have been performed for WR s tars 
( c f . Maeder , 1983a) . The general agreement whi ch has been found s t rongly 
supports the advanced evolutionary s tage of WR s tars as l e f t over cores . 
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The contributions o f  the winds o f  W R  s t ars to the enr i chment of the 
inter s te l lar med ium have al s o  been e s t imated (Ab ot t ,  1 9 82 ; Maeder , 19 8 1 , 
1 9 8 3a ) . The y i e lds due to s t e l l ar winds were e s t imated for the r e l evant 
e l ement s .  The result was that WC s tars contribute to mos t  of the gal ac
t i c  enri chment in 2 2Ne (Maeder , 1983a) . The contribut ion in 1 2c is very 
s i gni f icant as wel l ,  wh i l e  the cont r ibution in 1 60 , 2 5Mg and 2 6Mg are 
very mode s t . Dearborn and B lake ( 1 984 ) have a l s o  shown that WC s t ars may 
be an important s ource of 2 6A l ( see also M . Cas s e  in th i s  conferenc e ) . 

I I . I SOTOPIC ANOMALIES IN COSMIC RAYS 

Several i sotopic ratios in the galact i c  cosmic ray s ources (GCRS ) are 
enhanced with respect to the solar ratios (cf . Wiedenbeck , 1 9 8 3 )  in 
par t i cular 1 3c; 1 2c ,  ( 1 8o; 1 6o ) , 22Ne/

20
Ne , 2 5Mg/ 24Mg , 26Mg/ 2 4Mg , 

Z 9 s i / 28s i  
3 0s i /28s i . Various mod e l s  have been proposed to explain the ob served 
exce s s e s  ( c f . Cas s e ,  1 9 8 3 ) . 

Let us con s ider two of the present l y  most popular mode l s . In the 
met a l  r ich s upernovae mod e l  ( c f .  Woos ley , Weaver , 1 9 8 3 ) , GCRS are sup
posed to originate from inner galac t i c  regions where the metal l i c i ty Z 
i s  h igher than in the s o l ar neighbourhood . The excess of i s otopic ratio 
for s econdary e l ements ( 2 ) with respect to primaries ( 1 )  s cales l ike 

Z ( r .  ) 
int 

Z ( r0 ) 
( 1 )  

.where rint is the typ i cal galactoc ent r i c  d i s t ance from inner galac t i c  re-
0 l'lions , where cosmic rays originate ; r0 i s  the local galacto cent ric dis
tance . Thi s  model suffers from the diff iculty to predict correc-
t l y  the 2 2Ne/20Ne excess which is the mos t  s igni f i cant one . 

Ano ther model is the WR model (cf . Cas s e  and Pau l , 198 2 ; Maeder , 
1983b ) . In th i s  mode l ,  the i sotopic anomalies are supposed to b e  the re
s u l t  from inj ect ion by WC s tars and the excesses are g iven by 

E GCRS 
2 1 

1 + p 
( 2 ) 

where p is the ratio of the mas s  of mat ter inj ected by WR s tars to that 
inj ec ted by s upernovae . X2 (WR) and x 2 (0) are respective ly the abundan
ce of the cons idered secondary e l ement in WR s tars and in the Sun . The 
ob served excesses  of 1 2c ,  22Ne/ 20Ne , 2 5Mg/ 2 4Mg and 2 6Mg / 24Mg could we l l  
be accounted for b y  an un ique d i lut ion factor p of three particles  ori
g inat ing from WC s t ars among 100 in the GCRS . However , one d i f f i culty is 
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that the WC model cannot exp l ain the exces s of the ratios 2 9 s i / 2 8s i  and 
30s i / 2 8s i . Ano ther d i f f i culty is that i t  was ( imp l i c i t ly)  assumed that 
WR s tars , a l though they contribute to GCRS , make no s igni f i cant contri
but i on to the local galac t i c  enri chment . Moreover , no account was g iven on 
the exis t ing gradients in the galac t ic d i s tribut ion of Wol f-Ray e t  s tars 
and on the chemical gradients in the Galaxy . 

A new mode l  has been propo sed (Maede r ,  1 9 84b ) . Hovever ,  th i s  one is 
more general than the two previous ones , but contains them as l imit ing 
cases . It accounts for the fact that cosmic rays may propagat e  over a few 
kpc , so that there are at leas t two kinds of poten t i a l  sources ( s uperno
vae and WR s tars ) , and that both types of s ources have a grad i en t  in 
the i r  galac t i c  d i s tr ibut i on and that the initial me tal l ic i ty is locally 
d i f fe rent . The local I SM used as a bas i s  of compar i s on i s  treated in the 
c losed mode l  w i th ins tantaneous recy c l ing . We cons ider also that the 
fract ions of the ej e cted nuc l e i  of type ( i ) , wh i ch , after b e ing ej ected 
are subsequently acce lerated as cosmic rays , take a value A i

SN for the 
s upernovae sources and A i

WR for the WR sources . The expre s s ion for the 
exces s we get i s , ( c f .  expr : l 6 , Maede r ,  1984 ) :  

c (r . ) ) x
2

(WR) 
A WR a 2 

l+p 
int 

Z ( r ) x2 (SN) A SN 
@ 2 ( Z ( r ) ) a A WR 

1 
l+p 

int 
A SN Z (r . ) Z ( r ) 

E
2 1  

GCRS int @ 1 
Z ( r ) x2

(WR) @ c· x2 ( sN) ) 
l+p ( 3 )  

I n  ab s ence o f  any o ther ind i cation ,  we can take A i
WR = A i

SN . From emp i ri
cal relations between me tal l i c i ty and the frequency of WR s t ars , a is 
e s t imated to be around 1 . 7 ,  whereas p and Z have the same meaning as 
above . 

We emphasize that th i s  express ion j u s t  reduces to expr . ( 1 ) , i f  we 
ignore the contribut ions of WR s tars , i . e .  if we pu t  p=O . It a l s o  redu
ces to expr . ( 2 ) , if we ignore the cont ribu t i on of WR s tars to the local 
ISM ,  the me t a l l i city gradient and the gradient in the d i s t r ibut ion of WR 
s t ars . There are two unknown quan t i t ie s  in expr . ( 3 ) , p and Z ( r int ) /Z (r0) . 
The b e s t  agreement with observat ions ( c f . F ig . 3 ) is ob tained for p=0 . 03 
and Z ( r i· nt ) / Z ( r ) = 1 . 8 .  The value of p ind i cates that 3 part i c l e s  over 100 © 
in the local ISM originate from a WR s tar . Th i s  rat i o  is h i gher at r int • 
i . e .  p ( r int ) =0 . 08 .  We can e s t imat e  the value of r0-r int • i . e .  of the dis
tance from wh i ch the ob served average GCRS originate s . For a me tal l i c i t y  
gradient of - . 10 to -0 . 08 dex p e r  kpc , the rat io Z ( r int ) / Z ( r0 ) = 1 . 8  corres
ponds to a d i s tance of 2 . 5  to 3 kpc towards the galac t i c  inter ior . 
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F i g . 3 Comparisons of the observed excess of iso topic ratios represen
ted by dots (cf. Wiedenbeck, 1 9 83) and theoretica l excesses represented 
by horizontal bars (cf. Maeder, 1 9 84b) . 

As a conclusion ,  we can say , that the basic idea of this mode l , which 
reproduces remarquab ly we l l  the ob s e rvat i ons , i s  that the ob served en
hancement s  originate from the fact that cosmic rays are a probe of 
matter coming from inner galac t i c  regions where me tal l i c ity i s  higher , 
and from the fact that in the s e  inner gal act i c  regions the relative 
contribut ion of WC s tars to the ga lactic enr i chment is larger than in 
the s o l ar neighbourhood . 
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EXPLOS IVE DISRU PTION OF S TARS BY BIG BLACK HOLES 
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France 

ABSTRACT.  The fate of a s tar deeply p lunging in a s trong external gravita
t i onal f i e ld may be described in terms o f  the "pancake " compre s s i on proce s s  
during which explos ive nuc leosynthe s i s  may be tri ggered i n  t h e  core o f  the 
s t a r .  Consequences on the dynamics of s t e l lar d i s rupt ion , fue l l ing of act i
ve galact i c  nuc l e i  and produc t i on o f  heavy elemen t s  are briefly examined .  

A s  extensively d i s cussed throughout this conference , i t  i s  widely re
cognized that heavy e lement s  in the Universe are in mo s t  cases inj ec ted in t c  
the int e r s t e l lar med ium by s upernovae explosions , whi ch s i gnal the catastro 
phic end o f  the thermonuclear burning s t ages in ma s s ive s t ar s . In this lec
ture I would l ike to draw the a t tent ion to the fac t  that explos ive nucleo
synthe s i s  may a l s o  be t ri ggered in the core of quite peace fu l  "ordinary" 
s tars ( even l i tt l e  ma s s ive one s )  when a s t rong external grav i t a t i onal field 
a c t s  a s  a detona t or . 

S uch even t s  requi r ing the interact ion be tween s t ars and a superma s s i
ve compact obj e c t  are likely to occur in galac t i c  nuc le i .  The idea tha t at 
least  act ive galact i c  nuc lei are powered by accret ion of gas onto a mas s ive 
cen t ra l  body ha s now gained wide acceptance in the a s t rophysical  commun i ty ; 
current b a s i c  mod e l s  involve gene ra l ly a giant bl ack ho l e  surrounded by a 
dense c loud of s tars , in which d i f fus ion o f  orb i t s  make s  some s tars to pe
netrate deeply in the region where black hole ' s  gravity dominate s . There , 
various violent processes  are expected to occur so as t o  re lease huge amount 
of energy and radiat ion : the Octopus Model ( fi gure 1 )  summarizes  in a funny 
way some of the se proc e s se s , such as the ab l a t i on of s t e l lar a tmospheres by 
the external radiat i on f i e ld ( as sociated for ins t ance with a b i g  accret ion 
d i s k )  and the more or less vio lent des truc t i on of stars by t idal s tresses 01 
by high velocity inters t e l lar co l l i s i on s . 

In this lecture I sha l l  d i scuss the more extreme form of s t e llar dis
rup t ion that can occur in the vicinity o f  a b lack hole , name ly the sque ezini 
process  by which a s tar , inst ead of being con t inou s ly decompre s s ed and bro
ken into pieces such as c loud s , fi lament s  or doughnut s ,  unde rgoes first  a 
t ran s i tory short pha se o f  s t rong compre s s i on whose effects  on the dynami c s  
o f  the s t e llar g a s  may be of primary impor tance . 
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Figure 1 : The Octopus Model of 
Ac t ive G a lactic Nuc leu s . Inter
act ions be tween a g ian t b lack hole 
and individual s t ars such as t idal 
encounters , accelerated col l i s i onal 
disruptions , rad iat ive ab l a t i on and 
squeezing are the ma j or s ources 
of gazeous accre t i on onto the black 
hole . 

The "pancake" s cenario o f  t idal d i sruption of a star by a large 
>lack hole was developed recen t ly by Carter and Luminet ( 1 9 8 2 , 1 9 8 3 ) .  Mo s t  
> f  the previous s tud i e s  o f  t idal d i srupt ion of s tars had been based on the 
lui t e  unrea l i s t i c  incompres s ible mode l .  Taking account of the h i gh degree 
> f  compres s ib i l i t y  of ordinary s tars ( for ins tance by assuming a polytropic 
� quat ion o f  s t a t e ) ,  we have demons t ra t ed that any star pene t rat ing deeply 
Lnside the t idal rad ius o f  a large b lack hole wa s s t rongly compres sed to 
1 short - l ived , flat t ened "pancake" conf i gu ra t ion . Th i s  phenomenon is e a s i ly 
1nders tood by a s impl e  geomet rical cons truct ion , as shown in f ig . 2 .  Any 
>article o f  the s tar enters in free- fall mot i on toward s the b l ack hole as 
;oon a s  it penet rates  inside the t idal rad ius , s ince the ext ernal t idal 
forces dominate rapidly interna l force s such as pres sure and sel fgravi tat io� 
[n the figure I have repre s ented the ( approximately parabo l i c ) t ra j ec tory 
>f a "North Pole" par t i cle , ly ing in a plane pas s ing through the b l ack 
1ole and intersec t ing the s t ar ' s  cen t re-o f-mass trajec tory s l i gh t ly after 
:he passage a t  per iastron : at  such a s queez ing poin t the North Pole 
>article w i l l  have thus t endency to cross the orb i t a l  plane . Of course in 
:he real s i tuat ion the particles  wi l l  not cross  each other because when 
:he volume of the s tar t ends to zero the internal pressure wi l l  suddenly 
>u i ld-up and the star wi l l  bounce to a phase of expansi on and e j e c t i on o f  
l t s  gas . Fina l ly i t  i s  clear that the s t ar pa s s e s  through a f ixed poin t  at 
�hich i t  w i l l  look l ike a s quee zed tube o f  toothpas t e .  Thi s  effect may also 
>e  viewed a s  a "ro l l ing mill" e f fect  or a pancake e f f ec t ,  in the sense that 
; ince the orb i t a l  ve locity near the black hole ( comparab l e  with the velocity 
> f  l i ght ) i s  much greater than the internal sound speed , the s queez ing can 
>e cons idered as s imul t aneous all  over the s tar . The approximat e  evolut ion 
i f  the shape of the s tar ins ide the t idal rad ius i s  shown in F i gure 3 . We 
:eca l l  that the ins tan taneous e f fect  of a t in a l  fieln i s  extens ion a lonR 
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Figure 2 : G eome t rical proof of the t idal squeezing . 

the radial  direc t i on and com
pre s s i on along the two ortho
gonal direct ions ; now if we 
con s ider the e f f e c t  o f  a 
varying t idal f ie ld such a s  
occurs along a n  eccen t ri c  
orb i t , i t  i s  c l e a r  t h a t  the 
t idal field is a lways compre s 
s ive a long t h e  direct ion ortho
gonal t o  the orb i t a l  plane 
( say the "vertical" direct ion ) , 
whi l e  along the two o ther 
principal direct ions ( lying 
wi thin the orb i t a l  plane ) the 
compress ion and expans ion 
tendencies w i l l  part ially 
cancel out ,  due to the rotat ion 
of princ ipal axe s .  Thi s  is the 
deep reason why the s tar will 
be s t rongly compres sed only 
along the "ver t icar' direct ion . 

One of the main results 
o f  a more detai led analysis of 
the pancake d i s rupt ion o f  a 
s t ar is that the ampl i tude of 
flat tening at the ins tant of 
bounce is dire c t ly related to 
the maximum ampl i tud e of the 
t idal f i e ld , or e quivalen t ly 
on the so-cal led penetrat ion 

F igure 3 : S hape of a s t a r  orbi t ing 
ins ide the t idal radius . 
Le f t  : pro j e c t ion into orb i t a l  plane . 
Right : de forma t i ons along ve rtical  
direc tion .  
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factor 8 , defined as the rat i o  b e tween the t idal radius RT and the 
periastron d i s t ance RP . The mo s t  dynamical importan t  quan t i ty is the maxi
mum compre s s ion veloci t y  a long the ver t i c a l  direc t i on ,  which i s  given 
merely by Vmax " 8v* , where v* i s  the character i s t i c  sound velocity in 
the s t ar a t  s pherical e qu i l ibrium (a few hundreds km/ s  for ord inary main
sequence s tars ) .  It fol lows that the maximum internal energy o f  the gas 
wi l l  b e  given by Umax " 8 2 U* , where the value at e qu i l ibr ium , U* ' i s  of 
order of 2 keV /nucleon in the core of main sequence s t ars . Thi s  t raduces 
merely the fact that a t  the bounce the k ine t i c  energy of ver t i ca l  ( free
fal l )  mot ion w i l l  be converted into heat . For non-degenerate e quation of 
s t at e ,  the maximum pancake t emperature will  thus be given by Tmax " 8 2 T* . 

A more detailed speci ficat ion of the equat ion of s t a t e , for in s t ance 
non- relativi s t i c  polytrop ic , a l l ow to fix the maximum den s i ty a s  we l l  as 
the charact er i s t i c  pancake durat ion ( during whi ch t emperature rema ins 
maximum within a fac tor say two ) : P max " 8 3 p * ' � tm ,,, 8 - 4 T * where T * 
i s  the internal t imescale of the s tar a t  e qu i l ibr ium ( a  few hundreds 
second s ) , which from the defin i t i on of the t idal rad ius RT " (M/p * ) l / 3  

turns out t o  b e  approximat e ly the same a s  the orb i t a l  t imescale for 
cro s sing the t idal s phere . Taking as an i l lus tra t i on thermodynamical 
cond i tions in a solar core , e . g .  T* " 107 K, p * " 100 g/cc , T * " 1000 sec , 
we f ind for a penetrat ion fac tor 8 = 10 the maximum pancake values 
Tmax " 109K,  Pmax " 106 g/cc , � tm " 0 . 1 sec . Such cond i t ions are obviou s l y  
highly favourabl e  f o r  explosive nuc leo synthe s i s . Nuc leo synthe s i s  in pancake 
s t ars w i l l  be d i s cu s sed by B .  Pichon ( th i s  conference ) .  For my part , I wi l l  
concentrate on s ome dynamical aspect s  and more general a s t rophy s i c a l  imp l i 
cat ions o f  the pancake scenario . 

To s tudy in more d e t a i l  the dynamics of violen t  d i s rupt ion of a sta� 
i t  i s  convenient t o  u s e  a s  a f i r s t  approxima t ion the a f f ine s t a r  mode l  
(Carter and Luminet ,  198 3 ,  1985 a , b ) ,  which a l l ows compre s s ib i l i t y ,  in
homogene i t y ,  ent ropy generation by nuclear proce s s e s  or viscosity and so 
on , but in which the layers o f  cons tant den s i ty are con s t rained to keep 
an e l l ipsoidal shape . Thi s  mode l  i s  l ikely to provide a good descript ion 
of the behaviour o f  the ma in bulk of the s tar a t  l eas t unt i l  the phase 
of bounce occurs ( a fter what shock waves and s igni f i cant non- l ineari t ie s  
wi l l  be ab l e  t o  deve lop ) .  The f i gure 4 shows t h e  r e s u l t  o f  numerical 
in tegration of the af fine e quations of mot i on when the s t ar ' s  orb i t  i s  a 
parabola with pene trat ion fac tor 8 = 1 5 .  The s queezing a l ong the "vert icaf'  
direct ion i s  indeed very impre s s ive . S t i l l  more impress ive i s  the f i gure 
5 which shows the re s u l t  of integration of af fine e quations of mo t ions in 
a relativi s t i c t idal field ( generated by a non- rotat ing b lack hole and 
descr ibed in the b ackground of the Schwarzsch i l d  curved s pace - t ime ) .  The 
main d i f ference with the previous newtonian treatment l i e s  in the property 
that t ight parabolic orb i t s  in Schwarzschild space- t ime have a doub l e  
point at f i n i t e  d i s tance . Geome t rical argument s  s imi lar t o  t hose u s e d  above 
in eucl idean space show that if the doub le point is located wi thin the 
t idal radius , the pa rticles  of the s tar during the fre e - f a l l  mot ion phase 
will have t endency to cro s s  the orb i t a l  phane twice or more t ime s ,  leading 
to the occurence of s everal squee z ing poin t s  and pancake f l a t t en ings 
(Lumine t and Marek , 1985 ) .  Furthermore we have shown that even t s  involvin.5 
two pancake compress ions are fairly frequent ( several % o f  a l l  d i s rupt ion 
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F igure 4 : Time 
variat ions of principal 
axes o f  the a f fine s tar 
model a long parabol i c  
orb i t  with penet ra t ion 
factor B = 15 . 
U n i t  o f  t ime i s  the 
inte rnal t ime scale 1 (GP *r"2,  origin i s  

a t  peria s t ron . Das�ed 
ver tical l ines corres
pond t o  the passa ge s  
o f  the s tar through 
t idal radiu s . 
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F igure 5 : The mul t i- pancake compre s s i on of a s tar in a S c hwarzschild 
t i dal field . 

Le f t  : t rajectory o f  the cen t re of mas s  of the s tar with pene t ra t i on 
factor B = 7 within the t idal radius ( da shed circle ) .  

Right : Time var iat ion o f  principal axe s . Unit of proper t ime i s  the 
second . 
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event s ) .  Thi s  has of course important consequences on nuc leosyn the s i s ,  
and s ince the mul t i- pancake compre s s ion b y  t idal field i s  a purely general 
re l a t ivi s t ic e f f ec t , it might be used in the next future a s  a d e f in i t e  
s igna ture f o r  t h e  exi s t ence of large b lack ho les i n  galac t i c  nuc l e i .  

Now i t  i s  t ime to say a word about the pancake e f f e c t  in the context 
o f  col l i s iona l ( ins tead of t idal ) d i srupt ion of s tars . In fact the relat i on 
Vmax - Bv* shows that the t idal encounter of a s tar with a black hole can 
be cons idered as a col l i s ion of the s t ar with i t se l f  ! ,  In the col l i s ion 
proces s ,  the ratio 8 b etween the relat ive col l i s ion velocity and the e s cape 
velocity v* p lays a role qui t e  anal ogous to the pene t rat ion factor in the 
t idal encounter . In both cas e s , 8 appears as a crushing factor whose 
magni tude fixes the degree o f  maximum pancake compre s s ion . S ince t he pan
cake phenomenon a ssociated wi th a t idal encounter requires h i gh pene tration 
inside the t idal radius without pene trat ing the b lack hole ( in s ide whi ch 
everything would be los t ) , i t  is expected to occur only in the vicinity of 
mc�erately mas s ive b lack hol e s  ( say in the range 104 - 107 M0 ) , i . e .  in 
ordinary galact ic nucl e i , moderat e ly act ive Seyfert nucle i ,  and perhaps 
some big globular clusters . On the con t rary , the pancake phenomenon a s so
ciated with inter s t e l lar collis ions , which requires veloc i t i e s  widely in 
exc e s s  o f  ordinary s te l l ar veloci t ie s ,  is expected to apply rather in g iant 
ell i p tical and quasars whi ch involve probably superma s s ive b lack holes 
( say > 108 M0 ) .  Of course a c ru cial point i s  the frequency of pancake d i s 
rup t ions . I t  i s  e a s y  t o  s e e  that t h e  mean number of s tars suf fering an 
event with crushing fac tor 8 d iv ided by the mean number of d i srupted s tars 
( i . e .  with 8 ) 1 ) is of order 8- 1 . Thu s ,  approximately 10% of all d i s rup t ed 
stars will  l ikely undergo more or l e s s  violent pancake compre s s ion . E s t imat e s  
for t h e  Galact i c  Center give about lo- 5 pancake even t s  p e r  yea r ,  whi l e  in 
quasars the rate migh t  amount to 1 event per year . These rates may seem 
rregl igible compared wi t h  the rates of Supernovae , neverthe l e s s  I wi l l  
conc lude my talk by showing that the proce s s  of pancake d i srupt ion may 
have importan t  a s t rophy s i ca l  imp l i ca t ions . 

F i r s t  of a l l , i t  i s  c l ear that a new s cenario for a c t ive ga lac t i c  
rruc lei arise s .  The previous scenari o  ( see for ins tance Hi l l s , 19 7 5 ) was 
based on the fact that in the d i s rupt ion of an incompre s s ib l e  body , the 
kinet ic energy of the debris is of order of the initial b inding ene rgy of 
the s t ar ,  therefore i s  negat ive . As a conse quence the deb r i s  would remain 
bound to the black hole and would con t ribute ent irely to feed the accret ion 
proce s s .  In the presen t  s cenario , when compre s s ib i l i t y  and thermonuclear 
ietonat ion are taken into accoun t , the s i tuat ion changes dra s t i c a l ly s ince 
the ( po s i t ive ) nucl ear energy inj e c t ed may wel l  exceed the ( nega t iv e )  b in
i ing gas energy ; in other word s , a large fract i on o f  e j e c t ed gas wi l l  be 
lnbound to the b lack hole , and inst ead of accret ion wi l l  t ake place an out 
�oing wind with veloci t i e s  up to few thousands km/ s . 

�� 

An other obvious appl icat ion ,  t o  which people at t h i s  mee t ing on 
1ucleosynthe s i s  w i l l  be presumab ly the mos t  s ens i t ive , i s  that the explosive 
ii srupt ion proce s s  provides new s i t e s  for explosive nucleosynthe s i s  and 
Jroduct ion of heavy elemen t s . For an individual even t , the d e t a i l ed thermo-
1uclear proce s s e s  depend sen s i t ive ly on the crushing factor and on the 
lni tial  chemi cal compos i t ion of the s tar ( see Pi chon , next t a lk ) , whi l e  
�lobal quan t i t a t ive pred i c t ions wi l l  require averages over s t e l lar s t a t i s t ic� 
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mas s  spectrum of s tars and b l ack hole s , d i fferen t s  types of chemical 
compos i t ions and s o  on : this i s  clearly a hard , long-range work . I can 
however j u s t  ske t ch roughly two main t rend s . In popu l a t i on I s tars , the 
dominant thermonuclear pancake proces s e s  are the accelerated proton cap
tures on C ,  N ,  O . • .  seed elemen t s  ( e . g .  ( 12c ( p , y ) l3N(e+v ) l3c ,  e t c  . . .  ) 
which take place a t  about 108K ,  i . e .  as soon as the crushing factor in
creases  above 7 .  In sma l l  Popu l a t ion I & II s tars , crushing factors greater 
than 15 may t ri gger the far more spectacular helium detonat ion in prot on
rich med ium . P roduc t ion o f  y- ray l ine s ,  neu t r inos and proton - rich i sotopes 
con s t i tu t e  of course the ma in a s t rophy s ical consequence s  o f  pancake nucleo
synthes i s .  

All t h i s  sugge s t s  another , however more specul a t ive , appl icat ion of 
the pancake proc e s s  in relation t o  the problem of primordial enri chment of  
popul a t i on I I  s tars . It  is  wel l  known that the non- zero me t a l l i c i ty of the 
olde s t  popu l a t i on I I  halo s tars ob served unt i l  now rai s e s  a serious ques
t ion about the origin of such me t al s .  One i s  generally t empt ed to invoke 
a magic "popul a t i on I I I "  which does the job , for ins t ance a f i r s t  gene
rat i on of mas s ive s tars which burn t  and d ied quickl y ,  leaving no t race 
except the r i gh t  met a l s  in the r i gh place s .  On the other hand , one would 
l ike to have a l s o  very numerous smal l  p r imord ial s tars in order to rel ieve 
an o ther cosmo l ogical puzz l e ,  name ly the "mi s s ing ma s s "  prob l em . The d i f f i 
cul ty i s  t h a t  mas s ive s tars canno t be enough t o  solve t h e  ma s s  problem 
whi l e  the smal l  s tars canno t b u i ld heavy element s  . . .  unl e s s  they undergo 
acciden t a l ly the pancake proc e s s  as described above ! Thu s , the s cenario 
o f  explos ive d i srup t ion of a s tar in a s t rong ext erna l grav i t a t ional 
f i e ld may reconc i l e  the idea o f  primord ial sma l l  s tars and primord ial 
met a l  enrichment .  But o f  course the price t o  pay i s  that you need a mix
ture of primordial mas sive b lack holes and sma l l  s tars c l u s te red around 
the hole s .  After a l l , this is no more speculat ive than the o ther ideas 
on the que s t i on ,  s o  I think that it de serves deeper inve s t i ga t ion .  
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AISSTRACT. When a s tar penetrates deeply into the tidal rad ius of a black 
hol e ,  it undergoes a violent and large compre s s ion and heating which lead 
to examine the nuclear consequences , in particular the nucleosynthesis in 
s t e l lar core . In this article , on the basis  of the a ffine star model of 
Carter and Luminet , taking into account the variation of entropy , with 
�he use of a new nucleosynthesis code including an opt imized reaction 
network and a relativistic treatment of external gravitat ional field , we 
can confirm that the tidal disrupt ion of stars provides really a new s i t� 
of nucleosynthesis in galactic centers . This study has a l s o  pointed out 
the existence of a new nuclear flow called .ic.- p as wel l  as the possibili
ty of t idal neutronization of a dwarf by a black hole . 

By investigating the phenomenon of deep pene trat ion of a star withi 
the t idal radius of a black hole Carter and Luminet ( see for exa•ple the 
contribution of J . P .  Luminet in these procedings and references there in ) 
have pointed out the possibility of a new site of nuc leosynthe s i s .  When 
the penetration factor 8 ( de fined as the rat i o  between the tidal radius 
and the periastron distance ) is sufficent ly high ( say B greater than 5 . )  
the star undergoes compress ion to a short lived "pancake" configuration i 
which the density and temperature rise enough to burn some significant 
fraction of avai lable nuclear material . 

NU CLEOS YNTHES.IS DURII«; PANCAKE PHASE.  
Within the framework of the affine star mode l , the pancake phase ca 

be caracterized by 
- a high temperature Tm= B2 T* (eg Tg ) 0 .8 )  m 
where T9 denotes the temperature in units of 109K, the subscript * 
refering to the initial central stellar value and the subscript m 
to the maximal central stellar value during the pancake phase . 

- a large density t m = 83 � * 
223 
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for a polytropic perfect gas of adiabat ic index "' = 5 / 3  

- a very short timescale �tmlC �- 4 �. , where1 �* i s  the internal 
t imescale of the star given by "'G *  = (G "'-)  - "2 .  

uch cond itions are highly favourable for explos ive nuc leosynthe s i s , but 
uch short timescales allow to neglect a l l  weak decays during the pancake 
hase ( but not later of course ) and as a consequence there wi ll  be no pos
ibi l ity of combust ion of hydrogen by pp chains or CNO cyc les . 

About the nuc leosynthet i c  proce s s , we have , in fact , a he l ium combus-
1n in a proton rich medium with the fol l owing consequences : 

- In addition to the triple alpha reaction ,  the princ ipal reactions 
! (..c. .p ) followed by ( p ,  "If )  

( p ,  'Ir )  followed by (ot, p )  
.ch are , in fac t ,  equivalent to a (a(. , 1( )  react ion . Hence , only a very 
' hydrogen wil l  be destroyed (mainly by 12c ( p ,  71 )  13N ( p ,  � )  140 or 
ll ( p , J" ) 26s i )  during the pancake phase , thus it will s t i l l  be avai lable 
fuel during post- pancake nucleosynthesis ( if any ) .  

- Thanks to this two- steps reaction , the rates of the equiva lent 
it , 7f )  reactions are strongly enhanced , what is very important when the 
1escale of the nuclear proce s s  i s  driven by an external exte rnal dynami

e f fe c t .  

- For the reasons above , such a process may b e  cal led the ( explos ive ) 
p proce s s . 

For a temperature greater than T9 s 0 .8 .  the nuclear reacti on network 
shown in fig.  L 

z 

'IO 

• 

I "c 
• '7 • • 10 ,, 

N 
12 11 1' 

ure 1 : the nuc lear network used for the pancake nucleosynthesis calcu
ion 
te circles repre sent beta- unstable nuc lei 
ck c i rcles represent stable nuc lei . 



NUCLEOSYNTHESIS IN PANCAKE STARS 2: 

This network is "minimal" and correct to 2'7. , in the range 0 . 8  .( T9 � 3 . 5  
( that is  relevant t o  our d i s cussion ) ,  in the sense that we have sys temat i· 
cally e l iminated the reactions which contribute less than 0.02 x ( 0 . 1 ) 2 
( the factor 0 . 1 warrants us for the possible inacurracy of the thermonu
clear reaction rates ) with respect of the other reactions for the creatiot 
or destruction o f  a given isotope . The thermonuclear reac t ion rates kave 
been taken from numerous sources with priority to up - to- date rate s .  The 
two end- points o f  this network are 26s i  and 28si because beyond these 
isotopes , aos t  of the requi red react ion rates are unknown , mainly because 
the major nuclear flow l ies at the proximi ty of the l ine o f  proton instab: 
l ity of nuc le i .  In spite of thi s  l imi tat ion , we have a general flow of nu· 
c lear species towards iron and/or n icke l ; hence , we must cons ider , for 
example , the abundance of 26g i  as the sum of the abundance of i t self  and 
i t s  different poss ible by- product s .  

For a whi le ,  let us fix our attent ion to the he l ium de tonation 
(Pichon 1985a ) .  We have plotted on f i g .  2 ,  for di fferent values of initial  
central dens ity ,  the fraction P of destroyed he l ium by the triple alpha 
reaction alone versus the penetration factor � ( th i s  lead s , of course , to 
a lower bound for the nuc lear energy release E N ) .  The threshold , above 
whi ch the dynamics of the d i s rupted star wil l  be domina ted by the hel ium 
detonation corresponds to the condit i on 

E N -+ c1 � E a oi  + E �  )- 0  
where E ,  = - 2  keV per nucleon i s  the stel lar self- b inding energy and 

Ea� i s  the energy released by the triple alpha react ion . S ince we obtai1 
E aar = 1 70 P keV per nuc leon , the energy cond i tion is equivalent to 

P � 0 . 0 124 as indicated by the dashed line of fig . 2 .  

1 

a. 0.1 
E :! _, • .c:0.01 ... • >-0 .. .. 
• .:l o.001 

--0 
c .!! .. � 10' 
IL 

1000 

10 15 20 25 
Penetration factor II 

30 

Figure 2 : fraction of des
troyed hel ium by the triple 
alpha reaction alone versus 
the penetration factor . 
The curves are labelled with 
the ini tial central ste llar 
density � in g/cm3 . For the 
dashed line : see text • 
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This condition is full fi l led for a low mass star (central ste llar dens ity 
greater than 500 g /cm3 ) with penetration factor greater than 13 . As alre
ady been noticed by J . P .  Luminet ,  when the cond ition E ,.. • € 9  pos it ive is 
sati s f ied , e jected gas of the di srupted star wi ll be unbound to the black 
hole and the standard scenario of accretion in AGN mode l s  will be modifie d .  

As shown i n  figs 3 and 4 ,  some isotopes processed in the pancake 
phase are unstable 

e . g . 18Ne with a peri od 'fl� : l . 7s )  

22Mg ('fl� : 4s ) or 26s i  ( 'fl� : 2 . 1  s )  

-
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gure 3 : time evolution of isotopic abundances during the pancake phase 
en the temperature exceeds T9 • 1 for f' • 15 . The time axis baa its 
igin at the instant of the maximum temperature . 
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figure 4 : the same as fig . 3 for f = 30 . 
�e can not ice that the results are , of course , very sens i t ive to the pene.
tra t i on factor . 

By their decays , they provide a change in i sotopic and chemical composi
tion and an add i t i onal nuclear energy injected on longer t ime scale (on t 
order of i;.> . Thi s  leads to s tudy the post- pancake nuc leosynthesis . 

POST- PANCAKE NUCLEOSYNTHES IS . 

To do thi s ,  we need : 
- An extended reaction network , including the ol. - p process , all 

weak decays of uns t able i sotopes (with the consideration of the emiss ion 
of delayed particles for ins tance 20Na C C "  + 'Ill. ) 160 ,  2 1Mg(e+ v + f> )20Ne 
and 25s i (  �+v + p) 24Mg )  and , as a consequence , all subsequent reactions 
needed . Unt i l  A • 26 ,  this new network contains 42 i sotopes linked by on] 
44 thermonuclear reactions for a precision of 0 . 1 1 (defined in the same 
way as previously) in the range 0 . 05 � T' � 3 . 5  and since , beyond A • 26 
or Z • 14 aoa t  of the required reaction rates are unknown , again , it is  
preferable in our opinion to atop there . The resulting network is  shown 
in fig . 5 .  
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Figure 5 the complete network used in the range 0 . 05 � T9 � 3 . 5 .  

Now we condider the variation of entropy , s ince the heat re leased 
y the exothermic reactions and decays i s  not negligible with respect to 
he internal energy of  the star during the post- pancake phase . Although 
oth contribute to the entropy generat ion ,  their respective part s are 
ifferent . We can see on fig.  6 that 

• for a little value of ' ( say � c 10 . )  there is only a l i t t le 
ump of entropy at the moment of the pancake . After , s ince in this case 
he part of beta- energy £, is  greater or comparable to the nuclear ener

Y E N  , the entropy increases l inearly and reaches its  maximum after a 
ew hundreds of seconds (when unstable isotopes have decayed ) .  Thi s  satu
ation value is large because it is the beta- decay energy that cont ributes 
�e aore efficiently to the entropy generation • 

• for a high value of � (aay ta •15 . or � • 30 . )  there i s  a 
:Jdden and high jump of entropy that will drive foraat ion of shock waves . 
ilt after , the entropy does not increase because the relative part of E ;  
s we ll lesser than EN and it reaches quickly its aaturation value . 
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!llTROPY GENERATION 
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Pigure 6 : t ime variat ion of the entropy generation factor ':j J 'I' •  
(where 'I' denotes the entropy by mass , the subscript * re fering to ini t i  
state value ) for three penetration factors . 

In a l l  case s , the other principal effect of energy generat ion during post 
pancake phase is to s low down the de crease of temperature in the cooling 
expansion phase as shown , for example ,  in f i g .  7 for � = 15 . 

0 
c:i 
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fJ 1 5 .  

200 300 

Tigure 7 : t ime evolut ion of temperature ( in units  of 109 K) 
the dashed curve represents the adiabat ic evolution of temperature wherca 
the solid curve represents the non adiabatic more realistic evolution of 
temperature . 
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fhi s  effect is , of course , very favourable for nuc leosynthe s i s  because the 
temperature remains greater than T9 = 0 . 02 during 20 s instead of less 
than 1 s ( in the case f! = 1 5 .  ) . 

When the temperature ha s decreased be low T 9 = 0 . 0 1 ,  after , few 
lundreds of second s ,  the princ ipa l synthe tised isotopes are shown in the 
:able below : 

� E l \ E s \  24Mg 25Mg 2 7Al 28s i  

15 5 . 5  O . O l l  0 . 0047 0 . 046 -
20 23 . 5 0 . 0 12 0 . 0038 0 . 05 2 -
30 40 . 0 . 0 14 0 . 0025 0 . 050 0 . 008 

The abundances are given by mass for three pene tration factors <'-� Mg and 
27Al •ay be overpruducted and hence observable ) .  In add ition in this  table , 
the ratio between the total energy re l eased ( E = �N+ E p) and the absolute 
value of self- binding energy of the �tar ha s a l so been ind icated . One can 
remark that for sufficiently high ' a large fraction of ste llar debri s 
will be blown away . 

CONCUJSIONS AND WORK IN PROGRES S . 

The resu l t s  presented here show the existence of a new s i te of nu
cleosynthesis and hence might shed new l ight s  on the isotopic enrichment 
of the interstellar medium near galactic centers . But quanti tat ive results 
and predictions require averages over ste llar statistics mass spectrum 
of stars ( and black holes )  and so on ( see previous lecture by J . P .  Luminet ) .  

Bes ides thi s , we have already considered the inclusion o f  a relati
vistic treatment of the motion of the s tar around the black hole for which 
multi- pancake. compressions appear , separated by a few seconds . These suc
sessive compres s i ons and consequently star reheatings ( see fig . 8 )  have , 
of course , favourable effects on nucleosynthesis  (Pichon and Luminet 1985 ) . 

fJ - 15. 

ci 
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Figure 8 : t ime evolution of 
temperature in the case of 
stellar motion around Schwar
zschi ld black bole . The ori
gin of time acale is taken 
at the periastron . 
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Further work program contains the consideration of the e f fects of 
shock waves format ion by a more per formant hydrodynamical code as wel l  
a s  the pos sibi l i ty of theoritical calculation of  unknown react ion rates 
extend the present network . 

I n  add i t ion we have considered the inf luence of the use of an e l ec
tronic s emi-degenerat e  s emi-relativi s t ic equation of s ta t e  to s tudy the 
pancake e f f ec t s  on a whi t e  dwarf or a b lack dwarf . I t  appears that the 
pancake is now caract erized by 

2: 

� 6 - �  T""" ::e � I •  , e /)1\  � \3 € ,._ and lt{"lfl. !IC: 'P '12., where � is the 
degeneracy parameter of the central core of the dwarf ( the subscripts m 
and * refering s t i l l  respectively to the extremum and ini tial values ) 
(Pi chon 1985b ) .  We notice that electron degeneracy is strongly removed , 
leading with the aid of photodes integration of stellar material at high 
temperature , to the neutronization of the pancake . 
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OPTICAL SUPERNOVA REMNANTS 
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ABSTRACT . A review of some unsolved problems in  supernova remnant 
research is presented . 

Before going directly to observational work which provides 
evidence for nucleosynthesis in SN events , it is perhaps worth noting 
s ome of the more general properties of supernova remnants and 
stressing where there are gaps in our understanding . 

1 .  MORPHOLOGY OF REMNANTS 

For those unfamiliar with the details of optical SNR , I want to 
begin by presenting my version of how one might classify optical SNR 
by their morphology. The following table summarizes this morphology 
with more detailed comments following. 

Optical Morphology of SNR 

1 .  Crab-like : filled centre , non-thermal optical continuum . 

2 .  Filamentary 
a)  Long thin filaments (Vela) . 
b )  Flocculi ;  geometry uncertain (quasi stationary flocculi in 

Cas A) . 
c )  High velocity blobs ; roughly circular in shape very small 

( high velocity component of Cas A) . 
d )  Rings ; usually o f  high velocity , not always a continuous 

entity ( oxygen-rich filaments in N 1 32D) . 

3 .  Compact stellar components . 
a )  Pulsars ( Crab ) . 
b)  Binaries (W50 with SS433) .  
c )  Non-variable X-ray sources ( RCW1 03 ) . 
d )  y -ray burst sources (N49 ) . This last  association must at the 

moment be considered very uncertain. 
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1 .  The number of Crab-like remnants is increasing. N1 57B in the LMC 
may be another example . Apart from a non-thermal continuum these 
comparatively young objects contain elongated filamentary 
structures reminiscent of older SNR. In analysing the spectra of 
such objects for abundance effects one should be aware that both 
shock-heating and photo -ionization by a non-thermal source are 
possibly playing a role .  It is particularly important to pursue 
studies of objects such as N 1 57B as far as possible because it 
lies near the centre of the 30DorB HII region complex, which 
suggests it originates from a fairly massive s tar, a point of  
some debate for the Crab itself. 

2 .a) It seems increasingly likely that many of the long thin filaments 
seen in old SNR such as Vela and the Cygnus Loop are not rope
like structures , but are thin sheets seen edge-on. This can be 
tested by spectrophotometrically measuring the emissivity of 
these filaments . It  may seem remarkable that filaments of this 
kind can maintain their identity and orientation to the line-of
sight over vast distances implied for example in the Cygnus Loop . 
Other more diffuse emissions seen in SNR have characteristic 
dimensions in the line-of-sight much less than those in the plane 
of the sky . 

2 .b) Nothing very quantitative is known about the flocculi seen in Cas 
A as the low velocity filaments , nor concerning those in Puppis 
A .  Nevertheless the characteristic appearance is quite different 
from the elongated filaments discussed above . This very likely 
reflects a difference in the nature of the ISM into which the 
shock has penetrated - for example the presence or absence of 
higher density clouds embedded inside the lower density ISM . 

2 . c ) The most striking characteristic of these blobs is that they are 
variable in brightness with time . Variability has always been 
observed in the sense of brightness incresing in Cas A and 
Kepler, although in the case of Kepler the filaments are 
apparently low-velocity nitrogen-enriched filaments near the limb 
of the SNR . 

2 .d ) The only objects for which there is suggestive evidence of a ring 
structure from both a morphological and dynamical point of view, 
are the apparently young oxygen-line dominated remnants seen in 
our galaxy and in the Magellanic Clouds . One is also seen in the 
galaxy NGC 4449 but since it is not resolved it is impossible to 
say much about its structure . 

3 .  Discussion o f  the origin and role of compact objects in SNR is 
beyond the scope of this talk . Although theoretical work may be 
on firmer ground there is little in the current observational 
work to show that compact objects reside preferentially in SNR of  
a given type and therefore originate, for example , in  Type II  
rather than Type I SN . Although we know that the pulsar in  the 
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Crab (and Vela) and SS433 in W50 are radiating prodigious amounts 
of energy, it is unclear to what extent they affect what we see 
as radiation from the filaments . Only in the case of Vela is it 
clear that at the present epoch any effects must be small .  The 
nature of the non-variable X-ray sources is even less clear 
because optical counterparts have not been identified . 

The y-ray burst source lying within the shell  of the SNR N49 in 
the LMC remains a mystery for the same reason . The association 
with N49 is suggestive but it is worth remembering that current 
estimates of its projected position place it �5 parsecs from the 
centre of  the SNR, and therefore imply a very high proper motion 
if it originated with the SN near the centre of the remnant .  

2 .  HISTORICAL SN AND THEIR REMNANTS 

If  we consider the remnants originating from historical SN there 
are in increasing order of youth only six . They are , together with the 
associated remnant , as follows : SN 1 85 (RCW86 ) ,  SN 1 006 (P1 459 -4 1 ) ,  SN 
1 054 ( Crab ) , SN 1 1 81 (3C58) , SN 1 572 ( Tycho ) , SN 1 604 (Kepler ) .  Cas A 
could also be included if it had been recorded by Flamsteed . In any 
case the proper motions and the large radial velocities imply that it 
resulted from a SN about 330 years ago . 

All of these SNR, because of their linear size and known age 
should have expansion velocities of several thousand km/sec or more . 
The Crab and Cas A are the only historical remnants where radial 
velocities seen in individual filaments are comparable to the implied 
expansion velocity .  In the case of Cas A we are probably seeing high 
velocity filaments composed of material from the exploding star;  with 
the Crab the origin of the filaments is not so clear-cut , although 
they contain at least an admixture of helium-enriched material . 

A dynamical model of the Crab proposed by Clark et al . ( 1 983 ) 
from fairly complete velocity mapping, suggests that filaments tend to 
lie on the inner or outer surface of an expanding thick shell ( or it 
could be 2 very thin shells ) . The velocity difference between the 2 
surfaces is of the order of 270 km/sec . So far theoretical models have 
not addressed these observations . 

I t  has always been thought that Tycho , Kepler and SN 1006 all 
originated from Type I SN . Yet the remnant of Kepler is completely 
different from the other two . This may well  be a result of different 
environments surrounding the original exploding stars . Since the 3 
remnants are situated reasonably far from the galactic plane , it has 
not been obvious that this difference of the environment could be a 
property of the unperturbed ISM but rather a difference in the history 
of the mass loss process from the progenitor stars . But this reasoning 
also leads to a conclusion that not all progenitors of Type I SN are 
identical.  
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Although high velocity filaments are not a striking feature of 
young SNR in general there is a particular class of object, to which 
Cas A belongs , that is characterized by high velocities and abundance 
anomalies . These will be discussed in more detail later .  

3 .  EXPANSION OF SUPERNOVA REMNANTS 

In the past few years with the completion of surveys at X-ray , 
optical and radio wavelengths , particularly in the Magellanic Clouds , 
aimed at detecting SNR down to certain well defined flux limits ,  one 
has had the opportunity of investigating various statistical relation
ships . Here we do not describe in detail the well known 4 phases of 
SNR evolution proposed by Woltjer ( 1 972) . We want to consider only the 
first 2 phases , namely : 1 .  The free expansion phase ,  where material 
ejected from the star is moving outwards undecelerated by the inter
stellar medium . 2. The adiabatic or Sedov phase in which swept-up 
interstellar material is beginning to decelerate the outward expansion 
associated with material ejected from the star.  

Under idealized conditions , ass uming a unique density of the ISM 
and explosion energy , one would expect that for a population of SNR of 
different ages the following relationships would apply . If  all SNR 
were in the free expansion phase the radius R « t the age , and the 
accumulated number of remnants with radii < R , N ( < R) « R .  Whereas in 
the adiabiatic phase 

R « t2/5 and N ( <R )  « Rs/2 • 

This latter relationship between N and R provides the opportunity to 
test these ideas if one has some sort of complete sample with 
accurately known radii.  Such a sample exists in the Magellanic Clouds . 

Long ( 1 983) with X-ray data, Mills et al .  ( 1 983 ) with radio data 
and Mathewson et al . ( 1 983) /with optical data all found a relationship 
much less steep than the R5 2 law, which led them to conclude that 
most  of the remnants seemed to be in a dynamical state much closer to 
free expansion. 

However, Fusco-Femiano and Preite-Martinez ( 1 984) and Hughes et 
al. ( 1 984) have shown that if one considers the more realistic pos
sibility that there is a range of explosion energies and a range of 
interstellar densities into which SNR evolve , one has a range of 
populations of SNR each with a different cut-off in luminosity 
threshold for detectability.  The combination of  these different 
populations can then give rise to an N , R  relationship close to the 
observed one . Hence the idea that most remnants are in the adiabatic 
phase is preserved . This does not necessarily apply to the very oldest 
or the very youngest SNR observed with this type of modelling . 

Recently Danziger and Leibowitz ( 1 985 ) have found that for a 
selection of SNR in the LMC the density Ne is not proportional to D -3 
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(where D is the diameter) , a relationship expected for SNR in the 
adiabatic phase assuming a constant explosion ener� . It remains to be 
demonstrated that the observed relationship Ne « D- , can be modelled 
assuming the adiabatic phase and a realistic range of energy and 
density . In principle , one could also derive a SN rate from the best 
fit to the data , a number important among other reasons for the study 
of chemical evolution of the LMC . 

4 .  ABUNDANCE EFFECTS IN SNR 

The following table provides a summary of information on SNR that 
might identify where elements heavier than hydrogen could be produced . 

Spectral Properties 

SNR His t .  RV 
km/sec 

CRAB 

Cas A 
HVF 
Q 

LMC 1 32D 
G292 .0+1 .8 
LMC 0540-69.3 
SMC 01 02-72 . 3  
NGC 4449 

Puppis A LVF 
HVF 

LMC 0525-66 .0 

I 

( /) 

Kepler I 
3C 58 I 

RCW 86 
RCW 1 02 

Tycho 

SN 1 006 

4 LMC SNR 

I 

I 

I 

1 800-2000 
Large PM 

6000 (ring) 
Large PM 

2200 
1 600 
1 500 
2000 
3500 

300 

300 

200 
300 

200-1 800 
Large PM 
200 

Large PM 
( 200) 

( ring) 

(ring) 

Optical 
Abundance 
Peculiarities 

He variable x 5 
N , O , Ni , S  low -normal 
C normal ( IR, UV )  

0(50-70) S , Ar , Ca var .  
N x 1 0  
He x 2-3 

0 x 30 Ne 
0 
0 
0 
0 

N x 40 var .  
1 500 
N , O , S  
N x 3 -5 
N 

N x 3-4 
N x 3 -4 

X-Ray 
Abund . 

S , Ar , Ca 
2-3x 

O/Fex3 

O , Ne 
0 

Si 

Si 
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We have presented results obtained at both optical and X-ray wave
lengths . It  should be noted that in general, with one or two excep
tions , the elements observable in the two wavelength ranges do not 
overlap very much and therefore reassuring consistency checks are 
lacking. It should also be noted that there is on-going discussion 
concerning the reliability of abundance determinations at X-ray 
wavelengths because of uncertainties concerning equilibrium versus 
non-equilibrium modelling .  Non-equilibrium models in which the 
electron temperatures can differ from iron temperatures may cause huge 
differences in the derived abundances . 

The table provides information on the observed radial velocities 
of filaments , and notes elements which seem to have a non-solar value . 
One general very significant observation can be made . Where oxygen 
overabundances exist ,  they are always associated with high velocity 
filaments , whereas nitrogen overabundances are confined to low 
velocity filaments . This in the past led to the idea that nitrogen 
enriched filaments were formed from circumstellar material ejected at 
comparatively low velocities prior to the SN explosion and subsequent 
ly shocked by the blast wave . The high velocity material is then the 
oxygen enriched material from the interior of an evolved star of mass 
1 5-25 M@. 

In some cases such as Cas A both types of filaments exist 
( Chevalier and Kirshner ,  1 978) . In other cases , for example N1 32D , 
oxygen-rich material exists without the nitrogen enrichment in low 
velocity filaments. Kepler on the other hand seems to be a case where 
nitrogen enrichment occurs but where high velocity filaments have not 
been detected . 

The Crab . This object continues to provide puzzles . We have 
already noted the dynamical structure where there is evidence of a 
pattern of helium enrichment in which the enriched filaments tend to 
lie on the inner surface of a thick shell , while the more normal 
filaments lie on the outer surface .  There have been claims in the past 
for underabundances of N, 0, Ne , S but the most recent results of 
Pequignot ( 1 983) who has used photoionized models , seem to suggest no 
significant under- or over-abundance of these elements . The UV spectra 
investigated by Davidson et al. ( 1 982 ) indicate nothing very abnormal 
with the carbon abundance as does the IR spectrum of  [er ]  discussed by 
Dennefeld and Pequignot ( 1 983) . These latter authors have , together 
with Henry ( 1 984) , discussed the possibility that nickel is over
abundant in the Crab . This possibility is especially interesting 
because of the possible production of iron through the nickel-cobalt
iron decay proposed to account for the energy release in Type I SN . At 
present , the reality of this anomaly in nickel must be considered 
uncertain both because of uncertain identification of lines and 
uncertain atomic collision s trengths . 

Cas A. This object can be considered together with other oxygen
rich reiii'iiants such as N1 32D in the LMC , SMC 0 1 02-73 •3 ,  and the object 
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in NGC 4449. There are hints of overabundances of other heavier ele
ments that might be produced in regions of carbon and oxygen burning 
in a 20 M@ star . The emission lines of most of these heavier elements 
appear in the spectra of much older SNR where one would not expec t to 
see enrichment from the exploding star . It is therefore highly 
desirable to obtain independent evidence for the physical conditions 
in the regions where these lines appear . So far this has proved 
elusive . 

A pattern that is emerging with these oxygen-rich SNR is the 
evidence that the filaments have a ring-like structure which is 
expanding at high velocity . This has been seen in the morphology and 
velocity pattern in N1 32D ( Laske r ,  1 980) , SMC 01 02 -72 .3 ( Tuohy and 
Dopita, 1 983 ; Danziger, 1 983) and may be apparent in Cas A from X-ray 
morphology . The case for G 292 .0+1 .8 is not nearly so convincing 
( Braun et al . ,  1 983 ) . These observations are sometimes claimed to be 
consis tent with a model of a rotating massive star which has exploded 
as a SN (Bodenheimer and Woosley, 1 983) and in which the hydro
dynamical flow pattern produces oxygen rich material ejected and 
expanding outwards in the equatorial plane . At the moment the model 
calculations span a very small unit of time , and one needs to go to 
time scales long enough to see whether this configuration would be 
maintained over distances of several parsecs , which would correspond 
to what is actually observed . 

Observationa lly , however,  the matter is not yet completely 
without ambiguity .  In some cases to interpret the data , one has to 
resort to the morphology of a highly warped ring. At a certain point 
it is not easy to discriminate observationally between a highly warped 
ring and an unfilled shell of which there are many examples.  

Puppis A .  This object is interes ting because of the extremely 
high nitrogen abundances found in some filaments (40 x solar) . In 
unpublished work Danziger and Dopita also found suggestions of 
overabundances of oxygen and helium.  Recently Winkler and Kirshner 
( 1 985)  have found oxygen enriched filaments with high velocities 
(�1 800 km/sec ) .  This reinforces an older idea that Puppis A is a more 
evolved version of Cas A, both of which derived from WN stars which 
have suffered mass loss before the SN explosion. Of all the SNR in the 
Magellanic Clouds the only one to show nitrogen overabundance effects 
is LMC 0525 -66 .0 ( Danziger and Leibowitz , 1 985 ) .  It seems to show 
other anomalies as well and may be a yet older counterpart of the Cas 
A phenomenon. 

Kepler .  This seems to be a genuine case where nitrogen enrich
ment has occurred without any manifestation of other overabundances . 
It remains to be seen whether this is consistent with expectations for 
a Type I SN. Most other apparent overabundance effects , particularly 
for nitrogen such as in RCW 86 and RCW 1 03 ,  might just as easily be 
explained by abundance effects in the surrounding interstellar medium 
but varying from one to another because of the galactic abundance 
gradient . 
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Balmer Line Dominated SNR . At first these objects , such as 
Tycho, SN 1 006 and 4 objects in the LMC ( Tuohy et al . ,  1 983 ) seem to 
have severe underabundance anomalies . However ,  their spectra have been 
successfully interpreted by Chevalier and Raymond ( 1 978) to be the 
result of a fast collisionless shock propagating into partially 
neutral material where charge exchange is effective . 

5 .  THE PROBLEM OF IRON IN SNR 

The theoretical models for Type I SN seem to demand the produc
tion of considerable amounts of iron (0 .4-0 .8 M@) .  There are pieces of 
evidence that iron should be present in large quantities . For example , 
blended emission lines of FeII and FeIII fit some features of the 
early spectra of Type I SN (Kirshner and Oke , 1 975) . The broad absorp
tion features seen in spectra of Type I SN are explained by iron 
enriched material expanding at high velocities (Branch et al . ,  1 985 ) . 
There is also the requirement of the decay of Ni56 to co56 and Fe56 
proposed by Colgate and McKee ( 1 969) and elaborated by Axelrod ( 1 980) 
to produce the exponential light curve in Type I SN . Finally, Meikle 
et al . (preprint 1 985 ) seem to have detected strong lines of [ FeII ] at 
1 . 644 microns in the SN 1 983n in M83 ,  after it had become optically 
thin in the IR spectral region. Their modelling then requires 
....0 .3 � of iron to be present . This last result is arguably the most 
convincing so far .  

Nevertheless large overabundances o f  iron have never been ap
parent in real SNR, young or old . 0 . 5  M@ of iron distributed through 
the volume of the Kepler SNR ( if  it originated from a genuine Type I 
SN) should be apparent as a huge overabundance .  It is not visible at 
1 06 -1 07 °K in the X-ray region (nor with the FeXIV 5303 line) ; it is 
not visible at 1 0S -1 06°K region with optical lines of FeVII � FeX 
being accessible ; and it is not visible at 1 04 °K in the visible 
filaments although there are many available [FeII ] , [ FeIII ] and [ FeV ] 
lines accessible to observation . 

Is it possible that iron has been hidden in a temperature domain 
that is inaccessible at the present time? This would be a surprising 
coincidence if that temperature domain lay betwen 1 04 and 1 07 °K .  
Therefore one might expect i t  to be very hot or very cold . I f  i t  is 
very cold one might have hoped for a situation in a SNR where a 
reverse shock could have heated it .  Until now the claim that FeII was 
seen in absorption with a large high velocity spread in the spectrum 
of a star behind the SN 1 006 remnant has not so far been substantiated 
with better S/N UV spectra . The quandary remains . 
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ABSTRACT.  The removal of the extended hydrogen envelope surrounding the 
dense core of preexplosive stars by stellar winds or mass transfer onto 
a companion star , obviously, has consequences on the optical manifesta
t ion of their  final outbursts . The stripped models lead to faster and 
dimmer optical disp lays , with, of course , a lack of hydrogen lines . The 
effective temperature near maximum light is however predicted to be 
rather similar to that of classical Type II supernovae . Our calculations 
show that in principle it  may be possible to distinguish Wolf-Rayet 
supernovae triggered by core collapse from those induced by pair product
ion . Unfortunately , as shown by Maeder and Lequeux ( 1 982 ) ,  only 1 out 
3 to 7 supernovae would be of this kind . These low statistics combined 
with the low luminosity and short duration of these events render their 
detection quite difficul t with the present technology . 

1 . INTRODUCTION 

Type II supernovae light curves owe their distinctive features - the 
presence of hydrogen lines and their long and bright plateau - to the 
fact that the dense core of the exploding star is buried in an extended 
envelope of the red supergiant type ( for reviews , see Wheeler , 1981 , and 
Trimble ,  1 982 ) . A presupernova radius of the order of 1000 Re is re
quired to explain these curves (Arnett 197 1 , Falk and Arnett 1973 , Che
valier 1976a , Woosley and Weaver 1980) . This huge envelope minimizes 
adiabatic losses during expansion , ensuring that internal energy is not 
totally converted into kinetic energy by expansion before it can be ra
diated ( i . e .  before the expanding medium becomes optically thin) ( Colgate 
and White 1966 ,  Chevalier 1976a ,  Woosley and Weaver 1982 ) .  Chevalier 
( 1976b) , and Woosley and Weaver ( 1982 ) already pointed out that removing 
the s tar ' s envelope would give dimmer light curves with shorter duration . 

I t  seems timely to elaborate on these exploratory calculations 
s ince consistent theories on stellar evolution in presence of mass loss 
and Roche lobe overflow in close binaries allow a fair estimate of the 
characteristics of the stripped object condamned to explode ( e . g . Maeder 
1 984 , de Loore et al . 1 986 , Prantzos et al . 1 986 , this conference ) .  
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2 .  MAIN EFFECTS OF MASS LOSS ON THE PRESUPERNOVA CONFIGURATION 

Evolutionary models of mass losing stars yield contras ted results in 
comparison to conservative models . 
i )  Mass los s ,  specially during the Wolf-Rayet stage ,  leads to a strong 
reduction of the stellar radius . Instead of becoming red-supergiants 
(R :: io14 cm) , stars with mass >., 45 Me become hot and compact objects 
(R =:: io10 cm) (de Loore et al . 1 986 , Prantzos et al . 1 986 , this confe
rence) .  Roche lobe overflow in massive close binaries (Doom et al . ,  
1984) involving stars with MzAMs � 15 Me •  and mass loss during the red
supergiant stage (Maeder 1982) affecting s tars wi th 20 Me � MzAMs -6 45 Me 
should also provide Wolf-Rayet stars . 
i i )  The stellar mass  suffers continuous reduction. At the end of evo
lution the mass is only a fraction of the original mass . This fraction 
tion is unfortunately still uncertain . It  depends critically for ins
tance , on the mgment at which the huge mass loss rate characteriz ing WR 
s tars (M = 3 . 10- Me yr-1 ) sets in (Cahen et al . ,  in preparation) . 
iii ) At helium exhaustion massive stars adopt a very simple conf igura
tion: a compact  core in which oxygen predominates is capped with a thin 
shell of He , C ,  and O. Af ter helium burning mass loss may become insi
gnificant due to the accelerated evolution preceding explosion, for 
which two mechanisms are known . 

For oxygen core masses above a critical mass Moc • s tars become un
stable against electron-positron pair production (Fowler and Hoyle 1964 ) .  
Recent estimates yield 48 Me for Moc (Ober et al . ,  1983 ) ,  correspon
ding to a ZA..�S mass  Mi ::::: 90 Me (Prantzos et al . ,  1 986 , this confe
rence) .  According to recent calculations the 56Ni production seems to 
be negligible in this kind of events (Woos ley and Weaver ,  1982 ; Ober et 
al . ,  1983 ) ;  and the energy released by the decay of this radionuclide 
should play a minor role in the late light curve , at variance with type 
I supernovae.  

For Mi .f 90 Me • massive stars undergo a core collapse following 
photodisintegration of iron and electron capture in the core . This 
collapse should be followed by a bounce triggering a shock wave which 
expells the mantle g0 the star . The energy in the shock is thought to 
be of the order of 10 to io51  ergs qui te independently of the initial 
mass  of the star .  

3 .  TIME SCALES OF THE PROBLEM 

We have extended Arnett ' s  ( 1 980, 1982)  approach to take into account 
electronic recombination in the expanding plasma . To keep the mgdel 
general we also include a variable contribution of radioactive 5 Ni . 
The detailed analytical model will be presented elsewhere (Schaeffer ,  
Cass€ and Cahen 1 985 ,  in preparation) . In this short communication it  
is sufficient to indicate the relevant time scales entering the problem 
of light diffusion in an homologously expanding medium. These could be 
slightly modified in the final version of this work. 
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( 1 ) The expansion time scale of the ejecta : • h 
( 2 ) The light (heat ) diffusion time scale : • d 
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( 3 )  Provided recombination can be neglected , the rate at which the he�t 
content of the supernova is exhaus ted is given by T m = ( 2 � h 'rd ) 112 , 
which determines the wid th of the light curve . 
( 4 ) Recombination of free electrons on the last atomic orbits sets in at 
a time't"E ' where the average temperature of the ejecta is comparable to 
the first  ionization potential E of the most  abundant element , but is 
really achieved at a much later time of the order of 1: :::=30 'C'E . In the 
mean time recombination provides additional energy . Atr completion of re
combination the opacity drops 'abruptly and the medium becomes transparent . 
Very rapidly , the energy content of the star is then radiated away . Prac
tical expressions of the relevant time scales are : 

1 . 0  10 12 (�) 
lOMe 

( R ) -1 0 

io10cm 
sec 

7 106 ( 
10,::, • .i -l/ 4 ( ,:�) 3/ 4 

'"' 

( 4 ) 

(5 ) 

(6 ) 

6 
zl/ 3 ( E0 )-1/2( M0 )3/ 4( ETot ) 1/ 16 �o \1/ 16 

'"C
r = 5 10 - -- sec (7 )  

A1/4 1051ergs l OM9 io
5 1ergs lo10cm 

where E0 , M0 and R0 are the energy deposited by the explosion and the 

:�:::l

.�::,:::4

r:::u•:.i::·

t::t::.::::•:n::::t

,::,.:T:: :h:�::: :r::: 
to explosion .  Z and A are the mean atomic and mass numbers of the mos t 
abundant element in the expanding medium . 

In this simplified scheme the fundamental parameters influencing the 
light curve of mass ive supernovae are : 
i )  the chemical composition of the bulk of the star through the energy 
released by recombination , which is much higher for heavy elements than 
for hyd rogen, 
i i )  the initial radius of the exploding object (through all scales of 
the problem) , 
iii)  the mass of the exploding s tar ( through all time scales ) ,  

iv) the energy liberated by the explosion E0 ( through "th, "tm• and �r ) ,  

and the thermal energy ETh ( through ETo t = ETh + E0) . 
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The main difference between ordinary type II supernova (dominated by 
hydrogen) and Wolf-Rayet supernova (dominated by oxygen) lies in fact in 
the total recombination energy ( 1 3 . 6  eV per proton agains t � 2 keV per 0 
nucleus . 

4 . TYPICAL EXAMPLES 

Table I shows the init ial parameters of the two models computed based on 
presupernova s tructures obtained f rom evolutionary codes including mass
loss (Case A: 8 Me presupernova originating from a 40 Me s tar;  Case B :  
68 Me presupernova originating f rom a 100 Me star) . 

TABLE I 

INITIAL PARAMETERS AND CHARACTERISTIC TIME SCALES OF THE EXPLODING MODELS 

Type ( c )  M 0 Ro Eo Eth "rh 1:'r '"t:m 't':d 
Mi/Me o f  

exp lo- (Mg) ( cm) ( ergs ) ( ergs ) ( s )  ( s )  ( s )  ( s  
sion 

4o(a )  cc 8 1 . 9 1010 1051 2 . 3  1051 41 4 . 5 106 6 . 0  106 4 . 2  101 1  

100Cb)  pp 68 1 . 5 1010 1052 8 105 2 30  8 . 7  106 1 .  7 107 4 . 5 101 2  

(a)  Model kindly supplied b y  Andre Maeder . 
{b) Model obtained in the framework of the Bruss els-Saclay collaboration 

( see Casse 1 984 , Doom 1 984 , de Loore et a l .  1 986 , Prant zos et a l .  
1 986 ) .  

(c)  CC : core collapse supernova - PP : pair production supernova . 

Salient features of the computed light curves are the following 
{ f ig .  1 to 6 ) .  
( 1 )  They are dominated by the recombination energy , since the other 
forms of energy ( thermal and explosive ) are strongly degraded by adiaba
tic losses in the early s tage of expansion. 56Ni plays a minor role 
unless the amount of 56Ni gets close to 0 . 1  Me · 
( 2 )  The luminosity reaches respectively 3 . 104 1 ergs s-1 and lo42ergs-l 
in cas es A and B ,  against 5 . 1042 ergs s-1 in the canonical case (Arnett  
1980 ) .  The absolute visual magnitudes a t  maximum are about -1 5 (case A) 
and - 16 ( case B) . 
( 3 )  The width of the ligh� curve is 4 . 106 s in case A and 8 . 106 s in 
case B ,  compared to 1 . 1  10 s in the canonical case . 

We see that , apart from the possible existence of a spike in hard 
photons at early times ( transient , see Arnett 1980 ) , core collapse WR 
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supernovae could be distinguished f rom pair production supernovae (if  
any) by a shorter duration and a lower luminosity.  However the very low 
recurrence of WR outburst - 1 out of 3 to 7 supernovae , according to 
Maeder and Lequeux 1982 - render their detection problematic . 
(4 ) The temperature levels off at about 4500 K ,  which corresponds to the 
temperature at which the last electron recombines in an oxygen dominated 
gas . 

Finally , we would like to s tress that our calculation appl ies 
strictly to WR stars isolated in the hot and dilute inters tellar medium 
( runaway WR) , since no circums tellar shell of the kind discussed by Falk 
and Arnett ( 197 7 )  circumscribes the exploding objects . Work is in pro
gress to inves tigate the case of WR exploding in stellar cavi ti es ( s ee 
e . g .  Dorland , Montmerle and Doom, 1985 ) .  

More details will be g iven in a forthcoming article (Schaeffer , 
Casse and Cahen, in preparation ) .  

5 . CONCLUSION 

The removal of the hydrogen-rich envelope by mass loss and/or mass 
t ransfer onto a companion s tar has interesting consequences on the l ight 
curve generated by the final explosion . 

( 1 )  Obviously the s pectra of supernovae descending f rom WR stars ( i . e .  
with helium burning cores emerging a t  the s tellar surface according to 
the picture generally admitted )  should not exhibit hydrogen lines as 
normal type II supernovae. This kind of supernovae , however,  mus t  occur 
among extremely young objects at variance with the bulk of type I supe r
novae . 

( 2 )  Stripped models , as pointed out by Chevalier ( 1 97 6b) and Woos ley and 
Weaver ( 1982 ) , give rise to dimmer and shorter opt ical events than clo
thed supernovae . The reduc tion in luminos ity is however less dramatic 
than one may na!vely think, owing to the release of energy by recombina
t ion in the expanding plasma at a time where adiabatic losses are not 
any more devastating . The luminosity a� maximum reaches 3 . 104 1 ergs 
(for a 8 M9 exploding WR star) and 10 2 ergs (for a 68 M@ exploding WR 
star ) ,  against 5 . 1042 ergs for a typical type II supernova ( Arnett 
1982) . 

( 3 )  The wid th of the light curve is slightly shorter than that of a ty
pical type II supernova . 
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s -PROCESS NUCLEOSYNTHESIS -
STELLAR ASPECTS AND THE CLASS ICAL MODEL 

F .  Kappe ler 
Kernforschungszentrum Karl s ruhe GmbH 
Institut fur Kernphysik 
Postfach 3640 
D-7500 Karlsruhe 
Federal Republ ic of Germany 

ABSTRACT . In this contribution the sensit ivity and the l imits of s -process 
analyses with the c lass ical model are discussed with respect to the 
interpretation of abundance patterns in the atmospheres of red giant 
s t ars . In particular , the effects of neutron capture cross sections , mean 
neutron exposure , and neutron dens ity on the resulting s -process 
overabundances are cons idered . 

1 .  INTRODUCTION 

The c l as s ical s -process model has been shown to be an attractive tool for 
phenomenological s tudies , complement ing stel l ar mode l calculat ions : It is 
easy to handle , contains only a few parameters ( s eed abundances , mean 
neutron exposure to) , and yields very accurate results ( ON-curv e ,  s 
process abundances , neutron dens ity , etc . ) .  For a detai led discuss ion of 
this model see , for examp l e ,  Kappeler et a l . ( 19 8 2 )  or Mathews and Ward 
( 19 85 ) . 

The corresponding analyses were bas ed on a fit of the model para
meters to the s -only isotopes along the s -process synthes is path . I f  the 
c lass ical model is to be applied to abundance patterns observed in stars , 
there is the problem that only element abundances can be derived from 
stel lar spectra ( except for very cool stars , where isotope ass ignments can 
be made via molecular l ines ) . This feature compl icates the interpretat ion 
of s t e l l ar abundances , as the clear s -process s ignature on the isotopic 
pattern is washed out by the averaging convers ion into element abundances . 
This is i l lustrated in Fig . 1 which shows the s -process contributions to 
s o l ar matter (solid l ine) . The outstanding abundance peaks at the neutron 
magic isotopes are completely di luted except for barium which is one of 
the few elements - together with S r ,  Y ,  Zr , and Ce - with practical ly 
negligib l e  r -process contributions . These elements are therefore known to 
be good s -process indicators . 

Despite the difficulties of observat ion and analys is , abundances 
from red giants are a fascinating alternative to solar matter because of 
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Figure 1 .  s -process contributions (solid line) to solar abundances 
(dots ) .  

the s trong overabundances o f  s -processed material ,  which result most 
likely from nucleosynthesis in j ust these stars . While the origin of the 
solar s -process component is rather unclear , the direct observation of s 
enhancements in particular s tars provides an immediate link t o  the s 
process s ite and hence fac i l itates the comparison t o  stel lar models . 

Recent improvements in observational techniques ( low nois e ,  high 
resolution spectra obtained with multi-diode arrays ) a l lowed for the 
determination of remarkably complete sets of stel lar abundances (Tomkin 
and Lambert 1983 ; Holweger and Kovacs 1984 ) . Based on these results one 
might expect sufficient ly detailed information for the future that 
reliable s -process analyses can be made for particular s tars . 

The class ical s -process model was systematica l ly appl ied for the 
analys is of stel lar spectra by Cowley and Downs ( 1980 ) . At that t ime not 
only the observations were l imited but also the model itself was hampered 
by the lack of accurate input data . Meanwhile , many new neutron capture 
cross sections became available and the model was also shown to account 
quantitatively for the various branchings , in particular for the Kr-85 
branching which is most important with respect to stel lar abundances 
(Walter 1984 , Walter et al . 1985 ) . Therefore , it s eems worth while to 
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discuss the sens itivity and the l imits of the c lass ical s -process model in 
deriving information from stel lar abundance patterns . 

2 .  SOLAR ABUNDANCES AND STELLAR ATMOSPHERES 

The most accurate informat ion on solar abundances is obtained from 
analyses of primitive meteorites , the carbonaceous chondrites , which are 
bel ieved to represent the original compos ition of the sol ar nebula . These 
abundances show typical uncertaint ies of 5 to lO�o (Anders and Ebihara 
1982 ) , and hence are about a factor 2 more accurate than the results 
derived from the spectrum of the sun (Holweger 19 79 ,  Ross and Aller 19 76 ) . 
Another advantage of meteorite data is that they represent a complete 
isotope pattern . Only the abundances of the noble gases have to be 
interpolated from neighboring e l ements . 

••Zn Gu Tomkin  and Lam bert (1 983 ) 

Ba ""Ci20 Sr 
_g Zr 
w y •Mo u z <( 19 0 Rb Ru z • • ::::> Nb m <( 

Er 
S•m Gd • 

• Dy 
I- 1 8  P r  
z w H f  
� w 

-- •0 = 0. 6  _J w 
1 7  Eu 

30 40 50 60 7 0 
z 

Figure 2 .  Observed s -process enhancements in HR774 (Tomkin and Lambert 
1983)  fitted with the c lass ical model ( s o l id l ine) . 

Analyses of the solar spectrum , on the other hand , yield �lement 
abundances only . In addition , a number of elements can not be observed in 
the spectrum of the sun (As , S e ,  Kr , Te , Xe , I ,  and Ta) , e ither because 
they are rare or because their l ines are masked by more abundant e l ements . 
Among these , Se and Kr would be important for s -process analyses ( section 
3 . 4) . 

Compared to the sun , the spectra of stars are more difficult to 
analyze a lthough low noise spectra can be recorded with the improved 
techniques . Problems are due to uncertain parameters characterizing the 
s t e l lar atmosphere . Consequent ly , stel lar abundances are reported with 
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uncertainties of typica l ly 2 to 4 tenth of a decade . A nice examp le for a 
relatively complete set of abundances in the red giant HR7 74 is given in 
Fig . 2  (Tomkin and Lambert 1 9 8 3 ) . Inclus ion of Rb in these data is 
especial ly important for the s -process as we sha l l  see in sect ion 3 . 3  . 

In the fol lowing sect ion we discuss whether meaningful information 
on the s -process can be deduced from the s t i l l  relat ively uncertain 
stel lar element abundances . 

3 .  ELEMENTAL s -ABUNDANCES 

3 . 1  Influence of Cros s Sect ions 

S ince the work of Cowley and Downs ( 1980)  a number of important cross 
sections were s ignificant ly improved . Because the product of cross 
section and abundance , oN , is the characteristic quantity of the s 
process ,  which i s  known to be a smooth function o f  mas s number , any cross 
s ection change propagates directly to the resulting isotopic abundance . 
Therefore , it was interesting to compare the present results with the 
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Figure 3 .  The inf luence of cross sect ions and branchings on the s 
process abundances . 
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Figure 4 .  s -process abundances derived for different mean neutron 
exposures . The distributions are normal ized at Sr . 

abundances of Cow l ey and Downs . Fig .  3 shows the rat io of the two 
abundance sets , normalized at Sr . The dashed l ines indicate the minimal 
uncertainties which could at best be expected for present observations . 

One finds a number of s ignificant dif ferences in the two calculations 
a lthough the pronounced isotopic discrepancies are washed out in the 
summation to e lement abundances . Neverthe less , with only a few exceptions 
these are smal ler than the uncertaint ies in the observations . In a l l  cases 
where the dashed l imit is exceeded , the difference is primari ly caused by 
detail s  in the s -process path which were neglected in the work of Cowley 
and Downs . This hol ds especial ly for the s -process branchings at Se-79  and 
Kr-85 which determine the B r ,  Kr , Rb abundances . There , the neutron 
capture branch runs through isotopes with s ignificant ly sma l ler cross 
sections compared to those in the beta decay branch , thus bui lding up 
higher abundances ( s ee Tomkin and Lambert 1983 and a lso sect ion 3 . 3 ) . 

The differences in the case of Pd/Ag and I r/Pt are mainly due to the 
fact that Cow ley and Downs did not account for the decay of the unstable 
isotopes Pd- 107 and Pt- 19 3  which are almost ' stable ' on the t ime scale of 
the s -process but decay lateron . The only important difference which is 
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Figure 5 .  Determination of the mean neutron exposure To from the most 
s ensitive element ratios . 

exclusively due to a cross section effect is the change in the Ba/La 
ratio . 

3 . 2  Mean Neutron Exposure 

In the class ical model an exponential distribution of neutron exposures 

p (T )  • exp ( - T / T o )  

i s  assumed , where the mean neutron exposure T o  i s  a model parameter which 
is fitted to reproduce the observed abundances . It determines the number 
of neutrons captured per seed and hence is important for the neutron 
balance and the associated question for the neutron s ource in the s 
process . 

Fig . 4 il lustrates the effect of the mean neutron exposure on the 
element abundances . The value of 0 .  3 is that obtained from solar 
abundances whereas 0 . 6  corresponds to the abundances in HR7 74 (Tomkin and 



S-PROCESS NUCLEOSYNTHESIS 259 

Lambert 1 9 83 ) - One finds that the l arger neutron exposure leads to a 
f l atter abundance distribution . The differences between the two curves 
are rapidly growing at magic neutron numbers , where the smal l capture 
cross s ections act as a bottle neck for the s -process flow .  This means 
that abundance ratios of e l ements s ituated below and above magic neutron 
numbers are most s ensit ive to the mean neutron exposure . The best cases in 
this respect are p lotted in Fig . 5 .  The Sr/Zr and Ba/Ce rat ios represent 
the cross ing o f  magic neutron numbers 50  and 82 , both exhibiting a very 
s imilar dependence on T o .  At higher values of TO the combined effect of 
both examples in form of the Sr/Ce ratio yie lds better s ensit ivity . 
Comparison with the observed ratio of Tomkin and Lambert ( 19 8 3 )  shows that 
the s lope o f  the curve is steep enough to al low for meanigful results up 
to T o-0 . 6 ,  but that more accurate observations would be needed to define 
larger exposure parameters . Consequent ly , it is important to include the 
crucial e l ements Sr , Z r ,  B a ,  and Ce in the analys is of stel lar spectra . 

It should be noted here , that the usual method o f  determining s 
process enhancements from stel lar abundances might l ead t o  avoidab le 
systematic uncertaint ies . In order to account for the compos ition of the 
stellar envelope before it was enriched with s -processed materia l , one 
normal ly subtracts a ' solar system component ' from the observed 
abundances . This component is normal ized via those e l ements which have 
negl igib l e  s -process contributions , e . g .  Ge and Eu (marked by arrows in 
Fig . 4) . However , i f  the initial envelope abundance was not s o l ar but 
characterized by T o=0 . 6  as in HR77 4 ,  then Fig . 4 shows that e l ements below 
S r  would be overcorrected while  the corrections are too sma l l at higher Z .  
I f  one goes back t o  Fig . 2 one finds that Ge and Eu fol low such a trend 
with respect to the calcu l ated curve . This point could be checked more 
cons istently by inclus ion of other e l ements with neg l igible s -process 
contribution such as Cs , Sb , Tb, Ho or Tm . 

3 . 3  Neutron Density 

It was shown in s ection 3 . 1  that the branchings of the s -process path at 
Se-79 and Kr-85 have a strong effect on the element abundances of B r ,  Kr , 
and Rb . As Br and Kr are not accessible to observations in stars , the Kr -
85 branching manifests itse l f  only through the Rb abundance .  Tomkin and 
Lambert ( 1983)  have shown how this can be used for estimat ing the neutron 
density during the s -process .  

The s -process f low through the mass region 75<A<9 0  is sketched in 
Fig. 6 .  At both branching points , Se-79  and Kr-85 , there is a lmost equal 
probability for neutron capture and beta decay . The numbers associated to 
the isotopes in Fig .  6 are the respective neutron capture cross s ections 
in (mb) . One c lear ly finds that the isotopes on the neutron capture branch 
have much sma l ler cross sections compared to those on the beta decay 
branch . The most extreme case are the two Rb isotopes . As their abundances 
are a lmost proportional to the inverse of their cross s ections , the Rb 
abundance is expected to change by a factor 30 between the extremes of 
very low and very high neutron density . This change is reduced to a factor 
of -10 if the popul ation of the short l ived isomer in Kr-85 is taken into 
account which decays promptly to Rb-85 . 
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Figure 6 .  S ignificant branchings in the s -process path which a l low for 

estimates of the neutron density during the s -process . 

In Fig . 7  the Sr/Rb and Y/Rb ratios are plotted versus the neutron 
dens ity . Obvious ly , neutron capture starts to dominate for neutron 
dens ities above 2 108 cm·3 , so that reasonable estimates can only be 
obtained below this l imit . The arrows in Fig . 7 indicate the ratios 
observed by Tomkin and Lambert ( 19 8 3 )  leading to a neutron density of 
about 2 107 cm3 • All other branchings do not s ignificant ly influence the 
e l ement distribution for neutron dens ities typical for so lar s -process 
material .  But for neutron dens ities > 109 cm3 Mathews ( 1 986)  has found 
that C e - 14 1  becomes an important branching point which then affects the 
Ce/Nd ratio . 

3 . 4  Temperature and Time Scales 

The branching at Se-79 is characterized by the strong temperature 
dependence of the Se-79 hal f  l ife . For a recent appl icat ion of this s 
process thermometer to solar matter see Walter ( 1984) . W ith respect to 
stel lar element abundances inspection of Fig .  6 shows that the Br  
abundance could be changed by this branching at most by a factor two . 
Indeed one finds that the Kr/Br ratio 
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Figure 7 .  The s -process neutron density versus the abundance ratios 
resul t ing from the Kr-85 branching . 

changes from 7 to 16 in the range of thermal energies lO<kT<SO keV which 
is characteristic for the s -process . However ,  this is of no use unti l  the 
e l ements Br and Kr can actua l ly be observed . 

Another important aspect of the s -process concerns the t ime s cales of 
the synthes is itsel f  and for the transport of s -processed material to the 
surface of the s tar . Information on these features can be obtained via the 
unstab l e  isotopes Zr-93  and Tc-99 . A discuss ion of this problem is 
presented in another contr ibution to this conference (Mathews 1 9 86) . 
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4 .  SUMMARY 

( i )  The analys is of s -process enhancements in the atmospheres of red 
giants is of key importance because it provides direct access to the s 
process s ite . 

(ii)  The present s tatus of input data for the c lass ical s -process 
model appears to be sufficient with respect to the analys is of stel lar 
abundance patterns . 

(iii)  The qual ity of present observations a l lows for meaningful 
estimates of mean neutron exposures and neutron dens ites , (at least in 
certain ranges of these parameters ) provided that the abundance pattern 
includes the important key elements Rb , Sr , Y, Z r ,  B a ,  C e .  

( iv) For improvements in this field more accurate and comprehens ive 
observations are cal led for . E l ement patterns need to be as comp lete as 
pos s ible including not only a few important species . The more e l ements are 
determined the better the ana lys is can be made , including cross checks for 
consistency of abundance ratios and correct ions for the init ial enve lope 
composition . For reliable s -process analyses a few comp lete abundance 
patterns are certainly of more help than a survey of many stars which 
includes only a few elements . 
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ABSTRACT . A complete s -process analys is of heavy elements is carried 
out in the frame of the c las s ical mode l with three exponent ial neutron 
exposure distributions . Special emphas is is placed on the mass region 
below A=90 where the main and weak s -proces s component are effect ive . 
The derived astrophys ical parameters of this mode l are ab l e  to repro
duce heavy s -process element abundances correct ly and cons istent ly with 
the other processes of nucleosynthes is . 

1 .  INTRODUCTION 

In the mass range A=90 -200 s -process nuc leosynthesis is we l l  described 
in the frame of an s -process mode l with one exponential distribution 
o f  neutron exposures [ 1 , 2 ] . However , at the beginning and at the ter
mination o f  the s -process path prob lems exist . S ignificant s -process 
abundances are severe ly underproduced . In order to meet these diffi
cul t ies a superpos ition o f  exponential distributions of neutron ex
posures was suggested by Ward et a l . [ 2 ] , where the addit ional f lu
ence distribut ions , one for the isotopes of lead and bismuth and one 
for the nuclei  below A=90 , can be adj usted so that they contribute to 
the abundances s ignificant ly only in the required mass regions . This 
was demonstrated for the s -process termination already recent ly [ 3 ] . 
The subj ect of the present paper is a thorough study of the s -process 
nuc l e i  inc luding also s -process production of rare isotopes in the sul 
fur and calcium region . Previous studies [ 4 , 5 , 6 , 7 , 8 ]  were constrained 
to part ial solut ions and/or disposed of less accurate capture cross 
sections . 

2 .  THEORY 

Mathematical ly the s -process can be formulated as a system of l inear 
different ial equations where the iron peak nuclei from explos ive oxy
gen and s i l icon burning ( e-process )  [ 9 ]  act as seed material for the 
heavy elements beyond . The abundance change dN (A) / dt of an isotope A on 
the synthes is path is given by the equat ion : 
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dN (A) /dt = X (A- l ) N (A- 1 )  - X (A ) N (A) ( 1 )  

Modifications o f  this equation occur at a radioactive nuc leus A ' where 
the neutron capture rate X (A ' ) is in competit ion with the B - decay rate 
L (A ' ) .  

dN (A ' ) / dt = X (A ' - l )N ( A ' - 1 )  - [ X_ (A ' ) + X (A ' ) ] N (A ' ) ( 2 )  

and the stable isobar A" of A ' obtained by B -decay from A ' is given by 

dN (A") /dt = L (A ' ) N (A ' ) - X (A" ) N (A") (3)  

The occurring neutron capture rat e ,  X ,  is defined in the usual way as 
the product of neutron dens ity , n,  times the capture cross s ection o 
averaged over a Maxwel l -Boltzmann distribution of velocities v :  

X = n<ov> ( 4 ) 

<ov>/vT : Maxwel lian averaged capture cross sect ion 

This  Maxwel lian averaged capture cross sect ion ,  in the fo l lowing s imply 
des ignated as o ,  was defined by introducing the thermal velocity vT . 

In general , the solutions of the equations of type ( 1 ) , ( 2 )  and ( 3 )  are 
functions of the t ime dependent neutron dens ity and temperature of the 
s -process environment . In the s -process model with an exponent ial dis 
t r ibution of neutron exposures [ 2 ]  neutron dens ity and temperature of 
the s -process are assumed constant and a superpos it ion of solutions 
from eqs ( 1 ) , (2 ) , ( 3 )  with an exponential exposure distribution 

p (t )  = Go exp ( -t / to)  = [ N (56 ) / t o ]  exp ( - t /t o )  ( 5 )  

is chosen , where N ( 5 6 )  i s  the required iron seed abundance , t the t ime 
integrated neutron dens ity and t o the average of this quant ity . Under 
these condit ions the system of differential equations is solved recur
s ively . For eqs ( 1 ) , ( 2 )  and ( 3 )  we obtain : 

oN (A) = { l  + l / [ o (A ) t o ] } - l  oN (A- 1 )  

oN(A ' ) { l/ [ 1 - f ]  + l / [ o (A ' ) t o ] }
- l  oN (A ' - 1 )  

oN (A") [ f/ ( 1 - f ) ] oN (A ' ) 

( 6 )  

( 7 )  
( 8 )  

These formulae demonstrate that the characteristic quant ity of the s 
process for an isotope A i s  the Maxwe l l ian averaged capture cross sec
t ion o t imes the s -process abundance N. The factor f has to be intro
duced to specify a branching : 

f = X_ (T) / [ X_ (T) + X (n) ] (9 )  

f i s  always a function o f  the neutron dens ity n via X and can b e  addi
t iona l ly dependent on temperature , T ,  (and e lectron dens ity) if the 
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hal f - life of the radioisotope is sensitive on temperature ( and e l ectron 
dens ity) .  
The extension of this one component model to a three component model to 
account for s -process nucleosynthes is below A=90 and at Pb and Bi is 
straightforward us ing the fol lowing exposure distribution function : 

p (T )  = Go exp ( - T / T o )  + Gl exp ( -T / T l )  + G2 exp ( - T / T 2 )  

and 

Due to the different strength of T o ,  T l ,  and T 2  the corresponding 
components are termed as main , weak and strong . 

( 10 )  

Fina l l y ,  the total oN (A) va lue of a nucleus A i s  s imply given b y  the 
sum of the individual components :  

oN(A)  = oN° (A) + oN 1 (A) + oN2 (A) ( 1 1 )  

3 .  EMPIRICAL oN(A) -VALUES 

s -process calculat ions are great ly s imp l ified through the existence of 
s -only isotopes which are shie lded from r-proces s contribut ions by 
stable neutron richer isobars . The empirical distribution o f  oN (A) 
values for these nucl ei can be specified as the so lar abundance is 
identical with the s -process abundance . This distribution is supplemen
ted by s -process dominant isotopes where an r -process correct ion can be 
carried out sufficient ly accurate . Minor additional correct ions of the 
s -only nuclei are due to : 
- -A p -process contribution , estimated from neighboring p -only isotopes . 
- -Neutron capture on thermal ly populated excited states leading to an 

e f fect ive capture cross sect ion different from ground state capture . 
The empirical oN (A) data points are p lotted in Fig . l (above ) .  They form 
a smooth over large parts rather f l at distribution with steps at the 
magic neutron numbers 50 , 82 , and 126 . Other irregularities can be in
terpreted as s -only or preferenti a l ly s -process isotopes located in a 
branching of the synthes is path . Therefore , they are part i a l ly bypassed 
in the nucleosynthes is and l ie distinct ly below the distribut ion of the 
other data points . This occurs for Kr80 , Kr86 , Rb87 , Gd152 ,  Er164 , 
Yb1 7 0 ,  H f 1 7 6 , Lu176 , Os l86 , and Pt192 . Not shown is Ta1 8 0  which also 
might be partial ly an s -process isotope [ 10 , 1 1 , 12 ] . 

4 .  s -PROCESS CALCULATION 

The fit of empirical oN (A) values below A=90 is a two step calculat ion . 
The s -process abundances cons ist o f  a mixture of two components , the 
main component and the weak component . The main component is fitted in 
the mass region A=9 0 - 200  and then the computer calculation is extended 
below A=90 us ing the derived astrophys ical parameters (Table I [ 13 ] ) .  
Neutron dens ity and temperature has been adjusted via the s -only iso
topes in the branchings at Sm15 1 ,  Dyl63 , Tm1 70 , W 185 , and I r l 92 . This 
main component fit forms the bas is for an adjustment of the weak com
ponent below A=9 0 . The parameters of the weak component (Table I I )  



266 H. BEER 

account for the rapid increase of the oN (A) curve required to meet the 
empirical oN (A) values below A=9 0 .  The crucial mass region for the 
analysis is the range between Se and Sr . At lower mass number overlap 
with the e-process nucleosynthes is already occurs . After the calcula
t ion of the contribution of the main component to the Se79 and Kr85 
branchings they are used to determine neutron dens ity and temperature 
of the weak component . 
The Kr85 branching is only sens itive to the neutron dens ity as the Kr85 
hal f - l i fe ( 10 . 7yr) is practica l ly independent from temperature effects 
in the range of interest .  An additional compl ication is created by an 
isomeric state at 305 keV excitat ion energy which is populated directly 
in the capture process [ (5 2±5 ) % ]  [ 14 ]  and decays chief ly [ 78 . 8% ]  to 
Rb85 . Therefore , the s -process flow bypasses the Kr85 ground state to 
4 1% . This effect was taken into account . 
The temperature information of the weak component is derived from the 
Se79 branching . The terrestrial Se79 half- l i fe is drastica l ly changed 
under s -process conditions by al lowed beta decay from thermal ly popula
ted excited states , especially the 1 / 2 ( - )  leve l at 96 keV . 
Fig . l (above) shows the final result of our computer calcu l at ion . At the 
radionuclei with branchings the synthes is path becomes two or sometimes 
even threefo l d .  I f  no information about the branching can be deduced be
cause o f  the lack of an s -only nuc leus on one of the branches , the sum 
of the individual oN-values for each mass number is p lotted . In cases 
where an s -only isotope A contains a radiogenic s -process abundance 
from an unstable isobar A ' the sum 

oN(A) + [ o (A ) / o (A 1 ) ]  0N (A 1 ) ( 12 )  
i s  calculated for reasens o f  comparison with the respect ive empirical 
value o f  A. This kind of cal culat ion is for instance necess ary for Sr86 
and Ybl 7 0  which contain contributions from Rb86 and Tml 7 0 , respect ively . 

For the presentation of the sum of weak and main s -process nuc leo
synthes is in one oN(A) p lot the oN (A) -values of the weak component 
have been normal ized to the temperature of the main component . This 

Fig . I �  
( above) . The product of capture cross sect ion a and s -proces s abun
dance Ns as a function of mass number .  The symbo ls correspond to emp i 
rical data for s -only isotopes o r  to s -proces s dominant isotopes near 
magic neutron shel l s . Symbols in ful l  b lack were used to adjust the 
main component . Significant branchings were ident ified due to the low 
empirical oN values Kr80 , Kr86 , Rb87 , Gdl5 2 ,  Er164 , Yb l 7 0 ,  Os l86 , and 
Pt19 2 . The branching at Lu 176/Hf176 was not treated here [ 1 3 ] . Be low 
A=90 the inf luence of the weak component becomes apparent . The upper 
curve is the sum of main , weak and strong component . The s trong compo
nent yie lds s ignificant contributions only for Pb206 , 207 , 208 , and B i209 . 
(below) . r-process res iduals calculated as the difference between solar 
(re f .  [ 15 ] ) and s -process abundances .  Be low A=70 the steep rise indi
cates the onset of e-process .  Data points with an arrow symbol ize upper 
l imits only . Ful l  b lack symbols are the pure r-process isotopes . At 
Pb206 , 20 7 , 208 and Bi209 the ana lys is includes also a correct ion for the 
r-process  of short - l ived transbismuth progenitors and radiogenic Th232 
and U235 , 238 . 
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leads to no significant distort ions of the curve as the temperature de 
pendence of the capture cross sect ions is frequent ly c lose to o-1//kT . 

The parameters of the various components are summarized in Tab le I .  
The much sma l ler value of T l  compared to T o  yie lds the des ired effect 
of a rapid increase torwards iron . 
The al lowed ranges of temperature and neutron dens ity for the weak com
ponent are p lotted in Fig . 2  together with the respective result for the 
main component [ 8 ) . There exists no common range of values . This is a 
strong indication that weak and main component are two independent s 
process nucleosyntheses . 

E u 
-;;108 c 

107-i-��.--�-..��-.-����--.��-.-��-.--�---,.----�-' 10 15 20 25 30 35 
k T  l keV) 

40 45 50 

Fig . 2  s -process neutron dens ity as a function of s -process temperature . 
Cons istent values for the main and weak component l ie within the indi 
cated areas [ 8 ) . The area of the weak component i s  hatched . The fact 
that there is no common range of values for the two components is in
terpreted as a strong evidence for their independence . 

5 .  r-PROCESS RES IDUALS 

The comp lete description of the s -process from Fe56 to B i209 (an ana
lys is of Pb , Bi in terms of the strong component was given in ref .  [ 3 ) ) 
a l lows f inal ly the calculation of the r-process res idual s  as the dif
ference of solar abundance minus total s -process abundance . Fig . l (be low)  
shows the distribution curve of these nuc l ides . The b lack points are 
the pure r-process nuclei . The other points are the result of the s 
process subtraction . The good agreement between the distribut ion of 
b lack points and the calculated res iduals can be taken as a confirma
t ion that our concept to treat heavy e l ements is correct . The accuracy 
of this determination of r-process res iduals strongly depends on the 
accuracy and s ize of the s -process abundance . This is the reason why in 
four cases (Rb87 , Zr9 2 , 94 ,  Bal38)  only an upper l imit of the r-process 
abundance could be deduced . Be low A=70 a steep rise of the abundances 
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indicates the onset of e -process nucleosynthes is . Another hint for the 
influence of the e-process stil l  at mass number 70 is suppl ied by Ge70 , 
an r -process shie lded isotope the abundance of which is only to 60% 
accounted for by the s -process . The rest is ascribed to the e-process . 

Table I .  Parameters for the flux distributions of the main , weak , and 
strong components 

s -process Fraction of I Average t ime inte- I Average number 
component I solar iron seed I grated neutron I of neutrons per 

I abundance I f lux at kT=30keV I iron seed 
- - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - -

Main I ( 0 . 048±0 . 00 3 ) %  I ( 0 . 30±0 . 0 1 ) /mb I 1 1 . 2±0 . 7 
I I I 

Weak I ( 1 . 6±0 . 2 )�� I ( 0 . 06±0 . 0 1 ) /mb I 1 . 4±0 . 4  
I I I 

Strong ( 1 . 2±0 . 7 ) 10
-4 �� 

6 .  s -PROCESS OF LIGHT ISOTOPES 

;?: 6/mb ;?: 150 

An important criterion for the cons istency of our analys is is  that no 
overproductions of stable isotopes are generated . Except for pure s 
process isotopes other species should always have an s -process abund
ance at least not larger than the solar abundance to al low for poss ible 
contr ibutions o f  other nucleosyntheses C r -proces s ,  e-proces s . . .  ) .  This 
requirement is critical if the s -process is the dominant contribution 
of the solar abundance . In the domain of the main s -proces s component 
crucial isotopes are Rb87 ,  Kr86 , Sr8 8 ,  Bal38 and Cel40 . 
For the weak s -process certain l ight isotopes represent a crucial check . 
They can be eas i ly produced by neutron capture on highly abundant pro
genitor isotopes which act as seed material . Table II summarizes the 
studied isotopes . As the comparison with solar abundances shows there 
is no case where we have found an overproduct ion . The most critical 
case appears to be Fe58 where about 84% of the so lar abundance has to 
be ascribed to the s -proces s . 

7 .  CONCLUSIONS 

We have found that the s -process abundances of isotopes below A=90 can 
be cons istent ly described by a two component s -process model with expo
nent ial neutron exposures . The two components seem to be two different 
s -process sytheses because s -process neutron dens ity and temperature 
have no common range of va lues . No incons istencies were found by check
ing the s -process production of certain neutron rich l ight isotopes . The 
e -process nuc leosynthesis appears to be effect ive up A=70 .  
Bes ides the assumption of a constant neutron dens ity and temperature 
during the synthes is which is certainly an oversimp l ification , we have 
not treated the influence of a pulsed s -process . Inf luences of the pulse 
conditions are expected at the branchings . The analys is shows that the 
effects are negl igible if the pulse duration At»tn , the neutron cap
ture time . This condition is , for instance , not satis fied for Kr85 
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where one est imates tn=13 . Syr for a neutron density of 108 /cm3 • This 
capture t ime is not anymore sma l l  compared to the pulse duration of 
current stel lar models . 

Table I I .  Rare neutron rich l ight isotopes produced preferent ial ly 
by the weak s -process via abundant progenitors as seed 
nuclei 

Seed 
Nuclei 

Nuc leus 

Abundances ( S i=10 6 ] 

s -process so lar 
N N0 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
832 833 1 1 3 . 9 3860 3 

II 836 46 . 2  88 52 
Ar36 , 38 C l 3 7  396 . 7  1270 3 1  

II II  K41 2 1 . 5  253 . 7  9 
Ca40 Ca42 1 1 . 6  395 3 

II Ca43 3 . 0  82 . 5  4 
Ca40 , 44 Ca46 0 . 04 2 . 1 7 1 . 6  

II II Sc45 1 . 8  33 . 8  5 
Ti48 , 49 Ti50 1 3 . 2  125 10 . 6  
CrS0 , 5 2 , 5 3  Cr54 5 2 . 2  3 16 16 . 5  
Fe56 , 5 7  Fe58 2203 2610 84 
Fe5 6 , 5 7 , Ni58 , 60 Ni64 136 . 1  449 30 

I I  II  II II Cu63 155 . 2  356 43 . 6  
II II  II  II  Cu65 120 . 5  158 76 . 3  
II II II  II  Zn67 1 9 . 2  5 1 .  7 3 7 . 1  
II  II II II Ga69 10 22 . 7  44 
II  II  II  ti  Ge70 13 . 6  2 1 .  7 62 . 2  
II II  ti ti Ga7 1 9 . 3 15 . 1  6 1 . 6  
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ABS TRACT . Th e as trophys ica l s-proces s is a s equenc e o f  
n eu t ro;:;=c apture and b e ta-decay react ions on a s low t ime s c a l e  compared 
to b e t a-decay l i fe t ime s ne ar the l ine o f  s t ab i l ity . We sys tema t i cal l y 
s tudy th is d e t a i l ed s equence o f  neu tron capture , c on t inuum and 
bound-s ta t e  be t a  decay , pos i t ron de cay , and e l e c t ron-capture reac t ion s 
that compr i s e  the s-proc e s s  for a b road range o f  a s trophys ica l 
env ironmen t s . Our resu l t s  are th en compare d w i th th e s o l a r-sys t e m  
a bundances o f  h eavy e l ements to determine t h e  range o f  phys ica l 
cond i t ion s  respons ib l e  for the ir nuc l eosyn thes is . 

1 .  INTRODUCT ION 

It has b een c l ear for s ome t ime l that an e xponen t ia l  d i s tr ibut ion o f  
neutron exposure s i s  requ ired t o  f i t  t h e  s o l a r-sys tem s-pro cess  aN 
c u rve ( neu tron capture cross s e c t ion t ime s abundance ) as a funct ion o f  
a tomic mas s .  U l r ich 2 , 3 showed that an exponen t ia l  d i s tr ibut ion o f  
exposur e s  cou l d  b e  ach ieve d i n  a s ing l e  s t ar wh ich sub j e c t e d  in i t i a l  
s eed ma t e r ia l  to pe r iodic neut ron exposures fo l l owed b y  d r edge up o f  
s ome frac t ion o f  t h e  irra d iated ma terial  t o  th e s t e l lar surface . Th is 
s-proces s s c enar io h a s  been expl ored in a series of pape r s 4- 7 bas e d  
o n  a 2 2Ne (a , n ) 2 �g neu tron s ource for the s-process  dur ing 
therma l pu l s es of asymp t o t i c  g iant b ranch s ta r s .  Th ere is s u f f i c ient 
unc erta inty in th e s t e l l a r  mode l s , however , tha t a d i f feren t approach 
is warran ted , i . e .  to u t i l ize the observed s olar-sys tem s-proce s s  rrN 
c u rve to de fine the cons tra in ts on any s te l l ar mod e l  for the 
s-proce s s . Th i s  i s  th e subjec t of the pre s en t  work . Th i s  s tud y 
r evea l s  that the s-process  is b e s t  f i t  w i th cond i t ions s imilar to 
tho s e  expec ted for re l a t ive l y  l o w-ma s s  re d -g ian t s t ars near th e end o f  
the ir l i fe t ime . Deviat ion s o f  the f i t  from the observed s ol ar-sys tem 
value s h i gh l i gh t s  th e need for improved nu c l ear d a ta . 

2 .  S -PROCE S S  CALCULAT ION 

In the c l ass ical s-proce s s  ( w i th ou t  b e ta-d ecay branch ing ) the 
abund anc e  o f  an iso tope is given s impl y  by th e solut ion to th e set o f  
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coupled d i f ferential  equa t ions , 

( 1 )  

where T is  the t ime integrated neut ron f l ux ( i . e .  neutron exposure ) 
and 0 the Maxwe l l ian averaged neutron capture cross  s ec t ion . 

At equ i l ibr ium , a s ingl e  exposure woul d  lead t o  a c on s t ant aN 
value for a l l  isotope s  in the s-proce s s . The s olar- s y s t em a N  c urve 
( see Fig . 1 ) ,  however ,  requ ires an exponen t ia l  d is t r ibu t ion o f  neu tron 
e xposures , i . e .  the probab i l ity , p {T )  for a g iven exposure is 
taken t o  b e ,  

() ( T )  a: e xp ( -r /T ) 
0 

In a per iod ic s-proce s s  o pera t ing in a s ingl e  s t ar 2 , 3 , th e 
mean e xposure , T 0 , i s  s impl y  r e l ated t o  the average e xposure 
per pu l s e , �T , and the fract ion of materia l , r ,  wh ich rema ins 
a ft e r  each dredge u p ,  i . e .  To = -�T/ln ( r ) . Note , that the 
m ixing fract ion and exposure per pu l s e  are not independent 
parame ters . 

( 2 )  

I n  dynamic s te l l ar environments , s uch a s  therma l l y-pu l s ing red 
g iant s ,  th e s imp l i c i t y  o f  the c l as s ica l s-proc e s s  (E q . 1 )  is  l o s t 
d u e  t o  a b reak down o f  the a s sumpt ion that neut ron ca ptures are 
s l ow c ompared to beta decay . We there fore , compu t e  the 
nucl eosyn thes is in a ne twork : 

dN ( Z , A) 
d t  

N( Z , A-l ) nnCTn ,y( Z , A- 1 ) +  N ( Z -1 , A ) � R( Z-l , A ) 

- N ( Z , A) [ nnon , y
( Z , A) + ) r ( Z , A) ] ( 3 ) 

Th e t ime-d e pendence o f  the flux and tempera ture dependence o f  the 
cros s sec t ions and be t a  rates are inc luded . In a few cases , pos i t ron , 
e l ec t ron-c apture , or a l pha decay mu s t  a l s o  be added to Eq . ( 3 ) .  We 
u t i l iz e  exper imenta l neu tron-capture cros s sec t ions when 
a v a i l ab le8- 1 6 . Cros s s ect ions for uns tab le or unmea sured nuc l e i  
were taken from Hause r-Fe shbach es t ima t e s l 7  a l ong with the 
tempe ra ture dependence o f  a l l  cross s e c t ions . Decay ra t e s  from 
therma l l y  populated exc i t e d  s ta t e s  were c a l culated assuming therma l 
equ i l ibr ium and with appropr iately choosen f t  values l 8 . The in i t ia l 
seed abundanc e s  were taken from s o l a r-sys tem values l 9 . 

3 .  RESULTS 

We have adjus ted the parame ters to min imize x 2 for th e f i t  t o  2 3 
s-on l y  nuc l e i  w i th Z > 40. L i gh ter nuc l e i  were omi t t ed b ecau s e  o f  
pos s ib l e  c on t r ibu t ion

-
from other s ources 9 Th e mos t s ens i t iv e  

pa rame ters i n  the f i t  a r e  T0 , and nn , a l though the temperature , 
pu l s e  shape , and in terpu l s e  per iod a l s o  ente r .  

F igure 1 i s  an examp l e  o f  a good f i t  ( v q, 2 . 3 ) for a mea n  
exposure o f  T 0 = 0. 2 7 7  wb -1 , a cons tant dens ity ( n n = 

l . Ox l 08 cm- 3 ) and temperature ( T = 0. 3 4 8xl09K ) ,  w i th a l ong 



PULSED-NEUTRON-SOURCE MODELS 

I I  

s -p r o c e s s  1 03 .-T""T������"""T""��--..--��-.-�� ........ ����� 

n0 = 1 .  O x  1 0 8 

T, " 0 . 2 7 7  
T 9  = 0 . 3 4 8  

A 

F i gure 1 Fi t t o  the observed 0 N  c urve . 

interpu l s e  in t e rva l ("460 y ) . The x 2 q u ick l y  in crea s e s  fo r. 
h igher f luxe s , b u t  increases more s l owly a s  the f l ux is de creased . 
From th i s  s tudy we c onclude tha t the bes t - f i t  parame t e r s  are n0 = 

l . O (�S: � ) x l 08 cm- 3 , T = 0 . 3 0 ( ± 0 . 04 ) x l 09K ) , and 
T0 = 0 . 2 8  ± 0 . 0 1  (mb-1 ) ,  correspond ing to a pu l s e  durat ion 
o f  soo<�rRB) y r s . Th is is cons is ten t w i th prev ious 
e s t ima t e s� , 14 o f  the neut ron dens ity b a s ed on one o r  two b ranches 
a l one . Fo r h igh er dens i t ie s  than 1 0 8 cm-3 many branch e s  ( a l l 
a bove A = 1 40 )  a re bypa s s ed , wh i l e  for low dens i t ie s  the a N  
cu rve a pproxima t e s  t h e  nominal s-p roce s s . Wha t  i s  mos t intere s t ing 
is tha t  the s e  s t e l l a r  parame t ers , ( d e r ive d s o l e l y  from inpu t 
nuclear d a ta and observed abundance s ) are very s imi l ar to the 
c ond i t ions though t to ex i s t4 in r e l a t ive l y  l ow-ma s s  (M � 
3 Mo )  red-g iant s tars a s  they a s cend the a s ympto t i c g ian t b r anch . 

The bes t f i t  for the s o l ar-sys tem CTN cu rve exh ib i t s  
pronoun ced devia t ions from t h e  smooth monoton ica l ly d ecreas ing 
c la s s ica l s-pro c e s s  curve . The rea s on for th i s  is th a t  man y  s t ab l e  
n u c l e i  a re a c t ua l l y  produced a s  b e ta-unstab l e  progen i tors due to 
neu tron capture s on bet a-uns tab l e  nuc l e i .  I f  th e progen i t o r  h a s  a 
l a rger ( o r  sma l l er )  c ross s e c t i on there w i l l  h e  a d ip ( or peak ) in 
the 0N curve wh en 0N for th e s ta b l e  daugh t e r  i s  c a l cu l a t ed . 
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Th is  is th e reason for the pronounced peak s  on Fig . 1 at 9 3Nb 
C 2art ia l l y  produced as 93zr ) and 1 5 1Eu ( part ial ly  produced  as  
1 5 lsm) . 

For a b road range o f  average neutron dens ities the temperature 
minimum occurs for T9 = 0 . 3 0 (± 0 .04) (kT = 2 6±4 keV) . Th is i s  
due b oth to  the change in  cross sec t ions and the fact that certa in 
beta decays are too s low a t  low temperature to provide adequate  
c ompe t i t ion with neutron capture at  certa in key branch po ints ( e . g .  
7 9se , 134cs , and 1 54cd ) .  At l ow temperatures the fact that 
80Kr , 134Ba , and 154cd are bypassed i s  part icu larly eviden t .  
T h e  fact that 154cd is bypassed is a t  first surpr iz ing s ince the 
precursor is 1 54Eu with a terres tr ial ha l f  l ife of only 8 yrs . The 
c apture cross s ection for 1 54Eu is extremely large ( 8  barns a t  kT = 
10 keV) , h owever , so  that  capture occurs a t  these  neutron dens ities  
b e fore b eta decay . The poorer fit  at  h igh temperature is due 
primar i ly  to changes in the neutron capture cros s sec t ion s ;  a l s o  th e 
increased beta-rates at  h igh temperatures tends to washout the 
b ranches at  1 70yb and 186os . Thus , we f ind that the best so lut ion 
is for kT = 26 k eV, nn = 108cm-3 , and To = 0 . 2 8  mb- 1 . 
The ra ther narrow range o f  al l owed temperatures for a broad range o f  
d ens i t ie s  i s  s ign ificant because these temperatures are characteris tic 
o f  the 2 2Ne (� , n )25Mg s ource react ion . Temperatures in t h is 
range are just  what is  required to g ive the correct neutron exposure 
from th i s  reaction .  Mos t other  pos s ib l e  s-process sources such as 
1 3c (n , n ) l 6o and carbon burning would  norma l ly be  expected to 
occur at  temperatures cons iderab ly l ower or h igher than the ranges 
wh ich g ive th e bes t fit to the oN curve . It is a lso  encouraging 
that th is compl ete ly independent means o f  e s t ima ting the  temperature 
(which makes  no assumpt ion abou t th e s te l lar s i te  other  than tha t  i t  
e xper iences s equentia l  neutron irradiations )  c omes s o  c lose  t o  the 
trad it iona l l y  as sumed va lue for kT = 30  keV based on the assumption 
that th is process should  occur at  typica l he l ium-burning temperatures .  
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STELLAR S-PROCESS DIAGNOSTICS 

G .  J .  Mathews , R. A .  Ward , K. Takahash i ,  and W. M.  Howard 
Univers ity of California 
Lawrence Livermore National Laboratory 
Livermore , CA 94550 

ABSTRACT. We argue that the solar-system crN curve can be best 
understood if the s-process  i s  largely produced by s tars in the mass 
range of  M � 2-4 Mo. Several observations are then studied as 
indicators of  the validity of  this hypothes is . We f ind that i sotopic 
Zr abundance s  and elemental ( Ba/Sr )  vs . ( Ba/Nd ) rat ios are cons is tent 
with these c ondit ions . The e lemental (Tc/Nb) rat io is  found not to be 
an indicator of temperature as has been sugges ted but rather a measure 
o f  the age of an AGB s tar in the third dredge-up phase . 

1 . INTRODUCTION 

As we have a lready heard at this conference ,  the crN curve for 
solar-sxs tem material seems to  imply s-process  condit ions of  nn � 
l . O <±S:�)xl08cm-3 , T = 0. 30±0 . 04xl09K and To = 0 . 28 ± . 0 1 mb-1 
corresponding to a thermal pulse durat ion o f  �500±1i8 yrs  
(Mathews , e t  al . 1984ab ; Howard , e t  al . 1985 ) . 

These-Parameters seem to be tell ing us  some thing about the nature 
of  the astrophys ical s i te for the s-proces s .  In particular , the 
empirically derived temperature i s  remarkably c lose (Almeida and 
Kappeler 1983 ) to the opt imum temperature for a 2 2Ne ( a, n) 2 5Mg 
neutron source ,  which operates in the therma l ly puls ing phase for AGB 
stars ( Iben 1 9 7 7 )  with core mas ses  > 1 . 0  M@· On the other hand , 
the pulse duration, is  more charac terist ic of  AGB s tars with lowe r 
mass core s .  In this paper we make the point that this apparent 
contradic t ion can be resolved on the bas i s  of more recent calculations 
( Becker 1985 )  which show that the temperatures for the ful l  amp l itude 
pulses for low-mass  stars are suffic ient ly high (T9 � 0 . 3 )  that 
the 2 2Ne ( a, n) 2 5Mg source can be s ignificant . Thus , a consis tent 
argument can be constructed that the most l ikely s ite for the 
s-process  i s  in the thermal ly-pul s ing phase of relatively low-mass  ( M  
� 2-4 Me ) AGB s tars . 

S ince s tars in this mass  range also correspond to most  observed 
S- and Ba s tars , we next invest igate the cons istency of this 
interpretat ion with observed s-process abundances  in these s tars . In 
part icular ,  we f ind that a measure of  the neutron exposure can be 
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obtained from the Sr/Ba e lemental rat io , and an upper l imit to the 
neutron density can be inferred from the Ba/Nd rat io . I sotopic 
abundances from ZrO l ines ( Zook 1 978) can also be used to determine 
ranges of allowed values for nn and T0 • Both of  these 
constraints are consistent with relat ive ly low-mas s AGB s tars as the 
s ite for the s-proces s .  

F inal ly ,  we briefly consider quantitat ive observat ions ( Smith and 
Wal lerstein 1 983 ) of the Tc abundance on S-stars which have been 
suggested as a probe of the s-process temperature . We show that the 
Tc abundance i s  largely independent of temperature due to the fac t 
that the neutron product ion is  even more temperature sensit ive than 
the 99Tc beta hal f  l i fe .  We then compute the expec ted Tc /Nb and 
Tc/Mo rat ios and show that these quant ities can be used as a measure 
of the l ifetime of  a s tar in the thermally puls ing third dredge-up 
phase .  

2 .  I N  SEARCH OF THE SITE FOR s-PROCESS NUCLEOSYNTHESIS 

In a number of  papers ( Iben 1 977 ; Truran and Iben 1 977 ; Iben and 
Truran 1 978 ;  Cosner ,  Iben and Truran 1 980) it has been argued that the 
s-process  occurs in thermal ly  pu lsing AGB stars with re lative ly 
mass ive (Mc � 1 -1 . 4 M(;) )  e lec tron-degenerate c arbon-oxygen 
c ores .  This conc lus ion was reached on the basis  of the fact  that the 
2 2Ne (a, n )2 5Mg reac t ion seems to give the neutron exposure 
required to f it the solar-system oN curve . 

The neutron densities  correspond ing to these core masses , 
however ,  are too high to give a sat isfac tory fit  to the solar-sys tem 
s-only nuc lei . We have invest igated two possible  remedies to this 
d i lemma . One i s  to postulate (C layton 1 984 ) a weak interpulse 
exposure ( AT � . 0 1  - 0 . 1 0  mb- 1 ) which i s  ins ignif icant compared 
with the total exposure but which can heal the d ips in the crN curve 
caused by the high neutron dens ity. The prob lem we have found with 
this approach i s  that , by the t ime that enough exposure is  introduced 
to heal the oN curve , branching at the low-temperature exposure 
leads  to a poor fit to the oN curve . 

The scenario which we pre fer is  based on the calcu lations o f  
Becker ( 198 1 ;  1 985 ) .  These calculat ions show that , for the low-mass 
cores , the therma l pul ses  cont inue to heat up for about the first  20  
pulses to a maximum temperature which i s  very c lose to the empirical ly  
derived temperature of  T9 � 0 . 30 .  For  these  temperature , the 
pulses endure long enough to provide suffic ient neutron exposure 
without an excessively high neutron dens ity .  In calculating the 
exposure we have used the analytic relat ions of Iben and Truran ( 19 78 )  
and a constant peak temperature o f  T9 = 0 . 3 1  for Mc < 0 . 96 
M0. Thi s  i s  a reasonable  approximat ion to the actual numeric a l  
output from the stel lar mode l s .  

Figure 1 i s  an example  of  the reduced Xr2 for the f i t  as  a 
funct ion of  core mass  for these models with increased temperature . 
The fit  is  quite good for Mc � 0 . 65 M0 , which is  shown in F ig .  
3 .  This  initial  core mass  corresponds to roughly a 3 M0 s tar ( Iben 
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F ig .  1 

G o o d n e s s  o f  F i t  

C o r e  M a s s  
Reduced Xr2 for f it to solar-system oN curve 
a s  a func tion of core mass  ( units  of �) . 

0 . 65M• C o r e  

1 o0 8 0 . 1 0 0 . 1 2 0 . 1 4 0 . 1 6 0 . 1 8 0 . 2 0 0 . 

A 
Fig . 2 Fi t  to so lar-system oN curve for a star 

wi th a 0 . 6 5 � carbon-oxygen core . 
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and Truran 1978 ) .  The imp l ication is that the solar system s-process  
material has  been large ly produced by relat ively low-mass  AGB stars 
s ince the fit  is  s ignificantly worse i f  an average over the ent ire 
mass  range i s  used .  

Thi s  is  consis tent with the suggest ion ( Sca lo and M i l ler 1981 )  
that the third dredge-up may not occur in the higher-mass  stars  and 
the lack of observat ion of Tc l ines in AGB s tars with M � 3 Mel · 

3 .  STELLAR s-PROCESS DIAGNOSTICS 

Thi s  leads us  to suggest that it  would be useful to cons ider 
observations of  s-process  abundances  in low-mas s  AGB s tars to see i f  
these data are consis tent with the imp l icat ions from the solar system 
oN curve . I t  would , of  course , be mos t  usefu l to have good i sotopic 
abundance measurements .  Unfortunately these are not avai lable for 
most  e lements .  However ,  Zook ( 1978)  has obtained isotopic Zr 
abundance s  from ZrO l ines in three S-stars . These data are shown in 
Fig •  3 along with calculated Zr isotopic abundance s  as  a func t ion o f  
core mas s .  A s  can be seen , the best fit  is  for the low core masses . 

Z i r c o n i um I s o t o p i c  A b un d anc e s  
. 6 .---r���T"""""��--.-��=--.r---��-r-��--r��--. 

C a l e .  Zook  ( 1 9 7 6 )  
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C o r e  Ma s s  
Fig .  3 Relat ive Zr isotopic abundances  ca lculated for stellar 

model s .  The data are from the observat ions of  Zook ( 1 978 ) . 

What about elemental abundances? From variation of  neutron exposure 
at a constant neutron dens ity , we f ind that there is a dramatic 
variat ion of a stepwise behavior of  the e lemental abundance s .  From 
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this s tudy i t  appears that the Sr/Ba rat io i s  a good indicator of 
neutron exposure . Variat ion of the neutron-density over 1 1  orders of 
magnitude for a f ixed exposure produce s  l i t t le change in the relative 
abundances . In particular ,  the Ba/Sr i s  invariant to a good 
approximat ion. Thi s  e lemental rat io i s ,  there fore , a good measure of 
the neut ron exposure . 

There i s , however ,  one s ignificant change . The Nd  abundance 
decreases  by about a fac tor of two . The reason for this is  that the 
Nd abundance i s  normal ly dominated by the s-only isotope , 142Nd . 
For neutron densities  nn � 1 09 cm-3 , however ,  1 42Nd i s  
bypassed due to  neutron c aptures on  the unstable isotope , 14lce . 
Thus , the Ba/Nd rat io i s  a measure of the neutron dens ity when the 
nn > 1 09 cm-3 . 

F igure 4 shows predicted behaviors for the Sr/Ba and Ba/Nd rat ios 
as  a func t ion of neutron dens ity and neutron exposure . The 
observations ( Cowley and Downs 1 980) for s everal of Ba s tars are also 
indicated . Although the unc ertaint ies are large , it  i s  c lear that , at  
l east  for the s tars ind icate d ,  the dens i t ie s  and exposures t end to be 
c ons i stent with the low neutron dens i t ie s  assoc iated with lower core 
masse s .  

F ig .  4 

E l em e n t a l  A b u n d a n c e R a t i o s  

1 .  5 

1 . 0 
r0=0 .  3 mb-1 

e Cap  

0 .  HD46407 

- . 5  r0= !  . 0  mb-1 

- 1 . i . . 4  . 8 1 .  2 1 .  6 2 . 0  

l o g (  B a/Nd ) 

Corre lat ion of ( Sr/Ba) and ( Ba/Nd ) e lemental rat ios . 
Lines correspond to constant neutron dens ity and 
exposure . The data are from Cowley and Downs ( 1980) . 
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4 .  TECHNETIUM ABUNDANCES  

Another poss ible probe of  the s tel lar environment i s  suggested by  the 
quant itat ive observations of unstable Tc ( probably 99Tc ) on stellar 
surfaces ( Smith and Wallerstein 1 983 ) .  Because the beta-decay 
halfl i fe for 99Tc is  expec ted ( Cosner, Despain and Truran 1 984 ) to 
be drast ical ly diminished at stel lar temperatures ( Tl / 2  � 1 yr . 
rather than Tl / 2  � 2 . 1 x o5 yr .  terrestrially) , i t  has been 
s uggested that Tc abundances  on s tel lar surfaces may ind icate 
low-temperatures for nuc leosynthesis . We f ind (Mathews et  al . 1 985 ) ,  
however ,  on the bas i s  of  our detai led network c alculat io!Ui,that a 
signific ant fract ion of  the Tc abundance ( 70-90%)  survives to the end 
of the convec t ive she l l ,  a lmost independent of core mass in these 
model s .  The reason is s imply that the abundanc e of  99Tc i s  
determined by both the beta-decay rate and i t s  neutron c apture rate .  
Because the c apture cross sec t ion for  99Tc is  so large ( 854 mb 
(Macklin 1984 ) ) ,  and the 2 2Ne ( a,n ) 2 5Mg , neutron sourc e 
increases so rapidly with temperature , the CTN value for 9 9Tc i s  
very c lose t o  the value i t  would have i f  there were no beta decay. 

S ince the 99Tc abundance is not part icularly temperature 
sensitive ,  it  i s  useful to see what the observations ( Smith and 
Wal lerstein 1983 ) are te l l ing us about the stars produc ing 99Tc . 
F igure 5 , ( from Mathews et a l .  ( 1985 ) )  shows the predic ted ( Tc/Nb ) and 
( Tc/Mo )  ratios as  a func t ioil°of the l i fet ime of a star in the 
thermal ly puls ing third dredge-up phase . Thi s  f igure is based on a 
s imple analytical two-reservoir model  ( Anders 1958 ; Peterson and 
Wrubel 1966 ) . The points are two S-stars measured by Smith and 
Wal lerste in 
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( 1983 ) . From this figure i t  can be seen that this approach can b e  
used to g ive a good ind icat ion of  the age of  a s tar i n  this phase o f  
evolut ion .  

5 . CONCLUSION 

283 

The basic conc lus ion of this work is that , from a number of d ifferent 
ways of  looking at the probl em ,  the thermal ly-pul s ing phase of  AGB 
s tars in the mass  range of  2-4 Me appears to the most  promis ing s i te 
for the s-process . We suggest  that it  wi l l  be usefu l for furthe r 
s tudy t o  c ompile  Zr  isotopic abundances as wel l  as ( Sr/Ba) , ( Ba/Nd ) , 
and (Tc /Nb) e l emental rat ios for a number of  stars as a best means to  
test  this  hypothes i s .  
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ABSTRACT . A f t er a b r i ef i n troduc t i on to the present stat e of ar t o f  
nuc lear beta- decay studies i n  astrophys i c s , we repor t our re cent work o n  
t h e  long-st and ing 

9 9
Tc problem. Having comb ined a deta i led study of the 

recurrent He-she l l  thermal-pulse , th ird dredge-up ep isodes in a 2 . 25 M® 
s tar and an s-process network calcula t i o n ,  we show that a substant i al 
amount of 99T c  can be produced by the s-process and can surv i ve to be 
dredged up to the stel l ar surfac e .  W e  stress that the fac tual 
ob serva t i on of 

9 9
T c  at the surface of cer ta i n  stars does no t neces sar i ly 

preclude the 22N e ( a , n ) 25Mg reac t i on from rema in ing as the neutron s ource 
for the s-process . The ca lculated surface abundances of 

9 9Tc and 
elements w i t h  ne i ghbor i ng atomic numbers are compared w i th observat ions . 

1 . I NTRODUCTION 

1 . 1 . B eta-Decay s  in As trophys ics 

The ma in d i f f i culty in most stud i es o f  nuclear beta-decay s of astro
phys ical interest is to re l i ably evaluate b e ta-decay nuc lear matr i x  
el ements for t errestri ally unknown trans it ions , e i ther i nd iv idually or 
collective ly as a st rength func t i o n .  

Our k nowledge o f  beta-s treng th func ti ons has i n  recent y ears 
increased drast ically ( at least for all owed 6 -

trans i t ions ) ,  ma i n l y  
because of a ser i es o f  ( p , n )  experiments eluc idat i ng the long- suspected 
Gamow-Teller g iant resonance ( e . g . Takahashi 1 983 for an i ntroduc tory 
chron icle ) .  This  is fur ther re i nforced as l arge-bas i s  shell-model 
calcula t i ons have b ecome feas i b l e .  I ndeed , such a cal cul ation has been 
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carr i ed out by Fuller and B loom ( 1 9 85 ) to evaluate the elec tron cap ture 
rates for Fe-group nuc l e i  wh i ch are ext reme ly important i n  supernova 
prob lems ( e . g . F u l l e r , Fowler and Newman 1 9 8 0 , 1 9 82 ; Woosley 1 986) . I t  
s t i l l  rema i ns t o  b e  seen i f  the method can b e  successful l y  app l i e d  to 
s tudy beta-decay proper t i e s  of unk nown nuc l e i  such as those involved in 
the r -process , and i f  the s tab i l i ty o f  its pred i c t ions w i th respect to 
d i f ferent cho ices o f  the nuclear Hami l ton ian and mode l space i s  h igh 
enough , so that one c a n ,  w i thou t hes i ta t i o n ,  d i scar d the va l ues from 
s i mpler mod e l s  currently on the mark et ( Takahash i ,  Yamada and Ko ndoh 
1 9 7 3 ;  Klapdor , Metz i nger and Oda 1 9 84 ) .  I n  add it ion,  how to cope w i th 
de formed nu c l e i  m i ght rema i n  as a cruc ial quest i on ( Kruml inde and M�l l er 
1 9 84 ) .  Now that the search for the astr ophy s i cal s i t e ( s )  for the r 
proc ess i s  i n  chaos ( e . g . S chramm 1 9 8 3 ;  Math ews and Ward 1 9 85 ) ,  i t  i s  o f  
ex treme impor tance t o  cha l l e�ge the re f i nements o f  nuclear i nput data 
includ ing beta-strength funct ions ( e . g . Ma thews 1 9 8 3 )  

The d i f f i cu l ty inc reases when i nd i v i dual b e ta-trans i t ions come into 
the game as i n  s-process branch ings wh i ch oft en constrain certa in 
astrophy s i ca l  cond i t ions ( e . g . temperatur e ,  neutron dens ity ) for the s 
process ( Cameron 1 9 59 ;  War d ,  Newman and C l ay ton 1 9 7 6 ; Kappeler et a l .  
1 98 2 ;  U l r i c h  1 9 8 3 ; Howar d e t  al . 1 98 5 ) .  A ga i n ,  the poss ib i l i ty o f  
large-bas i s  shel l -model calculat ions , a s  recently per formed i n  
conj unc t ion w i th the solar neu t r i n o  detector ( Mathews et a l . 1 9 85 ) and 
w i t h  the 9 9T c  prob lem ( Tak ahash i ,  Mathews and B l oom 1 9 85 ) ,  l eaves good 
hopes that for at least some se lected spher i ca l  nuc l e i  we w i l l  have 
pred i c t i ons in the near future that are better than those a va i lab le now 
( Cosner and Truran 1 98 1 ; Yok o i  and Takahash i 1 98 5 ) .  

The story does not end here s i nce i n  some case s a deta i led study o f  
atom i c  aspects stemmi ng from ion i z a t i on i s  needed ( Takahash i and Yok o i  
1 9 8 3 ) .  I n  part i cular , the roles p layed by bound-state S

-
-decays have 

appeared to be very i mpor tant i n  the 1 8 7Re- 1 � 7os chronometr y  ( Cl ay ton 
1 9 69 ; P errone 1 9 7 1 ; Yok o i , Takahash i and Arnou l d  1 9 83 ) and i n  the 
p oss ible 20 5p b -

205T l  chronometry ( Yoko i ,  Takahash i and Arnou l d  1 98 5 ; c f .  
B l a k e ,  Lee and S chramm 1 9 7 3 ) .  I t  shou ld b e  noted h ere that the ques t i on 
whether the b ou nd-s tate B - - decay contr i bu t ion on neutral 1 8 7 Re atoms 
shows up as a d i f ference b etween i t s  decay rates measured in met eor i t es 
and in the l abora tory ( e l ec tron measurement s )  has been d i scussed ( Dyson 
1 9 7 2 ;  W i l l i ams , Fowler and Koon i n  1 9 84 ) .  

1 . 2  9 9Tc "Prob lem" 

The ex i s tence of Tc ( most probab ly 9 9Tc ) at the sur face of c erta i n  ( e . g . 
type S )  s tar s ( Merr i l l  1 9 5 2 ;  Iben and Renz i n i  1 98 3  and re ferences 
ther e i n ; Smi th and Wa llerstein  1 9 8 3 )  i s  one o f  the strongest supports 
for the i dea of nuc l eosynthe s i s  of heavy e l ements v i a  slow neutron 
cap ture ( e . g .  Mathews and Ward 1 9 8 5  and re ferences there i n ) .  On the 
other hand , var i ou s  s tud ies of the solar abundance curve for s-process 
nuc l i des ( e . g .  B eer 1 986 ; Kappeler 1 986 ; Howard et a l .  1 9 85 )  as well as 
the ex ist i n g  scenar i os for the astrophys ical s i t e  for the s-process 
( e . g . the He-shell recurrent th erwal-pulses i n  asymptoti c-g iant-b ranch 
i n termed i ate-mass s tars w i th the 

2 2N e ( a , n ) 25Mg neutron source : Iben 
1 9 7 5 , 1 9 77 ; Iben and Truran 1 %78 ; Cosner , I b en and Truran 1 9 80 ) suggest 
a typ i cal t emperature of 3 x 1 0 K at the s i te . 
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A cruc ial  quest ion f irst  rai sed by Cameron ( 1 959 ) is whether 99Tc  
can  survive such a hot env ironment unt i l  it is  dredged up  and observed 
at the stellar surface . I ndee d ,  the 99Tc  beta-decay half- l i fe at such 
temperatures will  most certa inly be much much shorter than its  
terrestr ial value of  2 . 1 x 1 05 yr . This  i s  expected because the thermal 
exc i tation of the 7 /2+ ( 1 4 1 keV ) and 5 /2+ ( 1 8 1  keV )  states opens the 
channel for the Gamow-Teller allowgd trans itions ( F ig . 1 ) :  the effect ive 
half-life at a temperature of 3x 1 0 K might be as short as the order of 
years ( Cameron 1 959 ; Cosner and Truran 1 98 1 ; Schatz 1 983A Yoko i and 
Takahashi 1 985 ) .  I f  most 99Tc  consequently  decays into � 9 Ru , then it 
would contradict  the factual observation of substantial amounts of 9 9Tc 
at certain stars . Th is  d i lemma has s ince long remained open as the 
n9 9Tc  problem" . In par t i cular , th is  apparent conflict  has tempted some 
authors ( e . g . Smith and Wallerstein  1 9 83 ) to argue that the 22N e ( a ,  
n ) 25Mg react ion i s  not a f�vorablg neutron source for the s-process as 
it requires temperatures of -3x 1 0 K to be effective .  [An alternat ive 
cho i ce for the neutron s ogrce is 1 3c ( a , n ) 1 6o reaction,  wh ich operates at 
l ower temperatures of - 1 0 K .  The correspond ing astrophys i cal scenario 
has , however , its  i nherent d i fficulty : Ulr i ch 1 983 . ]  
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Figure 1 .  Beta-decay of 99Tc i n  stellar inter i ors . Energi es are in 
k eV .  The Gamow-Tel ler trans i t i ons of astrophysical interest are 
ind icated with a quest ion mark . The beta decay of the 1 /2 i someric  
s tate at 1 4 3 keV i s  known to  be  s low ( Lederer and Sh irl ey 1 9 78 ) .  
P redicted effect ive beta-decay half-l ives are plotted on the r ight
hand-side  against  temperature T : Cosner and Truran 1 98 1  ( crosses ) , 
and Yokoi  and Takahashi 1 985 ( curve)  have used Gamow-Teller matr ix  
elements for  the unknown trans it ions ob ta ined from emp ir ical 
systemati c s ,  wh ile  Takahashi ,  Mathews and B loom 1 985  ( dots ) have 
performed a shell-model calculat ion . We will  adopt the second 
calculation as ' conservat ive ' est imates for the half-l ife .  [ Note that 
the longer the half-l i fe the more favorable for the 99Tc  surv ival . ]  

Recently , Mathews et al . ( 1 985 ) have performed a deta i led s -process 
network w i th i n  a framework of schemati zed vers ions of the thermal pulse 
model  ( I ben 1 977 ; I ben and Truran 1 9 78 ; Cosner , I ben and Truran 1 980 ) to 
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show that the 9 9Tc deplet ion due to the enhanced beta-decay rates i s  
large15 compensated by i ts  product ion due to  even more enhanced 22Ne 
( a , n ) 2 Mg rates s�?h that a h igh temperature does not necessarily mean a 
low abundance of  Tc or v ice  versa.  Based on a s imple two-reservoir 
model ( Anders 1 9 58 ; Peterson and Wrubel 1 9 66 ) ,  in add it ion , they have 
resurrected the class ical idea ( Anders 1 9 58 ; Cameron 1 957 ) that the 
observed abundances of 99Tc and elements with neighboring atomic numbers 
can be a good ind i cator of recurrent stellar mix ing t imescales in 
opposed to the idea of a stellar temperature ( e . g .  Smith and Wallerstein 
1 983 ) .  

2 .  A THERMAL PULSE MODEL FOR A 2 . 25 Ml!> STAR 

Our aim  is to examine the compat ibil i ty of thermal-pulse s-process 
models with the observed surface abundances of Tc and elements with 
neighbori ng atomic  number s .  In  the present work ,  we rely on the detai led 
character istics  of the 1 8 th pulse in a 2 . 25 Ml!> star ( B ecker 1 98 1  ) ,  and 
s imulate the other pulses w i th the aid  of the s imple analyt i c  
express ions given by Iben and Truran ( 1 9 78 ) .  I t  should b e  noted here , 
however , that the maximum temperatures at the base of the convect i ve 
shell , Tbase max for low C-0 core mass Mc ( �  0 . 9 6  M\!) ) turned out to be 
cons iderably ' higher (Becker 1 98 1 ) than prev i ously thought ( I ben and 
Truran 1 978 )  and almost �ndependent of Mc there . We have therefore 
adopted Tbase max=2 . 8 x1 0 K, the value for the i 8 th pulse ,  and k ept  i t  
constant for all the pulses ( Mc�0 . 8  Ml!> for our 2 . 25 M l!>  star ) . The 
temperature profile  dur ing the 1 8 th pulse can be well  approximated to be 
l i near as a funct ion of the mass coordinate as well as in t ime ( unt i l  
near the end of the  l i fet ime of  the convect ive shell ) .  The density 
profile is  also taken from the 1 8 th pulse results wh ich show p�Tn with 
n�2 . We have assumed that these dependences hold for every pulse . For 
s impl ic ity , furthermore , we have approximated the shape of the 
convect ive shell as triangular after its max imum ampl itude ( F ig . 2 ) .  

As for the other physical quant i t ies , we have uti l i zed the s imple 
analytic approximat ion formulas ( I ben and Truran 1 978 )  as funct ions of 
M in order to follow the recurrent pulses , but with sl ight 
rgadj ustments of the parameter values so as to be cons istent with the 
results for the 1 8 th pulse . For simpl i c ity , we have also assumed that 
the th ird dredge-up operates from the f irst pulse and takes place  at a 
t ime of - 1 6 0  yr ( the value for the 1 8 th pulse ) after each convect ive 
shell  dies .  

3 . s-PROCESS AND INPUT DATA 

We have performed an s-process network for nuclei  heavier than 22Ne 
for short time intervals dur ing each pulse . S ince the t i mescale of the 
convect ion evaluated from the mix ing length theory is as short as 5 days 
for the 1 8 th pulse,  we assume that matter i s  throughly m ixed dur ing the 
t ime interval , and calculated the relevant nuclear react ion rates by 
averaging over the above-mentioned temperature and dens ity prof i les for 
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F i gure 2 .  S chemat i c  model adop ted to descr ibe the He-shel l recurrent 
thermal p ul ses in a 2 . 25 M� s tar . The left triangle represents the 
convec t i ve shell characte r i s t i c s  at the 1 8 th pulse aft er i t s  max imum 
am�l i tude is reache d .  The at tached numbers are the temperatures in 
1 0  K The other physical quan t i t ies are 6Mcsh : the max imum mass of 
the convect ive shel l , r :  the over l ap of the consecutive pulses , 6Mc : 
the net i n crease o f  the core mass , 6Mdr : the dredged-up mass , tp : t he 
p ulse durat ion,  and t ip : the i nterpulse per iod.  

each t ime step . This procedure , espec ially the averag ing the neutron 
dens i ty ,  may not b e  s t r i ctly val i d  ( A rn ould 1 985 ) if one cons i ders a 
much shorter t imescale : A then t iny port ion of matter near the top o f  
the convec t iv e  shel l  feels only l ow t emperatures and thus low neutron 
dens it i es , and w i l l  be le ft above the shell b efore the mix ing. To 
follow all th i s  requ ires a deta i l e d ,  t i me-consum i ng mul t i -mass-zone 
calculation with a f ine t ime step . For tunat ely , however , th i s  may not 
c ause ser i ous errors w i th respect to the abundances in the dredged-up 
mater i al for the follow i ng reason . S i nce the heavy elemen ts to b e  
dredged up exper i ence the pulse f o r  only a short period ( see F ig . 2 ) ,  
their compos i t ion w i l l  be essen tia lly the same as that j ust before the 
pulse , namel y  a mixture of sur face compos i t i on and the one resulted from 
the prev ious pulse ( and interpul se ) in wh i ch most matter had enough t ime 
to be mixed by the convec t i o n .  

W e  have assumed that t h e  rad ioac t ive elements l e f t  above the 
convect ive shell dec ay at respec t i ve temperature, and if dredged up they 
undergo free decays w i th the terrestr ial ha lf-l ives . J udg ing from the 
comp o s i t i o n  at the 1 8 th p ul se , we take the 22Ne abundance to be 1 % 
throughout each pulse . The init ial surface compos i t ion o f  the heav ier 
isotopes for the f ir s t  Qulse is assumed to be solar ( A nders and E b i hara 
1 9 8 2 ) .  The 2 2N e ( a , n )  25Mg rates are taken from F owle r ,  Caughlan and 
Z i mmerman ( 1 975 ) , whi le the adopted neutron capture cross sec t i ons and 
beta-decay rates are those summar ized i n  Howar d et a l .  ( 1 985 ) and Yokoi 
and T akahash i ( 1 98 5 ) ,  respect ive ly . 

4 .  RESULTS AND DISCUSSION 

The resul tant surface abundances after s ome 70 pulses ( chosen s i mp ly 
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because Mc reaches an est i mated WD remnant mass ) are d i splayed in F i g  3 
for the mass 70 ::>A�1 00 reg i on in compar i son w ith the solar abundances of 
a few pure s-process nuc l i des , wh ich show systema t i c  overabundan ces by a 
factor up to -5 . F i gure 4 shows the evo lut ion of Z r , Nb , Mo and T c  
abundances a t  the sur fac e dur i ng the th ir d dredge-up , along w i th the 
growth of the core mas s .  It can b e  seen that a sub s tant ial amount 
of 99Tc could i ndeed sur v ive the s-process env i r onment and be dredged up 
to the surface The gradual decrease of the Tc abundance is due t o  the 
fact that the 99T c  produced by preceding pulses have decayed at the 
surfac e .  

2 � "' ' 
"' 

;:;' O  ..,.., z . 0 .; ... . � 
x 

-2 

70 85 100 
A 

F i gure 3 .  Calculated sur face 
abundances for the mass number 
7 0 ::>A �1 00 reg ion in S i= 1 06 

un i t s .  The points for pure 
s -process nuc l i des are 
h i ghl ighte d ,  the solar va l ues 
for wh ich are d i splayed by 
open c ircles . The cross 
corresponds to 99T c .  
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F i gure 4 .  Calculat ed elemental 
Z r , Nb , Mo and Tc abundances at 
th e surface relat i ve to the T i  
abundance as a func t ion o f  the 
number of pulses N p and the corre
spond ing core mass Mc ( i n M® ) .  
The init ial va lues are s olar . 

F i gure 5 .  Calculated surface 
abundances after 20 pulses 
i n  compar i son w i th the values 
observed in R Cmi ( open c ircles ) 
and in CY Cyg ( cr osses ) [Smith 
and Wal lers te i n  1 98 3 ] . The 
values are relat i ve to the T i  
abundance . 

F i gure 5 compares the calculated abundances ( a ft er 20 p uls es ) and 
the values ob served in two s tars by Smith and Wal l erste i n  ( 1 98 3 ) . I t  
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shows that the mode l  cannot produce enough of these e lements , al though a 
fa i r  agreement i s  ach i eved w i th respect to the relat i ve abundances . Of 
course , there i s  hardly a good reason to expect that th is spec i f i c model 
w i l l  expla i n  the ob serva t i on i n  those spec i f i c  s tar s ,  and we cons i der 
that the qual itat i v e  agreement of th is sort g i ves us some hopes for 
fur ther cha l lenges for the eventual unders tand i ng of the ob servat i ons in 
t erms of the s-proces s i ng dur ing recurrent thermal pulses in 
i ntermed iate-mass AGB s tar s .  I n  par t i cular , the present results o f  
sy stemati cally low abundances can be under stood as fo llows . The 
t empe rature at the conv ect ive she l l  i s  relat i vely low in such low mass 
stars as we have cons idered , and the consequent relat ively low neutron 
dens ity is no t enough to transform l ight seed nuc le i to heav ier nuc le i 
and could eas i ly result in the systemat ic underproduc tion seen i n  F i g . 5 . 

W i th th i s  backgr ound i n  m i nd ,  we are plann i ng a more str i ngent 
calculation for a 3 M� sta r .  Nevertheless , it  may not be unfair to 
conclude that s i gn i f i cant amounts of 9 9Tc can be pr oduced v i a the s
proc ess t r iggered by the 2 2N e ( a , n ) 25Mg react ion at the He-shell th ermal 
pulse phase in intermed iate mass s tar s .  The 9 9Tc "problem" may not be 
much of a problem i n  the class ical sense , but much rema ins to be worked 
out a long w i th further observa t i ons such as per formed by S m i th and 
Wallerste i n  ( 1 9 8 3 )  be fore we eventually dec ipher what Nature is t el l i ng 
us about her pr inc iples on 9 9Tc . 
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ABSTRACT . N e u t r o n-c a p t u r e  n u c l e o s y o t h e s i s  d u r i n g c o r e  He b u r n i n g i n  
• a s s i v e ( 50sM, . " 9 /M@� l00) m a s s  l o s i n g s t a r s  i s  s t u d i e d i o  t h e  f r a m ewo r k  
o f  n ew s t e l l a r  • o d e l s  b a s e d  o n  t h e  l a t e s t  a v a i l a b l e  n u c l e a r  d a t a . 
T h e  r e s u l t i ng s t e l l a r s u r f a c e  a b u n d a n c e s  a s  we l l  a s  t h e  c o m p o s i t i o n o f  
t h e s t e l l a r  w i n d s  c o r r e s p o n d i n g t o  t h e  WC p h a s e  o f  Wo l f-Ra y e t  s t a r s  a r e  
p r e s e n t e d . So•e i • p l i c a t i o n s  f o r  t h e  i s o t o p i c  c o m p o s i t i o n o f  g a l a c t i c  
c o s• i c  r a y s  a r e  a l s o  d i s c u s s e d . 

1 .  I NTRODUCT ION 

T h e  1 ' C ( a , n ) 1  • o  a n d  ' ' N e ( a . o ) ' ' Mg r e a c t i o n s  h a v e  l o n g  b e e n  c o n s i d e r e d  a s  
t h e  • o s t e f f i c i e n t  n e u t r o n  s o u r c e s  f o r  s-p r o c e s s  n u c l e o s y n t h e s i s  / 1 , 2 / .  
Co r e  He b u r n i n g i n  m a s s i v e s t a r s  h a s  b e e n  i d e n t i f i e d a s  a p r om i s i n g s i t e 
f o r  n e u t r o n  p r o d u c t i o n b y  t h e  l a t t e r  r e a c t i o n / 3 / , ' ' Ne b e i n g  p r o d u c e d  
a b u n d a n t l y t h r o u g h  " N ( a , r ) ' " F ( e' v ) 1 " 0( a , r ) 2 2 N e ,  wh i l e 2 2 N e ( a , n ) " Mg 
b e c o• e s  o p e r a t i v e a l  t e m p e r a t u r e s  1J 2 . 5  1 0" K .  S u b s e q u e n t  s t u d i e s / 4 , 5 / 
h a v e  s h own t h a t  o n l y  s- n u c l i d e s  w i t h  m a s s  n u m b e r  u p  t o  A z 90 c o u l d  b e  
s u b s t a n t i a l l y o v e r p r o d u c e d  w i t h  r e s p e c t  t o  t h e i r  s o l a r s y s t em a b u n d a n c es 
i n  the  c o r e s  o f  M� l OM© s t a r s . T h e s e  l i m i t a t i o n s  a r i s e b e c a u s e  n e u t r o n s  
a r e m a i n l y c a p t u r e d  b y  ' ' · ' ' Mg a n d  o t h e r  o u c l i d e s  l i g h t e r  t h a n  ' ' Fe .  

l o  t h e  p a s t  f ew y e a r s , n ew m o d e l s  f o r  t h e  e v o l u t i o n o f  m a s s i v e 
s t a r s  h a v e  b e c ome a v a i l a b l e ,  i n c l u d i n g i m p o r t a n t  n ew i n g r e d i e n t s , l i k e 
h i g h m a s s  l o s s  r a t e s  a n d  o v e r s h o o t i n g ( e . g .  / 6 , 7 / ) .  I f  a t  l e a s t  o n e  o f  
t h o s e  e f f e c t s  i s  l a rge e n o u g h , t h e  H e  b u r n i ng p r o d u c t s  c a n  e v e n  a p p e a r  
a t  t h e  s t e l l a r  s u r f a c e  d u r i n g a p h a s e  wh i c h i s  i d e n t i f i e d a s  t h e  WC-WO 
s t a g e  o f  Wo l f-Ra y e l  ( WR) s t a r s . T h i s  o f f e r s  a n  o p p o r t u n i t y  f o r  a d i r e c t  
t e s t  o f  n u c l e o sy n t h e l i c  t h e o r i e s ,  a n d  m a y  a l s o h a v e  o t h e r  i m p o r t a n t  
a s t r o p h y s i c a l  i m p l i c a t i o n s  /8 , 9 / .  

On t h e  o t h e r b a n d , n ew n u c l e a r  d a t a c o n c e r n i n g He b u r n i n g a n d  
n e u t r o n  c a p t u r e  r e a c t i o n s  h a v e b e c o m e  a v a i l a b l e  r e c e n t l y .  A s  a f e w  
i m p o r t a n t  e x a m p l e s ,  we c o u l d  • e n t i o n t h e  ' ' C ( a , r ) ' ' O  r e a c t i o n r a t e  w h i c h 
i s  Z3-5 t i me s  h i g h e r  t h a n  p r e v i o u s l y  t h o u g h t / 1 0-1 2 / , o r  t h e  
' ' N e ( n , r ) ' ' N e c r o s s- s e c t i o n ,  wh i c h i s  z20 t i me s  l a r g e r  t h a n  t h e  o n e  u s ed 
i n  p r e v i o u s  c o m p u t a t i o n s  / 1 3 / . I n  s u c h  c o n d i t i o n s ,  ' ' N e c o u l d  b e  a n  
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f i g u r e  1 .  I s o t o p e s  u s e d  i n  o u r s-p r o c e s s  n e twork . Fu l l  a n d  o p e n  c i r c l e s 
r e p r e s e n t  s t a b l e  a n d  u n s t a b l e  n u c l e i , r e s p e c t i v e l y  

i • p o r t a n t  n e u t r o n  po i s o n , t h u s  r e d u c i n g c o n s i d e r a b l y  t h e  b u i  I d -u p o f  
h e a v y  n c l i d e s . 

J u  t h e  l i g h t  o f  t h e s e  r e c e n t  n u c l e a r  d a t a a n d  s t e l l a r m o d e l s ,  a 
r e e x aa i n a t i o n o f  t h e  w h o l e  s--p r o c e s s  i n  m a s s i v e s t a r s  a p p e a r s  t o  b e  
c a l l ed f o r . Sec t .  2 d e s c r i b e s  t h e  n u c l e a r  r e a c t i o n n e tw o r k , t h e  a d o p t e d  
n u c l e a r  d a t a a n d  soae c om p u t a t i o n a l d e t a i l s .  I n  Sec t .  3 ,  w e  p r e s e n t  t h e  
e v o l u t i o n o f  n e u t r o n  d e n s i t i e s ,  t h e  f i n a l  a b u n d a n c e s , a n d a c om p a r i s o n  
w i t h  p r e v i o u s  c o m p u t a t i o n s .  Sec t .  4 d e a l s  w i t h  t h e  c o m p o s i t i o n o f  t h e  
s t e l l a r e j e c t a . Som e i m p l i c a t i o n s  f o r  t h e  i s o t o p i c  c o m p o s i t i o n o f  t h e  
g a l a c t i c  c o sa i c  r a y s  ( GCR) a r e  a l s o d i s c u s s e d . 

2 .  NETWORK AND NUCLEAR DATA 

T h e  n u c l e a r  r e a c t i o n n e tw o r k  u s e d  i n  o u r  c o m p u t a t i o n s  i n c l u d e s  some  
3 40 n u c l e i  ( f i g .  1 )  l i n k e d  by a b o u t  4 50 r e a c t i o n s ,  c om p r i s i n g a- i n d u c e d  
r e a c t i o n s  ( f r oa 3a u p  t o  ' " Mg ( a , 7 ) ' 0 S i ) ,  ( n , 7 ) r e a c t i o n s  ( f r om 2 0 N e u p  t o  
" 0 Po ) ,  a s  we l l  a s  ( n , a ) o r  ( n , p ) r e a c t i o n s , e - -c a p t u r e s , a u d  8-d e c a y s . 

C h a r g e d  pa r t i c l e  r e a c t i o n r a t e s a r e  t a k e n  f r om / 1 4 - 1 6 / . Ra t e s  f o r  
( n , 7 )  r e a c t i o n s  a r e  a d o p t e d  f r o• r e c e n t  com p i l a t i o n s  o r  m e a s u r e me n t s  
( e . g .  / 1 3 , 1 7 / ) .  l o  a b s e n c e  o f  e x p e r i m e n t a l d a t a , t h e  H a u s e r-Fe s h b a c h  p r e
d i c t i o n s  o f  / 1 8/ for  30 k e V  ( n , 7 )  c r o s s  s e c t i o n s  a r e  s e l e c t e d . T h e  ( n , a ) 
or ( n , p )  r a t e s  a r e  d e r i v e d f r om / 1 9 / . T h e  comp l e t e  s e t  o f  o u r  n e u t r o n  
i n d u c e d  r e a c t i o n r a t e s  i s  g i v e n  i n  / 20/ . F i n a l l y ,  t h e  t em p e r a t u r e  a n d  
d e n s i ty d e p e n d e n t  8- d e c a y  r a t e s o f  / 2 1 /  a r e  a d o p t e d  f o r  n u c l e i  b e y o n d  t h e  
i r o n  p e a k , wh i l e l a b o r a t o r y  v a l u e s  a r e  u s e d  f o r  I i gb t e r  n u c l e i . 

Pre l i a i n a r y  com p u t a t i o n s  / 2 2 /  h a v e  s h own t h a t  n e u t r o n  c o n c e n t r a t i o n s  
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n ., ' 1 08 n / cm'  a r e  p r o b a b l y  c h a r a c t e r i s t i c  o f  c o r e  He b u r n i n g i n  Mz •. M s  ;;, 60 
M('> s t a r s  . I n  o r d e r  t o  c o p e  w i t h  s u c h  t y p i  c a  I c o n  d i  t i  o n  s , a I I u n s t a b  I e 
n u c l e i  w i t h  8-d e c a y  h a l f - l i v e s  i n  e x c e s s  o f  a b o u t l y e a r  a r e  i n c l u d e d  i n  
o u r  n e t w o r k . S h o r t e r - l i v e d  s p e c i e s a r e  a l  l ow e d  t o  d e c a y  i n s t a n t a n e o u s l y .  

Ou r s - p r o c e s s  c a l c u l a t i o n s  a r e  p e r f o r m e d  f o r  p h y s i c a l  c o n d i t i o n s  
( i n i t i a l  c h em i c a l  c o m p o s i t i o n ,  t em p e r a t u r e  a n d  d e n s i t y a s  a f u n c t i o n o f  
m a s s  c o o r d i n a t e  a n d  t i m e )  d e r i v e d  f r om d e t a i l e d e v o l u t i o n a r y  s e q u e n c e s  
f o r  s t a r s i n  t h e  m a s s  r a n g e  50 s M, , " 9 /M0 $ 1 00 / 6 , 7 , 2 3 / . D u r i n g c o r e 
H e  b u r n i n g ,  t h o s e  s t a r s  a r e  p r e d i c t e d  t o  d e v e l o p h u g e  c o n v e c t i v e c o r e s  
< = 9 5% o f  t h e  t o t a l s t e l J a r m a s s )  w i t h  m a s s e s  i n  t h e  r a n g e  20-60 M0 a t  t h e  
e n d  o f  H e  b u r n i n g .  S i n c e  c o n v e c t i o n h om o g e n e i z e s  t h e  c h em i c a l  c o m p o s i t i o n 
o n  t i m e  s c a  I e s  ( r c ::: 1 O' s e c  ) m u c h  s m a  I I  e r  t h a n  a t y p i c a  I i n t e g r  a t i o n  t i m e  
s t e p  ( A t :::: J o' 0 s e c ) . a n  a v e r a g e  r e a c t i o n r a t e  < .i v > . , = J" ' < .i v >m d M/M, 
m u s t  be u s e d  o v e r  t h e  w h o l e  c o n v e c t i v e r e g i o n of m a s s  M, , < .i v >. b e i n g  t h e  
r e a c t i o n r a t e  a t  t h e  s h e  I I w i t h  m a s s  c o o r d i n a t e  m .  S p e c i e s w i t h  n u c l e a r  
l i f e t i m e s '• > re a r e  c o n s i d e r e d  t o  b e  h om o g e n e o u s l y  d i s t r i b u t e d  o v e r  t h e  
w h o l e  c o n v e c t i v e r e g i o n . I n  c o n t r a s t .  t h o s e  f o r  wh i c h rN < r c h a v e  t o  b e  
c o n s i d e r e d  i n  l o c a l e q u i l i b r i u m a t  e a c h  s h e  I I .  T h i s  i s  a l w a y s  t h e  c a s e  
f o r  n e u t r o n s . f o r  w h i c h r .  :::: i o- ' s e c  u n d e r  H e  b u r n i n g c o n d i t i o n s . 

3 .  RESULTS 

A s  s t a t e d  a b o v e , c om p u t a t i o n s  a r e  p e r f o rm e d  f o r  s t a r s  w i t h  Mz • M •  = 50 . 
6 0 , 80 . a n d  1 00 ME . Be c a u s e  o f  m a s s  l o s s e s  d u r i n g t h e  0 a n d  Of p h a s e s , 
t h e  c o r r e s p o n d i n g m a s s e s  a t  t h e  b e g i n n i n g o f  He b u r n i n g a r e  r e d u c e d  t o  
M 38 , 4 5 , 60 . 5 ,  a n d  7 6  M0 , r e s p e c t i v e l y .  Du r i n g t h e  H e  b u r n i n g p h a s e , 
a c o n s t a n t  WR m a s s  I o  s s r a t e  o f  3 1 0- • ME,/ y r  i s a p p  I i e d , r e s  u I t i n g i n 
m a s s e s  M 2 2 , 3 1 . 5 ,  4 8 , a n d  6 4 . 5  Mo , r e s p e c t i v e l y ,  a t  t h e  e n d  o f  t h e  l ie 
b u r n  i n g p h a s e  . F i g s . 1 - 3 o f  1 7 1  d e s  c r i b e  t h e  t em p o  r a I v a r  i a t i o n  s o f  t h e  
s t  e I I a r a n d  c o  11 v e c t  i v e c o r e  m a s s e s  o f  a M, • "  s '= 6 0  !'10 s t a r  . t h e  c o r r  e s ·  
p o n d  i n d e v o l u t i o n o f  t h e  c e n t r a l t em p e r a t u r e  a n d  d e n s i t y ,  a s  w e l I a s  t h e  
c o n v e c t i v e c o r e  a b u n d a n c e s  o f  t h e  I i g h t  ( A < 30) n u c l i d e s . T h e  e v o l u t i o n 
c h a r a c t e r i s t i c s o f  t h e  o t h e r  m o d e l s  a r e  q u a l i t a t i v e l y s i m i  J a r .  

O f  g r e a t  i m p o r t a n c e  f o r  o u r  s t u d y  i s  t h e  e v o l u t i o n o f  t h e  n e u t r o n  
d e n s  i t y , p r e s e n t e d i n f i g  . 2 f o r  a f e w  m a s s  s h e  I I  s o f  t h e  60 M<:) s t a r  . A t  
t h e  v e r y  b e g i n n i n g o f  lie b u r n i n g ,  a " b u r s t "  o f  n e u t r o n s  ( c h a r a c t e r i z e d  b y  
a m a x i m u m  v a l u e o f  t h e  o r d e r  o f  3 1 08 n / cm'  i n  t h e  c e n t r a l r e g i o n s  o f  t h e  
c o n s i d e r e d  s t a r )  i s  p r o d u c e d  a s  a r e s u l t  o f  t h e  ' 3 C ( a , n ) " O  r e a c t i o n ,  " C  
b e i n g o n e  o f  t h e  a s h e s  o f  t h e  CNO b u r n i n g .  T h o s e  b u r s t  c o n d i t i o n s  c a n  b e  
h a n d l e d  q u i t e  s a t i s f a c t o r i  J y  b y  t h e  a d o p t e d  s - p r o c e s s  n e t w o r k , a s  i t  
i n c l u d e s  n u c l e i  w i t h  8- d e c a y  h a l f- l i v e s  i n  e x c e s s  o f  a b o u t  l y e a r .  Howe
v e r . " C ,  as we l l  as " O  a n d  1 8 0 ,  a r e  v e r y r a p i d l y c o n s u m e d  h .v a-c a p t u -· 
r e s , s o  t h a t  t h e  n e u t r o n  d e n s i t y g o e s  d ow n  t o  a b o u t 1 0  n / cm '  a f t e r :::: 1 000 
.v e a r s . 

W i t h  t i m e , " N e b u i I d s  u p  t o  a m a s s  f r a c t i o n o f  t h e  o r d e r  o f  3 1 0- 2  
t h r o u g h  t h e  " N ( a , 7 ) 1 8 F( 8' ) ' " 0( a , 7 ) 2 2 N e r e a c t i o n c h a i n .  H o we v e r , 2 2 Ne 
b e c o m e s  a n  e f f i c i e n t  n e u t r o n  s o u r c e  f o r  T � 2 . 5  1 08 K o n l y ,  t h a t  i s  c l o s e  
t o  t h e  e n d  o f  H e  b u r n i n g .  A t  t h a t  s t a g e , p e a k  n e u t r o n  d e n s i t i e s o f  :::: 1 0' 
n / c m '  a r e  r e a c h e d  a t  t h e  s t e  1 1  a r  c e n t e r . S i  n e e  t h e  2 2  N e ( a , n ) " Mg r e a c t i o n 
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F i g u r e  2 .  Evo l u t i o n o f  t h e  n e u t r o n  d e n s i t y i n  d i f f e r e n t  • a s s  s h e l l s  o f  
t h e  c o r e  o f  a Mz A M 9  = 6 0  M@ s t a r . T h e  • a s s  s h e l l s  a r e  i d e n t i f i e d b y  M, /Mc 
( • a s s  i n s i d e a s p h e r e  o f  r a d i u s r n o r• a l i z ed  t o  c o n v e c t i v e  c o r e  •a s s )  

r a p i d l y  o u twa r d s  ( f i g .  2 ) .  Co n s e q u e n t l y ,  t h e  n e u t r on-c a p t u r e  n u c l e o s y n
t h e s i s  i s  e f f i c i e n t  o n l y  i n  a v e ry sm a l l f r a c t i o n of t h e  t o t a l s t e l l a r  
• a s s  c o n t a i n e d  i n  t h e  i n n e r• o s t r eg i o n s . T h e  s u b s e q u e n t d i  l o t i o n o f  t h a t  
p r o c e s s e d  • a l e r i a l  t h r o u g h  c o n v e c t i v e • i x i n g i n  t h e  w h o l e  s t e l l a r c o r e  
r e d u c e s  c o n s i d e r a b l y  t h e  e f f i c i e n cy o f  t h e  s-p r o c e s s  n u c l e o s y n t h e s i s .  

T h e  h i g h e r  t h e  m a s s  o f  t h e  s t a r , t h e  g r e a t e r  i s  t h e  n e u t r o n  p r o d u c
t i o n e f f i c i e n cy o f  t h e  ' ' Ne ( a , n ) ' " Mg r e a c t i o n ,  s i n c e  h i g h e r  c e n t r a l 
l e• p e r a t u r e s  a r e  a t t a i n e d . For e x a m p l e ,  t h e  p e a k  c e n t r a l n e u t r o n  d e n s i t y 
( e x c l u d i ng t h e  e a r l y  n e u t r o n  b u r s t )  i n  t h e  Mz A M 9  = 100 M@ s t a r  i s  z2 10' 
n / c•3 , t h a t i s  z2 . 2  t i • e s  h i g h e r  t h a n  t h e  o n e  o b t a i n e d  i n  t h e  Mz • M s  = 50 
M@ s t a r .  Howe v e r , t h e  l a rg e r  t h e  • a s s  o f  t h e  c o n v e c t i v e c o r e , t h e  g r e a t e r  
i s  t h e  q u a n t i t y o f  • a l t e r  w h e r e  e s s e n t i a l l y  n o  n e u t r o n s  a r e  p r e s e n t ,  a n d  
i n t o  w h i c h t h e  c e n t r a l l y p r o c e s s e d  m a t e r i a l  i s  d i l u t e d . I t  t u r n s o u t  t h a t 
t h es e  two e f f e c t s  c a n c e l ,  s o  t h a t  t h e  f i n a l  a b u n d a n c e  pa t t e r n s  a r e  v e r y  
s i • i l a r f o r  a l l  t h e  s t u d i e d m o d e l s .  I n  f a c t ,  mo s t  o f  t h e  a b u n d a n c e s  
d i f f e r  by l e s s  t h a n  50% b e t w e e e n  t h e  Mz • M s  = 5 0  a n d  1 00 M@ s t a r s . 

F i g .  3 d i s p l a y s  t h e  e n h a n c em e n t  f a c t o r s  X , F t N A L /X, 0 o b t a i n e d  f o r  
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F i g u r e  3 .  Ov e r a b u n d a n c e s  i n  t h e  c o n v e c t i v e c o r e  a t  t h e  e n d  o f  c o r e  H e  
b a r n i ng i n  a Mz A N s  = 60 Me s t a r  
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t h e  Mz A N s  = 60 Me s t a r , X1 F 1 N A L  a n d  X, e b e i n g t h e  • a s s  f r a c t i o n o f  
n u c l e u s  i i n  t h e  c o n v ec t i v e c o r e  a t  t h e  e n d  o f  c e n t r a l He b u r n i ng ( o r , 
eq a i v a l ea t l y ,  t h e  WR p h a s e )  a n d  i n  t h e  s o l a r  s y s t e• ,  r e s p e c t i v e l y .  For 30 
� A � 50 n uc l e i , s u b s t a n t i a l  e n h a n c e•e n t s  f a c t o r s  (X , F 1 N • , /X , 0 � 10) a r e  
o b t a i n e d  f o r  • • s ,  " C l , 4 0 Ar , ' ° K ,  0 0 T i , a n d  . .  Cr . ( F o r  A <  30,  s e e  
/ 7/ ) .  So•e A �  80 n u c l e i  a r e  a l s o  s i g n i f i c a n t l y  o v e r p r o d u c e d , e s p ec i a l l y 
• • cu ,  " ' Ga , " Ga ,  ' 0 Ge , " Ge ,  7 5 Se ,  ' ° Kr ,  ' 2 Kr ,  a n d  " Sr .  I n  c o n t r a s t , 
f o r  A �  90 , e v e n  " p o r e "  s-n u c l e i  a r e  n o t  s u b s t a n t i a l l y  o v e r p r o d u c e d , e v e n  
i f  t h ey a r e  i n  g e n era l •ore  e n h a n c ed t h a n  t h e  o t h e r  n e i g h b o r i n g n u c l e i . 

A d i r e c t  c o• p a r i s o n  o f  t h e s e  r e s u l t s w i t h  t h e  o n e s p r es e n t e d  i n  /5/ 
i s  n o t  e a s y , s i n c e  d i f f e r e n t ( c o n s t a n t )  s t e l l a r • a s s e s  are c o n s i d e r ed 
t h e r e . I n  a dd i t i on ,  a n u• b e r  o f  r e a c t i o n r a t e s  ( i n c l u d i ng 1 2 C( a , 7 ) 1 ' 0  
a n d  2 2 Ne ( a , n ) 2 5 Mg )  a r e  d i f f e r e n t f r o• t h e  o n e s  u s e d i n  o u r  co• p u t a t i o n s . 
G l o ba l l y ,  t h e  two s t u d i e s p r e d i c t s u b s t a n t i a l  e n h a nceme n t s f o r some 
n u c l e i  up t o  A z 90 , and an o v e r p r od u c t i o n by a f a c tor � 1 0  for h e a v i e r 
s-o o l y  n u c l e i . Howe v e r , i t  i s  i •p or t a o t to n o t e  t h a t  o u r  r e s u l t s f o r  
Mz • " s  = 60 M @  cor r e s p o n d  •ore  t o  t h e  1 5  M e  • od e l  o f  /5/ , wh i c h h a s  a 
h e l i u• c o r e  o f  o n l y  M-c z 4 Me. T h i s  • e a o s  t h a t t h e  " e f f i c i e n cy " o f  o u r  
c e n t r a l He b u r n i n g s - p r o c e s s  i s  s u b s t a n t i a l l y r e d u c e d  w i t h  r e s p e c t  t o  
p r e v i o u s  e x p e c t a t i o n s . 

I o  pr i n c i p l e ,  ' ' C( a , 7 ) 1 ' 0  c o• p e t e s  w i t h  2 1 Ne ( a , 0 ) 2 ' Mg f o r  t h e  
d e p l e t i o n o f  a-pa r t i c l es ,  a n d  o u r  u s e  o f  a h i g h e r  a-c a p t u re r a t e  by 1 2 C 
s h o u l d  r e d u c e  t h e  n e u t r o n  p r od u c t i o n e f f i c i ency . Howe v e r , n e u t r o n s  a r e  
l i bera t ed o n l y  a t  t h e  e n d  o f  H e  b u r n i n g ,  w h e n  very  f ew ' ' C i s  l e f t  i n  o u r  
•ode l s .  I o  s u c h  c o n d i t i o n s , t h e  i n c r e a s e  o f  t h e  r a t e  h a s  o n l y  a v e r y  
s•a l l  n e t  e f f ec t o n  t h e  n e u t ro n  p r o d u c t i o n e f f i c i e n c y . I n  c o n t r a s t , t h e  
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i n c r e a s e  b y  a f a c t o r  of z20 of t h e  2 2 Ne ( n , 7 )2 ' N e c r o s s  s e c t i o n i s  
l a rg e l y  r e s p on s i b l e  f o r  t h e  r e d u c t i o n o f  t h e  n e u t r o n  d e n s i t y .  A • o r e  
d e t a i l e d a n a l y s i s  o f  t h e s e  r e s u l t s i s  g i v e n  e l sewh e r e  / 20/ . 

4 .  THE COMPOS I T I ON OF THE WC EJECTA AND GCR ISOTOP I C  ANOMAL I ES 

Acco r d i n g  t o  o u r  • o d e l s ,  t h e  h i gh WR • a s s  l o s s  r a t e  s o o n e r  o r  l a t e r  
s t r i p s t h e  s t a r  o f  i t s He-r i c h e n v e l o p e ,  a n d  t h e  c o r e  He-b u r n i n g p r o d u c t s  
a p p e a r  a t  t h e s u r f a c e  ( WC p h a s e ) .  Th ey a r e  s u b s e q u e n t l y e j e c t e d b y  t h e  
s t r o ng s t e l l a r w i n d  i n t o  t h e  i n t e r s t e l l a r  •ed i um ( I SM ) , wh i c h g e t s  
e n r i c h e d  w i t h  • a t e r i a l  o f  n o n-s t a n d a r d  c o• p o s i t i o n .  

For  e a c h  o f  o u r  • o d e l s ,  t h e  c o m p os i t i o n o f  t h e  WC e j e c t a  i s  c o m p u t ed 
f r om x� : �  = J,. c X,' 5 '  ( t ) d t hw c , where tw c i s  the  d u r a t i o n of  t h e  WC p h a s e , 
a n d  x; s '  ( t )  i s  t h e  WC s u r f a c e • a s s  f r a c t i o n of n u c l e u s  i a t  t i m e t .  T h e  
e j e c t e d  H S S  o f  D U c l i d e i i s  t h u s  g i v e n  b y  M � � 6 = x� : 6 AMw c .  AMw c b e i n g 
t h e  t o t a l • a s s  l os t  d u r i ng t h e  WC p h a s e  ( .dMw c = 1 2 . 8 ,  1 2 . 6 ,  1 1 . 6 ,  
1 0 . 8  M0 f o r  t h e  s t a r s  w i t h  M, A " s  = 50,  60 , 80 , 1 00  M0 , r e s p e c t i v e l y ) . 

As i n  t h e  c a s e  of t h e  f i n a l s t e t  l a r  a b u n d a n c e s  XF I N A L , t h e r e  i s  a n  
o v e r a l l s i • i  l a r i ty ( w i t h i n  a f a c t o r  o f  z3 ) b e tween  t h e  M� : �  v a l u e s  f o r  
t h e  d i f f e r e n t  • o d e  l s .  T h e r e  i s  a l s o a q u a l i t a t i v e s i • i  l a r i t y i n  t h e  
e n h a n ce•e n t  p a t t e r n s  b e tween  t h e  f i n a l  c o r e  a n d  s t e l l a r w i n d  c o m p o s i 
t i o n s . I o  p a r t i c u l a r ,  30 � A � 90 n u c l e i  a r e  s u b s t a n t i a l l y  e n h a n c e d  
( A � 3 0  n u c l e i  a r e  s u b j e c t  t o  a- i n d u c e d  r e a c t i o n s , a n d  s h ow d i f f e r e n t 
p a t t e r n s  i n  t h e  two c a s e s ) .  Qu a n t i t a t i v e l y ,  h owe v e r ,  t h e  s t e l l a r  w i n d  
a b u n d a n c e  e n h a n ce•en t s  a r e  s•a l l e r  t h a n  t h o s e  o f  t h e  c o r e  b e c a u s e  o f  t h e  
d e l a y b e tw e e n  t h e  n u c l e o sy n t h e s i s  i n  t h e  c o r e  a n d  t h e  a p p e a r a n c e  o f  t h e 
p r o d u c t s  a t  t h e  s u r f a c e . I n d e e d , a s  s t a t e d  p r e v i o u s l y ,  n e u t r o n  c a p t u r e  
n u c l e o s y n l h e s i s  e s s e n t i a l l y  l a k e s  p l a c e  c l o s e  t o  t h e  e n d  o f  He b u r n i n g ,  
a n d  t h e  p r o d u c t s  h a v e  n o  t i m e  t o  a p p e a r  a t  t h e  s u r f a c e  by t h e  e n d  o f  He 
b u r n i n g ( wh i c h c o r r e s p o n d s  t o  the  e n d p o i n t  o f  our  c a l c u l a t i o n s ) . T h u s ,  
t h e  e n h a n c e• e n t  f a c t o r s  i n  t h e  WC e j e c t a  a r e  t y p i c a l l y �20 t i m e s  l ower 
t h a n  t h e  c o r r e s p o n d i n g o n e s  i n  the  f i n a l  c o m p o s i t i o n o f  t h e  c o r e . Of 
c o u r s e , t h e  s- p r o c e s s  p r o d u c t s  m a d e  n e a r  t h e e n d  of t h e  H e  b u r n i n g c o u l d  
b e  e j e c t e d a t  l a t e r  t i •e s  i n  t h e  i n t e r s t e l l a r  m e d i um ,  e i t h e r  t h r o u g h  
s t e l l a r  w i n d s  o r  t h r o u g h  • o r e  v i o l e n t  m a s s  e j e c t i o n ( wh i c h c o u l d  b e  d u e 
i n  p a r t i c u l a r t o  a s u p e r n o v a  e x p l o s i o n o f  t h e  p a i r - c r e a t i o n t y p e ) . 

I n  o r d e r  t o  h a v e  a g l o b a l  e s t i m a t e  o f  t h e  c om p o s i t i o n o f  WC e j e c t a  
f o r  s t a r s  i n  t h e  5 0  $ Mz A M s /M0 � 100 r a n g e , we m a k e  a n  a v e r a g e  o v e r  t h e  
i n i t i a l  m a s s  f u n c t i o n ( ; ( M )  a tt- • . • ,  a c c o r d i n g t o  / 2 4 / ) . T h e  r e s u l t i n g 
a v e r a g e d  e n b a o c e•en t s  f a c t o r s  f ,  = <Xi � 6 /X0> a r e  g i v e n  i n  Ta b l e  I f o r  
n u c l e i  w i t h  f ,  > 5 .  A s  a l r e a d y  • e n t i o n n e d , t h e s e  r e s u l t s m a y  h a v e  i m p o r 
t a n t  a s t r o p h y s i c a l  i • p l i c a t i o n s  c o n c e r n i n g 
( i )  t h e  i s o t o p i c  co•pos i t i o n of t h e  e a r l y  s o l a r  s y s t em /8/ ; 
( i i )  7-ray  l i n e  a s t r o n o•y , s i n c e  m a n y  r a d i o a c t i v e s p e c i e s a r e  p r o d u c e d  i n  
t h e  i n t e r i o r o f  WR s t a r s  ( f o r  t h e  q u e s t i o n o f  t h e  2 • A t  1 . 8 MaV l i n e ,  s e e  
/ 9 / ) .  Howe v e r , on l y  s p e c i e s w i t h  l i f e t i • es gr e a t e r  t h a n  z 1 0• y e a r s  h a v e  
a n y  c h a n c e  t o  r e a c h  t h e  s u r f a c e b e f o r e  s u b s t a n t i a l  d e c a y  i n  t h e  Z l  M@ 
s t e l l a r e n v e l o p e . Mo s t  o f  t h e  s u r v i v i n g s p e c i e s d e c a y  d i r e c t l y  t o  t h e i r 
g r o u n d  s t a t e . A•o n g  t h e  f ew e x c e p t i o n s ,  t h e  mo s t  i n t e r e s t i ng o n e  s e e•s 
to b e  ' ° Fe ( h a l f- l i f e �3 10' y r ) , wh i c h d e c a y s  v i a  an e x c i t e d  s t a t e  o f  
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T a b l e  I .  1 2  SAS 90 n u c l e i  f o r  wh i c h t h e  a v e r a g e  
e n h a n ce• e n t f a c t o r  f ,  > 5 

N u c l e u s  f N u c l e u s  f N u c l e u s  f 

1 .  c 5 5 . 4  5 ' Fe 6 . 1  • 9 Ga 1 3 .  3 
1 .  0 3 1 . 2 ' ' Fe 40 . 2  ' ' Ga 1 5 . 2  
2 '  Ne 50 . 3  ' ' Co 20 . 3  ' 0 Ge 1 5 . 7  
" N e 9 4 . 3  • , N i 2 3 . 7  ' ' Ge 9 . 5  
' " N a 2 4 . 0  0 2 N i 1 1 .  6 ' 3 Ge 6 . 2  
' • Mg 3 8 . 5  • ' N i 1 0 . 1 ' ' Ge 5 . 3  
' • Mg 3 9 . 5  " 3  Cu 20 . 9  ' 6  Se 1 1 .  3 
3 o s i  5 2 . 7  • ' Cu 3 6 . 8  ' ' Se 5 . 2  a o s  3 1 . 0  • ' Zn 8 . 4  ' °  K r  2 5 . 5  
3 ' C l  20.  7 • • Zu 1 2 . 0  • ' K r  1 2 . 2  

• u K 88 . 5  • ' Zn 1 5 . 6  ' " Sr 1 2 . 5  
• ' Cr 8 . 3  6 • Zn 1 1 .  7 " ' Sr 1 1 .  5 

" ° Co e• i t t i n g 5 9  k eV p h o t o n s .  Un f o r t u n a t e l y ,  t h e q u a n t i t i e s o f  0 ° Fe 
o b t a i n e d  i n  o u r  com p u t a t i o n s  (ZlOOO t i m es l ower t h a n  t h e  c o r r e s p o n d i n g  
" " A l  a• o u n t )  a r e  f a r  t o o  l ow f o r  t h e  r e s u l t i n g 7 - r a y  l i n e s t o  b e  d e t e c ta
b l e  b y  p r e s e n t day  i n s t r u • e n t s ; 
( i i i )  t h e  i s o t o p i c  c o• p o s i t i o n o f  t h e  Ga l a c t i c  Cosm i c  Rays  ( GCR) . A c c o r
d i n g l o  / 2 5 / , t h e  s t r o n g  s t e l l a r  w i n d s  of WC s t a r s  m i gh t  b e  a l  t h e  o r i g i n 
o f  t h e  a n o• a l i e s o b s e r v e d  i n  t h e  o t h e rw i s e s t a n d a r d  GCR i s o t o p i c  c om p o s i 
t i o n ( e . g .  / 2 6 / ) . 

I n d e e d , t h e  o b s e r v e d  GCR a n om a l i e s i n  ' ' N e / ' 0 N e ,  ' 5 Mg / ' ' Mg a n d  
' " Mg / , . Mg c o u l d  r e a d i l y  b e  e x p l a i n e d  i f  o n l y  o n e  o u t  o f  z35 GCR p a r t i c l e s 
c o•es  f r o• t h e  w i n d s  o f  o u r  WR s t e l l a r  m o d e l s  ( t h e  r em a i n i n g 34 m a y  h a v e 
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F i g u r e  4 .  O b s e r v e d  i s o t o p i c  a n oma l i e s i n  GCR ( d a t a t a k e n  f r o• / 2 7 / )  
c o• p a r e d  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  f r om o u r  WR m o d e l ( + )  
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an e s s e n t i a l l y  s o l a r-sy s t ea l i k e  c oa p o s i t i o n ) , as c a n  be s e e n  i n  f i g .  4 .  
On t h e  o t h e r  h a n d , o u r  coap u t a t i o n s  s h ow t h a t  t h e  WC w i n d s  a r e  n o t  a b l e  
t o  e x p l a i n  t h e  ' 9 S i /' 0 S i a n d  ' 0 S i / ' 0 S i r a t i o s ,  b u t  t h e  o n l y  r e l e v a n t  
o b s e r v a t i o n h a s  n o t  b e e n  c o o f i raed . C l e a r l y ,  a o r e  a e a s u reae o t s  a r e  
n e e d e d  i n  t h i s  c a s e . Soae o t h e r  i n t e r e s t i n g p r ed i c t i o n s  a r e  a a d e  b y  t h i s  
WR s c e n a r i o  c o n c e r n i ng t h e  • • st • • s  r a t i o  ( p r e d i c t e d  t o  b e  e n h a n c e d  i n  
GCR by a f a c t o r f ::: 1 . 8 ) , ' ° K/ 3 " K  ( f ::: 3 . 5 ) , o r  " ' N i /" 0 N i  ( f ::: 1 . 6 ) .  

5 . CONCLUS I ON 

T h e  aa i o  r e s u l t s o f  t h i s  work c a n  be s umma r i z e d  a s  f o l l ows : 
( i )  a t  t h e  e n d  o f  c o r e  He b u r n i ng i n  m a s s i v e s t a r s  ( Mz • M s  � 50 M0) , 
::: 1 -2 1 0' n e u t r o n s / ca• a r e  r e l e a s e d  t h r o u g h  t h e  2 2 N e ( a , 0 ) 2 5 Mg r e a c t i o n :  
( i i )  t h e  c a p t u r e  o f  t h e s e  n e u t r o n s  o n  s e e d  n u c l e i  p r o d u c e s  s o m e  l i g h t  
( A � 5 6 )  n u c l e i  a n d  a "wea k "  s-p r o c e s s  ( n u c l e i  w i t h  A � 1 00 ) ; 
( i i i )  t h e  e j ec t i o n o f  t h e s e  i s o t o p e s  i n t o  t h e  I SM by t h e  WR w i n d s  aay 
h a v e  i n t e r e s t i n g i ap l i c a t i o o s  f o r  7-r ay l i n e a s t r o n omy , e a r l y  s o l a r  
s y s t ea i so t o p i c  coapo s i t i o o ,  o r  GCR a n om a l i e s .  

T h e  work p r e s e n t e d  i n  t h i s  p a p e r  h a s  b e e n  p e r f o raed  w i t h i n  t h e  Co l l a b o r a 
t i o n o n  t h e  e vo l u t i o n o f  a a s s i v e s t a r s  i n v o l v i ng t h e  I o s t i t u t  d ' As t r o o o
a i e  e t  d ' As t r o p h y s i q u e  o f  t h e  Uo i v e r s i t e L i b r e  d e  Br u x e l l e s , CEN Sa c l ay ,  
a n d  t h e  As t r o p h y s i s c h  I o s t i t u u t  o f  t h e  Vr i je U o i v e r s i t e i t Br u s s e l .  T h e  
Co l l a b o r a t i o n i s  s u p p o r t e d  by t h e  Be l g i a n F u n d  o f  Jo i n t  Fu o d aae o t a l 
Re s e a r c h  ( FRFC) u n d e r  Con t r a c t N r . 2 . 9002 . 82 .  M .  A r o o u l d  i s  Ch e r c h e u r  
Qua l i f i e  F . N . R . S .  ( Be l g i um )  
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ABSTRACT . Af t e r  b r i e f l y  r e v i ew i n g  t h e  a s t r o p h y s i c a l  s i t e s  w h e r e  p r o t o n s  
c o u l d  b e  • i x e d  i n to He- a n d  C-r i c b l a y e r s , w e  p r e s e n t  t h e  m a i n  f e a t u r e s  
o f  t h e  n e u t r on p r o c e s s i ng r e s u l t i n g f r o• t h a t  m i x i n g .  T h o s e  a r e  u s e d  a s  a 
g u i d e l i n e f o r  a n  a n a l y t i c a l  i n v e s t i ga t i o n o f  t h e  c o n d i t i o n s  r e q u i r e d  f o r  
' ' C( a , 0 ) 1 6 0  t o  b e  a n  e f f i c i e n t  n e u t r o n  s o u r c e  w h e n  T � 1 . 5  1 08 K .  W e  a n a
l y z e  t h e  s e a s i t i v i t y of t h e  r e s u l t s t o  s om e  r e a c t i o n r a t e  u n c e r t a i n t i e s 

1 .  I NTRODUCT I ON 

T h e  r e l a t i v e i • p o r t a n c e o f  t h e  ' ' C( a , 0 ) 1 6 0  a n d  2 2 N e ( a , n ) 2 5 Mg n e u t r o n  
s o u r c e s  f o r  t h e  s y n t h e s i s  o f  t h e  h e a v y  e l em e n t s  i n  s p e c i f i c  s t a r s  o r  a t  a 
g a l a c t i c  l e v e l h a s  b e e n  l a rge l y  d e b a t e d , a n d  s t i  1 1  r e• a i n s m o r e  o r  l e s s  
c o n t r o v e r s i a l  i n  • a n y  i n s t a n c e s . 

T h e  ' ' C( a , n ) ' " O  r e a c t i o n b a s  r a i s e d  • u c b  i n t e r e s t  r e c e n t l y f o l l o
w i n g  v a r  i o n s  s t u d i e s p o i n t i ng o u t  t h e  p o s s i b i l i t y f o r  p r o t o n s  t o  b e  • i x e d  
i n t o H e - a n d  C-r i c b z o n e s  a t  t em p e r a t u r e s  T � 1 08 K ( T,� 1 ) .  U n d e r  s u c h  
c o n d i t i o n s , t h e  ' " C ( p , 7 ) 1 0 N ( e• v ) ' 3 C( a , n ) 1 6 0  c h a i n  c a n  i n d e e d  d e v e l o p ,  
p r o d u c i n g  a s u b s t a n t i a l  a m o u n t  o f  e n e rgy a l o n g  w i t h  n e u t r o n s . A p r e l i • i 
n a ry s t u d y  o f  t h i s  s c e n a r i o  c a n  b e  f o u n d  i n  / 1 / .  

T h e  i n t e r e s t f o r  t h e  ' ' C a-c a p t u r e s  b a s  b e e n  a• p l i f i e d f u r t h e r  
b e c a u s e  t h e  2 ' Ne ( a , n ) 2 5 Mg n e u t r o n  s o u r c e  s i g h t  h a v e  d i f f i c u l t i e s i n  
e x p l a i n i n g v a r i o u s  o b s e r v a t i o n s , n a• e l y  t h e  s-p r o c e s s  e n r i c h m e n t i n  
c e r t a i n  c l a s s e s  o f  r e l a t i v e l y  l ow-• a s s  s t a r s ( e . g . / 2 / ) , o r  e v e n  t h e  s o l a r 
s y s t e• s-p r o c e s s  c o n t e n t ( e . g . / 3 / ) . 

Af t e r  a b r i e f r e v i ew o f  t h e  v a r i o u s  s t e l l a r  s i t e s  w h e r e  p r o t o n s  a r e  
e x p e c t e d  t o  b e  • i xed  i n t o He- a n d  C-r i c b l a y e r s  ( Se c t . 2 ) ,  w e  r e a n a l y z e  
t h e  a b i  l i l y o f  t h e ' 3 C( a , n ) ' 0 0 r e a c t i o n t o  p r o d u c e  n e u t r o n s . T h i s  wo r k  i s  
•o t i v a t e d  b y  t h e  f a c t  t h a t t h e  s t u d i e s a l r e a d y  d e v o t e d  t o  t h a t  p r o b l e• 
( i )  r e l y  t o o  h e a v i l y  o n  p r e d i c t i o n s  o f  s p e c i f i c  s t e l l a r  • o d e l s ,  • a n y  
f e a t u r e s  o f  wh i c h a r e  s t i  I I  v e r y  u n c e r t a i n .  W e  a d o p t  i n s t e a d  a p a r ame t r i 
z e d  a p p r o a c h  wh i c h i s  h o p e d  t o  e n c o • p a s s  a l a rge  v a r i e ty o f  p hy s i c a l l y 
p l a u s i b l e  s i t u a t i o n s , a n d  i s  t h e r e f o r e  • o r e  i l l um i n a t i n g t h a n  s p e c i f i c  
s t u d i e s ;  
( i i )  a r e  e s s e n t i a l l y c o n c e r n e d w i t h  t h e  p r o d u c t i o n o f  h e a v y e l e• e n t s , a n d  
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a t  • o s t w i t h  a ( t o o )  l i • i t e d  n u• b e r  o f  l i g h t n u c l e i . Our s t u d y  d e a l s  
i ns t e a d  w i t h  a l l  t h e  n u c l e i  b e t w e e n  1 2 C a n d  1 1 S i .  We e x a• i n e i f  t h e  
o b s e r v a t i o n a l d e t e r• i n a t i on o f  t h e  a b u n d a n ce s  o f  c e r t a i n  o f  t h o s e  s p e c i es 
c o u l d  u n r a v e l s p ec i f i c  s i fn a t n r e s  o f  t h e  c o n s i d e r ed n u c l e o s y n t b e s i s  
p r o c e s s : 
( i i i )  • a k e  n s e  o f  n u c l ea r  r e a c t i o n r a t e s  f o r  wh i c h u e w  d a t a  o r  e v a l u a 
t i o n s  a r e  a v a i l a b l e .  On t h e  o t h e r  b a n d , s o• e  r e a c t i o n s  wh i c h • i f b t  b e  
i • p o r t a n t  i n  c e r t a i n  r e l e v a n t  c o n d i t i o n s  h a v e b e e n  n ef l e c t ed i n  p r e v i o u s  
s t u d i e s .  F i n a l l y ,  a n d  i n  c o n t r a s t t o  t h e  e x i s t i ng work i n  t h e  f i e l d ,  we 
a n a l y z e  t h e  s e n s i t i v i t y o f  our p r e d i c t i o n s  to c h a n ge s  i n  c e r t a i n  k ey 
r e a c t i on r a t es wh i ch a re s t i l l  v e r y  u n c e r t a i n .  

2 .  A BRI EF REV I EW OF THE S I TES I N  WH ICH 1 3c( a , n ) 1 6o COULD OPERATE 

As • e n t i o n e d  i n  Se c t . 1 ,  we l i • i t o u r s e l v e s  t o  s i t e s  i n  wh i c h t h e  
' ' C ( a , n ) ' " O  r e a c t i on s  r e s u l t  f r o• a p r o t o n  • i x i ng i n t o  He-r i c h l a y e r s . We 
do n o t  c o n s i d e r  here t h e  o c c u r e n c e  of t h a t r e a c t i o n a t  t h e  b eg i n n i n g o f  
H e  b u r n i ng ,  wh e r e  t h e  a v a i l a b l e  1 3 C co•es f r o• t h e  CNO c y c l e  ( e . g . / 4 / ) ,  
o r  d a r i n g  C b u r n i ng i n  c e r t a i n  • a ss i ve s t a r s  ( e . g . / 5 / ) . 

2 . 1 .  Cen t r a l He f l a s h  i n  M � 2 Me s t a r s  

T h e  p o s s i b i l i ty b a s  b e e n  r a i s e d  o f  a p r o t o n  m i x i ng a t  t h a t  s t a f e  w i t h  a 
c o n c o• i t a n t  n e u t r o n  p r o d u c t i o n ( wh i c h some a u t h o r s  e v e n  c o n s i d e r  t o  l e a d  
t o  a r- t y p e  n e u t r o n  p r o c e s s i n g ( e . g . / 6 / ) ) .  Howe v e r , t h e  • o d e l i nf o f  t h e  
c e n t ra l H e  f l a s h  e n c o u n t e r s  • a n y  d i f f i c u l t i e s / 7 / , a n d  t h e  o c c u r e n c e  o f  
t h e  r eq u i r e d  • i x i nf i s  s t i l l  v er y  u n c e r t a i n .  

2 . 2 . Asy•p t o t i c  g i a n t  b r a n c h  ( AGB) e v o l u t i o n o f  s i n g l e  l ow a n d  i o t e r•e
d i a t e  • a s s  s t a r s  

T h e  q u e s t i o n o f  • i x i n f i n  s u c h  c i r c u• s t a n c e s  b a s  b e e n  s t u d i e d by s e v e r a l 
a u t h o r s  ( e . g . /8-10/ ) .  T h e y  d em o n s t r a t e  t h a t  t h e  en t r o p y  b a r r i e r b e t we e n  
t h e  H- b u r o i n g s h e l l a n d  t h e  r e c u r r e n t l y  • t b er•a l l y u n s t a b l e •  He- b u r n i n g 
l ay e r  c h a r a c t e r i z i ng t h e  c o n s i d e r e d  s t a rs i s  l a rge e n o ugh  t o  p r e v e n t t h e  
• i x i n f o f  p r o t o n s  i n t o t h e  He- b u r n i n g  z o n e . I t  i s  a l s o  demo n s t r a t e d  t h a t 
t h e  • i x i of o b t a i n e d  i n  / 1 1 /  i s  j u s t  a n  a r t e f a c t  o f  t h e  n e g l e c t  o f  r a d i a
t i o n p r e s s u r e .  

Howe v e r , i t  h a s  b e e n  p r o p o s e d  t h a t  t h e  m i x i n g o f  i n t e r e s t  • i g b t  t a k e  
p l a c e  a s  a r e s u l t  o f  s e• i c o n v ec t i o n i n  r a t h e r  l ow m a s s  AGB s t a r s  ( e . g . / 2 /  
f o r  a r e v i ew ) . Unfo r t u n a t e l y ,  s u c h  a p o s s i b i l i t y c a n n o t  b e  f i r• I Y  e s t a
b l i s h e d  i n  v i ew of t h e  d i f f i c u l t i e s o f  • o d e l i nf s e• i c o n v e c t i o n .  

2 . 3 .  N u c l e i  o f  p l a n e t a ry n e b u l a e  o n  t h e i r  way t o  wh i t e dwa r f s  

T h e  p o s s i b i l i t y has  b e e n  r a i s e d  b y  s e v e ra l a u t h o r s  ( e . g . / 1 2 , 1 3/ )  o f  t h e  
o c c u r e o c e  o f  a • t a s t •  t b er•a l p u l s e i n  s u c h  s t a r s , l e a d i n g p o s s i b l y  t o  
q u i t e s p e c t a cu l a r e f f e c t s  o n  t h e  e v o l u t i o n a ry t r a c k s  i n  t h e  H-R d i a g r a • , 
a s  we l l  a s  o n  t h e s u r f a c e  c o• p o s i t i o o ,  resu l t i n g i n  p a r t i c u l a r f r o• t h e  
m i x i ng o f  p r o t o n s  i n t o  t h e  n u c l e a r l y  a c t i ve He z o n e . T h e  o c c u r e o c e  o f  
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s u c h  a • i x i o g i o  t h e  c o n s i d e r e d  s t a r s , wh i c h h a v e  a l ow • a s s  e n v e l o p e  a o d  
a s t r o n g  n u c l e a r  s h e l l  s o u r c e , a g r e e s  w i t h  t h e  • i x i o g c r i t e r i a  e s t a b l i -
s b e d  i o I 1 0/ . 

Howe v e r , • a n y  p r o b l e•s re•a i o  i o  t h e  s t r u c t u r a l a n d  n u c l eo sy n t b e s i s  
•ode l i ng o f  t h e  l a s t  p u l s e .  For e x a• p l e ,  i f  t h e  p r o t o n  i n j e c t i o n r a t e  i n  
t h e  He- b u r n i ng l ay e r  i s  a s  h i g h a s  2 . 1 04 5 p r o t o n s  s- 1 / 1 2 / ,  t h e  s t a b i l i ty 
of t h a t  z o n e  a ga i n s t  c o n v e c t i o n c o u l d  be s u b s t a n t i a l l y a l t e r e d  / 1 4 / .  On 
t h e  o t h e r  b a n d , o o  d e t a i l e d t r e a t•e n t  of t h e  e l e• e n t p r o d u c t i o n d u r i n g 
t h a t  p u l s e b a s  e v e r  b e e n  a t t e• p t e d . 

2 . 4 .  Ma s s i v e s t a r  e v o l u t i o n 

Ca l c u l a t i on s  i n d i ca t e t h a t  s o•e H-r i c b • a t e r i a l  cou l d  • i x i n t o  He l a y e r s  
a t  t h e  o n s e t  o f  s h e l l C-b u r n i ng i n  a 9 Me s t a r  / 1 5 / . T h i s  • i gh t  b e  
c h a r a c t e r i s t i c  o f  s t a r s  i n  t h e  a p p r o x i • a t e  8 � M/Me � 1 0  r a n g e . Howe v e r , 
n o  c a l c u l a t i o n of t h e  e n s u i ng n u c l e o sy n t h e s i s  b a s  b e e n  p e r f ormed . 

On t h e  o t h e r  h a n d , so•e p r o t o n  • i x i ng i n t o  t h e  He b u r n i n g c o r e  i s  
f o u n d  a t  t h e  b eg i n n i n g o f  t h e  WN p h a s e  i n  c e r t a i n  o f  t h e  a a s s i v e mass  
l os i ng s t a r s  • od e l e d i n  / 1 6 / . The  exact  c i r c u•s t a n c es u n d e r  wh i c h s u c h  a 
p h e n o•e n o n  c o u l d  o cc u r  a n d  i t s e v e n t u a l c o n s e q u e n c e s  w i  I I  be d i s c u ssed  
e I sewlle r e .  

2 . 5 .  Ac c r e t i on o f  H-r i c h • a t e r i a l  o n  a wh i t e dwa r f  

A s  i nd i ca te d  by • a n y  s t u d i e s ( e . g .  / 1 7-1 9 / ) , t h i s s c e n a r i o  m i gh t  l e a d , 
u a d e r  c e r t a i n  c i r c n•s t a n c e s , to a d o u b l e  s h e l l  s t r u c t u r e s i • i  l a r t o  t h a t  
o f  t h e  AGB s t a r s , a n d  t o  s o•e H-He • i x i ng i f  t h e  t h e o r e t i ca l  c r i t e r i a  
•ea t i o n e d  i n  / 1 0/ a r e  f u l f i  I l e d .  Howe v e r , n o  d e t a i l e d  s t u dy o f  s u c h  a 
p o s s i b i l i ty h a s  b e e n  c o n d u c t e d  t o-d a t e i n  t h i s  c o n t e x t .  A l s o n o t e  t h a t  
t h i s  a cc r e t i o n s c e n a r i o  ( a n d  t h e  pos s i b l e  c o n c oa i t a n t n u c l eo s y n t h e s i s ) 
• i gb t  a p p l J  t o  c e r t a i n  sy•b i o t i c  s t a r s  / 20/ . 

3 .  PREL I M I NARY ANALYS IS OF LIGHT NUCL I DE ABUNDANCES 

3 . 1  Ne twork Ca l cu l a t i o n s  

Ou r n e twork  i n v o l v e s  a l l  t h e  s t a b l e  n u c l e i  i n  t h e  1 2 sAs2a • a s s  r a n g e , as  
we l l  a s  the u n s ta b l e  n u c l e i  1 3 N ,  " C ,  2 2 Na ,  a n d  2 " A I . Those s p e c i e s are 
l i n k e d  by p r o t o n- , n e u t r o n- , a-c a p t u r es and  6-d e c a y s  wh i c h c a n  b e  o f  
i • p o r t a n ce i n  t h e  t e• p e r a t u r e  r a n g e  1 sT, s 3 . The n u c l e a r  r e a c t i o n r a t es 
are taken f r o• /2 1-28/ . We a l so i n c l u d e  a n e u t r o n  s i n k n n c l e u s . I t s  •ass 
f r a c t i o n i s  k e p t  c o n s t a n t  at  t h e  v a l u e X, , • •  =r, ; ; , x, e ,  wh e r e  X,  e i s  t h e  
so l a r  s y s t e• • a s s  f r a c t i o n o f  s p e c i e s i /2 9 / , wh i l e i t s n e u t r o n  c a p t u r e  
c r o s s  s e c t i o n i s  t a k e n  e q u a l t o  d, , • •  =r, � : , d , X, e ,  wh e r e  d ,  i s  t h e  3 0  k eV 
Ma xwe l l i a n - a v e r a g e d  r a d i a t i v e n e u t r o n c a p t u r e  c r o s s  s ec t i on o f  n u c l e u s  i ,  
t a k e n  f r o• / 30/ . T h e  i n i t i a l  a a s s  f r a c t i o n s  a r e  r e p r es e n t a t i v e o f  a • i d
He b u r n i ng coapos i t i o n ( X ( ' He ) = . 4 9 ,  X ( ' 9 C) = . 4 7 ,  X ( ' 3 C) =3 . 5  1 0- • , X ( ' ' N ) =  
1 . 0 1 0- 1 ; l ow ' $ N , 1 1 0  c o n t e n t ;  b i gb  1 1 0 ,  " O ,  2 0 Ne ,  u Ne c o n t e n t ) . On e 
p r o t o n  p e r  10 • • c n u c l e i  i s  i n j e c t e d  i n  t h i s  aa t er i a l  ( X ( ' H ) =3 . 9  10- • ) .  

T h e  t i •e e v o l u t i o n o f  s e v e r a l a b u n d a n ces w h e n  T, = 1  a n d  T, =3 ( p=500 
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0 
x ( a )  1 3c 
(!) 4 N 0 _J 3 N 

-5 p 

__A 
n M  1 0  1 5  

- 1 0 

1 4 C M 1 0 5 
T = 1 0 8 K 

- 1 5  2 . 0  3 . 0  4 . 0  1 1  1 2  1 3 
L O G  t ( s )  

F i g 1 re 1 .  T i ae v 1 r i 1 t i o n o f  t h e  a a s s  f r a c t i o n s  o f  v a r i o u s  n u c l e i , 
r e s u l t i ng f r o• t h e  i n je c t i o n a t  t =O o f  o n e  p r o t o n  per  10 1 2 C n u c l e i  i n  a 
aa t e r i a l  w i t h  a i d-He b u r n i ng coapo s i t i o u ( se e  t e x t ) . Tea p e r a t u r e  a n d  
d e n s i t y a r e  a s s uaed l o  reaa i n  c on s t a n t  a t  T= l 08 K a n d  p=500 g ca- 3 • Pa r t s  
( a )  a n d  ( b )  c o r r e s p o n d  t o  p h a se s  c h a r a c t e r i zed  b y  ' 3 C p r od u c t i on a n d  
d e s t r u c t i o n ,  r e s p e c t i v e l y .  T h ey a r e  s e p a r a t e d  by a 1 3 C s t a t i o n a ry s t a g e  

x 
(!) 0 
_J -5 

- 1 0  

- 1 5 

T = 3 . 1 0 8 K 

- 1 . 5  - 0 . 5  0 . 5  1 .  5 2 . 5  · 3 . 5  

p 

n 

4 . 5  
L O G  t ( s )  

F i g u r e  2 .  Same as F i g .  1 ,  bu t f o r  T=3 10" K .  I o  t h i s  c a s e , t h e  1 3 C 
p r o d u c t i o n a n d  d e s t r u c t i o n p h a ses  [ pa r t s  ( a )  a n d  ( b )  o f  F i g .  1 1  a r e  n o t  
s e p a r a t e d  by a ' " C s t a t i o n a ry s t age  
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T a b l e  I : Sc h e•a t i c  p r e s en t 1 t i o 1 o f  t h e  •a i n  f e a t u r es o f  t h e  n u c l ear 
process i ng r e s 1 l t i 1f f r o• the • i x i n g o f  p r o t o n s  i n  He- a n d  C-r i c h • a l ter 
( ba s e d  0 1  c a c a l l t i o u f o r  p=500 re•- • , p ( o ) /' 1 C( o ) = . l )  

T, = 1 . 0 1 . 5  2 . 0 2 . 5 3 . 0  [---------------------------------------------------------] • • c s 1 a t h e s i s  p h a s e  s e p a r a ted 
f r o• n e a t r o n  l i b e r a t i o n p h a s e  
b J  ' • c s ta t i o 1 1 r1 s tage --------------------------------------------------------- [:�:��:::�:] s t age 

--------------------------1 
' " N a t  q a a s i -
eu i I i  br i H  
w i t •  1 1 C t • r oar• 

L'
" C( p ,

y ) ' " N ( e· � > 
a a d  

r------------------------------------------
1 • N g o v e r n e d  bJ 

' " N ( a , p ) " O  and ' " N ( n , p ) ' " C  

' 1 N ( p ,
7 ) 1 • 0  i f  pX( ' H) s u f f i c e n l l J h i gh 

--�-��---------�--------------------------------------------------�11 .� ••• ;;--..;;�;,i-;;;--�I---------;;;1;;�--;;;1;;;�--,,N�-,,c------] 
-�=����-::��=��:��------ _________ :�::�:::::_:�:::���-:::��:�------

a: • • • •  < erg g- • s- ' ) = 
8 . 2  101 1 8 . 5  101 3 1 . 0 101 5 2 . 5  101 1 

Et o . < erg ,- ' ) = 
2 .  2 10' • 2 . ..  10' • 2 .  6 10' • 5 .  8 10' • 

� t ( s )= 
1 . 0 10• 2 .  2 103 1 .  6 1 0• 1 . 0 10• 

����:�:���:�:�:����:��;;���;�;���� 
6 . 0  10• 

. 5 9 
YI 

N. • a x  ( c•- • )= 
8 . 0  10• 7 . 0 10• • 

To t a  I i u t eg r a t e d n e u t r o n  e x p o s u r e  (•b- 1 ) =  
. 8 7 1 . 0.4 

Ma i n  a s h e s  of t h e  p r o c es s : 

2 . o  10' 5 

. 6 2 

���:��::::::���������������[�:�::::��:�:��:�::::�:��::��:��::::::�����] 
' •  N 

1 ' N ( a , 7 ) 1 8 F i f  • a l te r  re•o v e d  f ro• He-b u r n i ng z o n e  
i n e f f i c i e n t  b e f o r e  ' ' N ( a , 7 ) 1 ' F  t a k e s  p l a c e  

E-------------------------------,,c----------------------------------J 
( a , 7 ) ' 0 0  J l i f  •a l t e r  re• o v e d  f ro• He-b u r n i ng zon 
f f i c i e n t  b e f o r e  ' ' C( a , 7 ) 1 8 0  p r oceeds ----------- -------------------------------------------
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gca- • i n  b o t h  cases ) a r e  g i v e n  i n  F i gs . 1 a n d  2 ,  wh i l e t h e  m a i n  n u c l e a r  
fea t u r e s  ( i n d e p e n d e n t of  a n y  s t e l l a r  m o d e l i n p u t )  a r e  o u t l i n e d  i n  Ta b l e  
I .  Fea t u r e s  I t o  I V  a n d  V t o  I X  r e f e r  t o  t h e ' • c  sy n t h e s i s  a n d  n e u t r o n 
l i b e r a t i o n p h a s e s , respe c t i v e l y . T h o s e  f e a t u r e s  a r e  u s e d  a s  a g u i d e l i n e 
f o r  t h e  c o n s t r u c t i o n of a p p r o x i m a t e  a n a l y t i c a l  d e s c r i p t i o n s  o f  t h e  
n u c l e a r  p ro c e s s i ng t h a t  p r o v i d e a u s e f u l  w a y  to  a n a l y ze t h e  r e s u l t s ,  a n d  
i n  p a r t i c u l a r  t h e  c o n d i t i o n s  r e q u i r e d  f o r  t h e  ' ' C( a , n ) ' ' O  r e a c t i o n t o  b e  

a n  e f f i c i e n t  n e u t r o n  s o u r c e . 
S i n c e t h e  s i t u a t i o n a r o u n d  T, = l  i s  q u i t e d i f f e r e n t f r om t h a t  a r o u n d  

T, =3 , two d i f f e r e n t a n a l y t i c a l  a p p r o a c h e s  a r e  n e e d e d . Sec t .  3 . 2  o u t l i n es 
the aa i n  f e a t u r e s o f  the f o raa l i sa wh i c h i s  we l I s u i t e d  f o r  T8 = l . The 
a n a l y t i c a l  t re a ta e n t of  the T8 =3 case w i  I I  be p r e s e n t e d  e l s ewh e r e . 

3 . 2  Ana l y t i c a l  a p p r o x i a a t i on  f o r  T8 � 1 . 5 

On t h e  b a s i s  o f  i t eas I t o  I l l  of T a b l e  I ,  a n d  a s s um i n g t h a t  t h e  1 2 C 
a b u n d a n c e  r ea a i n s c o n s t a n t  i n  t i a e  ( v a l i d  i f  p ( o ) / 1 2 C ( o )  :$ 1 ) ,  we f i n d 
t h a t  t h e  n ua b e r  r a t i o  of ' ' C a t  t h e  e n d  o f  t h e  p r o t o n  c a p t u r e  p h a s e  t o  
t h e  i n i t i a l  1 2 C i s  g i v e n  b y  Eq . ( l ) :  

' •  C(m) 
' • C( o )  

where  

i s  the  b r a n c h i ng r a t i o  be tween ' " N ( e+ v ) ' ' C  and  " N ( p , 7 ) " 0 ,  r+ ( " N )  b e i n g  
t h e  " N  {J-d ecay  l i f e t i a e ,  < d v > , . c . •  1/ < d v >, , c  . •  lf i s j u s t  t h e  " C/ ' ' C  e q u i l i 
b r i ua v a l u e ( d e p e n d i ng on T o n l y ) ,  a n d  where t h e  f a c t o r  i n  s q u a r e 
b r a c k e t s  i s  r e l a t ed to t h e  p r o t o n  a b u n d a n c e  d e c r e� se d u r i n g t h e  ' ' C 
s y n t h e s i s  ( t h i s  f a c tor  i s  a b s e n t  i n  c l a s s i c a l  CNO s t u d i e s ,  wh e r e  
p > >CNO) . l n o u r  a n a l y s i s ,  a c e n t r a l r o l e  i s  p l a y e d  by t h e  ra t i o  o f  t h e  
p r o t o n  l i f e t i ae aga i n s t  c a p t u r e t o  t h e  " C  l i f e t i me a g a i n s t  p r o t o n  
c a p t u r e  

fp ( d V ) ,  3 C , p� p ( o )  
---- I 1 + L, < d v > , . • N, ( o )  i - • 

<d v >, r c  . •  � 1 2 C ( o )  
I 

where j d e n o tes  a l l p-po i s o n s  o t h e r t h a n  • • c  a n d  ' ' C ( e s s e n t i a l l y 
' • N ( p ,  a ) '  • C a n d  ' • 0( p ,  a ) '  • N )  . 

Eq . ( l )  a l l ows u s  to ex p r e s s  t h e  c o n d i t i o n s  r e q u i r e d  f o r  ' ' C( a , n ) ' ' O  
t o  be e f f i c i e n t  a t  T8 � 1 . 5 : 
i ) ' ' N ( e • v ) ' ' C  a u s t  be m o r e  r a p i d  t h a n  ' ' N ( p , 7 ) 1 ' 0 . Th i s  s e t s  a l i m i t a t i o n 
o n  pX, ( o ) . Of c o u r s e , t h i s  c o n s t r a i n t  d e p e n d s  u pon t h e  ' ' N ( p , 7 ) ' ' 0 r a t e , 
wh i c h i s  s t i  I I  s oa ewh a t  u n c e r t a i n ,  a n d  b a s  been r e v i s e d  r e c e n t l y  / 3 1 / :  
i i )  p ( o ) / ' ' C( o )  > 1 ,  f o r  t h e  ' ' C sy n t h e s i s  t o  be u s e f u l :  
i i i )  l ow ' " 0/ 1 2 C d u r i n g He-b u r n i ng .  H i g h v a l u e s  of  t h i s  r a t i o  a a y  r e d u c e  
s i g n i f i c a n t l y  t h e  ' ' C p r o d u c t i o n e f f i c i ency ; 
i v ) p ( o ) / ' ' C ( o )  < 1 ,  i n  o r d e r  f o r  p r o t o n s  to a a k e  ' ' C r a t h e r  t h a n  ' ' N .  

Froa Eq . ( l ) , we m a y  c a l c u l a t e t h e  e f f i c i e n cy 1 ' C(m)/ 1 2 C( o )  o f  t h e  
' ' C sy n t h es i s  a s  a f u n c t i o n o f  p ( o ) / '  2 C( o ) . T h e  r e s u l t s f o r  T, = l  a r e  
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T a b l e  I I .  ' ' C s y n t h e s i s  e f f i c i e n cy a t  T, = 1  a s  a f u n c t i o n o f  p ( o ) / 1 1 C( o )  
-----------------------------------------------------------------------

p ( o ) / ' " C( o )  . 1  . 01 . 001 
-----------------------------------------------------------------------1 • c( "" ) / p ( o )  
! 1  ' N ( «>)-'  ' N ( o ) J / 1 2 C( o )  

. 28 
. 3 6 

. 84 
8 .  1 0- 3 

. 98 . 9 9 
1 .  1 0- . 5 .  1 0- & 

p r e s e n t e d  i n  T a b l e  I I ,  wh i c h s h ows t h a t  • o s t o f  t h e  p r o t o n s  i n j e c t e d i n i 
t i a l l y a r e  u s e d  t o  s y n t h e s i z e  1 3 C o n l y  w h e n  p ( o ) / " C ( o )  < 0 . 01 . I n  t h e  
o t h e r c a s e s , t h o s e  p r o t o n s  s e r v e  t o  b u i l d u p  a l a r g e  a m o u n t  o f  " N ,  wh i c h 
c a n  b e  c a l c u l a t e d  t o  a g o o d  a p p r o x i • a t i o n f r o• t h e  r e q u i r e•e n t  o f  b a r y o n  
n u• b e r  c o n s e r v a t i o n .  Th i s  l e a d s  t o  

' •  N (00) = 1 • N ( o )  + " p ( o ) ( 1  - 1 3 C ( «>) / p ( o ) )  . ( 2 )  

T h u s , ' ' N a c t s  a s  a s t r o n g  n e u t r o n  p o i s o n  d u r i ng t h e  n e u t r o n  l i b e r a t i o n 
p h a s e  t h r o u g h  1 ' N ( n , p ) ' ' C  ( d u e  t o  t h a t  p r o t o n  p r o d u c t i o n ,  a c o r r e c t  
a n a l ys i s  o f  t h i s  p h a s e  • u s t  i n v o l v e p r o t o n  c a p t u r e  r e a c t i o n s ; s e e  t h e  
d i s c u s s i o n a b o u t  1 1 0/1 0 0  i n  Se c t .  3 . 3 ) .  Eq s .  ( 1 )  a n d  ( 2 )  a l l ow a l s o  t o  
e s t i •a t e  t h e  • a x i • u• n e u t r o n  d e n s i t y wh i c h c a n  b e  a c h i e v e d  ( T a b l e  I ) :  

wh e r e  v,  i s  t h e • o s t p r o b a b l e  r e l a t i v e n e u t r o n  v e l o c i t y  a t  30 k eV ,  wb i l e  
t h e  o t h e r  sy• b o l s  h a v e  t h e i r  u s u a l a e a n i n g .  

Ev e n  • o r e  i • p o r t a n t  i s  t h e  f a c t  t h a t  t h e  p r e s e n c e  o f  ' ' N  ( i t s d e s
t r u c t i o n b y  a-c a p t u r e s  i s  n o t  e f f i c i e n t  o n  t h e  r e l e v a n t  t i •e s c a l e s a t  
T, = 1 )  a n d  o f  " C  ( i f  t < r_ ( " C ) ; F i g . 1 )  t oge t h e r w i t h  h e a v y  e l e• e n t s  
c o u l d  b e  a s i g n a t u r e  o f  t h e  1 " C( a , n ) 1  • o  n e u t ro n  s o u r c e . 

3 . 3 .  Sen s i t i v i t y o f  t h e  r e s u l t s t o  r e a c t i o n r a t e s 

Up t o  n o w ,  we h a v e l o o k e d  f o r  p o s s i b l e  a l t e r a t i o n s  o f  t h e  p r e v i o u s  
r e s u l t s d u e  t o  c r o s s  s e c t i o n u n c e r t a i n t i e s o n l y  a t  T, = l , a n d  by v a r y i n g 
t h e  ' " C( n , 7 ) 1 ' C ,  " N ( n , 1 ) " N ,  a n d  " N ( n , p ) " C  r a t e s . 

An i n c r e a s e  by a f a c t o r  o f  1 0  o f  t h e  1 • c  r a d i a t i v e n e u t r o n  c a p t u r e  
c r o s s  s e c t i o n v a l u e g i v e n  i n  / 2 3 /  l e a d s  t o  a t i m e  d e l a y i n  t h e n e u t r o n  
i r r a d i a t i o n r i s e .  Th i s  i s  d u e  t o  t h e  f a c t  t h a t  • o r e  n e u t r o n s  a r e  t r a p p e d  
i n  t h e  ' ' C( n , 1 ) 1  ' C( a , n ) 1  • o  c h a i n .  Howe v e r ,  t h e  n e u t r o n  p r o d u c t i o n p r o c e s s  
a s  a w h o l e  i s  s l i g h t l y  • o r e  e f f i c i e n t  ( t o t a l i n t eg r a t e d n e u t r o n  e x p o s u r e  
o f  0 . 6 4 m b- 1 , i n s t e a d  o f  0 . 5 9 a b - 1 i n  t h e  s t a n d a r d  c a s e ; s e e  Ta b l e  I ) .  

M o r e  d r a• a t i c  c o n s e q u e n c e s  r e s u l t  f r o• c h a n g e s  o f  t h e  1 ' N ( n , p ) 1 ' C  
a n d  1 ' N ( n , 1 )1 " N  r a t e s  b y  f a c t o r s  0 . 5  a n d  1 0 ,  r e s p e c t i v e l y .  T h e  • o s t 
e v i d e n t i • p l i c a t i o n i s  t h e  p r o d u c t i o n o f  a c o n s i d e r a b l e  1 $ N a•o u n t .  A t  
t h e  e n d  o f  t h e  p r o c e s s  a t  T. � 1 . a r a t i o  ( 1 ' N+1 ' C ) / 1  S N = 1 0  ( i . e .  x, .  = 
1 0- • )  i s  o b t a i n e d , wh i l e  t h i s  q u a n t i t y r e a c h e s  a v a l u e o f  � 1 1 00  i n  t h e  
s t a n d a r d  c a s e ! 

An o t h e r  d i r e c t  c o n s e q u e n c e  i s  t h a t  p r o t o n s  a r e  n ow u n d e r a b u n d a n t  by 
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• o r e  t h a n  a f a c t o r  of 10 r e l a t i v e lo t h e  s t a n d a r d  c a s e . Th i s  m e a n s  t h a t  
t h e  n e u t r o n  s o u r c e  e f f i c i e n c y  i s  s l i g h t l y l owe r e d , b e c a u s e  t h e  • • c 
r e g e n e r a t i o n t h a t  o c c u r s  e v e n  d u r i n g t h e  n e u t r o n  l i b e r a t i o n p h a s e  t h r o u g h  
1 ' C( p , 7 ) ' ' N < B• ) ' 3 C  i s  n ow r e d u c e d . 

A f u r t h e r  i n t e r e s t i n g c h a n ge , wh i c h i s  q u i t e  u n e x p e c t e d  a t  f i r s t  
g l a n c e , c o n c e r n s ' ' Ol ' ' O .  T h i s  r a t i o  r e a c h e s  a n  e q u i l i b r i u• v a l u e o f  2 30 ,  
co•pa r e d  w i t h  1 200 i n  t h e  s t a n d a r d  c a s e . Th i s  c a n  b e  u n d e r s t o o d  i n  t e rms 
o f  an  e q u a I i  t y  b e twe e n  t h e  ' •  C( a , 7 ) '  ' 0  a n d  ' '  O( p , a ) '  5 N f I ows a n d  o f  t h e  
e q u i l i b r i u• b e tween  " O  a n d  " O  t h r o u g h  " O( n , 7 ) 1 1 0( n , a ) " C a n d  
' " O( p , 7 ) 1  ' F( g• ) '  ' O( n , a ) ' ' C  ( t h o s e  two c h a i n s a r e  r o u g h l y  e q u a l l y p r o b a 
b l e ) .  Th u s , t h e  d ec r e a s e  o f  d • •  ( ' ' N ) by a f a c t o r  o f  2 r e d u c e s  t h e  n u m b e r  
o f  a v a i l a b l e  p r o t o n s , a n d  c o n s e q u e n t l y  t h e  " O  p r o d u c t i o n .  A t  t h e  same  
t i • e ,  t h e  " O  p r o d u c t i o n i s  i n c r e a s e d  t h r o ugh  " C ( a , 7 ) " 0 ,  w h i l e  i t s 
d e s t r u c t i o n by 1 ' 0( p , 7 ) ' 9 F  i s  r e d u c e d . 

4 . CONCLUS I ONS 

T h e  r e s u l t s r e p o r t e d  i n  t h i s  p a p e r  r e p r e s e n t  t h e  f i r s t  s t e p  t owa r d s  a 
• o r e  t h o r o u g h  r e i n v e s t i g a t i o n of t h e  ' 3 C ( a , n ) 1 6 0  n e u t r o n  s o u r c e , a n d  o f  
t h e  e n s u i n g h e a vy e l e• e n t  s y n t h e s i s .  S u ch a n u c l e a r  p r o c e s s i n g c o u l d  b e  
a c t i v a t e d  i n  v a r i o u s  a s t r o p h y s i c a l  s i t e s , e s p e c i a l l y  a s  a r e s u l t  o f  t h e  
• i x i ng o f  p r o t o n s  i n t o  H e - a n d  C-r i c h l a y e r s  a t  r a t h e r  h i g h  t em p e r a t u r e s . 

We s t r e s s  t h e  i n t e r e s t of a p a r a m e t r i z e d  a p p r o a c h  t o  t h e  q u e s t i o n ,  
a s  we l l  a s  o f  t h e  d e v e l o p• e n t  o f  a n a l y t i c a l  a p p r o x i ma t i o n s .  T h o s e  g r e a t l y  
h e l p  u n d e r s t a n d i ng t h e  aa i n  f e a t u r e s  o f  t h e  r a t h e r  c o m p l e x n u c l e a r  
p a t t e r n  p o s s i b l y  c h a r a c t e r i z i n g t h e  H-He m i x i n g c o n s i d e r e d  h e r e , a n d  c a n  
i n  p a r t i c u l a r p r o v i d e a n  " e d u c a t e d  a p p r a i s a l "  o f  t h e  c o n s e q u e n c e s  o f  
c e r t a i n  r e a c t i o n r a t e  u n c e r t a i n t i e s .  

O u r  s t u d y  w i l l  b e  e x t e n d e d  i n  v a r i o u s  d i r e c t i o n s .  I n  p a r t i c u l a r ,  
m o r e  s y s t ea a t i c  n um e r i c a l  i n v e s t i g a t i o n s  w i  1 1  b e  c o n d u c t e d , i n v o l v i n g t h e  
l i g h t  ( A s 2 8 )  n u c l e i  a l r e a d y  c o n s i d e r e d  h e r e , a s  we l I a s  t h e  h e a v i e r ( 28 
< A s 2 1 0) s p e c i e s ,  t h e  a b u n d a n c e s  of wh i c h c o u l d  b e  a f f e c t e d by t h e  m o r e  
o r  l e s s  s t r o n g  n e u t r o n  i r r a d i a t i o n r e s u l t i ng f r om t h e  o p e r a t i o n o f  
" C ( a , n ) ' ' O . Su c h  c a l c u l a t i o n s  w i l l  b e  p e r f o rm e d  w i t h  t h e  a i d  o f  a n  
e x t e n s i o n o f  t h e  a l r e a d y  l a rge n e two r k  u s e d  i n  / 4 / , a n d  w i l l  a l wa y s  p u t  
s p e c i a l  ea p h a s i s  o n  t h e  r o l e  o f  k ey n u c l e a r  r e a c t i o n r a t e  u n c e r t a i n t i e s .  

As a n e c es s a ry c om p l ea e n t t o  t h a t  n um e r i c a l  w o r k , t h e  d e v e l o p me n t o f  
a n  a I y t i  c a  I a p p r o x  i aa t i o n  s w i I I  b e  p u r s u e d , p a r t  i c u  l a  r I y f o r  T 4 t .  5 1 0" K .  
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TYPE I SNe FROM BINARY SYSTEMS : 
CONSEQUENCES ON GALACTIC CHEMICAL EVOLUTION 

F .  Matteucci 
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D-8046 Garching bei rfunchen, F . R .G . 

L .  Greggio 
Dipartimento di Astronomia 
C .P.  596 
I -40-1 00 Bologna, Italy . 

ABSTRACT .  The binary model for type I SN precursors is assumed , and 
the abundances relative to the Sun of several chemical elements ( 1 2 c ,  
1 60,  24Mg, 2 8si , 56Fe ) are computed by means o f  a chemical evolution 
model for the solar vicinity. The contribution to the galactic enrich
ment by type II SNe is also taken into account . We conclude that,  the 
binary model for type I SNe together with the available nucleosynthe
sis computations and an initial mass function constant in space and 
time can account for the observational behaviour of most of the 
studied elements . 

1 .  INTRODUCTION 

Both observations and theory suggest that type I SNe are likely to be 
important contributors to the iron and , to some extent, to the ele 
ments from 1 2c to 28si in galaxies . In fact ,  SN! light curves have 
been successfully explained in terms of 56Ni + 56co + 56Fe radioactive 
decay, requiring an amount of 5 6Ni in the range 0.25-0 .7  � (Arnett,  
1 979, 1 982 ; Colgate et al . ,  1 980; Weaver et al . t  1 980) .  In addition, 
the presence of iron and elements from 1 2c to 2 tlsi has been found in 
the early and late time SN! spectra ( Branch et al . ,  1 983 ) .  

Progenitors of type I SNe can, in principle , be envisaged both in 
binary systems and in single stars . White dwarfs in binary systems 
which accrete matter from a companion can ignite carbon under degener
ate conditions , when their mass reaches the Chandrasekhar limit,  and 
explode without leaving any remnant . Single stars with initial masses 
in the range 4-8 � could also explode by C -deflagration, when their 
core reaches the Chandrasekhar limit , but this depends crucially on 
the rate of mass loss that they have experienced before .  In fact ,  if 
the mass loss process reduces the mass of the star below the Chandra
sekhar limit,  carbon will never be ignited in the core and the star 
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will end its life as a white dwarf . It is worth noting that in both 
cases , i .e .  white dwarf in binary system and single C -deflagrating 
star, the explosive nucleosynthesis products are the same , since the 
mechanism of the explosion is C-deflagration occurring in a core of 
-1 . 4  �· Nucleosynthesis computations predict ,  in this case , that a 
substantial amount of iron, as well as elements from C to Si , are pro 
duced (Nomoto et al . ,  1 984) • 

The effects of C-deflagration in single stars ( type I1 /2 SNe ) on 
galactic chemical evolution have already been explored by Matteucci 
and Tornambe ( 1 985) · Their conclusion was that the main source of iron 
in the GalaxY must be envisaged in stars with intermediate masses, no 
matter what is the assumed model for type I SN precursors ,  which 
instead influences the temporal behaviour of the type I SN rate . 
However ,  since the binary model for type I SN precursors seems to be 
the most likely in order to explain light curves and spectra of type I 
SNe (see Matteucci and Greggio,  1 985 , and references therein) , it 
seems worthwhile to take into account this model in the computation of 
the type I SN rate. 

For the binary model for type I SN precursors we have some possi
bilities : i )  a He  or  C -0  white dwarf, accreting material rich in  H and 
He from a companion filling its Roche lobe (Whelan and Iben, 1 973) or 
ii)  a C -0  white dwarf accreting matter from another C -0  white dwarf 
( Iben and Tutukov, 1 984) . Although model ii) is the most likely 
explanation for type I SNe ( see Iben and Tutukov, 1 984 ) ,  we have 
assumed here model i ) , for the sake of simplicity .  The main difference 
between model i) and model ii) consists in the clock for the explo
sion . In the former,  the clock for the explosion is directly given by 
the evolutionary lifetime of the secondary component , which is defined 
as the primordially less massive star in the system . In the latter, a 
further delay is introduced by the time taken by the gravitational 
wave radiation to cause the final merge of the system ( from 1 05 to 
1 01 0  years ) .  In computing the chemical evolution model we followed the 
formulation for the type I SN rate given by Greggio and Renzini ( 1 983) 
in the frame of model i ) .  

2 .  THE CHEMICAL EVOLUTION MODEL 

The main features of the chemical evolution model are : 
1 )  one-zone , with the instantaneous mixing of gas , 
2) no instantaneous recycling approximation ( i . e .  stellar lifetimes 

are taken into account) ,  
3 )  the evolution of several chemical elements ( 1 2c ,  1 60 ,  24Mg, 2 Bsi , 

56Fe) due to stellar nucleosynthesis , stellar mass ejection and 
infall of primordial gas , is followed in detail ·  

If G .  is the fractional mass o f  an element i with abundance by mass 
Xi ' ?or each element we can write the following equation: 
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� 
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i ( t ) ] infall 

BM 

3 1 7  

( 1 ) 

The first five terms on the right side of eq. ( 1 )  represent, respect
ively , the rate at which the gas is astrated by star formation, and 
the rate at which the matter is restored to the interstellar medium 
( ISM) by : ( i )  single stars with masses between M1 , which is the lowest 
mass contributing to the galactic enrichment (.....Q .8 �) , and MBm' which 
indicates the minimum mass for a binary system which is able to pro 
duce a type I SN; ( ii )  binary systems producing type I SNe , the mass 
limits of which , MBm and MBM • are respectively 3 and 1 6  Io@ as indica
ted in Greggio and Renzini ' s  ( 1 983) model for a C-0 white dwarf. f( µ) 
is the distribution function of the mass fraction of the secondary, 
µ=M2/MB, and is taken from Greggio and Renzini ( 1 983 ) ,  their case y=2 . 
The parameter A indicates the proportion of binary systems in the mass 
range MBm-MBM able to produce type I SNe , and is obtained by imposing 
that the type I SN rate be equal to the type II SN rate at the present 
time; ( iii)  single stars in the mass range MB�-MBM; ( iv) single stars 
in the mass range MBM-Mu , where Mu is the maximum mass contributing to 
the galactic enrichment ( 1 00 �) . Finally, the last term represents 
the rate of infall of primordial gas and is expressed in the form of 
an exponential law ( see Matteucci and Greggio 1 985 for details ) .  The 
quantities $ ( M) and �( t )  represent the initial mass function and the 
star formation rate, respectively. For the initial mass function we 
assumed the Salpeter ( 1 955 )  slope (x=1 .35)  for a mass range of 0 . 1 -1 00 �· For the rate of star formation we have used a law based on the 
formulation of Talbot and Arnett ( 1 975)  based , in turn, on the Schmidt 
( 1 958) law of star formation ( e .g.  proportional to the second power of 
the gas density) , the description of which can be found in Matteucci 
and Greggio ( 1 985 ) .  The term QM;i ( t -•M) ,  the so -called "production 
matrix " ( Talbot and Arnett,  1 975 ) ,  represents the fraction of mass 
ej ected by a star of mass M in the form of an element i. The sub� 
scripts 1 and 2 for the quantity M indicate the mass of the primary 
and secondary, respectively. The term QM l i ( t -•M2 ) indicates that, in 
the case of the binary systems producing type I SNe , the primary mass 
is responsible for the chemical enrichment whereas the secondary is 
responsible for the clock of the explosion, given by its lifetime 
"M2 • The stellar lifetimes used here are the same as described in 
Matteucci and Greggio ( 1 985 ) . 
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3 .  NUCLEOSYNTHESIS PRESCRIPTIONS 

3 . 1 . Single Stars 

a) For low and intermediate mass stars (0 .8  � M/� � 8) we used 
Renzini and Voli ' s  ( 1 981 ) nucleosynthesis prescriptions (Model with 
�=0. 33 and a=1 . 5 ) . 

b) For massive stars (M  > 8 �) we adopted Arnett ' s  ( 1 978) nuc leo 
synthesis computations but we used a relationship between the initial 
mass M and the mass of the He-core, M ,  taken from Maeder ( 1 981 , 
1 983 ) ,  his case B with mass loss . It fs worth noting that the M (Ma) 
relationship of Maeder does not substantially differ from the original 
M(Ma) relationship given by Arnett ( 1 978) . For the iron and silicon 
production, we assume that they represent 64% and 36% , respectively , 
of the yield of silicon plus iron, as given by Arnett ( 1 978) . This 
prescription seems to be in agreement with detailed nucleosynthesis 
computed for a 25 � by Woosley and Weaver ( 1 982 ) .  

3 . 2 .  Binary Stars 

We adopted the Renzini and Voli ( 1 981 ) nucleosynthesis prescriptions 
for the evolution of the primary until the WD phase.  The explosive 
nucleosynthesis products are taken from the Nomoto et al. ( 1 984 ) 
computations for the case of an original C-0 white dwarf which 
accretes matter at a rate of 4 • 1 0-8 � yr -1 ( their case W? ) . They 
predict that a supernova produces 0 . 6  � of 5 6Fe , 0 .023 � of  2 4Mg , 
0 . 1 6  � of 28Si, 0 . 1 4  � of 1 60 and 0 .0)2 � of 1 2 c .  

4 .  MODEL RESULTS 

The theoretical type I and II SN rates as functions of time are shown 
in Fig. 1 .  The two rates reach almost the same value at the present 
time , as required by the observations (0.01 -0 .03 pc -2 yr-1 ;  Tammann, 
1 982 ) , and this is obtained with the particular choice of the para
meter A=0 .09 in eq . ( 1 ) .  This value depends on the assumed initial 
mass function and star formation rate . The temporal behaviour of the 
two rates is quite different, since that of type II SNe reaches a 
maximum early on and declines afterwards , whereas that of type I SNe 
starts with a certain delay and reaches a maximum much later than that 
of type I I .  This is due to the different progenitors of the two types 
of supernovae and accounts for the observational behaviour of several 
chemical elements . For example , in Fig .  3 is shown the [ O/Fe ] ratio as 
a function of [ Fe/H ] ( the symbol [ ]  indicates the abundances relative 
to the Sun) , which agrees quite well with the observations ( Clegg et 
al . ,  1 981 ) .  The overabundance of oxygen at low [ Fe/H] , and the subse
�uent decline of the [O/Fe ] toward the solar value with increasing 
L Fe/H ] ,  i s  a direct consequence o f  the two SN rates . Therefore, the 
detailed computation of the type I SN rate , by taking into account the 
binary nature of type I SN progenitors , accounts quite naturally for 
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Fig . 1 .  Theoretical type I and 
II SN rates,  in units of 
pc -2 Gyr-1 , as func tions of time , 
in units of Gyr .  The present time 
value for both the rates is in 
the range 0.01 -0.03 pc -2 Gyr - 1 

(Tammann, 1 982 ) . 
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Fig. 3 .  Theoretical [ O/Fe ) as a 
function of [ Fe/H ] . The data 
points are from Clegg et al . 
( 1 981 ) ( c i rc les ) , arid from Sneden 
et a l .  ( 1 979) ( t riangles ) . The 
dashed line represents the solar 
ratio , [ O/Fe )=o. 
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Fig .  2 . Theo retical relative 
abundance of carbon as a func 
tion of the theoretical re lat 
ive abundance of iron . The 
dashed line represents the best 
fit of the data as given by 
C l egg et al . ( 1 981 ) .  
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Fig. 4 .  Theoretical relat ive 
abundance of magnesium as a 
function of the relative abun 
dance of iron. The data points 
are from Gratton and Ortolani 
( 1 984 ) and the dashed l ine 
represents the solar ratio 
[ Mg/Fe ] =o . 

the temporal behaviour of oxygen and iron in the so lar neighbourhood . 
Fig . 6 shows the [Fe/H ) as a function of time compared with the data 
of Twarog ( 1 980) and the agreement is excellent . Since the behaviour 
of iron in time is mostly due to the combined effect of the SN rates 
and infall rat e ,  this means again that the predic ted type I SN rate is 
quite realistic . 
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Fig .  6 .  Tempo ral evo lution o f  
t h e  [ Fe/H ] rati o .  The t ime i s  
in uni ts of Gyr .  The data 
points are from Twarog ( 1 980) . 

For the relative abundance of carbon as a func tion of the relat
ive abundance o f  i ron, the agreement with observations is not so goo d ,  
a s  shown i n  Fig .  2 . We predic t ,  in fac t ,  an overabundance o f  carbon 
with respect to iron going towards low [ Fe/H ] values , whereas the 
observational data of Cl egg et al . ( 1 981 ) show a solar ratio for C/Fe 
among all disk s tars . In addition, a recent s tudy by Laird ( 1 985 )  has 
shown that this trend is va lid also for very me tal poor stars . The 
disagreement between theory and observations is due to the fact that 
the ratio between the predic ted amounts of carbon produced by type II 
SNe and by single intermediate mass s tars is grea ter than the ratio 
between the amounts of iron produced by type II and type I SNe . In 
this cas e ,  we could suggest that ei ther the yield of carbon from 
massive stars of Arne t t  ( 1 978) is too high , and this could be the case 
( see Woos ley , this conference ) , or the yield of i ron from type I SNe , 
as given by Nomo to et al . ( 1 984) , is too high . In the latter cas e ,  
bet ter agreement would also be reached between the predicted and 
observed solar iron abundance . 

In fac t ,  from table I ,  where are reported the predicted and 
observed so lar ratios for the s tudied elements ,  it turns out that the 
model predict ion for iron is higher by a fac tor of two wi th respect to 
the observed value. On the other hand , part o f  i ron, e j ec ted by type I 
SNe , could escape from the Galaxy ( see Whee ler,  this conference ) or 
condense into grains . However, we want to s t ress the po int that we do 
not find any dramatic iron problem , in spi te of the fac t that we allow 
also type II SNe to be iron contributors . 

In any cas e ,  an amount of iron of ---0 .3  � per SN of type I could 
reconc ile the predicted and the observed so lar iron abundance . 

Finally ,  in Figs . 4 and 5 we show the predic tions for magnesium 
and silicon compared with the data of Gratton and Ortolani ( 1 984 ) .  
Magnesium and silicon are found to be overabundant with respec t  to 
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i ron i n  metal poor s tars by r-0.5 and 0.3  dex , respective ly . This seems 
to be qualitatively in agreement with the observations . In fac t ,  even 
if the data of Figs . 4 and 5 do not show any noticeable overabundance 
( the observational uncertainty is 0.2-0 .3  dex ) , a numbe r  of other 
s tudies ( Luck and Bond , 1 981 , 1 985 ; Edvardsson et al . ,  1 984) seem to 
indicate average overabundances of the order of 0.4-0 . 5  dex in metal 
poor s tars for both Mg and Si . The di fference between the predicted 
overabundance of magnesium and that of silicon is due to the different 
proportions in which these elements are produced by type I and II SNe , 
and only extremely accurate data could confi rm or exclude this 

prediction. 

Table I .  Predicted and observed so lar ratios . 

C/O Mg/0 Si/O Fe/O 

Cameron ( 1 982)  0 .42 0.08 0.095 0. 1 7  

Present work 0.32 0.07 1  0 . 1 05 0.28 

Allen ( 1 973 ) 0 .38 0 .06 0.089 0 .2 1 4 

5 .  CONCLUSIONS 

We have shown that the type I SN rate computed in the frame of the 
binary model for type I SN precursors (Whelan and Iben, 1 973 ) ,  
together with the nuc leosynthesis prescriptions of the C -deflagra tion 
model and a cons tant IMF, can account for the behaviour of several 
chemical elements in the solar neighbourhood . 

In particular : i ) We have found excel lent agreement between the 
predicted and the observed [O/Fe ] ratio both in halo and disk s tars . 
The agreement requi res that a substantial fraction of iron comes from 
type I SNe but that ,  in the meantime , a non-negligible contribution 
from type II SNe be present (�30%) . i i ) Magnes ium and s i l icon are 
predicted to behave similarly to the oxygen with respect to iron, but 
their ove rabundances with respect to iron in metal poor stars are 
lower than the one of oxygen (r-0.6 -0.7  dex) and of the order of 0 . 5  
and 0 .3 dex, respectively . iii ) Carbon i s  predic ted t o  be ove rabund 
ant with respect to iron in metal poor stars , at variance with the 
observations . Less carbon from massive s tars or less i ron from type I 
SNe could improve the agreement . However we cannot exclude the poss i 
bility that part of the iron could escape from the Galaxy or condense 
into grains . In addition, a smaller amount of iron restored to the ISM 
from type I SNe , would improve the agreement between observed and pre 
dicted solar iron abundanc e .  

Finally, we want t o  remind that the double degenerate model for 
type I SN precursors seems to be a more likely explanation for type I 
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SNe (Iben and Tutukov, 1 984) . In this case the type I SN rate computed 
here would become the birthrate of the systems which will eventually 
produce type I SN events . 

In fact ,  the time of explosion of the systems will be further 
delayed by a time interval of the order of the timescale for shorten
ing the separation of the two white dwarfs , as a result of gravita
tional wave radiation. This time delay will depend mainly on the 
initial separation between the two white dwarfs . Our prediction is 
that,  if the distribution function of the separations is a smooth 
function, the net result of the additional temporal delay will consist 
in an enhancement of the SN! rate at late epochs and , correspondingly, 
a reduction of its maximum reached at early epochs . However,  only a 
detailed model, like the one presented here , could predict the effects 
of this SN! rate on galactic chemical evolution. 
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24 25 26 ABSTRACT : The carbon-burning products ' ' Mg in halo stars 
and super-metal-rich stars are studied . The isotopic composition as a 
function of metall i city i s  derived and a comparison of results to nucleo
synthesis theories is done . 

I .  Introduction 

. 23 24 25 26 27 29 30 . The species Na , ' ' Mg , Al , ' Si are products of car-
bon burning . The C-burning can be hydrostatic or explosive , and which ph� 
se i s  dominant in the nucleosynthesi s  is still cause of discussion . The 

t . h . 23N 
25 , 26 d 27

Al b t d "  d f 1 neu ron-ric species a ,  Mg an can e s u ie or a nuc eosy� 
thesis test . 

As a matter of fact ,  i f  these isotopes are mainly produced by 
an explosive C-burning , they woul d be deficient in metal-poor stars and 

overabundant in super-metal-rich stars , rel ative to 
24

Mg , the relevant 
even-Z species , due to the so-called odd-even effect .  Starting from 
12 16 22 25 . C ,  0 and Ne ( or Mg depending on stellar mass ) ,  ( a . y l reactions 

. 20 24 23 
wi ll  produce Ne , Mg and (a , n ) , ( n , y ) reactions will produce the Na , 
25 • 26Mg , 27

A1 ,
29

•
30

si i sotopes , during C-burning ( Arnett , 1971 ; Truran and 
Arnett ,  1971 ) .  These latter i sotopes would be thus produced in abundances 
depending on the neutron excess n ( Arnett , 1971 ) and on the metallicity 
[ M/H ] and their underabundances should scale with the even-Z elements 
abundances . 

On the other hand , the production of these elements during hy
drostatic phases may be important ( Arnett and Wefel , 1978 ; Arnett and 
Thielemann , 1983 ; Weaver and Woosley , 1980 ) . It seems that the outburst 
would heat only 10% of the shell to T = 2 10 ( 9 )  and the C-burni ng woul d 
proceed mostly during hydrostatic activity at T = 1 . 0 - 1 . 3  10 ( 9 ) . 
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The time scale of hydrostatic burning permits the excess of neutrons over 
protons to raise and the neutron-rich species would be produced in propo£ 
tions less correlated to [ M/H] ( whereas about half of the neutron-rich Mg 
isotopes survive from core helium burning) . 

As regards in particular the 
25 • 26Mg isotopes , the intermediate 

mass stars also play a rol e .  Their production is discussed here in the con 
text of heavy s-elements production . Truran and Iben ( 1977 ) present a me-



chanism of production of s-elements in thermally pulsing stars ( 1 . 5<M/M <8 )  
22 2 5  . . 25 26 ° where Ne ( a , n )  Mg is the neutron source . The production of ' Mg comes 

here as a consequence of the production of neutrons . Relative to massive 
stars , the contribution of intermediate mass stars to the enrichment of 
these isotopes in the interstellar medium should not be negligible , possibly 
accounting for 50% of these isotopes abundance ( Truran , 1985 ) . 

I I .  Observational resul ts 

23 Observational results are available in the literature mostly for Na and 
27

Al . The results from different authors appear to be controversialregarcling 

[ 23Na , 27
Al/Fe ] ratios but agreement is found for [ 23Na , 27Al /Mg l ratios to 

be below solar values in the halo ;  the degree of deficiency and the law of 
variation with deficiency remain controversial (Spite and Spite , 1980 ; 
Peterson , 1981 ; Tomkin et al . ,  1985 ; Edvardsson et al . ,  1984 ; Fran9ois , 
1984 , 1985 ) .  

The present observations concern the isotopic ratios 
25•26rig/2�. 

MgH l ines should be convenient for a test from the fact that , in the de-

termination of 25
MgH ,

26MgH/24MgH ratios , possible errors coming from mo
del atmospheres ,  non-LTE effects , uncertainties in oscillator strengths , 
are cancell ed out . 

The MgH lines studied are at \5135 � .  belonging to the A
2

�-x
2

rr 
green system . The isotopic separations are �\ = 0 . 06 to 0 . 1  � for these 
lines . The same lines have been observed by Tomkin and Lambert ( 1980 ) in 
the halo dwarf Gmb 1830 , and by a few other authors in the disk stars . 

In the present observations , halo stars ( Barbuy , 1985a ) and su
per-metal-rich ( SMR ) stars ( Barbuy , 1985b ) are considere d .  Al l observations 
were obtained at La Silla ( ESO ) at the 1 . 4  m CAT telescope using the 
Coude Echelle Spectrometer and a Reticon as detector . A wavelength resolu 
tion �\ = 0 . 03 A ( for the brighter stars ) to 0 . 06 � and a dispersion of 

-

2 A/mm are achieved . The limiting magnitude i s  V � 7 mag . 
The calculations on spectrum synthesis are done in LTE , the in

put data required are a model atmosphere , microturbulent velocities and 
elemental abundances . Model atmospheres are obtained by interpolation in 
the grids of metal-poor stars ( Gustafsson et al . ,  1975 , 1981 ) ,  an super
metal-rich stars ( Gustafsson , 1984 ) . 

We noticed the following problems : ( 1 )  the presence of c
2 

l ines 
disturbs the determinations in some cases , ( 2 )  the microturbulent veloci
ty is generally not known and is determined from a fit to atomic lines ; 
uncertainties may affect the determinations in the few more evolved 
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stars and ( 3 )  the instrumental convolution step is obtained from a fit to 
a narrow FeI l ine ; it is found to be equal to 0 . 03 to 0 . 06 A ( FWHM ) . The 
preci se value in each case i s  important ,  specially in §Uper-metal-rich , 
c

2 
rich stars , where one has to rely on the A5136 . 014 A line ( 6A .  t . = 

0 . 06 A ) width . 
i so opic 

Calculations were carried out for each star with the admixtu-
24 25 26 res Mg : Mg : Mg equal to 79 : 10 : 11 ( terrestrial-meteoritic proportions ) ,  

100 : 0 : 0  ( no 25 • 26Mg i sotopes ) and 60 : 20 : 20 ( maximum of 25 • 26Mg yet detec
ted) . 

III . Obj ects observed 

Halo stars from the catalogue by Carney ( 1980 ) and super-metal-rich stars 
from the catalogue by Cayrel de Strobel et al . ( 1983 , 1985) were selected .  
We  consider here a simplistic way of looking to galactic evolution by st� 
dying the evolution of chemical species with metal licity .  In that sense 
the super-metal-rich stars are extreme , although appearing to be old in 
fac t :  from their kinematics , typical of old disk , ages of 8-10 bill ion 
years are expected ,  whereas from fits to isochrones the SMR stars show 
ages between 2 to 15 billion years , indicating that they formed continued 
ly s ince the formation of the galactic disk ( Cayrel de Strobel ,  1985 ) . 

IV .  Results and discussion 

f 
�5 I 26 I ( 

24 25
Mg 

26 
) 

. A plot o Mg Mg or Mg Mg where Mg = Mg + + Mg , given in 
percentages ,  vs . [Fe/H ) i s  shown in figure 1 .  

From figure 1 the following conclusions are drawn : 
( 1 )  A discontinuity at ( Fe/Hl = -0 . 5  seems to be present . This 

might be symptomatic of relatively low-mass long-lived stars giving a de 
layed enrichment of certain elements . 

( 2 ) [ 25
•
26Mg/24Mg ) i s  somewhat deficient in the more metal-poor 

stars but the deficiency seems to be constant with decreasing [ Fe/H ) . 
This behaviour does not fol low a purely explosive nucleosynthesis predic
tion . More points for more extreme stars would be necessary in order to 
ascertain whether hydrostatic phases dominate or not . 

( 3 )  [25 • 26Mg/4Mg ] = O in the super-metal-rich stars studied 
here . The odd-even effect is thus not present here ; however , the over
abundance in metals is maybe not high enough ( [Fe/H ] < +0 . 5  ) so as to 
detect the effect .  

( 4 )  [ 25 • 26
Mg/4Mg ) > O is found for some giants . Thi s might 

reflect a mixing with He-burning material at this stage of evolution . 
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Figure 1 - Ratios [ 25
Mg/

24
Mg ] = [ 26Mg/

24Mg l , given in 

percentages , vs . [ Fe/H ] . For simplicity the 11% of 
26

Mg 

in solar-type mixtures are plotted as 10% similarly to 
25

Mg . Symbols : o :  sun , • : dwarfs and subgiants , • =  
giants , � : Arcturus (where 

25
Mg and 

26Mg are di fferent 

( Tomkin and Lambert , 1976 ) , () : Gmb 1830 ( Tomkin and 

Lambert , 1980 ) . 
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26
Al EX PERIMENTAL RESULTS 

Philippe Durouchoux 

Service d'Astrophysique, Centre d'Etudes Nucleaires de Saclay, France 

.l\BSTRACT 

Recent experimental results have, for the first time, demonstrated the 

existence of extra-solar nuclear gamma ray lines. 

The:.e lines, due to the desexcitation of 
24

11AglE in SS 433 and the beta 

decay reaction of 
26 

Al in the interstellar medium provide useful information on 

nuclear reactions which might take place in a peculiar astrophysical site and 

nucleosynthesis of supernova and stellar winds of 0 and WR stars. 

We will summarize and discuss these experimental results and present a 

new generation of gamma ray line experiment with a high energy resolution and 

good spatial resolution. 

INTRODUCTION 

Observations of spectral lines in the high energy range, 1 0  keV to 1 0  

MeV, are directly related to the understanding of many classes of objects. Neutron 

stars, black holes, supernova remnants, the interstellar mediu m, the galactic 

nucleus and galactic active nuclei are known or predicted to be sources of spectral 

lines which can be studied with high energy spectroscopy. 

The specific information is contained in the intensity of the line, its 

variability, the centroid energy with respect to a rest frame, and the width and 

profile of line as well as line-to-line and line-to-continuum ratios. This 

information relates directly the theory of the line-form ing processes, and when 

331 
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coupled to source models, provides critical tests of models which describe the 

macroscopic nature of the source. A possibility of detection of a narrow line at 

the energy 1 8 09 keV was suggered by Ramaty and Lingenfelter ( 1 977). This line 

results from the beta decay of 26 Al to the first excited state of 
26

Mg. Because of 

its long lifetime ('C t = 7.4 x l o
5

yr), 
26 

Al decays and produces gamma rays after it 

has been mixed with the interstellar medium; so the line was expected to be 

spatially diffuse and narrow. The predicted intensity was 5. I 0-5 photons/cm
2.s.rad 

and width -' 3 keV. 

EXPERIMENT AL RESULTS 

In 1 9 79 NASA launched the satellite HEAO 3. It carried a gamma ray 

spectrometer, consisting of four germanium detectors in a cesium iodide shield. 

The instrument, designed by the Jet Propulsion Laboratory to operate for a year, 

scanned most of the sky to look for gamma ray lines in the range 50 keV-1 0  MeV. 

A scan of the galactic plane took place two times: <luring fall l 979 and 

spring 1 980. 

Some difficulties raised during the data reduction, principally the 

variation of the background along the orbit, the background lines and the variation 

versus time of the energy resolution. For example, the 
26 

Al decay line at 1 809 

keV, was close to two background lines ( 1 764 keV 238u and 1 779 keV 
28

si 

desexcitation). 

An other problem is the great penetration power of 1 .8 MeV gamma 

rays in the Gem thick shield which becomes transparent at these energies : in 

other words, the response of the instrument pointing in the direction of a diffuse 

source is not only a flux coming through the 42° F.W.H.M. field of view but also 

includes 20% of the gamma rays which penetrate the sides of the shield and make 

an interaction in the central detectors. 

So it is needed to assume a source distribution in order to determine the 

net flux emitted by a diffuse source. The distribution shown in fig 1 (which is the 

COS B 70 MeV- 6 GeV distribution) was taken in the data reduction and the 

intensity of the 1 .809 MeV line was found to be =(4.8 + 1 . 0) 1 0-4ph/cm2.s.rad. 
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Fig. 1 :  COS B (70 MeV-5 GeV) 
gamma ray distribution used for 
deconvolution of 1 809 Me V line 
with HEAO 3 (from Mahoney et al 
1 984). 

A part of the spectrum of the galactic plane is shown on fig 2 

�---�- - - - - -.----.-- ·-- - -- -

-I =1160:-=----.,,17�76,-------ocll"'°92-----cllll8'!=------:l-:=824 
ENERGY [keV ) 

Fig. 2: Total net diffuse galactic 
plane emission near 1 809 ke V. 
(from Mahoney et al 1 984). 

A confirmation of this results came from the Solar 'Vlaximum Mission 

Satellite experiment. A gamma ray spectrometer on board, pointed in 1 980-1 981 

and 1982 toward the galactic center region and detected the 1 .8 Me V line. The 

measured flux is (4.0 .:t 0.4) 1 0-4 ph/cm 2.s.rad. These results are summarized on 

table 1 .  
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SPACECRAFT OBSERVING PER lOD 

HEAO C 1979 Setp26-0ct . 8  

1980 March4-Apr.4 

SHH 1980-1981-l 9BZ 

OTHER LINES 

ENERGY (KeV ) 

1808.49±0 . 4 1  

1804 ± 4 

INTR I NS I C  W l llTll 
FWllM(keV) 

J . o  ( l a) 

38 21 
38 

APEH.TURE 

FWllM 

4 z • 

l JU o  

LNTENS I TY 

Pll/cm'� .  rad. 

( 4 .8 ± 1 . 0 ) l O-'* 

( 4 . 0 ! 0 . 4 ) 1 0- '* 

Ph. DUROUCHOUX 

REFERENCES 

Mahoney et a l  
( l  9B4) 

Share et al 
( 1 9B5) 

Other lines than 26 Al decay were observed during the past decade. They 

are summarized in table 2 

� Observed Gamma-Ray Lines 

Object or Energy Maximum Flux Maximum Dectection 
Phenomenon Process keV ph/cm2-sec signif icance References 

of sigma* 

Galactic (e- , e+) 2y 510 .90± .25 1 .8 x 10-3 9 1 ,  2 
Center Region 

Z6Al�6Mg 1809 4 . 8 x 10-• 4 .8 3 , 2 1  
S S  433 Z•:1g 1500 1 . 5  x 10-3 6 2 2  

X-ray Pulsator 1200 1 . 1 x 10- 3 2 2  

Her X-1 Cyclotron 44- 58 x 10- 3 4 , 5 , 6 

4U 0 1 1 5+63 Cyclotron 20 x 10- 3 6 . 2  

GX 1+4 Cyclotron 42 3 x 10- 3 4 .8 

Crab Pulsar Cyclotron 7 3-7 7  x 10- 3 3 . 4  9 ,  1 0 ,  1 1  

10 June 1 9 7 4  ( e - ,  e+) 2 y 4 1 3±2** x 10- 3 3 . 4  
Transient lH ( n , y ) 2 H  1 790±6** x 10- 2 4 . 4  

1 tt ( n ,  y J 'H 2 2 1 9±6 1 . 5 x 1 0- 2 3 . 1  1 2  , 1 3  
56Fe(n , y )5 7Fe 5947±4** 1 . 5  x 10- 2 3 . 2  

Gamma-Ray Cyclotron 20- 100 - 3 18 1 4  
Burst �e- , e+) lJ: 400-460** 7 3  9 . 4  1 4 ,  l s ,  1 6  

5 F e ( x , x ' y ) 56Fe 7 3 8 ± 1 0** - 4 3 . 5 1 5 , 1 6 

Solar Flare (e- , e-t � 2. 5 1 1  9 x 10-2 29 1 7  , 1 8  
1 H ( n ,"t) H 2 2 2 5 ± 1  1 . 0  16 1 7 , 1 8 , 1 9 , 20 

l 2c ( x , x '1") 1 2c 4439 - l - 40 1 7 , 1 8 ,  19 
1 6o ( x , x 'l'll6o 6 1 2 9  - l - 40 1 7 , 18 

*From �at teson et al (1982) 
• •  Gravitationally redshifted 
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One should notice that a few only are nuclear gamma ray lines, except in solar 

flares and gamma ray bursts. 

With more sensitive spectrometers, the other lines most likely to be 

detected are 0.847 and l .240 MeV from the decay of 56co such observations 

would give information on galactic and extragalactic supernovae younger than 1 0  

years old. 

From galactic supernovae younger than 300 years old, l . 1 56, 0.078 and 

0.068 Me V lines from 44Ti decay are also expected. 

60 60 Finally the detection of a line at 58.6 keV from Fe --.. Co decay, 

and the measurement of its distribution could be correlated to galactic supernovae 

events over last 1 06 years. The predicted fluxes are shown in table 3. 

Predicted Fluxes* 

GA.'fMA-RAYS PREDICTED FROM EXPLOSIVE NUCLEOSYNTHESIS 

DECAY y-RAY F.SERGY (keV) 
(Parent Daughter) BRANCHING (%) 

57�1_,.:>,co 
57co-.+57Fe 
�6�1.,..�6co 

1 2 7 ( 14 ) , 1 370(86) 
1 4 . 4 ( 89 ) ,  1 2 2 ( 89 ) ,  l 36( 1 l )  
163(85 ) .  276(34) ,427 (34 ) .  
7 48( 5 l ) ,  8 1 2  ( 8 5 )  

HALFLIFE 

36h 
270d 
6 .  ld 

S6co_.,=i6F'e 84 7 ( 1 00 ) . 1030 ( 1 6 ) . 1240( 6 7 )  77d 

22�a_. 22�e 
l 760( l 4 J . 26ooc 1 7 )  • •  +czoi 
1 2 7 5 ( 100) ,e+(90) 2 . 6y 

.. ..  T i � .,.  .. Sc 68 ( l OO ) ,  7 8 ( 100) 48y 
.... Sc ..... .... Ca l l  56( 100) ,e+(94 ) 3 . 9 y  

6 °Fe� oiJco 58 . 6 ( l00) 3 ( 5 ) y  
&Jco ...,. 6 o � l  l l  7 0 ( l00 ) ,  l 3 30( l00) 5 . Jy 
26Al -itt 26�1g l809( l00 ) ,  l 130( 4 )  ,e+(85) 7 . 4 ( 5 ) y  

YIELD/SN EVENT 
( n u c l e i )  

a )  b )  

2 ( 5 3 )  5 ( 5 2 )  
2 ( 5 3 )  5 ( 52 
4 ( 5 4 )  2 ( 5 4 )  

4 ( 5 4 )  2 ( 5 4 )  

2( 5 1 ) l ( 5 2 )  

1 ( 5 1 )  .+ ( H )  
3 ( 5 1 )  

4 ( 50 )  4 ( 5 0- S l )  
4 ( 50 )  4 ( 50-5 1 )  
5 ( 4 9 ) 5 ( 50 )  

FLUX/SN EVENT 
PEAK AVERAGE GALACTIC 

(cm2-s ) - l (cm2-s)- l 
c )  d )  

. 5  to 2 x: L0-1 

.5 to 1 x 10 0 

to 8 x io- 1 

x io-.. 5 x 10- .. 
x 10-'+ 5 x t1r'* 

.2 t o  2xl.o-6 5xl0_,. 

. 2  to 2 x 1 0 - d  Sxto-'* 

. l  c o  lxltF '::I 7 x u r :i  

GA.'1!1.A-RAYS INDICATE : 

Galactic and extragalactic 
supernovae 10 years old, 
evolution of SN shell ,  
measurement o f  nucleosynthesis 
yield 

Galactic SN 300 yea.rs 
old, nuc leosynthes is 
yield 

�!:��!b��!�n 
l:;t 

g������6 SN 
yea.rs, product of nucleo
synthesis yield and supernovae 
frequency 

a )  Calculated from \.loosley and Axelrod ( 1 9 80) • .  .\ssum.Ues a 25 :10 progenitor except for ci1.1Fe 1o1hich i s  based upon 15 :1e. 
b) Sased on production of a galactic mass of the e lements at the known dbundances (Clayton, 1�80 ) .  
c )  Calculated a t  300 days subsequent to explosion with n o  scattering. Assumed dist ance l s  tOkpc. 
d )  .\ssumes a disk d i s t ribution of S'll event s ,  -;; cale height 200pc equivalent to n average source d i s Lance of 7kpc. 

•"From 'tatteson et al ( 1 982 ) .  
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FUTURE 

An instrument with a sufficient sensitivity, energy and angular 

resolution, would provide information on gamma rays predicted from explosive 

nucleosynthesis, and accompanying annihilation line. Moreover, the measurement 

of the distribution of 26 Al in the galactic plane and relation with type II 

supernovae and WR distribution would provide critical tests of models of stellar 

evolution (Deaborn et al 1 9 85, Casse et al 1 986). So, it was decided 

(UCSD/UCB/CESR/CEN-Saclay) to built a balloon borne experiment having high 

energy resolution capability and good spatial resolution (HIREX) fig 3. 

�;���/�6�m \ I : \ I I I I \ I \ '. I \ : \ i 
' t f 1 ' � f ' 1 , , ' t 1 I I 1 

Z40cm 

I 
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DEWAR 
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72 cm 
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Fig.3 High Resolution Spectrometer (HIREX) 
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The high energy resolution is given by an array of 1 2  hyperpur 

germanium detectors, operating at the liquid nitrogen temperature. On the other 

hand, the good angular resolution is achieved with an optimum coded modulator, 

moving 2 meters above the detector plane. The narrow line sensitivity of the 

instrument (few times l 0-5photons/cm
2

.s. at l MeV) is shown on fig 4, for 

different operating modes. 

A comparison with HEAO 3 experiment (30 day scan) is shown on fig 5. 

The engeneering model of HIREX is scheduled to fly in fall 1 985 and the 

scientific payload in 1 986. 

:c !!. 
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Fig.4: The 3 sigma narrow line 
sensitivity calculated for 6 hours 
observation. 

CONCLUSION 

...... .. .. 
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Fig.5: Image mode line sensitivity 
compared with HEA03 and 
predicted space instrument. 

The HIREX experiment was principally developed to demonstrate the 

instrument capabilities and the new techniques used in the gamma ray astronomy. 

A program of balloon flights, starting in 1 986 might provide important scientific 

results. But the instrument also has features required for future space missions. A 

space optimized version, on board the spacelab or the space station, with a 

sensitivity of the order of few times 1 0-
6 photons/cm

2
.s. would be the most 

exciting prospect for gamma ray line astronomy. 
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26Al PRODUCED BY WOLF-RAYET STARS AND THE 1 . 8  MeV LINE EMISSION 
OF THE GALAXY 

M .  Casse and N .  Prantzos 
Service d ' As trophysique , Institut de Recherche Fondamentale , 
C E N Saclay 

ABSTRACT . Massive stars ( 50 to 1 00 Me i nitially ) ,  both synthesize and 
eject s ignificant quantities of  26Al i n  their Of and WR stages . We es
t imate the collective contribution of these extreme population I objects 
to the 1 . 8 MeV line emission  of the galactic plane . 

1 .  INTRODUCTION 

��e recent satellite observation of the 1 . 8  MeV line from the decay of  
Al  (HEAO 3 :  Mahoney et al . ,  1 9 84 ,  SMM : Share et al . ,  1 9 84 ,  private 

communication) , has g iven a new impetus to the study of  the nucleosyn
thesis of  26Al ( e . g .  Clayton 1 9 84  and Fowler 1 9 84 for a review) . In this 
communication we d iscuss the production and ejection of 26Al by 
massive mass-losing stars (Of and WR stars ) ,  in the l ight of recent 
stellar models ( see also Dearborn and Blake 1 9 84 ,  1985 ) .  We also derive 
the longitude distribution of the 26Al y-ray line produced by the galac
tic collection of WR stars , based on various estimates o f  their radial 
distribution. This longitude prof ile provides i) a speci f ic s ignature 
of massive stars on the background of other potent ial Z6Al sources , as 
novae ( see e .g .  Clayton 1 9 84 ) , supernovae (Truran and Cameron 1978, 
Arnett and Wefel 1 97 8, Woosley and Weaver 1 9 80,  Arnould et al . ,  1 9 80) , 
certain red-giants  (Norgaard 1 9 80 )  and possibly AGB stars (Cameron 1 9 84 )  
and i i )  a possible tool t o  improve the data analysis of the HEAO 3 and 
SMM experiments . 

2 .  THE PRODUCTION AND EJECTION OF 26Al BY O f  and WR STARS 

An evolutionary model of massive stars ( i nitial mass from 50 to 100 
M8 ) ,  includ ing mass loss and extended inter nal mixing ,  has been recently 
developed , aimed at following 0 stars through their subsequent evolut ion 
i nto the Of , WN, WC and WO stages (de Loore et a l . , 1 986 , Prantzos et 
al . ,  1 986) . This mass range seems to correspond to most  of the WR pro
genitors (Humphreys et al . , 1 9 85 ) .  The nucleosynthesis of all species 
up to 30s i  is  closely followed thanks to a detailed nuclear network 
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supplied with updated nuclear data relevant to the H and He-burni ng 
phases ( Fowler et al . ,  1975 ,  Ward am Fowler 1 9 80 ,  Harris e t  al . ,  1 9 83 ,  
Caughlan e t  al . ,  1 9 84 ,  Almeida and Kappeler , 1 9 83 ) .  For detail  o f  the 
network i nteresting spe��f ically 26Al , see Casse and Prantzos 1 9 85 and 
Prantzos et al . ,  1 986 . Al is produced and homogeni zed in the stellar 
convective core during H-burni ng , through the reaction 25Mg ( p ,y ) , and is 
destroyed at the onset of He-burni ng through ( n,a) and ( n, p) reactions . 
This nuclide is also s+ unstable with a mean lifetime T 26 = 1 million 
years . It appears at the stellar surface when the hydrogen-rich e nve
lope is dispersed by the intense stellar wind , i .e .  during the Of and WN 
phases , and disappears at the beginning of the WC phase , when it is the 
turn of He-burni ng products to emerge at the surface ( fig . 1 ) .  The 26Al 
d ispersed by the wind in the interstellar medium still decays long af ter 
the final explos ion of the Wolf-Rayet star . Fig. 2 displays the history 
of 26Al ( i n  mass fraction) in the core and at the surface of a 100 M0 
star ( init ially) ! together with the resulting y ray-line lumi nosity,  Ly 
( i n  photons sec- ) and its time averaged values over the Of and WR 
phases . 

-�---�--'"'->---��- PHASE 
M l"eJ to-�----�__,....,..,____�_ AGE 11o' yl 

IO < ili::i- IW5 H9/yl 

3. 4. 4.5 4.7 4.1 Time 11o'yl 

Figure 1 .  StructumZ. evolution of a massive star 
The evolutionary model. includes mass loss and overshooting from the 
SchlJXJ.rzschiZ.d convective core (Prantzos et a l. .  1 986) . The dash-dotted 
line delineates the boundary of the convective region . When the H- and 
He-burning products appear successively at the surface, the star enters 
first the Of-WN and then the WC-WO phase . 
This example concerns a 80 Mfi (initial. mass) star. 

The quantity of 26Al ejected is found to increase with mass and 
should depend linearly on metallicity of  the stellar progeni tor ( see also 
Dearborn and Blake 1 9 84 ,  1 9 85 ) .  The 26Al yield and the corres ponding 
y-line luminosity , averaged over i )  the initial mass function of  
Humphreys and McElroy 1984 (assumed to  be  uniform throughout the galac
tic disk, see however Boisse et al . , 1983 )  and i i )  the ' radial metallici
ty gradient derived by Shaver et al . ,  1 9 83 (extrapolated up to = 4 kpc 
from the galactic center)  amount to Y26 = 1 . 1  10-4 Me and Ly = 
1 . 3  103 8  photons sec-1 respectively .  These values should be characteric 
of an average galactic WR star . 
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As suming a s teady state abundance (e . g .  Clayton 1 9 84 ) ,  the total 
mass of  live 26Al scattered in the whole galaxy at  present t ime is 
M26 = NT · Y26 , where NT �g the total number of WR stars that have con
tributed to the galact ic Al product ion in the last lifetime (r 26: 106 

years ) .  NT , in turn, is  proport ional to the WR birthrate ,  BwR = °wR/ TwR • 
°wR be ing the present number of  WR stars in the galaxy and TwR their 
average lifetime . Current models ( e . g .  Maede5 and Lequeux 1 9 82 ,  Prantzos 
et al . ,  1 986) predict that TwR = 3 to 5 10 years , at least for solar 
metallicity models . We assume provisionally that this number applies to 
the whole galaxy as well . The error i ntroduced by this simplif icat ion is 
expected to be small compared to the uncertainty on °wR• which is , as we 
shall see , considerable . 

3 .  THE NUMBER OF WR STARS IN THE GALAXY 

A reasonable estimate of  the total number of WR stars present i n  the 
galaxy i s  diff icul t ,  but it must , in our opi nion, include one of the two 
following factors or both. 

a) The increase of  the Star Formation Rate (SFR) with Decreasing Galacto
Centric Distance (R) : 

Since the WR catalogs are complete only up to 2 . 5 kpc f rom the sun 
( e . g .  Hidayat et al . ,  1 9 82 ,  Conti et al . ,  1 9 83) , we mus t rely on quali
tative t racers of  star formation to derive the radial dis tribution of 
young and mas sive s tars inward , including the very central region. 

b) The increase of  the Rat io WR to O Stars (NwR/N0 ) with Me tallicity Z :  

From counts o f  WR a nd  0 stars i n  the Magel lanic clouds and i n  differen7 
regions of the Milky way ,  Maeder ( 1 9 84)  derived the relation NwR/N0az1 • • 
We assume that this relat ion still holds for Z > 0 . 03 ( i . e .  in the i nner 
galaxy and in the very central region where Z = 0 .09 ,  Glisten and 
Ungerechts ,  1 9 85 ) . I ndeed an increase of NwR/N0 with Z ,  presumably due 
to an increase of the mass loss rate of 0 stars with Z ,  is not unexpect
ed (Maeder 19 82 )  and can be unders tood , at last qualitatively ,  in the 
framework of radiat ion driven wind models of 0 stars ( e . g .  Abbot 1982 ) .  

Both effects tend to increase s igni ficantly the y-line luminosity 
of  the i nner galaxy . Three di fferent cases have been considered to 
illustrate their relat ive importance ( fig . 3 ) .  

A .  Following Maeder and Lequeux ( 1 9 82 ) ,  we assume that WR stars 
follow the distribution of giant HII reg ions , as  given by Guibert et al . ,  
( 1 9 7 8) . In this case °wR = 1000 and M26 = 0 . 4  Me (leaving as ide the very 
central region of the galaxy) , much les s than the mass required to sus
tain the 1 . 8  MeV line at the observed intensity ( =  3 M0 , Mahoney et al . ,  
1 9 84 ) .  
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B .  The WR surface density o(WR) has been scaled to tha t  of mole
cular hydrogen o(H2 ) ,  using t he radial distribution of Sanders et  al . 
1 9 85 , recalibrated to the local <r(H2 ) of Dame and Thaddeus 1 9 85 ,  which 
seems more appropriate for nearby regions (Lebrun, private communica
tion) . This  is equivalent to assume that the formation rate of the WR 
progenitors is proportional to the gas dens ity , at  large scale , and that 
the NwR/N0 ratio is uniform across the galactic  disk. UWR is  then 3000 
( 2000 in the disk ,  1 000 in the center) and M26 � 1 . 3  M0 • 

C .  Applying t o  distribution B the metallicity correction d iscussed 
above , we get distribution C ,  UWR is now � 8000 (6000+2000 ) and M26 � 
3 . 2  M0 • This last case is encouraging , but remember that i t  rests on a 
a rather s peculative basis . Dedicated models of metal-rich WR stars 
are needed to  substantiate these ideas . 

4 .  LONGITUDE DISTRIBUTION OF THE WR o -LINE EMISSION 

Knowing the typical luminosity Ly of individual sources and their ga
lactic  distribution, i t  is a matter of numerical integration to calcu
late the longitude distribution of  the arriving y-ray line flux (e . g .  
Harding 1 9 81 ) .  The fluxes result ing from radial profiles A ,  B and C are 
shown in  fig .  4 a , b . ,  ( a )  normalized to the peak value , to emphasize the 
center/anticenter contrast ,  b )  i n  absolute flux) . Only in  case C ,  as 
expected , the flux from the galactic  center direction is comparable to 
the one derived from the HEAO 3 data ( 4 . 8 + 1 x 1 0-4 photon cm-2 sec-l 
rad-1 , between b = .:!:. 30° ,  Mahoney et  a l . , 1 9S4) . 

Note that the three proposed profiles are sharper than the COSB 
one ,  which served as a reference in the HEAO 3 and SMM data treatment . 
For cons istency , it would be desirable to reiterate the data analysis  on 
the basis of theoret ical profiles A, B and C. 

5. CONCLUSION 

We have tentat ively est imated the contribution of WR s tars to the 
1 . 8  MeV line emission of the galactic p lane on the basis of recent 
stellar evolution models .  These seem to be i nteres ting candidates , but 
because of i) large uncertainties in their galactic  distribution, and 
i i )  the lack of dedi cated metal-rich WR models , i t  would be premature 
to conc lude that they are the unique source of 26Al in the galaxy . 
Future experiments with improved spatial resolution (�  5 ° )  will help to 
ide nt i fy the most generous 26A1 sources , galaxy-wise . A prese nt ,  i t  
would be desirable t o  refine the data analysis o f  the HEAO 3 and SMM 
satellites on the bas is of theoret i cally derived longitude distribution, 
such as distributions A, B and C for instance . 
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2 6Al-destruction in neutron rich environments 

H . P .  Trautvetter 
Inst . f .  Kernphysik der Universitat Mlinster , 
West-Germany 

I .  Introduction 

Indications for live 2 6Al in the ISM were given in recent 
years for two reasons : 2 6  i )  The i sotopic anomaly of Mg which was found to be corre
lated with 27Al in inclusions of the Allende-meteorit and 
was therefore . identified to originate from 2 6Al which 
decayed in situ to 2 6Mg [Wa 8 2 ]  • Typical 2 6Al/2 7Al-ratios 
were found to be of the order of 5 x 1 0-5 but could also 
reach high values up to 1 0-3  [Wa 8 2 ] . 
ii )  From y-ray astronomy ( HEA0 3-satellite ) one observes the 
Ey = 1 . 8 0 9  MeV-line [Ma 8 2 ]  from the decay of 26Al with the 
half live of 7 . 2  x 1 05 y .  From its intensity Clayton 
estimates [Cl 8 4 ]  that about 4 . 2  � of 26Al are distributed 
in the ISM .  
The question what kind o f  astrophysical scenario produces 
this amount of 2 6Al is of great interest and was raised by 
several authors ot these proceedings [Wi 85 , Wo 8 5 , Du 8 5 ,  
C a  85 , Ar 8 5 , P r  8 5 ] . Clearly , any model-calculation which 
tries to give quantitave results must take into account 
proper reaction rates for the 2 6Al production as well as for 
its destruction . This contribution is concerned with 26Al
destruction by neutrons as they are produced e . g .  in 
explosive nucleosynthesis . 

I I . Experiment 

Inspection of fig .  1 shows that neutron-capture by 2 6Al 
leads to high energies in 2 7Al of - 1 3  MeV where the level 
density in 2 7Al should be high such that a statistical 
approach for obtaining the reaction rate seems to be justi
fied . However , the spin of the ground state in 26Al is 
Jn = 5+ and hence with low neutron energies ( s-wave) only 
high spin states in 2 7Al can be populated . The density of 
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Relevant parts of the level diagram 
involving the 2 6Al ( n , p ) 2 6Mg reaction . 
s-wave neutron capture dominates for 
low energies hence high spin compound 
states in 27Al will  be populated from 
which the minimal values for the orbital 
angular momentum lg of the reaction 
protons are deducea . 

these high spin states is much lower so that individual 
structure for the 2 6Al ( n , p ) 2 6Mg reaction could be expected . 
Indeed , this has been seen by [ Sk 8 3 ]  who studied the 
reverse reaction 26Mg (p , n ) 2 6Al . However , from this work , 
applying the method of detailed balance , only the rate for 
the p0-group of the reaction 2 6Al (n , p0 ) 26Mg could be deter
mined . This p0-transition is , however , greatly inhibited by 
the high centrifugal barrier involved since the final state 
in 2 6Mg has a JTI = o+ assignment .  It is therefore expected , 
that the p1 -transition to the first excited state (JTI = 2+ ) 
in 2 6Mg should be much stronger . It ' s  intensity could only 
be determined by a direct measurement . 

The production of 2 6Al-targets has been described in detail 
by [Bu 8 4 ) . Two targets have been used with ( 1 . 3± 0 . 1 )  x 1 0 1 5  
atoms/cm2 called MIII and ( 2 . 3± 0 . 2 )  x 1 0 1 5 atoms/cm2 called 
MIV . The experimental arrangements are shown in fig . 2 .  In 
fig .  2a and b the neutrons were produced by the 7Li ( p , n) 7Be 
and the T (p , n ) 3He reaction , which gave neutron energy 
distributions having nearly Maxwell-Boltzmann shape [Be 8 0 )  
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with kT= 3 1  and 7 1  keV, and a nearly homogeneous distribution 
with En = 3 1 0 ± 40 keV. In fig .  2c the set up at the ILL
reactor at Grenoble is shown ( for full experimental details 
see [Tr 8 4 , 85 ] ) .  

Au -disc mask t.E-detector 

7Li - target \ 2�!-target 

p- beam p - beam 

E -detector 

© mask 
2�l - target 
I I I 

-------Ir------ n - beam ------��> ----� 

Fig . 2 :  Three typical experimental set ups 
a )  using a single particle detector and 
b )  a 6E-E telescope where the neutrons 

are produced by nuclear reactions . 
c )  Set up of the 6E-E telescope at the 

ILL-reactor in Grenoble . 

Using first the simple set up of fig .  2a by placing a 1 0 0 µm 
thick Si-SB-detector in front of the 26Al-target we received 
a spectrum shown in fig .  3 .  This detector was too thin to 
stop and hence observe the p0-group , but by using a thick 
enough detector for the p0-group the neutron induced back
ground increased enormously so that no detection of any 
particle group was possible . The identification of the peak 
in fig . 3 with the p -group was based on i) its energy and 
ii )  its intensity cotrelation by changing the 26Al-targets 
with different 2o Al content (M  III and M VI ) . 
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Fig . 3 :  Typical spectrum for the set up 
of fig . 2a using a 1 0 0 µm-thick 
Si-detector ( for details see text) • 

Improvement of the signal to noise ratio could be obtained 
by choosing a stack of thin detectors as well as coincidence 
technique , which can also be used for particle identifica
tion if the energy loss of a particle going through the 
6E-detector is recorded against the total energy 6E + E ,  
where the particle is stopped in the E-detector . Such a 
detection system was checked out at the ILL-reactor in 
Grenoble ( fig . 2c ) , where it was possible to set up the 
detectors outside the neutron beam ( this was not possible 
for the set ups of fig . 2a and b because of the method for 
neutron production . The exposure of the particle telescope 
to the neutrons , which was unavoidable , will destroy the 
expensive detectors in relatively short time periods ) • 

Examples of 30-spectra obtained at Grenoble are shown in 
fig . 4 ,  where the presentation was rotated by 1 8 0° as 
compared to standard presentations in order to get a better 
survey . The p1- and p0-group could be clearly identified 
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according to their expected coordinates .  By reducing the 
thickness  of the �E-detector (middle spectrum) the particle 
groups move accordingly to lower �E-values . At the lower 
spectrum a tighter coincidence requirement ( �t - 1 0 0 ns )  
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between the �E- and the E-signal served as a gate and 
"cleaned up" the spectrum to allow extraction of an upper 
limit for the p2-group . Similar spectra were then recorded 
for higher neutron energies and are shown and discussed in 
[Tr 8 4 , 85 ) . From the peak intensities M . B .  averaged cross 
sections [Be 8 0 )  were deduced which were subsequently con
verted into reaction rates . 

I I I . Discussion 

In fig .  5 our results are shown as experimental points in a 
graph where NA<av> [cm3 mole-1  sec- 1 ] is given versus the 
temperature Tg . The data points for the p0-group can be 
compared with the curve obtained by [ Sk 8 3 )  from the reverse 
reaction 2 6Mg ( p , n0 ) 2 6Al and are in good agreement with this 
curve . Our data points for the P1 -group lie about an order 
of magnitude higher then those for the p0-group and the 
sum of both is shown as open circles . 

In previous stellar model calculations the curve of [Wo 7 8 )  
was adopted which is the result o f  Hauser-Feshbach calcula
tions . 

In  the new compilation of [CFHZ 8 4 )  this curve was lowered by 
a factor 3 . 3  on the basis of level density arguments con
cerning 2 7Al ( fig . 5 ) . Since our measurements were not sen
sitive to the higher proton-groups and only an upper limit 
for the p2-transition of � 1 0 % compared with the P1 -transi
tion could be deduced at thermal neutron energies ,  our 
data must be considered as a lower bound . Judging from the 
results at thermal neutron energies ,  and implying that the 
p2-transition is always lower than 1 0 % ,  we would recorrunend 
a reduction in the 2 6Alg (n ,p ) 2 6Mg reaction rate of a factor 
4 as compared to [Wo 7 8 )  • 

We would like to stress one additional point . I f  the sta
tistical model for the 26Al ( n , p ) 2 6Mg reaction would be fully 
applicable , then the cross section should follow the 1 /v
law over a wide range of energies and the resulting reaction 
rate would be a constant versus temperature . This is 
obviously not the case when examining fig . 5 .  It would be 
therefore dangerous to measure the cross section just 
at thermal neutron energies and then extrapolate to stellar 
energies using the 1 /v-law . It should also be pointed out for 
the same reasons that for 4 . 6  x 1 0-7 � Tg � 0 . 2 the reaction 
rate is experimentally uncertain . Future experiments with 
targets of greater 2 6Al-density will hopefully clarify all 
remaining open questions . 

Woosley [Wo 8 5 )  has used in his recent nucleosynthesis net
work of a 2 5  M@ star going through SN-explosion the new 
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[CFHZ 8 4 ]  rate for 2 6Al ( n , p ) 2 6Mg and can now explain about 
1 0 % of the 2 6Al-content in the ISM . It would be interesting 
to see the results for an even lower 2 6Al ( n , p) 2 6Mg-rate . 

Wiescher et al . [Wi 8 5 ]  has shown that in new network calcu
lations for novae the 26Al output can drop by a factor of 
4 to 1 00 depending on the nova model . These results are in 
conflict with the explanation [Cl 8 4 ]  that all the 2 6Al in 
the ISM comes from novae . 

Casse [Ca 8 5 ]  argues that a significant contribution of 2 6Al 
comes from W . R . -stars . 

What ever the final answer to the question of the origin of 
2 6Al in the ISM will  be , our impression is , that basic 
nuclear physics input data to the various stellar model cal
culations have to be further improved before conclusive 
statements can be made . 
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Certainties and Uncertainties in Long-Lived Chronometers 

Bradley S. Meyer and David N. Schramm 
Department of Astronomy and Astrophysics 
University of Chicago 
Chicago, Ill. 60637 

Abst.ract. Evidence is provided for the confirmation of the long-held suspicion 
that 232Th/238U is not a very long-lived chronometric pair. It is argued, however, 
that it nevertheless provides a firm lower limit to the age of the Galaxy. It is 
also shown that 187Re/1870s is a very long-lived chronometric pair; thus, the 
Re/Os pair gives an upper limit to TGalt the Galaxy's age. From current data, 
our limits give a model independent range for T Gal of 
6.4 Gyr ,$ T Gal ,$ 22.6 Gyr with a best fit model of T Gal�1 5  Gyr. Any con
clusions about needing a cosmological constant to fit age constraints are thus 
very model dependent. A discussion of the current uncertainties in the input 
parameters is also presented. 

1. Introduction 

_ Bi virtue of their long lifetimes, the chronometric pairs 232Th/238U and 
18'Re/ 870s are useful tools for the investigation of the age of the Galaxy. 
Schramm and Wasserburg ( 1970) have even shown that if the chronometers are 
very long-lived, they give constraints on the Galaxy's age independent of the 
model of Galactic evolution. The promise of long-lived nucleocosmochronology is 
tarnished, however, by the uncertainties that plague the Th/U and Re/Os pairs. 
Furthermore, the Th/U pair may not even be very long-lived since the 238U life
time may be less than the duration of nucleosynthesis prior to solar system for
mation. In this paper, we investigate whether we can put firm constraints on the 
Galaxy's age despite these uncertainties. 

2. Basic Equations 

The general equation governing the abundance Ni of a nuclear species with 
decay rate :>..i is (Schramm and W asserburg 1970) 

dNi ( r, t) 

dt 
= ->..iNi (r, t)+B ( r,Ni, t) ( 1) 

where B(r,Ni,t) is a generalized production function. (It also allows for 
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destruction by means other than radioactive decay.) Equation (I )  can be linear
ized by suitable choice of galactic evolution model (Tinsley 1975, Hainebach and 
Schramm 1977) to give dN -' = -A · N· - wN· + p. ·'·( t) dt • • • • '/-' (2 )  

where w is  the rate of movement of material out of the gas for reasons other than 
radioactive decay, for example, by trapping in white dwarfs, neutron stars, or 
black holes or by enriched galactic infall, Pi is the number of nuclei i produced 
per unit mass going into stars, and ¢(t) is the time rate of mass going into stars . 
In general, we expect w to be a function of time. 

We solve equation (2) by integrating over a time T and then allowing for 
free decay over an interval A. This corresponds to a model of solar system for
mation in which the solar system nebula receives no new nucleochronometer 
material after T. The interval A corresponds to the time required for formation 
of solid bodies in the solar system where decay products are retained. The solu
tion of (I ) under this scenario is given by Schramm and Wasserburg (1970) and 
Symbalisty and Schramm ( 1981) as 

where 

and 

N; (  T+A) = P; T<¢>exp(-A;A)exp[-v( TJJexp[-A,{ T - lv}] [I + 15;] (3) 

t 
v(t) = fow(r)dr, (4) 

(5)  

(6) 

(7) 

(8) 

If we then take the ratio of two nuclide abundances i and j and expand b; and b;, 
we obtain the result 

where 

max (}.,+}.;) (A�+Aj+A;A;) T-tv = A;; - A + 2 µ2 + 
6 

µ3 + . . . , (9) 

Atnax -•J 
ln [(P;/ P;)/(N; ( T +A)/ N,· ( T +A)] 

Aj-Aj 
( 10) 
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We note in equation (9) that, since Pn is proportional to T", if 'A; T and '>.i T 
are < < I, we can make the approximation 

T-tv = Aija.x -A- ( 1 1 )  
This result i s  extremely nice for two reasons_ First, it is independent of  detailed 
models of galactic evolution; that is, it requires no knowledge of w or 'f/!( t). 
Second, it has an easy interpretation. Aija.x in equation ( 10) is simply the time 
required for decay of two nuclei i and j ,  produced in a single event in the abun
dance ratio PJP·, to reach an abundance ratio at T+A of NJNi. This makes 
sense since the fongest-lived chronometer pairs see nucleosynthes1s as a single 
event. Two chronometric pairs that may satisfy this long-lived criterion are 
232Th/238U and 187Re/187 Os. In section 5 we will see that equation ( 1 1 )  is satis
factory for 187Re/1870s but probably not for 232Th/238U. 

Knowledge of T - tv allows us to put limits on the age of the Galaxy. Figure 
1 shows two simple, extreme models of Galaxy evolution. From these models we 
can conclude that 

( 12) 
where tss = 4.6 Gyr is the age of the solid bodies in the solar system. The 
longest-lived chronometers satisfy equation ( 1 1) ;  hence, for them, equation ( 12) 
becomes 

( 13) 
For the longest-lived chronometers, then, it is simply a matter of determining 
(P;/Pi) and (N; ( T+A)/N· ( T+A)) to get limits on Taal· N.-f�· is derived from 
meteoritic, terrestrial, and lunar studies. PJ Pi comes from nuclear calculations 
and is discussed next. 

en 
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Figure 1 .  Two simple, extreme models of Galaxy evolution. (a) is the steady syn
thesis model. 
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3. Production Ratios 
The basic method of calculating P;f p. is not difficult. If we follow the 

prescription by Seeger and Schramm ( 1970f, we first assume equal abundances 
per isobar since there is generally no shell structure near typical progenitors of 
our chronometers. Next we correct for decay back effects forcing material out of 
the path of decay to the nucleus in question. Finally, we sim�l� add up progeni
tors. As an example, consider the calculation of P232/ P238. 3 Th has six alpha 
decaying P-stable progenitors: (232) ,  (236), (240), (244), (248) ,  and (252). The 
progenitors of 238U are (238), (242), (246), and 1/ 10 of (250). The other 9/10 of 
(250} fissions. The production ratio, then , is simply 6/3 . 1  � 1 .9 .  

There are two caveats that must be mentioned in the calculation of 
P232/ P238. The first is that Wene ( 1975) and Thielemann et al . ( 1983) have 
pointed out that /3-delayed fission may be enhanced for some of the h igher A pro
genitors of 

232Th. This would tend to lower P232/ P238, thereby increasing 
A23'2�238. The number Thielemann et al. ( 1983) give for P232/ P238 is 1 .4 ,  so the 
effect can be quite large. 

The second caveat is that the assumption of equal abundances per isobar 
may not be valid. There may be a bump in the abundance vs. A curve for the 
actinides. The effect of this bump would tend to counter the effect of the delayed 
fission because the bump leads to a lower relative abundance at h igher A so that 
we knock out fewer progenitors of thorium by delayed fission . Since the value 
1.9 was calculated for no delayed fission, we will regard it as an upper limit on 
P232/ P238. It will thus provide us with a lower limit on A232x238, which in turn 
will give a lower limit on Taal via equation ( 13) since the µ2 term in equation (9) 
�ill tend to increase T-tv. Furthermore, since the bump counters the delayed 
fission , we might regard 1 .4  as a lower limit for P232/ P238. This would provide an 
upper limit on A232�238. 

4. Re/Os 
The other long-lived pair is 187Re/1870s (r1 2 for 187Re � 43 x 109 yr, 1870s 

is stable), first proposed for study by ClaY.ton ( 1664). Because 187 Os is stable and 
has no direct contribution from the r-process since it is shielded from P-decay 
from below by 187Re, the formulae required to derive A!li7x187 are different from 
those of other eJ1ronometers. The present 1870s abundance results from an s
process part, f 1� '0s)8, and from a cosmoradiogenic part ( 1870s)c, resulting from 
/3-decay from 8'Re. The number R187 187 is then given by (Schramm 197 4) ' 

( 187 Os) c Rl87, 187 = 1 + ( 14) 187Re ' 

where 
In R1s1,1s1 AT87�187 = __ __.;.._ 

>-181 
We get the cosmoradiogenic abundance of 1870s from 1860s 
shielded and, consequently , not changing after nucleosynthesis: 

( 1870s)c 1870s ( 1870s)s 

( 15)  

since it is  not 

( 16) 
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or 

( 17) 

where the a's are neutron capture cross sections and f is a factor that converts 
lab cross sections appropriate for conditions inside stars, that is, at k inetic ener
gies of approximately 30 keV. Equation (17) is derived from the so-called local 
approximation for the s-process: 

( 1870s)s(a187hokeV � ( 1860s)s(al86hokeV· ( 18) 

There are a number of uncertainties in the Re/Os pair. The first is that the 
half-life of 187Re �decay inside stars may be much different from the half- life in 
the lab. Two effects conspire to make this so. The first is that, although in the 
lab 187Re �decay goes to the continuum 99% of the time (Williams et al. 1984), 
in stars outer electron orbits are vacant so that �-decay can easily go to bound 
states (Arnould et al. 1984) .  This increases the rate of decay. The second effect 
is that more low lying nuclear excited states are populated at higher tempera
tures than in the lab . When one sums up the decay rates (weighted by occupa
tion numbers) from the different excited states, one finds a significant increase in 
>. 187 with inc!easing temperature (Cosner and Truran 1981). Clearly, then, the 
half-life of 18'Re decreases dramatically with temperature; thus, we must find an 
effective >. 187 to use with equation ( 15) to get A'i87x187. We expect this effective 
>. 187 to be larger than the lab >. 187, consequently, we expect it to decrease 
A'i8'7�187· 

A second uncertainty in the Re/Os pair is that the local approximation 
(equation ( 1 8)) may not be valid in the region of interest for this chronometer. 
Arnould et al. ( 1984) have raised such doubts. They claim that since some of the 
s-process 186Re may neutron capture before �-decaying, we must question the use 
of equation ( 17) in solving for ( 1870s)cr Truran ( 1985), however, has calculated 

Amax • • l f 
( 187 Os Js d h f d . b . . . . 

187 187 usmg various va ues o 86 an as oun it to e quite msens1tive ' 1 Os 
( 1870s)s 

to the assumed value of . Furthermore, it is unimportant in equation 1860& ( 14) whether the abundance of 7Re is r only or r+s. From these facts, we con
clude that, even though there may be branching at 186Re, its effect on Af187x187 is 
negligible. 

' 

The final uncertainty in the Re/Os pair is in the factor f. It h.as been 
claimed (Arnould et al. 1 984) that a low-lying nuclear excited state in 1860s may 
lead to a large uncertainty in f. Recent experimental work by Winters ( 1984), 
however, yields a small range for f: 0.80 ::; / ::;  0.83. We thus assume that the 
uncertainty in A f187x187 due to f is negligible, at least compared to the uncertainty 
due to the effect of 3.stration on the �decay of the 187Re. 

Our presumption is thus that the uncertainty in the Re/Os p air due to the 
effect of astration on 187Re �decay is the dominant of the three uncertainties and 
has the largest effect. To calculate the magnitude of this effect, we must know 
the length of time 187Re spends at various temperatures inside stars, a quantity 
which is clearly model dependent. We conclude from the existence of deuterium, 
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which is easily destroyed inside stars, that much material never goes into stars. 
Furthermore, since the abundance by mass of metals is only Z�0.02, we conclude 
that not a lot of stellar processing has occurred. From these two observations, 
we might infer that the time 187Re spends inside stars may be relatively small so 
that our basic conclusions may require little modification. On the other hand, 
Yokoi et al. ( 1983) find in their detailed Galactic evolution models an effective 187Re half-life of T � 35 x I09yr. This translates into an approximately 20% 
decrease in A1{18�x187 from the A1{18�x187 calculated from the lab half-life. This 20% 
decrease is significant. The effective 187Re half-lire question obviously needs more 
work . What we c;i,n say at present however, is that since the dominant uncer
tainty in the Re/Os pair is the 187Re /3-decay rate, and since this uncertainty 
always in<'reases the decay rate, 2(Arli�x187 - A) (see equation ( 13)) calculated 
from the lab .>.. 187 should represent a good' upper limit to T. This is an important 
point and deserves attention. 

5. Results 

\Ve now present results for Amax for Th/U and Re/Os. From the current 
range of values for P232/ P238 ( 1 .4 to 1 .9) and for values of N232/ N238 derived from 
consistency with lead isotopes (2.3 to 2.7, Symbalisty and Schramm, 1981� with 
best values of P232/ P238�1.6 and N232/ N23� = 2 .5 ,  we get A!f32�238 = 4.2.:'.2.fx109 
yr. From this we conclude T Gal � 6.4 x 10 yr. 

0'186 From Winters' ( 1984) values for f (0.8 to 0.83) and -- (0.478 ± 0.022) 
187 0'187 

Os and from Luck et al. 's ( 1980) values for ( ""1'86 h+.l (0.805 ± 0.01 1 )  and 
187 Os 

( 187
R
0

e h+.l (3.20 (± 10%)), we get AIB7�187 = 7.5.:'.l•l x 109 yr. This AIB7�187 s 
has been calculated with r112 for 187Re = 43 x 109 yr; therefore, 
2(Amax - A) + A + t55 represents an upper limit to T Gal· This limit is 22.6 Gyr. 

We now investigate the effect of higher moment terms on T. For this 
analysis ·w·e consider only a steady synthesis model, that is, one for which 'lj;ev = 
constant. To zeroth order in µ, equation ( 1 1 )  applies and T = 2(Amax - A) .  
Sueh a model is supported by the work of Reeves and John ( 1976) and Hainebach 
and Schramm ( 1977). Table 1 shows values of T calculated to order µ2, the 
resulting values of T Gali and the percent change 6 in T, where 

6(%) = 
T - 2(Amax - A) X 100% ( 19) 

2(Amax - A) 

for various values of Amax - A � Amax (for long-lived chronometers). 

As is clear from the table, corrections to T for Th/U can be large ( > 10%). 
Our best estimate for T Gal from Th/U is pushed up from 13.0 Gyr to 14.8 Gyr. 
Corrections due to µ3 are zero (µ_;J is an odd integral about tv for steady syn
thesis) and the correction due to P"i. and µ4 amounts to only 0.85% for Al/1ZX238 = 
4.2 x 109 yr. For Re/Os, on the other hand, the corrections 6(%) are small. In 
the steady synthesis model, then, Re/Os is a long-lived chronometer and 22.6 Gyr 
does indeed represent a good upper limit to T Gal· 
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Pair Amax_A G r 
Th/U 1 .8  

4 .2  
6 .2  

Re/U 6.3 12.8 
7.5 15.3 
9.0 18.5 

8 % 
8.3 

21 .4 
43.5 

17 .4 1 .6  
19.9 2.0 
23. 1 2.8 

Table 1. This table shows T and T Gal calculated from 
Th/U and Re/Os for a steady synthesis model including 
order 112 in equation (9) for the indicated values of 
Amax_A � Amax_ 8(%) (see equation ( 19)) represents the 
percent increase of the calculated T over the very long
lived expression for T, namely 2(Amax_A). 

6. Conclusions 

36 1 

Although the study of the Galactic age through the use of long-lived chro
nometers is at p resent fraught with uncertainties, there are two important con
clusions we can nevertheless draw before these uncertainties are resolved. First, 
we can get a firm ,  model-independent lower limit to the age of the Galaxy from 
the Th/U pair. In particular, T Gal � A��x238 + t88• Our other conclusion is that 
the dominant uncertainty in the Re/Os ch'ronometric pair is in the effective half
life of 187Re. As we have argued, however, this uncertainty always decreases 
AT8'7"187;  hence, we expect Afg�\87 calculated from the lab >.. 187 to provide us with 
an upper limit to T Gal: T Gal � '2(Ai'1s�x187 - A) + A + t55• , 
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ABSTRACT . A f t e r  r e a s s es s i ng t h e  o p 1 0 1 0 0 t h a t  t h e  2 3 ' Th-2 3 " U ,  • o s u·-2 3 " U  
a a d  ' • ' Re-'  " ' Os p a i r s  d o  n o t  a p pe a r  t o  b e  v e ry r e l i a b l e  ga l a c t i c  age  
i n d i c a t o r s , we e x a• i n e a • o d e l for  t h e  o r i g i n o f  e x t i n c t  r a d i o n u c l i d e s  
c a l l i ng f o r  • a s s i v e • a s s  l o s i n g O f  a n d  W R  s t a r s . We s h ow t h a t  t h e s e  s t a r s  
• BY b e  r e s p o n s i b l e  f o r  t h e  i n f e r r e d  p r e s e n c e  o f  " " A l ,  ' 0 ' Pd a n d  p o s s i b l y  
a l s o  o t h e r  s h o r t- l i v e d  s p e c i e s i n  c e r t a i n  • e t e o r i t i c  c o n d e n s a t e s . 

1 .  I NTRODUCT ION 

J o  n u c l e o c o s•o c b r o o o l og i c a l  s t u d i e s ,  u s e  i s  • a d e  • o s t c l a s s i c a l  J y  o f  t h e  
r - p r o c e s s  r a d i o o u c l i d e s  1 2 • 1 ,  . . .  T b , " " " " " U ,  a n d  " ' Pu .  T h i s  s e t  i s  
s o• e t i • e s  c o• p l e• e n t e d  w i t h  t h e  ' " ' Re-' " ' Os p a i r ,  wh i c h i s  v e r y  o f t e n  
r e g a r d e d  a s  o n e  o f  t h e  b e s t c a n d i d a t e s  f o r  p r o v i d i ng a n  e s t i m a t e  o f  t h e  
" a g e •  o f  t h e  r - p r o c e s s  n u c l e i , a n d  t h u s  a l owe r l i m i t t o  t h e  a g e  o f  t h e  
Ga l a x y  ( e . g . / 1 / ) . 

T h e  d e v e l o p• e o t  o f  o t h e r  c b r o n o• e t e r s  b a s  r e c e n t l y b e e n  t h e  s u b j e c t  
o f  • a n y  e x p e r i me n t a l a n d  t h e o r e t i c a l  s t u d i e s .  T h i s  e x c i t eme n t i s  l a r ge l y  
r e l a t e d  t o  t h e  d i s c o v e r y  o f  m e t e o r i t i c  i s o t o p i c  a n om a l i e s w h i c h a r e  
a t t r i b u t e d  t o  t h e  i n-s i t u d e c a y  o f  n ow e x t i n c t  r a d i o n u c l i d e s  / 2-4 / . I n  
t h i s  f i e l d ,  • o s t  o f  t h e  r e c e n t  e x p e r i m e n t a l d a t a  c o n c e r n  2 6 A I  a n d  
; v ' Pd .  I n  g e n e r a l ,  t h ey a r e  i n t e r p r e t e d a s  s t r o n g  e v i d e n c e f o r  t h e  
p r e s e n c e  o f  t h o s e  s h o r t- l i v e d  n u c l e i  i n  t h e  e a r l y  s o l a r s y s t e• .  I n  s u c h  
v i ews , t h o s e  r a d i o n u c l i d e s  • a y  p r o v i d e k ey i n f orm a t i o n s  a b o u t t h e  t i m e  
s p a n  b e tw e e n  t h e  l a s t  e v e n t s  t h a t  w e r e  a b l e  t o  m o d i f y t h e  c o• p o s i t i o n o f  
t h e  s o l a r n e b u l a  a n d  t h e  f o r•a t i o n o f  s o l a r  s y s t em s o l i d b o d i e s .  

Th i s  w o r k  d e a l s  w i t h  two q u i t e  d i f f e r e n t  q u e s t i o n s :  
( 1 )  i n  S e c t .  2 ,  we wa n t  t o  r e a s s e s s  b r i e f l y so•e q u i t e p e s s i m i s t i c  v i ews 
e x p r e s s e d  i n  g r e a t  d e t a i I e l s ewh e r e  / 5 , 6 / c o n c e r n i n g t h e  r e l i a b i l i t y o f  
t h e  p r e d i c t e d  a g e  o f  t h e  Ga l a xy b a s e d  o n  t h e  u s e  o f  t h e  l o n g- l i v e d  
c b r o n o• e t r i c  p a i r s ' " Tb-2 3 ' U , • n u-2 3 1 U ,  a n d  ' " ' Re-' " ' Os .  T h i s  i s  a t  
v a r i a n c e  w i t h  t h e  o p t i m i s• e x p r e s s e d  b y  so•e a u t h o r s  ( e . g .  / 7 , 8/ ) , wh i c h ,  
h owe v e r , a p p e a r s  t o  h a v e  s u b s i d e d  v e ry r e c e n t l y / 9 / ; 
( 2 )  i n  S e c t .  3 ,  we p r o p o s e  a n ew m o d e l f o r  t h e  o r i g i n  o f  s om e  e x t i n c t  
r a d i o n u c l i d e s .  Mo r e  s p e c i f i c a l l y ,  we s h ow t h a t  Of a n d  Wo l f-Ra y e t  s t a r s  
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c o u l d  h a v e c o n t am i n a t e d  t h e  s o l a r  n e b u l a  w i t h  ' 0 A I , a n d  a l s o  w i t h  o t h e r  
s h o r t - l i v e d  r a d i o n u c l i d e s . 

T h e  m a i n  c o n c l u s i o n s  of t h i s  work a r e  s umm a r i z e d  i n  Se c t . 4 .  

2 .  SAN 2 3 2T h - 2 3 8U ,  2 3 5U- 2 38U , AND 1 87Re- 1 8 70s REALLY PROV I DE REL I ABLE 
EST I MATES FOR THE AGE OF THE GALAXY ? 

Th i s  q u e s t i o n h a s  a l r e a d y  b e e n  d e b a t e d i n  gr e a t d e t a i I i n  / 5 , 6 / .  H e r e  we 
j u s t  s umm a r i z e s om e  o f  t h e  m a i n  p o i n t s  s t r e s s e d  i n  t h o s e  s t u d i e s :  
A )  T h e  c o s m o c h r o n o l og i c a l e s t i m a t e s  a r e  p e r f o r m e d  i n  t h e  f r a m ework o f  a 
mo d e l  f o r  t h e  c h em i c a l e v o l u t i o n o f  t h e  so l a r  n e i g h b o r h o o d  wh i c h s a t i s
f i e s v a r i o u s  o b s e r v a t i o n a l c o n s t r a i n t s ,  a n d  i n  p a r t i c u l a r  t h e  a g e-m e t a l 
l i c i  ty  r e l a t i o n a n d  m e t a l l i c i t y d i s t r i b u t i o n / 1 0-1 2 / ; 
B) Ph y s i c a l  J y  a c c e p t a b l e  s o l u t i o n s  t o  o u r  c h em i c a l  e v o l u t i o n mo d e l a r e  
f o u n d  f o r  g a l a c t i c  a g e s  i n  t h e  a p p r o x i m a t e  r a n ge 1 1  � To � 1 5  Gy r ( t h i s  
r e s u l t  i s  o b t a i n e d  w i t h o u t  a n y  r e f e r e n c e  t o  n u c l e o c osmo c h r o n om e t e r s ) ;  
C )  I n  t h a t m o d e l ,  t h e  c h r o n ome t r i c  v i r t u e s  o f  t h e  ' " ' T h -' ° 8 U  o r  " ' ll-' " ' U  
p a i r s a r e  n o t  c l e a r l y  e v i d e n t ,  e s p e c i a l l y  o n c e  t h e  m a n y  a s t r o p h y s i c a l . m e
t e o r i t i c  or n u c l e a r  p h y s i c s u n c e r t a i n t i e s a r e  t a k e n  i n t o a c c o u n t .  T h o s e  
u n c e r t a i n t i e s c o n c e r n  i n  p a r t i c u l a r  t h e  r - p r o c e s s  p r o d u c t i o n r a t i o s ,  t h e  
e v a l u a t i o n o f  wh i c h s u f f e r s  f r om t h e  l a ck o f  p r e c i s e i d e n t i f i c a t i o n o f  
t h e  r - p r o c e s s  s i t e ,  a s  we l l  a s  f r om t h e  p o o r  r e l i a b i l i t y o f  t h e  p r e d i c t e d  
p r o p e r t i e s o f  v e ry n e u t r o n -r i c h n u c l e i  b y  t h e  a v a i  I a b l e  n u c l e a r  m o d e l s .  
I n  a d d i t i o n , s om e  a b u n d a n c e  r a t i o s a l  t h e  t i m e  Ts o L 1 0 o f  s o l i d i f i c a t i o n 
i n  t h e  s o l a r  s y s t em a r e  s t i  I I  n o t  k n own p r e c i s e l y  e n o u g h . 

F i g s .  6 a  a n d  b o f  / 4 /  a r e  q u i t e  s ugg e s t i v e of t h e  d i f f i c u l t y o f  
e s t i m a t i ng To r e l i a b l y  w i t h  t h e  a i d  o f  t h e  a b o v e  m e n t i o n e d  p a i r s '  . T h i s  
s i t u a t i o n c a n  b e  e x p l a i n e d  by  t h e  l o s s  o f  i n f o r m a t i o n a b o u t  t h e  e a r l y  
g a l a c t i c  e p o c h , r e s u l t i n g f r om t h e  e x p e c t e d  we a k  t i m e d e p e n d e n c e  o f  t h e  
s t e l l a r  b i r t h  r a t e .  Our c o n c l u s i o n s  c o n t r a d i c t  q u i t e  c ommon  v i ews i n  t h e  
f i e l d  ( e . g .  / 7 , 8/ ) , b a s e d  o n  t h e  u s e  o f  a s i m p l i f i e d ( e x p o n e n t i a l - t y p e )  
m o d e l  f o r  t h e  c h em i c a l  e v o l u t i o n o f  t h e  Ga l a x y wh i c h ,  i n  p a r t i c u l a r , d o e s  
n o t  t a k e  i n t o a c c o u n t t h e  o b s e r v a t i o n a l c o n s t r a i n t s  m e n t i o n e d  i n  A ) ; 
D) T h e  c h r o n o l og i c a l  v i r t u e s  s om e t i m e s  a t t r i b u t e d t o  t h e  " ' Re-" ' Os p a i r  
a r e  n o t  e v i d e n t  y e t . T h e  d i f f i c u l t i e s e n c o u n t e r e d  i n  t h e  u s e  o f  t h a t  
c l ock  c o n c e r n  t h e  p o s s i b l e  e n h a n c eme n t o f  t h e  ' " ' Re a n d  ' ' ' Os P- t r a n sm u 
t a t i o n r a t e s  i n  s t a r s  / 5 , 1 5 / , a s  we l l  a s  t h e  e x a c t  Ns ( " ' Os ) /Ns ( " ' Os )  
s- p r o c e s s  p r o d u c t i o n r a t i o .  Th i s  l a t t e r  q u e s t i o n i s  d i s c u s s e d  i n  / 6 / , 
w h e r e  i t  i s  s h own t h a t s om e  o f  i t s a s p e c t s  h a v e b e e n  l a rge l y  o v e r l o o k e d . 

T h e  co n s i d e r a t i o n s  s u mm a r i z e d  a b o v e  l e a d  us t o  t h e  c o n c l u s i o n t h a t 
t h e  ' " T h-' " U , ' " ' U--' ' " U , a n d  " ' Re--" ' Os p a i r s m a y  n o t  b e  a s  f a i t h f u l 
ga l a c t i c  c l o c k s  a s  c omm o n l y  i m a g i n e d .  On e h a s  a t  l e a s t  t o  b e  awa r e  o f  t h e  
m a n y  u n c e r t a i n t i e s i n v o l v e d  i n  t h e i r  u s e ! 

' F i g .  6 b  of / 4 /  d i s p l a y s  a v a l u e of 2 . 5  ± 0 . 2 ( t a k e n  f r om / 1 / )  f o r  t h e  
' ' ' Th / ' ' ' U a b u n d a n c e  r a t i o  a t  T9 o t 1 0 . From / 3 / ,  w e  d e r i v e 2 . 3  ± 0 . 2 ,  
wh i l e v a l u e s  f r om 1 . 7  t o  3 . 0 a r e  o b t a i n e d  f r om / 1 4 / .  Th e a d o p t i o n o f  t h i s  
l a t t e r  r a n ge wou l d  o f  c o u r s e  r e i n fo r c e  o u r  v i ews c o n c e r n i n g t h e  r a t h e r  
p o o r  r e l i a b i l i t y o f  t h e  ' 3 ' T h -2 • • u  p a i r  
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3 . 1 .  Ge n e r a l i t i e s 
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Th e r e  i s  n ow s t r o n g  e x p e r i • e n t a l e v i d e n c e  f o r  t h e  s i g n a t u r e  o f  t h e  
i n-s i t u d e c a y  o f  ' ' A l a n d  ' 0 ' Pd i n  • e t e o r i t e s  ( e . g .  / 4 , 1 6 / ) . S u c h  
o b s e r v a t i o n s  a r e  g e n e r a l l y i n t e r p r e t e d  i n  t e rm s  o f  t h e  i n j e c t i o n o f  l i v e 
" ' A l  a n d  ' 0 ' Pd ( p o s s i b l y a l o n g  w i t h  o t h e r  s h o r t- l i v e d  s p e c i e s )  i n  t h e  
s o l a r  n e b u l a ,  f o l l owed b y  t h e i r  t r a p p i n g i n t o  c o n d e n s i n g so l i d s .  I n  s u c h 
v i ews , i m p o r t a n t  i n f o rma t i o n s  c a n  b e  g a i n e d  o n  t h e  t i m e J* e l a p s e d  
b e t w e e n  t h e  l a s t  a s t r o p h y s i c a l  e v e n t ( s )  a b l e  t o  a f f e c t  t h e  c om p o s i t i o n o f  
t h e  s o l a r n e b u l a  a n d  t h e  s o l i d i f i c a t i o n o f  s om e  o f  i t s m a t e r i a l .  

T h e  v e ry n a t u r e  o f  s u c h  ( a n )  e v e n t ( s )  i s  s t i  I I d e b a t e d . I n  p a r t i c u 
l a r ,  a s i n g l e  n e a r by s u p e r n o v a  t h a t  e x p l o d e d  w i t h i n  a f ew m i  I l i o n  y e a r s  
o f  s o l a r  s y s t e• f o r•a t i o n b a s  b e e n  e n v i s i o n e d  / 1 7 / . A n o t h e r  a p p e a l i n g 
• o d e l c a l l s f o r  t h e  b i r t h  o f  t h e  s o l a r s y s tem i n  a n  OB a s s o c i a t i o n ,  w h e r e  
t h e  c o n t a• i n a t i o n c o u l d  b e  d u e  t o  s t e l l a r w i n d  m a s s  l o s s e s  o f  t h e  c o n s t i 
t u t i v e  • a s s i v e s t a r s  a n d / o r  t h e i r  e x p l o s i o n a s  s u p e r n o v a e  / 1 8 , 1 9 / .  Low 
• a s s  s t a r s  (M z 1 Me) i n  t h e i r  a s ym p t o t i c  g i a n t  b r a n c h  ( AGB ) e v o l u t i o n a r y 
s t a g e  h a v e  a l s o  b e e n  p r o p o s e d  a s  a p r om i s i n g s o u r c e  o f  t h e  s h o r t- l i v e d  
r a d i o a c t i v i t i e s i n  t h e  e a r l y  s o l a r  sy s t em / 20/ . 

I n  c o n t r a s t ,  soae m o d e l s  d o  n o t  r e c og n i z e  a n y  c h r o n om e t r i c  v i r t u e t o  
t h e  s h o r t- l i v e d  r a d i o n u c l i d e s . I n  p a r t i c u l a r ,  C l a y t o n  s u gg e s t s  t h a t  t h e i r  
d ec a y  d i d  n o t  t a k e  p l a c e  i n  t h e  s o l a r s y s t em i t s e l f ,  b u t  i n s t e a d  i n  a l i e n 
p r e s o l a r g r a i n s i n c o r p o r a t e d i n t o  m e t e o r i t e s  w i t h o u t  m u c h  a l t e r a t i o n 
( e . g .  / 2 , 3 , 2 1 / ) . Of c o u r s e , s u c h  a m o d e l d o e s  n o t  r e q u i r e ( a )  n u c l e o s y n 
t h e t i c  e v e n t ( s )  j u s t  p r e c e d i n g t h e  s o l a r s y s t em f o rm a t i o n .  On t h e  o t h e r  
h a n d , a loca l p r o d u c t i o n i n  t h e  s o l a r  s y s tem b y  a n  e x t r eme l y  a c t i v e y o u n g 
S u n  h a s  s o m e t i a e s  b e e n  a d v o c a t e d . 

I n  t h i s  work , we p r o p o s e  t h a t  m a s s i v e m a s s  l o s i n g s t a r s d u r i n g t h e i r  
Of a n d  Wo l f -Ra y e t  ( WR) s t a g e s  a r e  p o t e n t i a l l y  a p p e a l i n g c a n d i d a t e s  f o r  
t h e  p r o d u c t i o n o f  ' " A l , ' 0 ' Pd ,  a n d  o t h e r  s h o r t - l i v e d  r a d i o n u c l i d e s , a s  

we l I a s  f o r  t h e  c o n t am i n a t i o n o f  t h e  s o l a r n e b u l a  w i t h  s u c h  s p e c i e s 
( e i t h e r l i v e i n  g a s  a n d / o r  g r a i n s ,  or e x t i n c t  i n  g r a i n s ) .  Th i s  c o n t am i n a 
t i o n wou l d  b e  e s p e c i a l l y  e f f i c i e n t  i f  t h e  so l a r s y s t em h a s  b e e n  b o r n  i n  
a n  08 a s s o c i a t i o n / 1 8 , 1 9 / ,  a n d  s t i l l  m o r e  so  i f  c e r t a i n  a t  l e a s t  o f  t h e  
e n v i s i o n e d  m a s s i v e s t a r s  w o u l d  e x p e r i e n c e  a s u p e r n o v a e x p l o s i o n .  

We b a s e  o u r  s t u d y  o n  t h e  m a s s i v e m a s s  l o s i n g s t a r  mo d e l s  d e s c r i b e d  
i n  / 2 2 , 2 3 / . T h e  n u c l e o sy n t b e s i s  d u r i n g  t h e  0 o r  Of p h a s e s  ( a s s o c i a t e d  t o  
c e n t r a l H b u r n i n g )  a n d  W R  s t a g e  ( c o r r e s p o n d i n g t o  c e n t r a l H e  b u r n i n g )  i s  
f o l l owed w i t h  t h e  a i d  o f  t h e  d e t a i l e d n e two r k s  d e s c r i b e d  i n  / 2 3 , 2 4 /  

3 . 2 .  ' ' A l  y i e l d s f r om O f  a n d  WR s t a r s  

T h e  " A l  m a s s  ( e x p r e s s e d  i n  Me) p r e s e n t  i n  t h e  i n t e r s t e l l a r m e d i u m ( ISM) 
as a r e s u l t  of t h e  w i n d  e j e c t i o n by o u r  s t a r  mo d e l s  b e tw e e n  t h e  z e r o-age 
m a i n  s e q u e n c e  ( ZAMS ; t�O) and  t i m e t i s  d e f i n e d  b y  

M2 6 ' w • 0 ' ( t ) = lt ii ( t ' ) X, , ' s ' ( t ' ) e x p  ( - t ' If •  e ) d t ' , 
0 

( 1 )  
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M. ARNOULD AND N. PRANTZOS 

4 . 0  4 . 4  4 . 6  4 . 8  
T i m e ( 1 06 y r )  

F i g u r e  1 .  Va l u e s  o f  t h e  ' " A l  m a s s  f r a c t i o n a t  t h e  s t e l l a r  s u r f a c e  X, . • s • 
( c u r v e  1 ) ,  a n d  o f  t h e  " A l  m a s s e s  M, . • w . o i ( c u r v e  2 )  o r  M, . ' w . N o • ( c u r v e  
3 )  i r. t h e  w i n d  o f  t h e  Mz A • s = 80 M0 m o d e l d u r i n g t h e  O f  a n d  WR s t a g e s , 
wh i c h c o r r e s p o n d  t o t �  4 . 4  10" y r  a n d  t ;:,  4 . 4  10" y r , r e s p e c t i v e l y ( n o t e  
t h e  c h a n g e  o f  s c a l e  i n  a b s c i s s a ) 

i f  t h e  " A l  P- d e c a y  i n  t h e  I SM i s  t a k e n  i n t o a c c o u n t .  I n  t h i s  e x p r e s s i o n ,  
ii i s  t h e  m a s s  l o s s  r a t e  i n  M0/ y r , r , 6 i s  t h e  " A l l i f e t i m e , wh i l e 
X, 6 ' " "  ( t )  i s  t h e  s t e l l a r  s u r f a c e  " A l  m a s s  f r a c t i o n a t  t i m e t .  A s i 11 i  l a r 
q u a n t i t y ,  M, 0 1 " · " 0 ' , c a n  a l s o be d e f i n e d , wh i c h n e g l e c t s  t h e  I SM ' 0 A I  
8 ·- d ec a y  ( i . e .  i ·--> 00 i n  Eq . ( l ) ;  o f  c o u r s e , t h e  ' " A l d e c a y i s  p r o p e r l y  
t a k e n  i n t o  a c c o u n t  i n  t h e  s t e l l a r c o r e  a n d  e n v e l o p e ) . 

F i g .  1 d i s p l ay s  x, . ' " ' ' M, • •  w . o >  a n d  M, . ' w . N U I  f o r  o u r  Mz A M S = 80 M0 
s t a r  m o d e l .  I t  i s  s e e n  t h a t  t h e  " A l m a s s  i n c r e a s e s  r a p i d l y d u r i n g t h e  Of 
s t a g e , a s a r e s u l t  of t h e  " ' A l p r o d u c t i o n t h r o u g h  t h e  MgA I c y c l e .  I n  c o n 
tr a s t , i t  i n c r e a s e s  m u c h  m o r e  s l ow l y  a t  t h e  b eg i n n i n g o f  t h e  WN p h a s e . 
La t e r  o n  , M, 6 ' w · N ° ' r e a c h e s  a c o n s  t a n  t v a I u e , w h i I e M, 6 ' w - 0 ' I e v e  l s o f f  . 
X, 0  ' 0 1  i n d e e d  d e c r e a s e s  v e ry ra p i d l y a f t e r  t h e  s t a r t  o f  H e  b u r n i n g ,  a s  a 
r e s u l t  o f  t h e  ' " A l  d e s t r u c t i o n by ' " A l ( n , p ) ' " Mg a n d  ' " A l ( n , a ) ' ' N a .  

From F i g .  l ,  i t  c a n  b e  c o n c l u d e d  t h a t  t h e  s t a r  u n d e r c o n s i d e r a t i o n 
c a n  be a n  i m p o r t a n t c o n t r i b u t o r  t o  t h e  I SM " A l .  S i m i l a r c a l c u l a t i o n s  
h a v e b e e n  p e r f o rmed  f o r  Mz A • s  = 50 , 60 , a n d  1 00 M0 , a n d  i n d i c a t e t h a t 
M . .  ' " '  i n c r e a s e s  s l i g h t l y  w i t h  Mz A M s ·  I n  f a c t ,  M, 6 ' " · 0 '  r e a c h e s m a x i m um 
v a l u e s  ( i n  M0) r a n g i n g f r om 1 . 5  10- ' for M2 u s  = 50 M0 to 5 . 4  1 0- • f o r  
M, A M S  � 100 M0 . F o r  t h o s e  s a m e  s t e l l a r  m a s s e s , M, . • w . N o > h a s  � a sym p t o 
t i c " v a l u e s  o f  2 . 3  1 0- • a n d  1 . 2  1 0- • M0, r e s p e c t i v e l y .  

T h e s e  r e s u l t s may  h a v e  i n t e r e s t i ng c o n s e q u e n c e s  f o r  t h e  i n t e r p r e t a 
t i o n o f  t h e  o b s e r v e d  I SM ' ' A l  1-r a y  l i n e / 2 5 / , a s  we l l  a s  o f  c e r t a i n  Mg 
i s o t o p i c  a n oma l i es f o u n d  i n  s om e  c h o n d r i t e s . T h i s  l a t t e r  p r o b l em i s  
e x am i n e d  b e l ow .  
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3 . 3 .  T h e  ' " A l -r e l a t e d  Mg i s o t o p i c  a n om a l i e s i n  m e t e o r i t e s ,  a n d  t h e  Of 
e v o l u t i o n a ry p h a s e  

367 

I f  a t t r i b u t e d  t o  t h e  i n-s i t u d e c a y  o f  " A l , t h e  • • Mg e x c e s s  ( ' 0 Mg* ) 
f o u n d  i n  c e r t a i n  Ca-A l - r i c h i n c l u s i o n s  o f  some  c h o n d r i t e s  r e q u i r e s  a n  
a b u n d a n c e  r a t i o  ( . .  A l /2 1 A l )0 ::; 5 1 0- ' , w h e r e  t h e  s u b s c r i p t o r e f e r s  t o  
t h e  t i m e  o f  s o l i d i f i c a t i o n Ts o L 1 0 i n  t h e  s o l a r  s y s t em . Howe v e r , t h e r e  
a p p e a r s  t o  b e  a l a rge  s p r e a d  a r o u n d  t h a t  " c a n o n i c a l "  v a l u e .  I n  f a c t ,  
v a l u e s  i n  t h e  r a n g e  0_$ < ' ' A l / " A J )0 _$ 1 0 - 3 h a v e  b e e n  r e p o r t e d  ( e . g .  / 4 / ) . 

Up t o  n ow ,  n o  u n d i s p u t a b l e  c o r r e l a t i o n h a s  b e e n  f o u n d  b e t w e e n  ' " Mg* 
a n d  o t h e r  i s o t o p i c  a n oma l i e s .  I n  p a r t i c u l a r , t h e  a s s o c i a t e d  Ca i s o t o p i c  

c o m p o s i t i o n a n d  ' ' Mg/' ' Mg r a t i o  a r e  f o u n d  t o  b e  e s s e n t i a l l y s o l a r .  Th i s  
p u t s  c o n s t r a i n t s  o n  t h e  ' ' A l  p r o d u c t i o n m o d e l s ,  w h i c h c a l l  f o r  r e d  g i a n t s  
/ 20 , 2 6 / , n o v a e  / 2 7-2 9 / , o r  s u p e r n o v a e  / 30- 3 2 / . A l  I t h o s e  m o d e l s  e n c o u n t e r  
v a r i o u s  a s t r o p h y s i c a l  o r  n u c l e a r  p h y s i c s d i f f i c u l t i e s ( e . g .  / 2 6 , 2 7 , 3 3 / ) . 

Ev e n  i f  i t  i s  n o t  f r e e  f r om u n c e r t a i n t i e s ,  t h e  ' ' A l s o u r c e  mo d e l 
p r o p o s e d  i n  t h i s  wo r k  ( j u s t  c a l l i n g f o r  t h e  MgA I c y c l e  d u r i n g t h e  
m a i n -s e q u e n c e p h a s e ! )  a p p e a r s  t o  b e  r e l a t i v e l y  m o r e  s e c u r e  t h a n  m o d e l s  
r e l y i ng o n  c o m p l i c a t e d  e v o l u t i o n a ry p h a s e s  ( AGB o r  e x p l o s i o n s )  a n d / o r  
s t i l l  r a t h e r  u n c e r t a i n  n u c l e a r  p h y s i c s .  I t  rema i n s t o  b e  s e e n  i f  o u r  
m o d e l  d o e s  n o t  p r e d i c t  a c o m p l em e n t  o f  o t h e r  e l em e n t s  w h i c h w o u l d  h a v e  a 
s u f f i c i e n t l y  n o n - s o l a r i s o t o p i c  c o m p o s i t i o n t o  b e  d e t e c t e d  a s  a n om a l i e s  
i n  t h e  " Mg ' -- b e a r i n g i n c l u s i o n s . T h i s  i m p o r t a n t  q u e s t i o n w i l l  b e  d i s c u s
s e d  i n  d e t a i l e l s ewh e r e  / 3 4 / . He r e ,  l e t  u s  s i m p l y  s umm a r i z e two o f  t h e  
m a i n  p o i n t s r e l e v a n t  t o  t h e  O f  p h a s e : ( i )  f o r  ( ' ' A l / ' ' A l ) o = 5 1 0- • , i t  
i s  f o u n d  t h a t ( ' ' Mg / ' ' Mg ) 0 d e p a r t s  f r om t h e  s o l a r  v a l u e by l e s s  t h a n  
a b o u t  I p e r  m i  I f o r  h i g h e n o u g h  Mz • M •  (� 80 M@) a n d  s h o r t  e n o u g h  t i m e s  A* 
(,$ 5 10' y r ) , a n d  ( i i )  t h e  p o s s i b l y  a c c o m p a n y i n g S i , Ca or Ba a r e  e s s e n t i 
a l l y s o l a r ,  i n  a g r e eme n t w i t h  t h e  o b s e r v a t i o n s . Of c o u r s e , t h e s e  r e s u l t s 
a r e  o b t a i n e d  by a p p l y i n g t h e  s a m e  " d i  l o t i o n "  f a c t o r  t o  a l l  t h e  n u c l e a r  
s p e c i e s ,  f r a c t i o n a t i o n e f f e c t s  b e i n g i g n o r e d . 

F r om t h i s  b r i e f s u mma ry , i t  c a n  b e  c o n c l u d e d t h a t  ' " Mg* o b s e r v e d i n  
c e r t a i n  i n c l u s i o n s  m i g h t  b e  t h e  r e s u l t  o f  a ' 6 A I e j e c t i o n i n t o t h e  ISM 
d u r i n g t h e  Of p h a s e . I o  a d d i t i o n ,  r e a s o n a b l e  c o n d i t i o n s  c a n  be f o u n d  f o r  
w h i c h t h e  p o s s i b l y  a c c o m p a n y i ng Mg , S i , C a  o r  h e a v i e r e l em e n t s  h a v e  
e s s e n t i a l l y a s o l a r i s o t o p i c  c o m p o s i t i o n .  

3 . 4 .  Co n t r i b u t i o n o f  t h e  WR s t a g e  t o  t h e  y i e l d s o f  ' " A l  a n d  o t h e r  v e r y  
s h o r t - l i v e d  r a d i o n u c l i d e s  

Du r i n g t h e  WR ( WN + WC/WO) s t a ge , t h e  n e u t r o n s  p r o d u c e d  i n  t h e  He-b u r n i n g 
c o r e  / 2 4 /  a r e  r e s p o n s i b l e  f o r  t h e  • • A l d e s t r u c t i o n ( s e e  F i g .  1 ) ,  a s  we l l  
a s  f o r  a " m i n i " s-p r o c e s s . He r e , we wa n t  t o  c o n c e n t r a t e  o n  t h e  r o l e  o f  
t h a t  p r o c e s s i n g f o r  t h e  s y n t h e s i s  o f  v a r i o u s  s h o r t - l i v e d  r a d i o n u c l i d e s , 
a n d  f o r  t h e  r e l a t e d  I SM e n r i c h m e n t .  

Fo l l o w i ng a me t h o d  s i m i l a r t o  t h e  o n e  u s e d  i n  Se c t s . 3 . 2  a n d  3 . 3  f o r  
t h e  e v a l u a t i o n o f  ( • ' A J /• 1 A J ) 0 , t h e  a b u n d a n c e r a t i o  ( R/S)0 o f  a r a d i o n u 
c l i d e � t o  a s t a b l e  n u c l e u s  S c o r r e s p o n d i ng t o  t h e  m a t t e r  e j e c t e d  d u r i n g 
t h e  w h o l e  WR p h a s e  c a n  b e  e v a l u a t e d  s t r a i g h t f orwa r d l y  f o r  g i v e n  Mz A M s  a n d  
A *  v a l u e s  ( A* b e i ng i n t e r p r e t e d  h e r e a s  t h e  t i me s p a n  b e tw e e n  t h e  e n d  o f  
t h e  WR p h a s e  a n d  Ts o L  1 o ) . N o t e  t h a t  t h e  d e c a y  o f  R b e t we e n  i t s e j e c t i o n 
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6 3 .  1 0  * Li ( y r )  
r i g u r e  2 .  A b u n d a n c e  r a t i o s ( R/S)o a t  t h e  l i • e o f  s o l i d i f i c a t i o n Ts O L J D  
f o r  v a r i o u s  v a l u e s  o f  A• , R a n d  S r e p r e s e n t i n g a r a d i o n u c l i d e a n d  a 
s t a b l e  n u c l e u s ,  r e s p e c t i v e l y .  T h e  c u r v e s  a r e  c a l c u l a t e d  f r om t h e  t o t a l 
m a s s e s  of R (MQ ' w . N o , ) a n d  S e j e c t e d  i n t o t h e  J SM d u r i n g t h e  w h o l e  WR 
s t age o f  a Mz A M s  = BO M@ s t a r . T h e  d a t a  a r e  n or m a l i z e d  t o  ( ' 0 ' Pd /' 0 0 Pd )o 
= 2 1 0- 5 •  T h e  c o r r e s p o n d i n g n o rma l i z a t i o n f a c t o r s , i n d i c a t e d  o n  t h e  Pd 
c u r v e f o r  two A' v a l u e s , a r e  a s s um e d  t o  be t h e  s am e  f o r  t h e  e l em e n t s  
wh i c h e x h i b i t i n  c h o n d r i t e s  a r e f r a c t o r y  ( s o l i d  l i n e s ) , s i d e r o p h i l e 
( d a s h e d  l i n e s : Tc i s  p u t  i n t o  t h i s  c a t e g o ry ) , o r  v o l a t i l e  b e h a v i o r ( d o t 
d a s h e d I i  n e s )  

a n d  t h e  e n d  o f  t h e  WR p h a s e  w i l l  b e  n e g l e c t e d  i n  t h e  f o l l ow i n g .  Th i s  
a p p r o x i m a t i o n i s  q u i t e a c c e p t a b l e  f o r  t h e  s-p r o c e s s  r a d i o n u c l i d e s , i n  
v i ew o f  t h e  f a c t  t h a t  t h ey a r e  e j e c t e d r a t h e r  c l o s e  t o  t h e  e n d  o f  t h e  WR 
p h a s e / 2 4 / , b u t  i s  s o.111 ewh a t  l e s s  s a t i s f a c t o r y  f o r  • • A l , a f r a c t i o n o f  
wh i c h i s  e j e c t e d  i n  t h e  e a r l y  s t a g e s  o f  t h e  W R  p h a s e . 

T h e  a b o v e  d e s c r i b e d  p r o c e d u r e  i s  u s e d  t o  c o n s t r u c t  r i g .  2 ,  w h i c h 
d i s p l ay s  s e v e r a l ( R/S)0 r a t i o s c a l c u l a t e d  f o r  1 05 s A* s 3 1 0• y r  f r o• 
t h e  c o m p o s i t i o n of t h e  m a t e r i a l  e j e c t e d  d u r i n g  t h e  WN + WC/WO p h a s e  o f  
o u r  Mz A M s = BO M@ • o d e l .  A l l t h e  r e s u l t s a r e  n o rm a l i z e d  t o  ( ' 0 ' Pd / ' 0 0 Pd )o 
= 2 10· • , wh i c h i s  a " c a n o n i c a l "  v a l u e d e r i v e d  f r om t h e  a n a l y s i s  o f  
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v a r i o u s  i r o n  m e t e o r i t e s  ( e . g .  / J 6 / )  ( t h e r e  i s  o f  c o u r s e s o• e  s p r e a d  
a r o u n d  t h a t  v a l u e ) . Th a t  o b s e r v e d  r a t i o  c a n  b e  e a s i l y  a c c o u n t e d  f o r  b y  
o u r  m o d e l ,  a s  i n d i c a t e d  b y  t h e  h i g h  d i  l o t i o n f a c t o r s  wh i c h a r e  m a r k e d  o n  
t h e  ( ' 0 ' Pd / ' 0 ' Pd )0 c u r v e , a n d  wh i c h h a v e  t o  b e  a p p l i e d i n  o r d e r  t o  n o rm a 
l i z e o u r  t h e o r e t i c a l  p r e d i c t i o n s  t o  t h e  a b o v e  m e n t i o n e d  v a l u e o f  2 J o- • . 

Os inlf t/Jese sa•e tli lu t ion factors in ortler lo cons truct t/Je o t/Jer 
(.R/S)0 curpes of Filf. ,? ( i . e .  n eg l e c t i n g f r a c t i o n a t i o n e f f e c t s  b e t w e e n  

t h e  r e f r a c t o r y , s i d e r o p b i l e a n d  v o l a t i l e  e l em e n t s ) , i t  a p p e a r s  t h a t  
v a r i o u s  s h o r t - l i v e d  n u c l e i  o f  p o t e n t i a l  i n t e r e s t  c a n  b e  p r o d u c e d  i n  
s i g n i f i c a n t  a m o u n t s . I o  p a r t i c u l a r , l e t  u s  emp h a s i z e t h a t 
( J )  i n  a d d i t i o n t o  t h e  Of p h a s e , t h e  WR s t a ge a l s o  c o n t r i b u t e s t o  t h e  I SM 
" A l , e v e n  i f  t h e  c o r r e s p o n d i ng ( ' " A l /" A l )o r a t i o  i s  l ower  t h a n  i t s 
c a n o n i c a l  v a l u e ,  a t  l e a s t  f o r  t h e  a d o p t e d  n o rma l i z a t i o n .  I n  t h i s  r e s p e c t ,  
i t  h a s  t o  b e  r e c a l l e d  t h a t  t h e  A l  d a t a o f  F i g .  2 d o  n o t  i n c l u d e  a n y  
c o n t r i b u t i o n f r om t h e  O f  p h a s e , a n d  t h a t a l a rge  s p r e a d  i s  o b s e r v e d  i n  
t h e  ( ' ' A l / " A l )0 r a t i o .  I n  a d d i t i o n ,  i t  h a s  t o  b e  s t r e s s e d  t h a t  n o  
c o r r e l a t i o n h a s  b e e n  d i s c o v e r e d  t o- d a t e  b e t we e n  ' ' Mg" a n d  t h e  ' 0 ' Ag 
e x c e s s  r e s u l t i ng f r om t h e  ' 0 ' Pd d e c a y ; 
( 2 )  f o r  l ow e n o u g h  il• , t h e  " C l /" C I  a n d  " Ca / ' ° Ca r a t i o s c a n  e x c e e d  t h e  
very uncertain l i m i t s  ( " C J / 3 ' C l )0 ,$ 10- • / 3 5 /  a n d  ( " C a / ' ° Ca )o � 10- • 
/ 3 6 , 3 7 /  p u t  by p r e l i m i n a ry a n a l y s e s  o f  e x p e r i m e n t a l d a t a . I t  h a s  a l s o t o  
b e  s t r e s s e d  t h a t  a ' ' K  e x c e s s  ( ' ' K* )  d u e  t o  t h e  ' ' Ca d e c a y  h a s  b e e n  v e ry 
t e n t a t i v e l y  i d e n t i f i e d i n  a n  A l l e n d e  ' ' Mg" - b e a r i n g i n c l u s i o n / 3 7 / . The 
e x p e r i m e n t a l c o n f i rma t i o n o f  t h e  e x i s t e n c e  of  a c o r r e l a t i o n b e t w e e n  ' ' A l  
a n d  ' ' Ca i n  c e r t a i n  m e t e o r i t i c  m a t e r i a l  wou l d  b e  o f  i n t e r e s t f o r  c o n s
t r a i n i n g il• a n d  m o d e l s  f o r  t h e  o r i g i n  o f  t h e  s h o r t - l i v e d  r a d i o n u c l i d e s ;  
( 3 )  ( 9 • T c / '  0 0  Ru )0 r a t i o s i n  e x c e s s  o f  a b o u t  J O- 1 a r e  o b t a i n e d  f o r  Jl• .,S 
1 0' y r . A p o s s i b l e  e x c e s s  o f  " " Ru ( " " Ru* ) r e s u l t i n g f r om t h e  i n -s i t u 
d e c a y  o f  ' ' Tc h a s  b e e n  s e a r c h e d  f o r  / 3 8 /  i n  s i x  A l l e n d e  a n d  Le o v i l l e 
s am p l e s ( i n c l u d i n g LE0- 1 , w h i c h m i g h t  c o n t a i n  s o m e  ' ' K* / 3 9 / ) . N o  c l e a r  
e v i d e n c e  f o r  s u c h  a n  e x c e s s  h a s  b e e n  o b t a i n e d  t o-d a t e .  A f u r t h e r  s e a r c h  
f o r  ' ' Ru* , a n d  t h e  c o n f r o n t a t i o n o f  i t s ( e i t h e r  p o s i t i v e ,  o r  n e g a t i v e )  
r e s u l t s w i t h  t h e  t h e o r e t i c a l  e x p e c t a t i o n s , a s  t h o s e  r e p o r t e d  i n  t h i s  
wo r k , w o u l d  b e  v e r y  i n t e r e s t i n g ;  
( 4 )  ( ' 0 ' Pb / ' 0 ' Pb ) 0 r a t i o s a s  h i g h a s  a b o u t  J o- • a r e  p r e d i c t e d , a n d  e x c e e d  
t h e  e x p e r i me n t a l  u p p e r  l i m i t  o f  9 io- • / 40/ . T h e  p a r t i c u l a r i n t e r e s t  o f  
t h e  ' 0 ' Pb-' 0 ' T I  p a i r  h a s  b e e n  d i s c u s s e d  i n  d e t a i I e l s ewh e r e  / 4 J / .  Le t u s  
j u s t  r e c a l I t h a t  i t  m i g h t  v e ry u s e f u l l y comp l em e n t  o t h e r  e x t i n c t  r a d i o n u
c l i d e d a t a , a s  ' 0 ' P b m i g h t  b e  a p u r e  s-p r o c e s s  n u c l e u s . I n  a d d i t i o n ,  i t  
i s  s h own i n  / 4 1 /  t h a t  o t h e r  s t u d i e s ( e . g .  / 4 2 / )  h a v e  u n d e r e s t i m a t e d  t h e  
s-p r o c e s s  ' 0 ' Pb /' 0 ' Pb p r o d u c t i o n r a t i o ,  i n  p a r t i c u l a r a s  a r e s u l t  o f  a 
d r a s t i c  u n d e r e s t i m a t e  o f  t h e  ' 0 ' Pb e f f e c t i v e l i f e t i m e . Th i s  r e l a t e s  t o  
t h e  n eg l e c t  o f  t h e  ' 0 ' T I  /Jouotl- s ta te ,b'-tlecay , wh i c h c a n  e f f e c t i v e l y 
h i n d e r  t h e  ' " ' P b d e s t r u c t i o n i n  a q u i t e  l a rge  v a r i e t y  o f  a s t r o p h y s i c a l  
e n v i r o nm e n t s  ( s e e  a l s o / J 5 / ) . Th i s  work s t i  I I r e i n f o r c e s  t h e  v i ew e x p re s
s e d  i n  / 4 1 /  t h a t  t h e  ' 0 ' Pb -' 0 ' T I  p a i r  i s  n o t  n e c e s s a r i l y a f a r f e t c h e d  
s- p r o c e s s  c h r o n om e t e r , a n d  s t i l l  g i v e s  m o r e  c r e d i t  t o  a p leat/ for a 
renewed searc/J for er/incl � " 'P/J in me teorites ; 

( 5 )  o t h e r  s h o r t- l i v e d  n u c l e i  a r e  p r o d u c e d  i n  m o r e  o r  l e s s  l a rge  am o u n t s  
b y  t h e  WR s t a r s , l i k e " Zr o r  " ' Cs .  Howe v e r , t h e  d e c a y  o f  t h e  f i r s t  o n e  
t o  ' ' N b c a n n o t  l e a d  t o  o b s e r v a b l e  i s o t o p i c  a n om a l i e s i n  v i ew o f  t h e  m o n o-
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i s o t o p i c  n a t u r e o f  N b .  On t h e  o t h e r  h a n d , l e t  u s  j u s t  r e m a r k  t h a t  ' 3 ' Ba 
a n d  1 ' ' Ba e x c e s s e s  a n d  a ' ' ' Ba d e f i c i e n cy a r e  r e p o r t e d  f o r  t h e  FUN i n c l u
s i o n s  EK- 1 -4·- 1  a n d  C-1 , r e s p e c t i v e l y  / 4 3 / , t h e  l a t t e r  o b s e r v a t i o n b e i n g  
s om e t i m e s  i n t e r p r e t e d  a s  a deficit o f  ' ' ' Cs d e c a y . We w i l l  n o t  a t t em p t  t o  
r e l a t e t h o s e  1 3 5 Ba a n om a l i e s  t o  o u r  WR m o d e l ,  wh i c h i s  a n yw a y  u n a b l e  t o  
a c c o u n t  f o r  a ' ' ' Ba e x c e s s . Le t u s  a l s o n o t e  t h a t  t h e  sma l I a m o u n t s  o f  
" ° Fe emerg i n g f r om t h e  Mz A M s  = 80 M @  s t a r  ( ( 6 ° Fe / ' ' Fe )0 � 1 0- • ) a r e  p r o 
b a b l y  i n s u f f i c i e n t  t o  h a v e  s ome i n t e r e s t f o r  7-r a y  l i n e a s t r o n omy / 2 4 / ,  
o r  f o r  t h e  g e n e r a t i o n o f  " 0 N i  a n om a l i e s  i n  m e t e o r i t e s  ( s e e  a l s o / 4 4 / ) . 

T h e  r e s u l t s o b t a i n e d  f o r  t h e  o t h e r  c a l c u l a t e d  Mz A M s  m o d e l s  a r e  n o t  
d r a s t i c a l l y d i f f e r e n t  f r om t h o s e  d i s p l a y e d  i n  F i g .  2 .  I n  f a c t ,  t h e  m o s t  
m a s s-d e p e n d e n t  r e s u l t s a r e  f o u n d  f o r  ( " A l /2 1 A l )0 a n d  ( 1 " Cs / ' " Cs )0 , 
wh i c h i n c r e a s e s  a n d  d e c r e a s e s  w i t h  Mz A M s , r e s p e c t i v e l y ,  a n d  f o r  
( 6 ° Fe / ' ' Fe )0 , wh i c h i s  q u i t e  v a r i a b l e  w i t h  m a s s  ( i t  c a n  r e a c h  v a l u e s  
c l o s e  t o  10- 1 f o r  Mz A M s  ::: 60 Me) . 

4 . CONCLUS I ON 

Th i s  work f i r s t  r e a s s e s s e s  t h e  o p 1 n 1 o n ( p r e s e n t e d i n  d e t a i I i n  / 5 , 6 / )  
t h a t t h e  ' " T h-" ' U , " ' U-" 0 U  a n d  " ' Re-' " Os p a i r s d o  n o t  a p p e a r  t o  b e  
v e r y r e l i a b l e  c l o c k s  f o r  t h e  a g e  o f  t h e  r-p r o c e s s  n u c l e i . A t  l e a s t , t h ey 
s e em u n a b l e  a t  t h e  p r e s e n t  s t a t e o f  t h e  a r t  t o  f u r t h e r  c o n s t r a i n  e s t i m a 
t e s  o f  t h e  a g e  o f  t h e  Ga l a x y  d e r i v e d  f r om o t h e r  m e a n s . T h e s e  c o n c l u s i o n s  
a r e  b a s e d  o n  a m o d e l  f o r  t h e  c h em i c a l  e v o l u t i o n o f  t h e  s o l a r n e i g h b o r h o o d  
wh i c h s a t i s f i e s v a r i o u s  o b s e r v a t i o n a l c o n s t r a i n t s ,  a n d  o n  t h e  c o n s i d e r a 
t i o n o f  a s t r o p h y s i c a l ,  m e t e o r i t i c  a n d  n u c l e a r  p h y s i c s u n c e r t a i n t i e s ;  

We t h e n  e x am i n e  a m o d e l f o r  t h e  o r i g i n  o f  s o m e  e x t i n c t  r a d i o n u c l i d e s  
c e n t e r e d  o n  t h e  e v o l u t i o n o f  m a s s i v e m a s s  l o s i n g  s t a r s . I n  t h i s  f i e l d ,  
o u r  m a i n  r e s u l t s may  b e  b r i e f l y  s umm a r i z e d  a s  f o l  l ows : 
( 1 )  Of a n d  WR s t a r s  c a n  e j e c t s u b s t a n t i a l  am o u n t s  o f  s h o r t - J i v e d  r a d i o n u 
c l i d e s  i n t o  t h e  l SM .  M o r e  s p e c i f i c a l l y ,  r a t h e r l a r g e  q u a n t i t i e s o f  ' ' A l 
c a n  emerge  f r om t h e  Of s t ag e , wh i l e  t h e  WR p h a s e  m a y  b e  r e s p o n s i b l e  f o r  
a n  I SM e n r i c h m e n t  o f  " A l , ' 0 ' Pd ,  " C l , " Ca ,  ' 0 ' Pb ,  a s  we l l  a s  some 
o t h e r  s h o r t - l i v e d  s p e c i e s ;  
( 2 )  t h o s e  m a s s i v e s t a r s  c o u l d  t h u s  b e  r e s p o n s i b l e  f o r  t h e  i n f e r r e d  
p r e s e n c e  o f  • • A t  a n d  ' 0 ' Pd ( p o s s i b l y  a l o n g  w i t h  o t h e r  s h o r t - l i v e d  n u c l e i ) 
i n  c e r t a i n  m e t e o r i t i c  m a t e r i a l ,  e s p e c i a l l y i f  t h e  s o l a r  s y s t em h a s  b e e n  
b o r n  i n  a n  OB a s s o c i a t i o n .  T h e  a l i e n comp o n e n t c o n t a i n i n g t h o s e  r a d i o n u
c l i d e s  m i g h t  h a v e  b e e n  i n j e c t e d i n t o  t h e  s o l a r s y s t em e i t h e r  i n  t h e  f o rm 
o f  ga s ,  o r / a n d  g r a i n s ( wh i c h a r e  k n own t o  f o rm a r o u n d  WR s t a r s ) . 

Howe v e r , t h e  c o n s i d e r e d  s t a r s  a r e  u n a b l e  t o  p r o d u c e  o t h e r s h o r t -
1 i v e d  r a d i o n u c l i d e s  o f  i n t e r e s t ,  l i k e " " I o r  " ' Sm .  I n  t h i s  r e s p e c t ,  i t  
h a s  t o  b e  n o t e d  t h a t  a 1 2 • I p r o d u c t i o n by t h e  l a s t  e v e n t ( s )  a b l e  t o  m o d i 
f y  t h e  s o l a r sy s t em c o m p o s i t i o n d o e s  n o t  seem t o  b e  s t r i c t l y  r e q u i r e d  
( e . g .  1 4 / ) .  On t h e  o t h e r  h a n d , i t  h a s  t o  b e  em p h a s i z e d  t h a t  t h i s  w o r k  
d e a l s  o n l y  w i t h  t h e  c e n t r a l H a n d  H e  b u r n i ng e v o l u t i o n a ry p h a s e s . T h e  
f u r t h e r  e v o l u t i o n o f  t h e  c o n s i d e r e d  s t a r s , wh i c h c o u l d  p o s s i b l y e n d  ( a t  
l e a s t  f o r  s o m e  o f  t h em )  w i t h  a s u p e r n o v a  e x p l o s i o n ,  m i g h t  b r i n g i t s s h a r e  
o f  i s o t o p i c  a n oma l i e s a n d  o f  s h o r t- l i v e d  r a d i o n u c l i d e s . W e  h o p e  t o  b e  
a b l e  t o  p r o v i d e i n f o rm a t i o n o n  t h i s  i m p o r t a n t  q u e s t i o n i n  a n e a r  f u t u r e . 



MORE ABOUT NUCLEOCOSMOCHRONOLOGY 3 7 1  

T h e  work p r e s e n t e d  i n  t h i s  p a p e r  has  been  p e r f o r m e d  w i t h i n  t h e  Co l l a b o r a 
t i o n o n  t h e  e v o l u t i o n o f  m a s s i v e s t a r s  i n v o l v i ng t h e  I n s t i t u t  d ' As t r o n o
m i e  e t  d ' As t r o p h y s i q u e  o f  t h e  Un i v e r s i t e  L i b r e  d e  Br u x e l l e s , CEN Sa c l a y ,  
a n d  t h e  As t r o p hy s i s c b  I n s t i t u u t  o f  t h e  Vr i j e Un i v e r s i t e i t B r u s s e l .  T h e  
Co l l a b o r a t i o n i s  s u p p o r t e d  by t h e  Be l g i a n  Fu n d  o f  J o i n t  Fu n d am e n t a l 
Re s e a r c h  ( FRFC ) u n d e r  C o n t r a c t  N r . 2 . 9002 . 82 .  M .  A r n o u l d  i s  C b e r c b e u r  
Qu a l i f i e  F . N . R . S .  ( Be l g i um )  
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CHRONOMETER STUDIES WITH INITIAL GALACTIC ENRICHMENT 

F . -K. Thielemann* and J.W.  Truran 
Depar tment of Astronomy , University of Il linois , 
10 1 1  W. Springfield Avenue , Urbana , IL 6 1 80 1 ,  USA 

ABSTRACT. The long-lived actinide chronometers 232Th/ 238u and 
23 5u/238u have been used to determine the galactic age.  Emphasis i s  
put o n  constraints for the nucleosynthesis product ion funct ion from 
galactic evolution models and astronomical observation. The shor t
lived pairs 1 29I;l 27 I and 244Pu/ 238u were not included , because of  
large uncertaint ies in the meteoritic ratios of the f ir s t  and the r
process production ratios of the latter. The r esults are strongly 
dependent on the amount of  initial enrichment and vary between 1 2 . 6 
and 24 . 6 billion year s .  The inclusion of the 187Re/ 187 os pair within 
the same framework shows the exis tence of consistent solut ions , but 
the intrinsic uncertainties in the Re/Os pair cannot lead to a more 
precise age determination. Thus , at present ,  nucleoco smochronology 
cannot provide smaller uncer tainties than the analysis  of globular 
clus ter ages or determinat ions of the Hubble constan t .  

1 .  INTRODUCTION 

Var ious at tempts have been made in the past to determine the age of 
the Galaxy from considerations of nucleoco smochronology , wi th par
t icular emphasis  on long-lived nuclei like 187Re ( t 1 ;2=4. 5x l o l 0y ) , 
238u (4 . 46x l 09y) , 232Th ( l . 40Sx l09y) , and 235u ( 7 .0 3x l08y) . Nuclei  
wi th shorter hal f-l ives like 244pu ( 8 . 26x l 0 7y) and 1 29I ( l . 5 7xl0 7y )  
have been used to obtain informat ion about last nucleosynthesis events 
before the formation of the solar system. All of the above mentioned 
nuclei are products  of r ( rapid neutron capture) -process nucleosynthe
sis .  

These studies were per formed either wi th an exponential model , which 
assumes that the t ime dependence of the nucleosynthesis  production 

*On leave from Max-Planck-Inst itut fur Physik und As trophysik, 
Garching b .  Munchen ,  FRG 
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follows an exponential behavior (Fowler ,  Hoyle 1969 ;  Truran and 
Cameron 1 97 1 ;  Fowler 1 9 7 2 , 1 9 78 ) , or with a so-called model-indepen
dent approach (Schramm, Wasserburg 1 97 0 ;  for a more recent review see 
Symbalisty and Schramm 1 98 1 ) .  The latter treatment determines only 
the mean ages of the elements ,  but the interpretation in terms of  a 
total age of the Galaxy is  again model dependent ( Tinsley 1 97 7 ,  1 980 ; 
Meyer 1 986) . 

This  means that , besides the necessity of knowing both product ion 
ratios of various iso topes in nucleosynthetic processes and their 
abundance ratios at the formation of  the solar system (meteori t ic 
values ) , the t ime dependence of galactic nucleosynthesis  also has to 
be known . This led Tinsley ( 1 980) among others to the conclusion that 
there is a large uncertainty in any age estimate of  the Galaxy , 
derived from nucleochronology . An attempt to per form a consistent 
galactic evolution and chronology study has recently been undertaken 
by Yoko i ,  Takahashi , Arnould( l 980 ; see also Truran and Cameron 1 97 1 ) .  
Uncertainties associated with the 187os/ 187Re chronometric  pair unfor
tunately did not allow them to reach preci se conclusions (Arnould ,  
Takahashi , Yokoi 1984 ) . 

We therefore continue to util ize the method of a model ansatz which 
allows us to determine the free parameters in the model .  This has 
been performed again with the use of an exponent ial model , but with 
the consistent inclusion of the 187os/ 1 87Re pair together with the 
other r-process chronometer s .  Such an att empt had not previous ly been 
undertaken. In addi t ion , we consider the possibility of an init ial 
enrichment of metals ,  which is  incorporated in many galactic evolut ion 
models to account for pre-disk populations of  stars (Pop II and Pop 
III ) . It i s  of special interest to determine whe ther such an init ial 
enrichment can reduce the relatively large ages obtained with the 
standard exponential model ,  when the reduced production ratios for 
232Th/238u and 23Su;238u were applied ,  which resulted from the inclu
s ion of �-delayed fission and neutron emission in the prediction of  
r-process production ratios ( Thielemann, Metzinger , Klapdor 1 98 3 ; 
Thielemann 1984) . Those results  ( tG = ( 1 7 . 6  + 4 )  x 1 09y) differed 
s ignifi�antly from earlier determinat ions ( Fowler 1 9 7 8 ,  tG = ( 1 0 . 9  + 
2) x 1 09 y) . 

Before presenting the current model and the results  obtained , we want 
to discuss the relationship between the paramters of  such a model 
ansatz and observational quantities , l ike the star formation rate 
� ( t ) , its t ime dependence ,  the rate of  infall ,  and the rate of  inj ec
t ion of new nucleosynthesis products  into the interstellar gas . Those 
observational quantities should also enable us to put constraints  on 
the results  of cosmochronology studies .  

2 . THE EXPONENTIAL MODEL AND OBSERVATIONAL CONSTRAINTS 

When applying a galactic evolution model with instantaneous recycling , 
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the abundance of nucleus A in the interstellar gas is governed by the 
differential equation ( Tinsley 1 980 or also Thielemann, Met zinger , 
Klapdor 1 983b) 

wi th PA describing the production of  nucleus A due to stellar evolu
t ion and ej ection into the interstellar medium and Y denoting the star 
formation rate (mass of interstellar gas being transformed into star s  
per unit  time) . w i s  given by 

. 
( 2 )  w =- mg/mg + f/mg ( 1 -Zf/Z )  

and for the case of  metal-free infal l ( Zf 0 ) , w describes the rate 
with which gas is  turned into s tar s .  Under the assumptions w = cans t  
and W ( t )  = P0exp( -µt)  the solution is 

µ-w . This leads to 

which is  only dependent on AR or exp( -ARt ) . The latter function has 
the same t ime dependence as �( t )exp(wt ) , under the mentioned assump
t ions .  Therefore i t  is called the "effective nucleosynthesis  rate" 
and cosmochronological s tudies describe its t ime dependence rather 
than the time dependence of  the nucleosynthesis product ion PAP ( t ) . For 
a more general der ivation see Tinsley ( 1 980 ) .  

One o f  the maj or constraints on simplified chronometer studies i s  the 
need to f ind solutions which give a t ime dependence of the effective 
nucleosynthesis  r at e  ( ENR) which i s  in accordance with limits  derived 
from galactic evolution models and astronomical observations .  Thi s  
means that Y ( t )  and w have t o  b e  known . w is  related to the more 
commonly used gas consumption t ime scal e �g by w = 1 /�g · Tinsley 
( 1 97 7 )  gives limits  to the above mentioned quantities -

0 . 1 25 � Y (present )  Nav � 1 and 0 .6 � �g/ 109y � 1 0  

which are updated by an extensive study of Miller and Scale ( 1 97 9 )  to 

The lat ter l imits  are not independent; for a decreasing ¥ ( t ) , �g = 3 x 
1 09 y holds true ( see tables 5 and 10  in Miller and Scale 1 9 7 9 ) .  
Under the following assumptions we can draw conclusions for the t ime 
dependence of  the ENR 
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( 5 )  ENR( tG) = Y ( tG) exp( tG/�g) 
(Y( tG) /Yav) (Yav/W0) exp( tG/�g) 

= (Y ( tG) /Wav) 2 exp( tG/�g) ENR(O ) .  

If we use the extreme l imits of 0 . 18 and 3 x l09y for the ratio o f  
present t o  average star formation rate and the gas consumption t ime 
scale ,  respectively , and a minimum age of the Galaxy of tG = lo lOy ,  we 
f ind that ENR( tG ) /ENR(O)  = 0 . 9 1 .  Such a value indicates an almost  
constant ENR. Miller and Scalo ( 1 979 )  argue that they give extreme 
l imits  for the behavior of the star formation rat e ,  which should be 
rather reduced by a factor of 2.  Taking 0 . 36 instead of 0 . 1 8  for the 
lower l imit for Y( tG ) /Vav results  in ENR( tG ) /ENR(O ) = 3 . 6 3 ; applying a 
galactic age of  1 5  rather than 10  billion years yields 1 9 . 23 .  

As discussed before , the ENR can also be expressed in terms o f  ENR( t )  
= V exp(-ARt ) . The three cases 0 . 9 1 ,  3 . 6 3 ,  and 1 9 . 23 translate into 
val8es for AR of 9 . 6  x lo- 1 2  y- 1 (� O) , -1 . 3  x 10-10 , and 1 . 97 x 
lo-lO . Thus , vanishing or negative values are allowed while pos i t ive  
values are excluded .  This  means we have a constant ENR which was the 
conclusion drawn from a variety of realistic galactic evolution models 
by Hainebach and Schramm ( 1 977 ) ,  or even a rising ENR. 

3 . GENERALIZATION OF THE EXPONENTIAL MODEL WITH INITIAL ENRICHMENT 

The original form of the exponential model of galactic nucleosynthesis 
( Fowler 1 9 7 2 ) , contained four parameter s : � ( duration of  galacti c  
nucleosynthesis) ; AR ( coefficient governing the time dependence of  the 
effective nucleosynthesis rate Y( t )exp( t /�g) ,  with V being the star 
formation rate and �g the gas consumption t ime scale ) ; S� ( contribu
t ion of a final spike o f  nucleosynthesi s ,  i . e .  the last passage 
through a spiral arm) ; and o ( free decay period before the formation 
of  meteorites in the solar system) . Solving the chronometer equations 
with such a model ansatz for the most recent chronometric product ion 
ratios and meteoritic abundance ratios resulted in relatively large 
galactic ages (Thielemann , Metzinger , Klapdor 1983ab; Thielemann 
1 984 ) .  

Many galactic evolution models also include an initial enr ichment of 
metals (Truran and Cameron 1 97 1 ;  see also Tinsley 1 980 and references 
therein) caused by pre-disk populations (Pop II and Pop II I ? ) .  We 
might note that an initial spike in the present context i s  equivalent 
to r-process production on a halo collapse t ime-scale (� 108-109y) 
which is consistent with the fact that metal-poor s tars tend to show 
r-process abundances (Truran 1 980 ; Sneden and Pi lachowski 1 985 ) . The 
question arise s ,  as to whether the inclusion of an init ial enrichment 
can alter these results (Fowler and Meisl  1 985 ) .  Therefore ,  we 
generali ze the exponential model to a form which includes an initial 
spike and we add a chronometric equation for the l87os/ 187 Re pair to 
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be solved consistently with the other equations . For these assump
tions ,  Eq . ( Sa) in Thielemann et al .  ( 1 983b) changes t o  

( 6 )  NA(t.+o ) = �0exp(-wt.)PAf ( t. ,AR, s0 , s6 ,o ;AA) with 
f exp (-AAo )  ( ( 1 -s0-s6) / (AR-AA) 

( exp( -AA6 )-exp(-AR6 ) )  
+ S0/ AR ( 1 -exp( -ARL'. ) )  exp( -AAL'.) 
+ s6/AR ( 1 -exp(-ARL'. ) )  ) • 
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with S0 and St. indicating an initial and a final nucleosynthesis  
spike , respectively , and AA = l /�A = ln2/t 1 / 2  denoting the decay rate 
of  radioactive nucleus A. For t wo nuclei which decay by means of 
entirely independent decay chains , the chronometric equation results 

( 7 )  
NA (t.+o ) PA f (t. ,AR , so , s,.. ,o ;AA) 
NB (t.+o) = PB f( -,AR, so , st. 

,o ;AB) 

which relates the ( r-process)  production ratios PA/PB and the 
meteoritic  ratios NA(t.+o ) /NB(t.+o ) .  

When a nucleus D (daughter ) is a non-radioactive decay product o f  a 
radioactive nucleus P ( parent) which was produced in the r-process , 
and i t  i s  also not directly produced in the r-process , then the dif
ferential equation Eq . ( 3 )  in Thielemann et  al .  ( 1 983b) changes to  

with the product ion term ApNp (Ap being the decay rate o f  nucleus P) . 
Then Eq . (4a) in Thielemann et  al ( 1 983b) changes to  

( 9 )  N0( t )  = exp(-wt) J6 ApNp( t ' )exp(wt ' )  d t ' t < "" 

and N0(t.+o ) = N0(t.)+Np (6 ) ( 1 -exp(-ApO ) ) .  The result o f  some algebra 
i s  

with 

Here we have included the possibil ity  that the parent nucleus has a 
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different effective decay rate A; in stellar environment s  ( see Yokoi , 
Takahashi , Arnould 1983 for the case of l87Re) during the galactic 
evolution period 0 � t � h. ,  than in the laboratory (\p ) •  The latter 
i s  only applied in the free decay period & .  The chronometric  equation 
then reads 

( 1 2 )  
ND (Mo)  
Np(Mo) 

f (  • •  ;\p ,A;) changes compared to f( • •  ; \ )  in Eq . ( 6 )  by replacing AA 
everywhere with A; ex5ept for the case of  exp (-\Ao) .  Thi s  additional 
equation for 187os/ 18 Re allows us to explore the parameter S0 , which 
describes the init ial enrichment in metals .  

4. R-PROCESS PRODUCTION RATIOS AND METEORITIC ABUNDANCE RATIOS 

4 . 1 Production Rat ios 

The production ratios employed in the present s tudy , will be mostly 
based on recent r-process  calculations which include the important  
effect of �-delayed fission, but a short historical summary i s  given 
in table I ( for more information see table 2 in Thielemann e t  a l .  
1 983b) . 

TABLE I 
Production Ratios 

232Th/238u 235u;238u 244Pu/238u Ref .  

1 . 6 5 1 . 42 0 . 90 Seeger , Fowler , Clayton ( 1 965 ) 
Fowler ( 1 972 )  

1 .  90 1 . 89 0 . 96 Seeger , Schramm ( 1 97 0 )  
1 . 80 1 . 4 2  0 . 90 Fowler ( 1 978 )  
1 . 70 0 . 89 0 . 5 3  Wene , Johans son ( 1 976 )  

1 . 90�8 : � 1 . 50�8 : � 0 . 90�8 : � Symbalisty , Schramm ( 1 98 1 )  

1 . so 1 . 1 0 0 .40 Krumlinde et  al .  ( 1 98 1 )  
1 . 40 1 . 24 0. 1 2  Thielemann e t  al . ( l  983ab) 

The pattern presented above can be understood in the following way . A 
rather "flat" mass  formula ( in terms of nuclear mas s  exces s  as  a 
function of N-Z) , such as the one by Myers and Swiatecky ( 1 967 ) used 
in Seeger and Schramm ( 1 970 ) , yields a relatively flat abundance 
distr ibution. The reason is that , in such a case , neutron separation 
energies of 1 . 5-2 .0  MeV , which determine the location of  the r-proce s s  
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path , occur relatively far from the stability l ine , where very short 
S-decay half-l ives are encountered. Thi s  leads to a " fl a t" ( almo s t  
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constant) abundance distr ibut ion with near ly equal abundances for all 
shor t-lived radioact ive progenitor s . 

ThQse ar� 232Th 236u 240Pu 244Pu 248cm 252cf for 2 3 2Th · 235u 
239pu 243 Am 247 cm �5 l cf �55Fm f�r 23 5u : 238u 242Pu 24bcm fo; • 1 ). • • ' ' 
238u ; and 24qPu , 24 �cm ,  and 252 cf for 244Pu . In the case of equal 
abundances for all progenitor s ,  ratios of 232Th/ 238u = 235u/ 23Bu = 2 
and 244Pu/ 238u = l are expected , close to the values obtained by 
Seeger and Schramm ( 1 97 0 ) . If a " steeper " mass formula is assumed , 
the abundances are more sensit ive to structure effects i n  f3 -decay 
half-lives . In such a case , a sl ight maximum occurs at A = 238-240 .  
This  l e d  to reduced production ratios for 232Th/ 238u and 235ut 238u i n  
the or iginal work of Seeger , Fowler , and Clayton ( 1 965 ) .  Thielemann , 
Me tzinger , Klapdor ( 1 983a) used a relatively "steep" mass formula 
( Hil f , von Groot e ,  Takahashi 1 97 6 )  and the same ef fect was eviden t .  A 
recent overview by Haustein ( 1 984 ) ,  which compares experimental data 
and mass formula pred ict ions , comes to the conclusion that steep mas s  
formulae , like e . g .  Lir an ,  Zeldes ( 1 97 6 ) , are t o  b e  preferred over 
" flat" formulae , e . g .  Myer s ( 1 97 6 ) . The Hilf  et a l .  ( 1 97 6 )  formula i s  
not lis ted i n  this compar ison but behaves close to the one b y  Liran 
and Zeldes ( 1 97 6 ) .  

The addi t ional inclusion o f  f3-delayed fi ssion ( i . e .  fissioning of 
nuclei in excited states after population by f3-decay) cut s down dras
t ically the abundances for A > 238 . This leads to a strong reduct ion 
of heavy progenitor s  and thus r e�uces 232Th/ 238u further and has a 
drast i c  effect on 244Pu/ 238u. The calculations of Krumlinde et al.  
( 1 98 1 )  and Thielemann et  al . ( 1 983 ) ,  both of which incorporate the 
recent ( and only available) fission barr ier predictions by Howard and 
Mtlller ( 1 980 )  give similar predict ions : 1 . 40 < 23 2Th/238u < 1 . 50 ,  1 . 1 0 
< 235u/ 238u < 1 . 2 4 , and 0 . 1 2 < 244Pu/ 238u < o-:-40 .  The largest uncer
t"ainty is in---i44pu/ 238u which-;- however , cha-nges drastically in bo th 
cases in compar ison to the previous value of  0. 90 .  

There are uncer tainties in the fission barr ier and f3 strength function 
predict ions far from stability , without doubt , but the general tenden-
cy descr ibed above , should per s i s t .  

For the 1 29I / 1 27I pai r ,  no theoretical predict ion is necessar y ,  as i t  
is  known from the empiri cal decompos i tion of solar abundances in r
and s-components ( 1 29 I /1 27 I = 1 . 26 ,  Kappeler et al.  1 982 ) .  Because of 
a different chronometric equation in case of the Re/Os pair , no pro
duct ion ratio is involved. 

4 . 2 Meteor itic Abundance Ratios 

All ratios whi ch are given in thi s section are dated back t� the gime 
of meteor ite formation i . e .  �+& .  The best known ratio i s  2 5ut 23 u ,  
a s  i t  is  not affected by chemical fract ionat ion. The value is  0 . 3 1 7  
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(Anders and Ebihara 1982) or 0. 3 1 5  (CamerQn 1 9�j� · For a l iterature 
overview see Anders and Ebihara ( l982 ) . 232Th/ U came down from 2 . 4 8  
( see Symbalisty and Schramm 1 98 1 )  to present values 2 . 3 2  (Anders and 
Ebihara 1 982) or 2. 22 (Cameron 1 982) . This  reduction balances 
somewhat the reduction in production ratios .  

244Pu/238u , which can at  present only be  determined from decay 
products of  244Pu , has undergone drastic changes :  0 .035 (Wasserburg et  
a l .  1 969) , 0. 0 1 5  (Podosek 1972) ,  0. 0 1 6  (Drozd et al .  1 97 7 ) ,  0 . 0068 + 
0 . 00 1 9  (Hudson et al .  1984 ) .  This reduction i n  meteoritic  ratios 
again balances , in par t ,  the strong reduction in the product ion 
ratios , when �-delayed fission is included. 1 29I/ 1 2 7I seems to be a 
weak chronometer , as the shor t 1 29I half-life made i t  even vary over 
the condensation period of meteorites and only l imits can be given : 
0 . 9 x 10-4 < 1 29I; 1 27I < 2 . 3 x 1 0-4 (Jordan et  al .  1980 ) . These l imit 
were slightly reduced b°Y Crabb , Lewis , Ander s  ( 1 982)  to 1 . 09 x 1 0-4 
and 1 . 60 x 1 0-4 , respectively . 

In the case of the l87os/ 1 8 7Re pair , l87Re is  produced primari ly in 
the r-process . 187os is produced both in the s-process and by �-decay 
o f  the unstable 187Re . In the framework of the chronometric equation , 
g iven in section 2 , the value of ( 1 8 7os/ 187Re)!+o has to be deter
mined ,  i . e .  the pure r-component at the t ime of meteorite formation . 
This involves the knowledge of the 1 87Re half-life for backdating and 
the subtraction of the 187os s-component to derive the " co smoradi o
genic" 1 87os . 

( 1 3) 
1 87 Os er r = -=-=--1 87 Re 

1 87os (6+o )-F cr(l86 ) /cr ( l 8 7 ) 1 86os cr 
1 8 7  Re (Mo ) 

This  equat ion is or iginally given in Fowler( l 972 ) , the l87os s-com
ponent is  determined by assuming a constant no-curve in the s-process  
and can thus be  expressed by  n( l 8 7 )  = cr( l 86 ) /cr ( l 8 7 )  n( l 86 ) .  An 
additional complication is  the 9 . 7 5  KeV excited state in 1 87os , which 
is thlrmally populated under s-process conditions and causes the stel
lar cr ( 1 87 )  to be different from the laboratory value cr ( 1 87 ) .  
Hershberger e t  al .  ( 1 983 )  calculate a value for the correction factor 
F0 to be 0 . 8 1 -0 . 83 ,  based on inelastic neutron scattering experiments .  
Fowler ( 1 985 ) , arguing by analogy with the 189os ground state ( Browne 
and Berman 1 98 1 ) ,  f inds 0 . 7 1 6. 

The determination of  187os(6+o ) and 1 87Re(6+o ) carries also uncertain
ties stemming from the uncertainty in the very long 1 8 7Re half-l i f e .  
Present compilations vary between t 1 / 2 = 5 x 1 0 1 0  y ( Seelmann-Eggeber t 
et al .  1 9 8 1 )  and 4 . 3 5  x 1 0 10 y (Lederer and Shirley 1 97 8 ) 1· Naldret t 
( 1 984) cites 3 . 5  x 1 01 0  y .  Using a half-life of  4 . 0  x 1 0  0 y ,  an 
F0-value of  0 . 7 1 6 ,  cr(l86) /cr( l87 )=0 .478 (Winters and Macklin 1 982 ) , and 
a meteoritic age of  4 . 5 5  x 1 09 y ,  we find r=0 . 1 44 with the abundances 
of Cameron ( 1 982) and Anders and Ebihara ( 1 982) . A recommended change 
in the elemental Os/Re ratio from 1 4 . 1 4  to 1 2 . 7 (Anders 1 984 )  changes 
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r to 0 . 1 22. When using Fa = 0 . 82 ( see Winters and Mackl in 1 982 and 
also Wooslet and Fowler 1 97 9 ) , r = 0. 1 07 resul t s .  A longer half-life 
of  4 . 5  x 1 0  0 y changes the two latter numbers into 0 . 1 3 1 and 0 . 1 1 6 , 
respectively. Taking all these facts  into accoun t ,  an uncertainty 
range of  0 . 10 .s_ r .s_ 0 . 1 5  seems not to be unreasonable. 

Arnould at al. ( 1 984 ; see also the numerical resul ts  of  Truran and 
Iben 1 97 7 ;  Cosner , Iben ,  Truran 1 980 ; and Cosner 1 98 1 )  g ive argument s 
th1t a pulsed s-process could also give an s-process contr ibution for 
l 8  Re and express this in terms of  an effective F = FsFa • It should 
be noted that the mean age inferred from Re-Os by the "model-indepen
dent" approach is not strongly sensitive to the s-process product ion 
of 1 8 7Re . 

5 .  RESULTS 

When utili zing the r-process production ratios and meteor i t ic abun
dance ratios as given in sect ion 4 in the context of the exponential  
model whi ch was outlined in  sect ion 3 , we obtained results  for the 
t ime of nucleosynthesis  in the Galaxy , pr ior to the formation of the 
solar system,  in the range 8 x 1 09 y .s_ /'i .s_ 1 5 x 1 09 y .  Add ing the 
free decay period & and the age of the meteorites , thi s gives galactic  
ages from 1 2 . 6 to  1 9 . 6 billion year s .  Be sides the fact that such a 
range is  not very sati sfying, the assumption of a final spike intro
duces also a number of uncertaint ies . 

First of all , we do not know i f  there is  precisely one f inal spike , or 
rather a number of  irregularit ies in the time dependence of  the 
nucleosynthesis product ion close to the formation of the solar system 
(Reeves 1 97 9 ,  Clayton 1983) .  Besides thi s ,  the size of  the required 
final spike i s  completely controlled by the 1 29I/ 1 27I chronometer , 
because of  the shor t 1 29I half-life ( t 1 / 2 = 1 . 5 7 x 1 07 y) . The 
244Pu/ 238u chronometer i s  also mos t ly determined C4 the f inal sp�ke ; 
but because of  the slightly longer half-life of  2 Pu (8 . 26 x 1 0  S) ,  
it i s  also sensitive to nucleosynthesis occurring over the last 1 0  y 
before the contr ibution of a final spike. Unfortunate ly both chrono
meters involve large uncer taintie s .  The iodine pair shows a large 
uncer tainty range in the meteoritic abundance ratio ,  while 244Pu , 
being very sensitive to var iations in fission barr ier heights ,  is  
quite uncertain in  its  production ratio ( see sect ion 4 ) .  This  assures 
that the use of these chronometric pairs introduces a large uncertain
ty in the time dependence of  the nucleosynthesis product ion. If one 
of them f ixes the s i ze of the final spike , the other can enforce a too 
strongly decreasing or increasing production term in the exponential 
model , i . e .  enforce an incorrect behavior of AR , which has a strong 
influence on the more impor tant quantity  !'i ,  the main aim of our study . 
Therefore ,  we will proceed to concentrate on the three long-l ived 
chronometric pairs  to determine the long-term behavior in galactic  
nucleosynthesis .  
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5 . 1 Models with S0 ,AR , and � 

Since we have chosen to drop the two short-l ived chronometers 1 29I and 
244pu which are sensi t ive to the final spike S� and the free decay 
period o, those two parameters can also be omitted in our analysis .  
This  leaves us with S0 , AR• and � .  At first we only want to consider 
232Th/238u and 235u/238u. Having only two chronometric equations , AR 
will  be used as a free parameter ; this will  allow us to explore the 
possible range in AR• derived from astronomical observations ( see 
section 2 ) .  

Fig. la shows the results  for two case s :  
( a) the product ion ratios are taken from Fowler ( 1 978 )  with values o f  
1 . 80 and 1 . 4 2  for 232Th/238u and 235u;238u , respect ively (see Table 
I ) , and 
( b) the corresponding values 1 . 40 and 1 . 24 from Thielemann et  al.  
( 1 983) are used . 

Solutions are displayed as function of  AR' while its  absolute value is  
also given in  the middle frame on  a logarithmic scal e ,  to enable a 
better reading. The S0-frame contains only values with S0 i_ 0 . 35 ,  
i . e .  less than 35% initial metal enrichment .  The oldest  disk popula
t ions show 10-30% of the solar metal content , therefore larger values 
of S0 are excluded on the basis  of observations .  

Solutions with S0  = 0 and the production ratios of 1 . 80 and 1 . 4 2  give 
a declining effective nucleosynthesis rate (AR > 0 ) , � = 6 . 3  x 109 y ,  
and a galactic age o f  1 0 . 9  x 1 09 y ,  in accordance with the f indings o f  
Fowl er ( 1 978 ) . It may be recognized that the inclusion o f  a non-zero 
initial enrichment even reduces the age further , an effect which was 
expected (Fowler and Meis! 1 985 ) . When applying the more recent 
production ratios 1 . 40 and 1 . 2 4 ,  which resul t  from the inclusion o f  
B-delayed fission, larger ages resul t .  In the vicinity o f  S0 = 0 a 
drastic increase is  noticable .  This strong dependence on  S0 intro
duces a large uncertainty in � and values in the range 1 1  x 1 09 y i_ � i_ 20 x 1 09 y are possible. 

There is one interesting point with regard to the discussion in 
section 2. The old production ratios allow only for a declining 
e ffective nucleosynthesis  rate , somewhat in contrast to astronomical 
observations .  The more recent values give a ( sl ight ly) increasing 
nucleosynthesis rate with -2 x 1 0-10 y-1 � AR i_ - 1 0- 10  y-1 , in 
agreement with the discussion of  section 2 . 

To avoid the danger of overinterpretat ing these results  too much , we 
also performed a further sensi t ivity study with regard to intermediate 
values for both chronometers .  Fig .  lb displays the results  for 
232Th/238u 1 . 50 and 235u; 238u = 1 . 24 and 1 . 3 0 ,  respectively.  First of  
all  we see a reduct ion in � .  now allowing for values between 8 and 1 2  
x 1 09 y .  In addition i t  can be recogni zed that AR i s  mainly deter-
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mined by the 235u/238u ratio. The small change from 1 . 24 to 1 . 30 
shif t s  the funct ion S0 (AR) to the r ight , which means that the t ime 
dependence of the nucelosynthesis  rate is governed by the uranium iso
topes while the Th/U ratio i s  mos t ly responsible for � .  Thi s  also 
means that astronomical evidence alone only supports  the change in the 
235u;238u ratio.  

0 0.20 U) 

232Th/ 23au and 23su; 23Bu 

<?1.0 -0.5 0.5 1.0 

t 
� 10-10 

'" 
..:::__ 

io-ur--+--+--+--t-+-+--+---i 

J? 0.20 

Fig.  1 Using the two chronomatic pairs 232Th/ 238u and 235u;238u , the 
values of � ( duration of galactic nucleosynthesis before formation o f  
the solar system) and S 0  ( initial metal enrichment) are presented as a 
function of  AR, which governs the t ime dependence of  the effective 
nucleosynthesis rate �o exp(-ARt )  = � ( t )exp(wt ) .  The absolute value 
o f  AR is also displayed on a l9garithmic scale. Fig . la shows two 
cases with production ratios 232Th/238u = 1 . 40 and 235u; 238u 1 . 24 or 
1 . 80 and 1 . 4 2 ,  respectively. The latter ratios do not allow for solu
t ions with AR � 0 in the range S0 � 0 . 3 .  Larger values of  S0 result 
in shorter galactic ages .  Fig. lb displays resul t s  for 232Th/ 238u = 
1 . 50 and 235u; 238u = 1 . 24 or 1 . 30. In comparison with Fi� . la i t  i s  
seen that the shift  of  S0 (AR) i s  mostly due to the 235u; 38u ratio. 

5 . 2  Models with the l8 7os/ 1 8 7Re Chronometric Pair 

As discussed in section 3 ,  the additional equation for the 187os/ 1 87Re 
pair allows the determinat ion of  all three remaining parameters and 
could help to find narrower ranges of possible solutions . Unfor
tunately , however , besides the fact of an uncertain stellar half-life , 
the " cosmoradiogenic" Os /Re ratio (r )  also involves relatively large 
uncertainties .  There fore we choose 1 870scr 1 1 8 7Re as a free parameter 
in the range from 0 . 1  to 0 . 1 5  and displ ay � .  AR , and S0 as a funct ion 
of r. This is seen in Fig. 2 where an "effective" hal f-l i fe  of 1 8 7Re 
( averaged over stellar and interstellar environments)  of 4 x iolO y i s  
used. Two solutions are shown , for a 232Th/ 238u ratios of  1 .40 and 
1 . 50 .  While we f ind s imilar resul t s  for � and AR when S0 � 0 .35  is  
considered , the values of the co smoradiogenic Os/Re ratio r differ 
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strongly. From present knowledge in meteori t ic and s-process abun
dances the whole range from 0 . 1  to 0 . 1 5  seems to be possible and the 
hope for stronger conclusions for cosmochronology might not be ful
filled ( see also Arnould ,  Takahashi ,  Yokoi 1984 ) .  It also seems , 
however , that 232Th/ 238u ratios in excess of 1 . 50 cause problems even 
for the present l imits of r ,  i f  one does not allow for shorter 
e ffective half-lives of 1 8 7Re .  

J? 0.20 

\ 
0 ' 
0.10 011 012 0.13 0.14 015 

187OscR;1B7Re 

Fig. 2 f<. jkR I and S0 as 
functions of the cQsmo
rad iogenic 187os/ 1 8 7Re 
rat i o ,  when employing 
23 2Th/ 238u 235u/ 238u 
and 1 8 7os/ l 8 7Re in a 

' 

chronometric study . 
Varying the 232Th/ 238u 
production ratio from 
1 .40 to 1 . 50 results in a 
drastic change of  the 
solution. Within the un
certainties of  
1 8 7os J 1 87Re the 
23 2Th/238u product ion 
ratio seems to have an 
upper l imit close t o  
1 . 5 0 ,  i f  1 87Re has an 
"effective" hal f-li fe o f  
4 x 1 0 1 0  yr during galac
tic nucleosnythesi s .  

This leads to another idea. Suppose we know the amount of  init ial 
enrichment and the Os/Re ratio. Which "effective" half-l i fe of 1 87Re 
would be compatible with those values? Figs .  3a and 3b show the 
results of such test s ,  for a 23 2Th/238u ratio of 1 . 40 and 1 . 50 ,  
respectively . Assumed values of  S0 are 0 . 2  and 0 . 3 or 0 . 1  and 0 . 2 .  
Allowing for the whole uncertainty range o f  r and S0 we f ind value s 
for fhe "effective" Re half-life which roughly range from 2 . 7  to 5 . 5  
x 1 0  0 y .  The evaluation o f  complex models , dealing with a tempera-
ture dependent Re half-life (Yokoi , Arnould ,  Takahashi 1983 ) in terms 
of such an "effective" Re half-life over the period of galactic evo lu
t ion , might provide clues and consistency checks . 

While the present study has shown that all long-lived chronometers 
might give a consistent picture of  galactic evolution, when using the 
production and meteoretic abundance ratios within their uncertainty 
l imit s ,  the hope for a precise age determination is not fulfilled . 
The present study gave results  for /<, in the range from 8 t o  20 x 1 09 
y ,  and thus allowed for galactic ages from 1 2 . 6  to  24 . 6  billion years , 
but even these limi ts might broaden when functional dependences other 
than the present exponential model with its  included extensions , are 
taken into account . 
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Fig . 3 The assumption of a certain value for S0 determines � and AR• 
The upper pal�7shows 1��ich effective 1 8 7Re half-life i s  required as a 
function of  Os I Re ,  to make the 1 87os/ 1 87Re pair consistent 
with such a solutf6n. Fig. 3b shows that a 232Th/ 238u production 
ratio of 1 . 50 requires shorter effective 1 8 7Re hal f-lives ( and also 
results  in smaller galactic ages , as discussed previously) . 

6 .  CONCLUSIONS 

The results  presented in the previous section showed that our present 
knowledge concerning cosmochronology is quite uncertain and allows one 
only to set l imit s  on the age of the Galaxy , which can range from 1 2. 6  
- 24 . 6  billion years .  These uncertainties have several origins 
( a) nuclear physics : propert ies of  nuclei far from stability ( �-decay 
hal f-lives , fission barrier s , mass formulae) . 
( b) meteoritic abundance ratios :  most  chronometer ratios seem to be 
quite well  determined , but especially the back-dating of  the Re/Os 
ratio is highly dependent on uncer tainties associated with the Re 
half-l i fe , s-process contributions , and the stellar neutron capture  
cross section of  1 87Re .  
( c) the interpretat ion relies on a model ansatz for the nucleosynthe
sis production as a funct ion of  t ime. This model ansatz can introduce 
addi tional uncer tainties , as it can deviate substancially from the 
"real" galactic nucleosynthesis history . 

There is  hope , however . Improving galacti c  evolution models 
(Matteucci 1 986) might make a model ansatz obsolet e ,  i f  also (and 
hopefully) the site  of the r-process can be identified. 

In additionA Beer and Macklin( l 985) have succeeded in determining the 
radiogenic L07 pb abundance (result ing from U-decay) . Thus , an 
addit ional and maybe more precise chronometer can be used , similar to 
the Re/Os pair , for age determinations .  

One interesting outcome of  the present study should also be  mentioned . 
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Presently , the new inflationary universe scenario (Guth 1 98 1 ; Linde 
1 984 ;  Steinhardt 1 984) can solve the cosmological hori zon problem and 
explain the large scale homogeniety of the observable universe.  In 
case of a vanishing cosmological constant (vacuum energy in the early  
universe) , this scenario predicts Q = 1 ,  i . e .  a closed universe .  Under 
those conditions the age of the univer se is  tu = 2/3H�l , an  upper 
bound for tG , the age of the Galaxy . With a Hubble  constant of SO + 7 
km s-1 Mp-1 ( Sandage and Tammann 1984 ) , this gives tu = ( 1 3  + 1 . 8 )  x 
1 09 y ;  other evaluations would give even smaller values .  Such an age 
i s  at the very lower edge of the uncer tainty range , derived for galac-
tic ages in the present work.  It is also of interest that such a 
galactic age would be at the low side of  ages determined for globular 
clusters ( 1 4-1 9 )  x 109 y ,  James and Demarque 1 98 3 ;  ( 1 5- 18 )  x 109 y ,  
VandenBerg 1 98 2 ;  ( 17 ± 2) x 1 09 y ,  Sandage 1 98 2 ;  ( 1 4  ± 3 . 5 )  x 1 09 y ,  
Iben and Renzini 1984 ) .  This effect i s  di scussed by Blome and 
Pr iester ( 1 984) and by Fowler and Meis! ( 1 985) in terms of a non
vani shing cosmological constant .  Big Bang nucleosynthesis requires  Q 
< 0 . 1 4-0. 1 8  ( Steigman 1 986) and seems also to allow for such a conclu
'Sion ( see also Turner , Steigman , and Krauss 1 984 ) .  But in order to  
give a clear answer , cosmochronology has to come up with much more 
precise age predictions of galactic nucleosynthesis . 

We want to thank W.A. Fowler ,  whose interest and suggestions init iated 
the present study, and w. Priester , for pointing out the cosmological 
implications.  This  study was supported in part by NSF Grant AST 83-
1 44 1 5 . 
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ABSTRACT . When taking into acc ount nuclear s truc ture ef
fects  in �-decay prop ertie s  of neutron-rich S to K i s o tope s ,  
neutron expo sures s imilar t o  tho s e  o c curring in explos ive 
He-burning c an explain the s olar abundanc e ratio 48Ca/46Ca 
as well as the correlated Ca-Ti i s o topic anomalies obs erved 
in the EK-1-4-1 Allende inclusion,  as suming both to be the 
result of the same nucleosynthes i s  pro c e s s . 

1 .  INTRODUCTION 

Progress in nuc lear astrophysi c s  is intimately related to 
continued experimental and theoretical efforts in nuclear 
physic s . For example ,  the fac t that up to now no astrophy
sical c alculation in whatever nucleosynthetic environment 
was able to reprodu c e  the solar 46 , 4Bca abundanc es [ l ]  or 
the correlated Ca-Ti iso topic anomalies obs erved in inclu
sions of the Allende meteorite [ 2 , 3 ] ,  may - at leas t  part
ly - be due to the poor knowledge of the relevant nuclear 
physi c s  data for n-rich iso topes around 48ca.  Therefore , we 
have inves tigated the influ enc e of nuclear s truc ture pro
perties  of short-lived S to K nuclides on the produc tion of 
their Ca-Ti �-decay daughters in as trophysical n-capture 
pro c e s s e s . 

While the lighter Ca i s o topes up to A=44 are suggested 
to be pro du c e d  by explo sive 0- and Si-burning [ 4 , 5 ] with 
poss ible s-pro c e s s  c ontributions [ 6 ] ,  the rare heavy iso
topes 46 , 4Bc a are probably the result o f  a different , inde
pendent nucleo synthesis pro c es s .  The burning pro ducts  of 
this pro c e s s  may then later be mixed into presolar material 
to form the obs erved solar abundanc e s , or - if remaining 
unmixed - may show up as premordial meteoritic inc lusions 
with the original i s o topic abundanc e compo s i tion which may 
be different from the solar one . 
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2 .  THE 48 , 49c a ( n , y ) CROSS SECTIONS AND THE n�-PROCESS 

Among the numerous at tempts to identify the exo tic origin 
of the heavy Ca-Ti i s o topes , the mo s t  su c c e ssful is that o f  
Sandler , Ko onin and Fowler ( hereafter referred t o  a s  SKF 
[ 7 ] ) .  The au thors suggest that the s e  i s o topes c ould be pro
duc e d  in a high n-density environment of  l0-7mol/cm3 with a 
n-expo sure time o f  103 s ,  in which both n-c apture and �-de
c ay are effec tive ( n�-pro c e s s ) .  Assuming the initial abun
danc es to be s olar and applying s tatistical Hau s er-Fe shbach 
( HF )  n-c apture cro s s  se c ti ons [ 8 ] ,  SKF c alculate a 48ca/46ca 
abundanc e ratio o f  21 . 5 , which is only a fac tor 2 . 5  smaller 
than the obs erved solar valu e of  5 3±11 [ l ] . Apart from thi s  
suc c e s s , however , the predic t ed anomalies f o r  46 ca and 49Ti 
are too large c ompared to tho s e  in the Allende EK-1-4-1 in
clusion [ 2 , 3 ] .  In order to reduce  the abundanc e s  of  the s e  
two i s o to pes , SKF propo s e  - using s traightforward shell mo
del arguments - a low-lying s-wave resonanc e in 4 6 K ( n , y ) 
and 49ca ( n , y ) ,  respec tively , which would enhanc e the global 
HF-rates  by a fac tor of 10 . Thi s would increas e c onsiderab
ly the depletion of the above progeni tors of 46ca and 49Ti . 

In the case of 49c a ( n , y ) ,  indeed , such an s-wave n-c ap
ture resonanc e was obs erved experimentally in the ' invers e 
reac tion'  to n-absorption , i . e .  �-delayed neu tron ( �dn ) 

50 Jn = o -
_, 8 3 ) ( rrd 3/2 vf 7/2 P3'2 

Op= 13 .9 MeV 

E * [MeV] 

Figure 1 .  Princ ipal charac teri s ti c s  of � dn-decay of 5 0K.  
The JTI=l s tate at  6 . 5 2 MeV in 50ca may have the properti e s  
of the s-wave n-c apture s tate required b y  SKF [ 7 ] . 
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emission of 740-ms 50K [ 9 ] .  As is  indic ated in Fig . 1 ,  the 
c orresponding JTI= 1- stat e in the c ompound nucleu s ( CN )  
50ca l i e s  1 5 5  keV above the reac tion threshold Bn and has 
the suggested partic le-hole struc ture , which may result in 
the require d large El radiation width o f  1/10 Weisskopf 
uni t [ 7 ] . However , subs equ ent me asurements of the partial 
de cay widths o f  thi s state o f  r�! 5 . 4 keV and ry�3 0 eV [ 10 ]  
have pu t cons traints o n  the Breit-Wigner ( BW)  res onanc e 
n-c apture rate . I t  wi ll be smaller than the HF-rat e for 
temperatures of T9< 0 . 5 ,  but may be enhanc ed up to a fac tor 
six over the s tatistical cro s s  s e c tion for Tg�l . O . Never
theless , this is no t suffic i ent to support the explanation 
of the meteori tic 49Ti abundanc e suggested by SKF [ 7 ]  and 
to acc ount for the remaining discrepancy in the solar abun
danc e ratio o f  48ca/46 ca.  

Ano ther pos sible interpretation for the high 4Bca/46 ca 
abundanc e ratio  and the relatively low 49Ti abundanc e in 
EK-1-4-1 may be a non-stati stic al behaviour of  n-c apture on 
the s e  two nuc lides du e to the low l evel densities in the 
respec tive CNs . In an n�-pro c e s s-like environment , su c c es
s ive n-c apture in the Ca chain would allow to bridge to 
48ca acro s s  the uns table i s o topes 4 5 , 47c a .  As suming then a 
substabtially decreased ( n , r ) -rate for the doubly-magic 
48ca below the HF- es timat e 8 ] would redu c e  its ' de struc
tion' and thu s enhanc e the Bea abundanc e .  Wi th this , also 
the overflow of 49Ti would be redu c e d .  In an attempt to de
termine the n-c apture rate of  4Bc a ,  we have inves tigat ed 
� dn-de cay of 1 . 2 6-s 49K [ 12 ] .  This decay mo de will - du e to 
the GT s ele c tion rules  - only populate s- and d-wave n-emit
ting s tat e s  in the CN 49ca which will , however , c ontain the 
maj o r  c omponents of the ' invers e '  48ca n-res onanc e c apture . 
Our data are remarkable in that no low-energy s- and d-wave 
resonanc e s  were obs erved in the � dn-spec trum o f  49K.  Where
as the lack of ln=2  neu trons below about 150 keV is  du e to 
their small de cay widths ( fn< ry ) ,  the abs enc e of ln=O neu
trons up to  about 1 MeV c an only be unders to o d  in terms of  
the s pe cific  particl e-hole s truc ture of  49ca [ 12 , 13 ] . With 
this , the BW resonanc e rate is es timated to be only N 2 5  µb 
c ompared to the HF-rate o f  1 . 1  mb [ 8 ] ,  apparently support
ing the above speculation about a low ( n , y ) -cro s s  sec tion 
for 48ca. However , a rec ent determination of  the the total 
n-c apture rate o f  48ca yi elded 0 . 9 5 mb [ 14 ] ,  sugges ting 
that in this c as e  dire c t  radiative c apture mu st  be the do
minant reac tion mechani sm , whi ch - more or  less fortui
tou sly - re s embles  the stati stic al HF-rate 1 8 ] .  

Nevertheless , thes e  results on the 48 , 49c a ( n , y ) cross 
s e c tions exc lude a straightforward explanation o f  the abun
danc e rat i o s  48ca/46ca and 49Ti/ 50Ti via steady-s tate c ap
ture reacti ons . Henc e ,  alternative interpretations o f  the 
above i s o topic anomalies  have to be found , wi thout specula
tion of  unknown resonanc es . 
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3 .  BDN-DECAY OF SHORT-LIVED S TO K ISOTOPES 

Initiated by the unexpec tedly high �dn-emis sion probability 
o f  Pn=86 % for 49K [ 12 ] ,  we have inves tigated poss ible im
plications of this decay mode on the final Ca-Ti iso topic 
abundanc e s .  The idea behind thi s  attempt i s  the following : 
Assuming the nucleo synthesis path around A=48 to lie in the 
K chain with considerable produc tion o f  49K,  � dn-emi ss i on 
from this precursor will predominantly ( by 86 %)  form 48ca , 
whereas 49Ti will only be populated weakly ( by 14 %) by di
rect �-decay of 49K. This would enhanc e the abundanc e o f  
48ca and - a t  the s ame time - redu c e  the 49Ti abundanc e .  
Similarly , one may speculate that the low 46ca abundanc e 
could be due to �dn-emis sion o f  i t s  A=46 progenitors . 

In the A=48 mass region, experimental Pn-value s  exi s t  
only for K precursors [ 12 ] ,  their a priori unexpec ted vari
ations in the �dn-branching ratios  ( e . g . 48K :  1 . 1 %, 49K :  
86 %)  being due to the specific shell s truc ture o f  the re
spec tive Ca  emitters [ 12 , 13 ] .  Sinc e the commonly u sed sta-
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Figure 2 .  GT s trength func tions of 44-46s and 47-49Ar c al
culated with the RPA shell model o f  [ 16 ] .  The influenc e o f  
nuclear s truc ture o n  the �dn-decay i s  reflected b y  the Pn 
ratio RPA/Gro ss  Theory.  
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tistical ' Gro s s  Theory ' [ 1 5 ] fails  badly to reprodu c e  the s e  
Pn-value s  ( e . g .  48K : 0 . 17 %,  49K :  8 . 9 %J , we have u s e d  the 
rec ent RPA shell model o f  [ 16 ] to derive theoreti c al � dn
branching ratio s for S to  Ca precursors from the respec tive 
model Gamow-Teller ( GT )  s trength func tions . Sinc e the s e  c al
culations were Quite  su c c e ssful in reproducing the known K 
P -valu e s  ( e . g .  48K : o . 6 5 % ,  49 K :  9 5 %) , we beli eve that 
tRe predic ted variations in the Pn-valu e s  of neighbouring 
S to Ar precursors are reliable , to o .  Again,  the s e  variati
ons dire ctly refle c t  the rapid changes in the s truc ture of 
the respective GT s trength func tions in this mas s regi on. 
As examP.; e s , in Fig . 2 the shell mo del strength func ti ons 
for 44-� S and 47-49Ar are shown ; and a c ompari son of  the 
RPA with the ' Gro s s  The ory ' Pn-valu e s  i s  inc lu ded in order 
to demons trat e the influenc e of nuc l e ar s truc ture on � dn
decay o f  the s e  i s o tope s . 

4 . BDN-DECAY AND NEUTRON CAPTURE MODELS 

The ne twork c alculations o f  SKF [ 7 ]  do no t inc lude � dn-emis
sion; bu t at the as sumed n-density o f  l0-7mo l/cm3 the n�
pro c e s s  path lies  rather c l o s e  to the �-s tability line ( se e  
Fig . 3 ) ,  so  that i n  thi s mo del � dn-branching anyhow will no t 
c au s e  substantial changes in the re sidual iso topic abundan
c e s . For example , in the n�-proc e s s  only 4 % of  the 48ca pro
duc tion originates from 49K �dn-decay ,  and 46 s or 46c1 as 
po s s ible progenitors of  46ca are no t reached at all . 

UfJ > Bn 

CD "" II 
::z: 

Fi�ure 3 . Reac tion paths in the n�-proc e s s  [ 7 ]  ( dashed li
ne and in our n-proc e s s  at tempt for a neutron dens i ty of  
6 · 10- ?mo l/cm3 ( s olid line ) .  The n-proc e s s  path lies signifi
c antly beyond the ( Q�-Bn ) line where � dn-decay i s  po s sible . 
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At higher n-densiti e s , however , the nucleosynthesis path 
will be shifted far-off s tability , where the decay mode of 
�dn-emis sion may play a significant ro le in altering the 
decay back to the stability line after fre e ze out . Such an 
as trophysi c al sc enario may be explo s ive He-burning ( n-pro
c es s )  [ 17 , 18 ] , which may be as soc iated with a supernova 
shock-front in the He-burning shell of a mas s ive presuper
nova star .  With n-densities of lo- 5 -10- 3mol/cm3 at short 
time-scal e s  of � l  s ,  fas t n-c apture will  shift the pro c e s s  
path t o  far-unstable i s o topes with �-de c ay half-lives o f  
� l  s .  A s  an example ,  the s o lid line i n  Fig . 3 shows the li
kely n-proc e s s  path for a ' typical ' n-density of 6 · 10- 5mol/  
/cm 3 . Starting from solar abundanc es , we have c alculated 
the bui ld-up of i s o topic abundanc e dis tributions of short 
lived S to  Ti nuclei as a func tion of n-expo sure by u sing 
HF-rates  [ 11 ]  and the simplification of treating subsequ ent 
n-capture for each element s eparately ( s ee  Fig .  4 ) , with
out c onsidering compe ting �-decay and ( y , n ) -reac tions . This 
simplific ation is justified to a goo d  approximation for 
n-pro c e s s  condi tions . 

From the calculated abundanc e dis tributions at fre eze  
out , ( a ) without and ( b )  with additional c orrec tions for 
es timated effects from �-decay of the shortes t-lived mem
bers of each Z-chain during n-expo sure , the decay back to 
the s tability line was determined by taking into ac c ount 
� dn-branching . In this sc enario , 48ca will predominantly be 
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Figure 4 .  Abundanc e dis tribu tions of Ar ( left ) and Ca iso
top5s (right ) as a func tion o f  n-expo sure in uni ts of 
10- mol · cm3 s .  The initial abundanc e s  are so lar ones [ l ] . 
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formed by 48Ar ( �- ) 48 K ( �- ) 4B ca and by 49Ar ( �- ) 49K ( �-n ) 4Bca,  
bo th Ar i s o topic abundanc es peaking at n-exposures o f  4-6 · 
· 10- 5mol · cm- 3 s ( s ee  Fig . 4 ) .  Jus t  at thes e  n-exposures , 
where the produc tion o f  the 48ca progeni tors is large ly en
hanc ed , the formation o f  the 46 ca  progenitors , 46 , 4·rc1  and 
46 , 47Ar , shows a minimum . For thes e  conditions , the final 
abundanc e rati o  of 48c a/ 46ca is c alculated to be in the 
range 40-6 6 , which i s  in exc ellent agreement with the ob
s erved s o lar abundanc e ratio of 5 3±11 [ l ] . 

In order to derive meteoriti c  Ca-Ti abundanc es , the 
resulting n-proc ess  abundanc es  at different n-exposures 
were mixed into so lar material , as done by SKF [ 7 ] . From 
these  mixed abundanc es , i s o topic anomalies o ,  as defined in 
[ 2 , 3 ] ,  were derived . Fig .  5 c ompares the results from our 
approach wi th tho se  from the n�-pro c e s s  [ 7 ]  and the obs er
ved Ca-Ti anomalies  in the EK-1-4-1 Allende inc lusion [ 2 , 3 ] .  
At a n-expo sure o f  abou t 7 · lo- 5mo l · cm- 3 s ,  optimum overall 
agreement for the i s o topic anomali es c an be derived ,  inclu
ding the two ' problem-nu c lei ' of the n�-pro c e s s , 46ca and 
49 Ti . With particular regard to the latter two nuclides , 
�dn-emi ssion from the progenitors 46 , 47c1 , respec tively 

This work 
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Figure 5 .  Comparison of the Ca-Ti i s o topic anomalies  pre
dicted  by the n�-proc ess [ 7 ]  ( @ with HF-rates for all nuc
lei , and (5) with rates increased by a fac tor of 10 for  46K 
and 49c a )  wi th our c alculations ( @ �i thout ,  and @ with 
es timate d  c ompetition o f  �-decay o f  4 Ca progenitors during 
n-expo sure ) and with the obs erved anomalies in EK-1-4-1 [ 2 , 3 ] .  
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49 , 50K ,  obviously explains the low i s o topic abundanc e s  o f  
46ca and 49Ti i n  the EK-1-4-1 Allende inclusion.  

5 .  SUMMARY 

We have demons trated, that with only s lighly different n-ex
po sures the s ame nuc leo synthesis pro c e s s  may yield both the 
correct so lar 48ca/46ca abundanc e ratio and the meteoritic 
Ca-Ti iso topic anomalies  of EK-1-4-1 without speculation of 
unknown n-c apture resonanc es . Ins tead , the inc lusion o f  nuc
lear s truc ture effects in the �-de c ay properties o f  n-rich 
S to K i s o topes into high-density n-c apture models s e ems to 
be the nuclear phys i c s  c lue to a s o lution of the s e  astrophy
sical problems . A more Quantitative c onfirmation o f  our 
ideas by c omplete network c alculations is in progres s . 
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THE SCREEN I NG OF PHOTODIS I NTEGRATION REACT IONS 

ABSTRACT 
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We c a l c u l ate the r ates of photod i s i ntegrat i on react i ons  i n  a strong l y  
coupl ed p l asm a for the non-resonant and reson ant c ases . The screen i ng 
produces a d ecre ase of the Coul omb b arr i er between two i nteract i ng 
n uc l ei toget her wi th  an i ncrease of the energy thresho l d  of the reac
t i on .  We show t h at these two effects near l y  c ancel out so that the pho
tod i s i ntegr at i on r ates d i ffer l i tt l e  from their  v al ues in a d i l ute 
med i um .  Some astrophys i c al consequences of th i s resu l t  are b r i ef l y  d i s
cussed i n  conc l u s i on . 

1 .  I NTRODUCT ION 

Photod i s i ntegrat i on react i ons  become import ant d ur i ng neon burni ng when 
2 0Ne i s  d i s i ntegrated i nto 160+ 4He at temper at ures as h i g h  as T�109K .  
At st i l l  h i gher temper atures , dur i ng s i l i con  burn i ng photod i s i ntegrat i on 
react i ons  contr i b ute to the rearrangement of n uc l ei toward nucl e ar st a
t i st i c al equ i l i b r i um .  The phys i c al par ameters of the pl asm a often cor
respond to the strong or i ntermed i ate screen i ng regime 

Z iZ 2e 2 
r = _ __ :> 1 

kT a 1 2  
( 1 )  

where Z 1 and z 2 are the charges of the two i nter act i ng n uc l e i ; T i s  the  
temperat ure and a 1 2  the typ i c al i nternuc l ear d i stance . The r ate  of  the 
forward reac t i on i s  t hen enhanced by a l arge f actor as f i rst shown by 
Schat zm an ( 1948 ) and Sal peter ( 1 954 ) ;  ( see al so Sal peter and Van Horn , 
196 9 ;  Gr aboske et al . ,  1973 ; Mi t l er ,  197 7 ,  Itoh et al . ,  197 7 ,  197 9 ;  
A l  ast uey and Jancov i c i , 1978) . The s i t u at i on i s  not s o  c l ear for the 
photod i s i ntegrat i on r ate : wi l l  it be enh anced or not ? Di fferent oppo-
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s i te answers have been g i ven to th i s quest i on i n  the l i terat ure (Weaver 
et al . ,  1984 ; Nomoto ,  1984 ) and the present work  wi 1 1  try to c l ar i fy the 
s i tuat i on .  

2 .  PHOTODI S I NTEGRAT ION REACT IONS THE FORMAL I SM 

Cons i d er the two react i on s , 

f 
1 + 2 � 3 + y 

p 
( 2 )  

where f st ands for forward and p for photod i s i ntegrat i on ,  l ,  2 and 3 
b e i ng the three i nter ac t i ng nuc l ear spec i es .  
The photod i s i ntegrat i on l i fet ime of nuc l eus 3 i s  rel ated to the  react i on 
r ate of the forward react i on by the rec i proc ity  theorem ( B l att and 
Wei ss kopf ,  1952 ) , 

1 ( 3 )  

't3y 

( Fowl er et al . ,  196 7 ) . &1 2  i s  the Kronecker de l ta  funct i on and the Gi 
and Mi are respec t i v e l y  the nuc l ear part i t i on  funct i ons  and masses ;  Q 
i s  the energy thresho l d  of the phod i s i ntegrat i on react i on and <crv> 1 2 the 
rate of the forward react i on per second per pai r of i nteract i ng part i 
c l es ,  

< ov> 1 2  = �1:)}!:_ f "'  cr( E )  E ex p ( - E/kT)  dE  
M 11 " ( kT) 3 12 o 

( 4 )  

where M i s  the red uced mas s ,  E the k i net i c  energy i n  the center of mass 
system and cr( E )  the react i on cross sect i on .  In  a strong l y  coupl ed p l as
ma, due to the screen i ng effects , the potent i al between two i nteract i ng 
n uc l ei i s  not s impl y the pure Coul omb term Z 1 Z 2e2/r but becomes , 

V 1 2 ( r )  = 
Z 1Z 2e2_ - Aµc + w( r )  

r 
( 5 )  

The d i fference Aµc = µ1 c  + µf - µ3c , where µf i s  the cont r i but i on to 
the chem i c al potent i a l of n uc l eus i resu l t i ng from the Co u l omb 

i nterac t i on s .  It produces the ma i n  part of the  enh anc ement f actor , 

AµC EF "' exp (-) 
k T  

wh i c h  i s  the  res u l t  obt a i ned by Sal peter i n  1 954 . 

( 6 )  
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More det a i l ed c al cu l at i ons  i nvo l v e  the effect i v e  potent i al w( r )  wh i c h  i s  
g i v en by n umer i c al Monte-Car l o  s i mu l at i on s .  
Another screen i ng effect con s i sts  i n  a s h i ft of the energy thresho l d  of 
the  react i on ,  

Q = Q O + t.µC 

where Q 0 = t/v1 c 2 . 
We t hen have,  

< <JV> 1 2 = < <JV 1 2> 0 ( l ow den s i ty l im i t )  x EF 

'" < <JV 1 2> 0 x exp (t.µC ) 
k T  

together w i t h  

A.3 a: < <JV> 1 2 x exp (- � ) 
kT  

( 7 )  

( 8 )  

( 9 )  

wh i c h  l eads to a c ancel at i on o f  exp ( t.µC/ kT )  i n  < crv> 1 2 w ith  
exp( - t.µC/kT )  i n  exp ( -Q/ kT )  and g i ves , 

A.3y .. A.3� ( l ow den s i ty l im i t )  ( 10 )  

We conc l ud e  th at the photod i s i ntegrat i on rate i s  not en h anced at l east 
i n  f i rst  approx imat i on .  To go a l i tt l e  further we h ave to d i st i ng u i s h  
b etween non-reson ant  and resonant react i ons . 

3 .  NON-RESONANT REACT IONS 

I n  non-reson ant react i ons  the n uc l e ar cross s ec t i on factor S ( E ) , def i ned 
by 

S ( E )  
cr( E )  = - P ( E )  

E 
( 1 1 )  

where P ( E ) i s  the  b arr i er penetrat i on f actor , v ar i es s l ow ly  w ith  energy. 
Tak i ng S ( E )  .. S ( O )  we get 

( 8 /1t) 1/ 2 

< crv> 1 2 = ----- S ( O ) · g ( rn ) 
M l/ 2( kT )  3/ 2 

( 1 2 )  

where g ( rn ) = { P ( E )  exp ( -E/kT )dE  i s  t h e  v al ue of t h e  pai r correl at i on 
f unct i on at a typ i c al nuc l ear rad i us d i st anc e .  

The enh ancement factor for the forward reac t i on i s  g i ven by,  
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( 1 3 )  

where the correl at i on funct i on g 0 ( r ) corresponds t o  t he l im i t  of very 
l ow dens i ty.  
The prob ab i l i ty of tunne l i ng through the potent i al V 1 2 ( r ) i s  obt a i ned by 
the WKB met hod or by the path i ntegral techn i que . The chem i c al poten
t i al s  µi c and the effect i ve potent i al w( r )  have  been computed by 
Hansen et al . ( 1 977 ) , De Wi tt et al . ( 1 973 ) and Jancov i c i  ( 1 97 7 ) . w( r )  
i s  quadrat i c  for sm al l n uc l e ar separ at i on and then becomes quas i - l i near . 
F i n al ly ,  the enhancement factor yi el d s ,  [ t,.µC 5 3 r 3 ] EF "' exp _ - _ -. (-) 

kT 96 -. 
( 1 4 )  

[3 ( Z 1+Z 2 ) /21 1 / 3 
Here , r = Z 1Z 2e 2/kTa 1 2  w ith  a 1 2 = ______ 1 , n e be i ng the el ec-

4nne 
tron i c  den s i ty and -. = 4 . 25 A 1/ 3( Z 1Z 2) 2/ 3/T 9

1 / 3  where A i s  the redu-
ced atom i c  m ass and T 9 = T/10 9K .  

Th i s  formu l a ( 14 )  obt a i n ed by Al ast uey and Jancov i c i  ( 1 978 )  i s  val i d  for 
3 r/ -. .;; 1 ,  wh i ch i s  fu l l f i l l ed i n  the h i g h  temper at ure p l asm as where pho
tod i s i ntegr at i on react i ons take pl ac e .  Typ i c al r and -. v al ues are i n  the 
r ang e r � 1-5 and -. � 10-100 . The exp ( t,.µC/kT)  term i s  l arge � 2-
100 but c ance l s in  the photod i s i ntegrat i on rate , 

A.3 y "' A.�y x exp [ - �- -. (3r ) 3 ] ( 15 )  
96 't 

wh i ch g i ves A.ry/ A.3y� 0 . 9 -1 .  The photod i s i ntegrat i on rate i s  not en
hanced by the screen i ng effects  ( not i ce that A. 3 -v i s  even sm al l er t h an 0 ' 
A.3y !). 

4 .  RESONANT REACT I ONS 

Photod i s i ntegr at i on react i ons proceed i n  many cases through the reson ant 
state .  In  that case the forward react i on r ate ( per second , per pai r of 
i nter act i ng part i c l es )  i s  

( 1 6 )  
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prov i ded the reson ance i s  sharp  ( e . g . ,  Cl ayton , 1968 ) . r1 2 ( Er ) and 
r3y( Er ) are res pect i ve l y  the  i ng o i ng and outgo i ng channel  wi dths  at 
the  reson ance energy Er and r( Er ) = r1 2 ( Er )+r3y ( Er ) .  
The factor w i s  the st at i st i c al we i ght , w = ( 2 J+l ) / ( ( 2 1 1+1 ) ( 2 1 2+1 ) )  
where J i s  the  reson ance v al ue of the  ang u l ar moment um and 1 1 and 1 2 are 
the nuc l ear sp i n s .  
The reson ance energy i s  s h i fted t o  E ' r = Er-�µc , wh i c h  l eads to 
t he fol l ow i ng ex pres s i on of the enhancement factor of the forward 
react i on , 

r1 2( E  ' r ) r( Er ) 
EF = __.__ ___ _ _  x ex p (  �µC/kT)  ( 1 7 )  

r 1 2 ( Er ) r( E ' r ) 

( Mi t l er ,  1977 ) ,  s i nce  the energy dependence of r3 i s  we ak . 
The factor ex p( �µC/kT)  ag ai n c ancel s out i n  the photod i s i ntegrat i on 
r at e ,  wh i c h  l e ad s  to , 

o r 1 2( E ' r ) r( Er ) 
"-3y = A.3y x ----

r 1 2 ( Er ) r( E  ' r ) 
( 1 8 )  

I f  t h e  part i al wi dth  o f  the i nc i dent channel  i s  a sm al l fr act i on of the 
tot al w i dth , Eq . ( 18)  becomes ,  

o r1 2 ( E ' r ) 
"-3y "' "-3 y ·--

r 1 2 ( Er ) 

Conversel y ,  i f  the i nc i dent channel  i s  dom i n ant , 

0 A.3y .. x.3Y 

( 1 9 )  

( 20 )  

S i nce the  part i al w idth  r 1 2 ( E ) i s  proport i on al to  the  Cou l omb b arr i er 
penetr ab i l i ty ,  

o P ( E ' r ) 
"-3y .. "-3y x --

P (  Er ) 
( 21 )  

for r 1 2 « r3"l. The penetr ab i l i t i es are themsel ves proport i on al to the 
WKB i ntegral s 1 and l '  

P ( E  ) cc l = f tp  --- - E dr 
r [ Z 1 Z 2e 2 ] i / 2 

r o r r 
( 2 2 )  
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P ( E ' r ) a: I ' llµc + w( r )  - Er + llµc ] 1 1 2
dr 

I ( 2 3 )  
- E ' r 

where rtp  i s  the c l as s i c al turn i ng po i nt and w( r )  the  effect i ve poten
t i al . As l ong as r/ ( Er/kT)  ' 0 . 5 ,  rtp belongs  to the quad r at i c  part 

of the effec t i ve potent i al w( r ) /kT = 
_ ( r/ a 1 2 ) 2 

Then , 

P ( E  ) 
a: 

ft p  [ Z 1Z �� 1 
r o 

a 1 2  x 

4 

xt [ z z e 2 1 x 2 ] 1 ; 2 
P (  E ' ) a: f p -

1
-

2
-- (-- + - ) - E dx r o r 

a 1 2  x 4 

( 24 )  

( 2 5 )  

where x = r/ a 1 2 ; xtp� r/ ( Er/kT)  ' 0 . 5 .  The two i ntegral s d i ffer on l y  
by a few percent and ag a i n  A.3/�

y
i s  very c l ose  t o  un i t y .  

5 .  THE CONCENTRAT IONS AT EQU I L I B R I UM 

At equ i l i br i um ,  the forward and reverse reac t i on rates A. 1 2n 1n 2 and 
A.3yn 3 are equal , n i ( i  = 1 , 3 )  bei ng the number den s i ty of nuc l eus i .  
The rec i proc i ty theorem g i ves , 

( 1n 2
) 

= A3y = 
A3y

_ 
n 3 A.1 2  < ov> 1 2  

and , wi th Q qo + t.µC 

n in 2 
(---) o ( l ow dens i ty l im i t )  x exp ( -t.µC/kT )  

n 3 

( 2 6 )  

( 2 7 )  

The equi l i br i um i s  s h i fted to the r i ght s i d e  o f  ( 1 ) , wh i c h  i s  con s i stent 
with the thermodyn am i c al cons i d erat i on .  

6 .  D ISCUSS ION AND CONCLUSION 

We have shown that even in  a strong l y  coupl ed pl asm a ,  photod i s i n
t egrat i on react i ons are not enh anced by the screen i ng effects . The i r  
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r ates are i n  fact s l i ght l y  red uced compared to the l ow den s i ty l im i t , 
'A3y/ 1'.0 3y bei ng i n  the range  0 . 9-1 .  Th i s  m ay be s pec i al l y import ant 
i n  theoret i ca l  st ud i es of the fi n al ev o l ut i on of m ass i ve st ar s  i n  rel a
t i on wi th presupernov a mode l s ( see Woos l ey, 1 985 - t h i s  workshop ) . F i 
n al l y ,  our resu l t  c an al so b e  gener al i zed to react i ons  wi t h  four charged 
part i c l es such  ( p ,  a) - ( a , p ) . It c an be s hown , i n  a s im i l ar way, that 
on l y  one of these two reac t i ons , correspond i ng to the exotherm i c  chan
nel , wi l l  be enh anced . 
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ELECTRON POLAR I ZAT ION I N  NUCLEAR REACT I ONS AT H IGH DENS ITY 

ABSTRACT 

R .  MOCHKOV ITCH 1 and M. HERNANZ 2 

1 I n st i t ut d ' Astrophys i que du CNRS 
98 b i s ,  Bo ul ev ard Ar ag o ,  75014 Par i s ,  Fr ance 2 Departamento de F i s i c a ,  ETSE I B  
Un i vers i d ad Po l i tecn i c a  d e  Cat al un a ,  Barc e l o n a ,  Spa i n  

I n  most c al c u l at i ons  o f  the enh ancement factor of nuc l ear react i ons  at 
h i gh  den s i ty ,  the degener ate el ectrons h ave been treated as a u n i form 
non- po l ar i zed background . In th i s  paper , we check the v al i d i ty of th i s  
ass umpt i on by comput i ng the  correct i on for f i n i te e l ect ron po l ar i z ab i -
1 i ty .  We compare our res u l t w i th  the recent work  of I ch imar u  and Ut s um i  
( 1983 , 1984 ) . We conf i rm t h at pol ar i zat i on effects are i ndeed smal l ,  i n  
agreement wi th  t h e i r  1984 paper . Moreover , we show that the uncert a i nty 
in the m a i n  cont r i b ut i on to the enh ancement factor i s  of same order t h an 
the pol ar i zat i on correct i on .  E l ectron po l ar i zat i on c an then be s afe l y  
neg l ected for ex ampl e i n  defl agrat i on scen ar ios  for type I s upernov ae or 
i n  X- y-r ay burst mode l s .  

1 .  I NTRODUCT ION 

Fol l owi ng the p i oneer i ng works of Schat zman ( 1948 ) and Sa l peter ( 1954 ) 
i t  h as been recog n i zed that the rate of nuc l e ar react i ons  t ak i ng pl ace 
i n  a h i gh dens i ty p l asma c an be v ery much i ncreased . Th i s  enh ancement i s  
n atur al l y  d ue to the screen i ng of the Cou l omb potent i al between two i n
ter act i ng n uc l ei by the e l ectrons and other nuc l e i . The pot ent i al b ar
r i er is  l owered and its  penetrab i l i ty becomes eas i er .  
Two rather s i m i l ar techn i ques h ave been used to compute the enh ancement 
f actor : the WKB approx imat i on ( Sal peter and Van Horn , 1969 ;  Gr aboske et 
al . ,  1973 ; M i t l er ,  1977 ; Itoh et al . ,  1 97 7 ,  1979)  and the path i ntegral  
form al i sm ( Al ast uey and Jancov i c i , 1978 ) . The many-body i nter act i ons  i n  
the pl asma are genera l l y  accounted b y  an " effec t i ve potent i al "  w( r ) , 
wh i c h  i s  added to the pure Co u l omb term . Depend i ng on the screen i ng re
g ime - weak , strong or pycnon uc l e ar - the potent i al w( r )  c an be obt a i ned 
an a l yt i c al l y  or must be ded uced from numer i c al Monte-Car l o  s imu l at i ons . 
I n  t h i s  paper , we sha l l be i nt erested by the strong screen i ng regime 
where com put at i on s  b ased on the WKB approx im at i on and the path  i ntegra 1 
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formal i sm are i n  good agreement . Howev er , unt i l the work  of Ic h i m ar u  and 
Utsum i  ( 1 983 , 1984 ) , the el ectrons were treated as a un i form , r i g i d  
b ackground . I n  thei r f i r st paper , these aut hors found that the effect of 
e l ectron pol ar i zat i on was to prod uce a l arge i ncrease of the  enhancement 
factor , but f i n al l y  reached the oppo s i te conc l us i on i n  thei r second 
paper where t hey made a more c areful an al ys i s  of the effect i ve potent i al 
contr i b ut i on .  Our comput at i on s ,  b ased on He lmhot z free energy con s i d er a
t i ons conf i rm t h i s l ast resu l t .  I ts  rel ev ance to astrophys i c al prob l ems  
i nvol v i ng strong l y  coup l ed pl asm as i s  b r i efl y d i scuss ed i n  conc l us i on .  

2 .  SOME IMPORTANT QUANTIT I ES  

We sha l l use t he ex ampl e of  a pl asma of  pure c arbon at a den s i ty of 
10 9g . cm- 3 and a temper ature of 10 8K to i ntroduce some import ant prob l em 
parameters .  F i r st of al l ,  the el ectrons are strong l y  degener ate and 
re l at i v i st i c  as c an be seen , by comput i ng the two rat i o s ,  

k i n  EF 
kl 

.. 420 and "' 8 ( 1 )  

where E�i n i s  the k i net i c  energy of the el ectrons at the Ferm i l eve l  
and me i s  the  el ectron rest mas s .  

The pl asm a coup l i ng const ant r i s  defi ned by , 

r = ( Ze)  2 
= 36 

kTa 
( 2 )  

where Ze i s  the el ectr i c  charge of the nuc l e i and a ,  the typi c al i nter
n uc l e ar d istance (4Tr/ 3 a 3n = 1 ,  n be iug the nucleu s  spa c e  d en s ity) . 
The 1 at i o of t he r;amow peak energy to the Co u l omb energy i s  of the order 
of 0 . 6 .  Accord i ng to the defi n i t i ons of Sal pet er and V an Horn ( 1 969 ) , 
th i s v al ue , together wi th  a r sub st anc i al l y l arger than l ,  corresponds  
to the  st rong screen i ng reg ime with  pycnon uc l e ar correc t i on s .  The  en
h ancement factor EF , c an be obt a i ned for ex ampl e from Al ast uey and 
Jancov i c i  ( 1978 ) .  They g i ve ,  

EF = exp {-C+ (::_)f-_ (� ) 3 -0 . 014 �) 4 -0 . 0128 (�) 5 J }  ( 3 )  
3 3 2  i; i; i; 

C = llF/k'.T where llF i s  the free energy d i fference between two nuc l e i of 
charge Z and one nuc l eus of charge 2Z ; ex p( - i; ) i s  the penetr at ion  prob a
b i l ity of t he Cou l omb b arr i er at the Gamow peak energy. The C factor c an 
be extracted from the Monte-C ar l o  d ata  of Hansen et al . ( 1 977 ) , 

c = 1 . 0531 r + 2 . 2931 r1/ 4 - 0 . 5551  Ln r - 2 . 3 50 

and i;, i n  a p l asm a of pure c arbon i s  a funct i on of temper at ure on l y . 
At T = 10 8K , i; ,. 181 . 

( 4 )  
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Then EF "' 1 . 6  10 16 , the res i dua l  error i n  expres s i on ( 3 )  bei ng  l ess  than 
1% i n  Ln EF wh i ch represents a f actor of about 2 ,  i n  r ather good agree
ment wi t h  the Itoh et al . formu l a , 

EF = exp [ l . 25 r - 0 . 11 i; (3r) 2  j ( 5 )  
i; 

wh i c h  yi e l d s  EF "' 2 . 9  10 16 • 
These c al c u l at i ons  howev er , are made w ith  the r i g i d el ectron b ackground 
assumpt ion , con s i der i ng that the effect s  of el ectron po l ar i z at i on are 
neg l i g i b l e .  It seems to be just i f i ed by the l arge A.Tf/ a r at i o  where 
ATF i s  the Thomas-Ferm i screen i ng l ength 

A.Tf/ a  = ( 7t/l 2  Z)  11 3 r s- 11 2 "' 8 . 4  ( 6 )  

T h e  d imen s i on l ess  par ameter rs a/ ( a0z 1 / 3 ) where a0 i s  the 
el ectron i c  Bohr rad i us ( a0 = 0 . 529 A) . For Z = 6 and p = 10 9g . cm- 3 , 
r s = 1 .  75  10- 3 • 
Th i s  qua l i t at i ve argument must n atural l y  be checked by a more det a i l ed 
an al ys i s .  Th i s  was done fi rst by I ch imaru  and Ut sum i  ( 1983 , 1984) who 
obt a i ned the c orrec t i ons due to el ectron po l ar i zat i on to the pure 
Cou l omb and aver aged potent i al s  ( Ze) 2/r and w( r ) . I n  t h i s  p aper , we 
sha l l adopt a ( s l i ght l y) d i fferent po i nt of v i ew by comput i ng the cor
rect i on s  to the Helmho l t z  free energy. 

3 .  THE EFFECTS OF ELECTRON POLAR I ZATI ON 

When the response of the el ectron background i s  t aken i nto  account , an 
add i t i ona l  cont r i b ut i on FPOl must be added to the He lmho l t z  free ener
gy of the pl asm a .  It c an be computed by pert urb at i on ,  fol l ow ing  the me
thod used by Gal (lll and H ansen ( 1976 ) .  The correct i on to the enh ancement 
f actor wi l l  then t ake  the form EF = EF ( r i g i d  background ) x Ae wi th  

po l  
A = exp ( � ) ( 7 )  e kT  

Here ,  tiFPO l = F PO l ( N  n uc l ei of charge Z) - FPO l ( N -2 n uc l e i of 
c h arge Z and 1 nuc l eus of charge 2Z )  = FPO l ( N ,O )  - FPO l ( N -2 , 1 ) . 
The exp an s i on of FPO l ( N ,0 ) /kT  to f i r st order yi e l d s ,  

FPO l ( N ,O )  

kT 

r .., 1 N _ f0 So ( q ) [ _ - l J dq 
7t E( q ) 

( 8 )  

E( q ) i s  t h e  d i el ect r i c  funct i on i n  d imen s i on l ess  Fourr i er s p ace  ( q= a k )  
and S0 ( q ) i s  the structure factor corres pond i ng t o  the  pure Coul omb 
unperturbed potent i al .  
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S0 ( q) depend s on r on l y; i t  has been tabul ated by Gal  am and Han sen 
( 1976 ) . The d i e l ectr i c  func t i on for rel at i v i st i c  el ectrons read s ,  

e:( q) = 1 + ( qTF
2/q 2) F ( x , y) ( 9 )  

where q TF = a/ >..TF , x = -flkF 1 �n ) 1 1 3rs
- 1 and y = q/ q F wi th  

mee; 137 4 

qF = akF = ( 9 nZ/4 )  11 3 • In our ex ampl e qTF = 0 . 1 1 9 ,  x = 8 . 0  and 
qF = 3 . 49 .  F( x ,y) i s  a comp l i c ated funct ion  of x and y wh i c h  has been 
worked out by Jancov i c i  ( 1 962 ) . 
We now exp and FPOl ( N ,O ) / kT i n  powers to qTF , a n at ura l  sm al l parame
t er i n  the h i g h  dens i ty l im i t .  We obt ai n ,  

w ith  

Fpol ( N , O )  _ 2 3 ------ - - ( q  TF/ n) r I ( r ,x ) + O ( qTF ) ( 1 0 )  
NkT 

I ( r ,x )  = ( So ( q ) F ( x , y)_ dq 
0 q 2 ( 1 1 )  

Th i s  i ntegral h as been computed n umer i c al l y. For r = 36 and x = 8 ,  we 
get I = 1 . 56 
We use the l i near behav i our of FPO l not i c ed by Hansen et al . ( 1 97 7 )  to 
obt ai n FPO l ( N-2 , 1 )  

FPOl ( N-2 , 1 )  = ( N-2 ) FPO l ( N , O )  + FPO l ( O , N )  

kT NkT NkT 
( 1 2 )  

The two terms must b e  ev al uated at the same el ectron i c  den s i ty so that 
FPO l ( O , N ) /NkT i s  � i v en by ex�ress i on ( 10 )  wi th  r and qTF res pect i 
vel y repl aced by 2 1 3r and 2 1/ qTF · 
Then , 

t:F po l 

kT 
� qTF

2r [2 41 3I ( 2 51 3r , x )  - I ( r ,x )  j ( 13 )  
1t 

Cons i der i ng ag a i n  our examp l e ,  2 5/ 3r °' 114  for r = 36 and I ( l 14 , 8 )  °' 

1 . 21 wh i ch g i ves 6FPO l /kT � 0 . 55 and Ae °' 1 . 7 .  
For l arger r v al ues , Ae wi l l  i ncrease but nev er become much l arger 
t h an un i ty .  

4 .  D I SCUSS I ON AND CONCLUS ION  

We  now compare our res u l t  to that of  I ch imaru and Ut s um i  ( 1983 , 1984 ) . 
We used the same pl asma par ameters - Z=6 , p=l0 9gcm- 3 and T= 108K - t hey 
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con s i dered i n  the i r  1983 paper where they f i nd  t h e  formu l a , 

( 1 4 )  

They express the  d i fference ( ao- �o)  i n  powers  o f  rs and f i n al l y  
obta i n  Ae "' 600 , i n  contrad i ct i on wi th  the present work .  Moreover , 
Ae as g i ven by ( 14 ) , wou l d  al so i ncrease  r ap i d l y  wi t h  r .  
However , the  treatment they made  of the effect of el ectron pol ar i zat i on 
on the effect i ve potent i al was uncorrect as st ated i n  t he i r  1984 paper . 
The i r  new c a l c u l at i on g i ves Ae = 1 . 5  i n  exce l l ent  agreement wi th  us . 
A 50-70% i nc re ase  of the enh ancement factor may appe ar to be r ather 
import ant b ut it i s  in f act compar ab l e  to t he uncert ai nty in EF d ue to 
other effect s .  I n  the context of astrophys i c al appl i c at i on s  ( type I 
s upernov a - X- y-ray b urst mode l s ) th i s  turns  out to be un important . The 
pos i t i on  of the i g n i t i on l i ne  for a g i ven nuc l ear fuel ( def i ned by 
91uc = Ev where Ev represent s the neut r i no l osses )  rem ai n s  near l y  
unchanged for such smal l Ae v al ues . 
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ABSTRACT We d iscuss various appl icat ions of  the Lanc zos method to  
describe propert ies of  many-body microscopic systems in  
nuc leosynthesis and cosmology . These c alculat ions inc lude : solar 
neutrino detec tors ; beta-decay of exc ited nuc lear states ; 
e lec tron-capture rates during a core-bounce supernova ; exotic quarked 
nuc le i as a catalyst for hydrogen burning ; and the quark-hadron phase 
transition during the early universe . 

1 . INTRODUCTION 

O ften in astrophysics one is faced , at a computational leve l ,  with a 
need to know the eigenstates of a microscopic many-body sys tem. Most 
o ften this appears as a need to know propert ies of  unstable or unknown 
nuc lear states . S imilar needs c an occur , however ,  for atomic states 
( e . g . opac ities)  or even high-temperature properties of  the vacuum 
during the early universe . In this paper we briefly overview one 
part icular technology ( the Lanc zos method ) which has evolved in recent 
years as a means to calculate such non-relativis t ic 
Schrodinger-equat ion problems . We d iscuss the applicat ion of  this 
algorithm to several current problems in nuc leosynthesis  and cosmology 
inc luding ; 1 )  The response of  the 7 1Ga( v, e-) 7 1Ge solar-
neutrino detec tor ; 2) Beta decay rates for exc ited nuc lear states ; 3 )  
The dynamic s o f  neutronizat ion during core-bounce supernovae ; 4 )  The 
possibi l i ty of quarked nuc lei as a c atalyst for the p-p chain ;  and 5 ) 
The quark-hadron phase trans it ion during the early universe .  
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2 .  THE LANCZOS METHOD 

The Lanczos method (Whitehead , et a l .  1 977 ; Hausman 1 976 )  i s  an 
iterat ive scheme to generate e igenstates and eigenvalues o f  a large 
bas is  without having to s tore the entire Hami ltonian matrix or even 
compute the ent ire spec trum of eigenstates .  The procedure begins from 
an init ial vector , l v1 > .  Next , a new vec tor ,  orthogonal to the 
firs t ,  is construc ted ; 

where hi j  <vi l H l vj >• This  vec tor is then normalized and a 
third vector can be s imi larly cons truc ted , 

Thi s  algorithm can be rearranged as a matrix equat ion , 

H 

hl l hl2 
hl 2  h2 2  h2 3  

h23 h33 

( 1 )  

( 3 )  

By diagonalizing this tridiagonal matrix after n i terat ions , one 
obtains n approximate e igenstates for the system. When n equals the 
d imension of the system this approach is  an exac t d iagonal ization . 
The power of this technique comes in ,  however ,  from the fac t that the 
extrema of the spec trum converge firs t .  Thus , if one is only 
interested in detailed properties for low-lying states and (or )  
average properties for  high-lying state s ,  adequate informat ion can be 
obtained after a few Lanc zos operat ions and the size of  the matrix to 
d iagonalize is  miniscule.  

This  is  the technique which we exploi t .  We are able to 
accommodate very large bases by us ing what we call  the interna l 
occupat ion-number representation, whereby the physical b i t s  in the 
computer become the second-quantized occupation numbers . Thus , 
high-speed machine-language operations such as logical "or" and 
logical "and" become equivalent to the second-quant izat ion c reation 
and annihilat ion operators . This  g ives the code great speed and 
flexibility.  
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3 .  THE 7 1Ga( v, e- ) 7 1Ge SOLAR NEUTRINO DETECTOR 

4 1 5  

As a first exampl e ,  we consider the response of  the proposed 7 1Ga 
neutrino detector . The 7 1Ga( v, e-) 7 1Ge reac t ion has been much  
d i scussed as  an  experimental  way to resolve the so lar neutrino 
problem. The main nuc lear physics  reason that 7 1Ga is a good 
so lar-neutrino detec tor is �hat the c apture reac tion has a low Q-value 
for the a l lowed ground-state to ground-state transit ion ( about 233 
keV) . Thi s  low Q-value implies  ( Bahcal l 19 78)  that a 7 1Ga detector 
should  be sensi t ive most ly to neutrinos from the primary 
p+p-+d+V!-e+ reac tion. The exist ing 37c 1 detec tor ( Davis 1 978) , 
on the other hand , involves a bigger Q-value ( 8 14 keV) and i s  not 
sens it ive to p-p neutrinos . The chlorine experiment is sensit ive 
mainly to neutrinos from the decay of 8B .  

Recent ly , there has been cons iderable d i scuss ion ( Bahca l l  1 978 ;  
1 984 ; Orihara e t  al . 1 983 ; Baltz e t  al . 1984 ; Grot z e t  al . 1984 ) 
c oncerning the c ontribut ions from neutrino c aptures which l ead to 
exc ited s tates in 7 1Ge ( see F ig .  1 ) . In order to use 7 1Ga as a 
solar neutrino detector , one mus t  know the cross sec t ions for neutrino 
capture s  to exc i ted s tates in 7 1Ge or show that they are 
unimportant .  The larger Q-values for exc ited s tate t rans i t ions imply 
that these states are predominant ly populated by neutrinos from the 
decay of 7Be and 8B .  

a (v, e-) 
3/2- 0.4999 0.733 

sir 0.1749 0.408 
1 12- 0.0 0.233 

0.0 71 G 32 e 39 
71 G 31 8 40 

F igure 1 Trans it ions o f  interest  for the 7 lca( v, e-) 7 1Ge 
neutrino detec tor . 

Our calculated (Mathews e t  al . 1 985 ) GT s trength to exc ited 
s tates in 7 1Ge is  lower than the-Value inferred by Orihara et  a l .  
( 1983 ) from the low-energy ( p ,n )  data. Thus , our resu l t s  support the 
analysi s  of  Bal tz  et  a l .  ( 1984) which indicates that the inferred t 
= O ,  zero-degree Gamow-Tel ler s trength i s  overest imated in  the 35 MeV 
experiment because o f  contributions from higher t-waves .  Our 
resul t s  for the total neutron capture rate to the low lying l evel s  in 
7 1Ge , which are most  important for so lar neutrino experiments ,  
( Bahcal l 1978 )  are i n  general ly good agreement with the previou s 
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phenome logical estimates ( see Table 1 ) .  For the dominant sources ,  p-p 
and 7Be neutrinos ,  the total c ross sec t ions are prac t ic a l ly 
identical when they are calculated with the nuc lear model  and with the 
phenomenological estimate .  We do , however ,  calculate a somewhat 
larger c apture rate to the lowest  5 / 2- state of 7 1Ge than was 
inferred from the beta-decay systemat ic s and a somewhat smal ler rate 
to  the lowest 3/2- exc ited state.  In addition , our nuc lear model 
calculations suggest that there may be a large increase in the capture 
rate for 8B neutrinos ( see Table 1 )  that is  caused by Gamow-Tel ler 
(GT) trans it ions to exc ited states with energies between 2-6 MeV above 
the ground state of 7 1Ge . 

Table 1 .  Calculated ( Mathews et a l .  1985)  solar-neutrino c apture 
rates ( in SNU ) compared"""With previous estimates . 

Neutrino Standard Solar Mode l Low Z Solar Model Mixed Solar Model 
Source Exc ited State Exc ited State 

Cross Sec t ions : Cross Sect ions : 
Thi s  Work Bahcal l Thi s  Work Bahca l l  

( 1 978) ( 1978 )  

p-p 70 . 2  70 . 2  72 . 5  72 . 5  
pep 3 . 0  3 . 6  3 . 2 3 . 9  
7 Be 3 1 . 2  3 1 .  7 1 0 . 9  1 1 .  1 
8B 1 1 .  6 1 . 2  1 . 6  0 . 3  
1 3N 3 . 3  3 . 1  0. 1 0 . 1 
1 50 4 . 6  4 . 7 o . o 0 . 1  
Total 124 1 1 5  88 88 

4 . BETA DECAY OF THERMALLY EXCITED NUCLEAR STATES 

Exc ited S tat e 
Cross Sec t ions : 

Thi s  Work Bahc a l l  
( 1 978 )  

74 . 2  74 . 2  
3 . 2  3 . 9  

1 1 .  2 1 1 . 4 
2 . 4 0 . 4 
0 . 6  0 . 6  
1 . 0  1 . 0  

93  92 

Therma l ly popu lated nuc lear exc ited s tates occur in most  rea l i s t ic 
s cenarios for neutron-capture nuc leosynthesis  (Mathews and Ward 
1985 ) .  Th is  thermal populat ion of  nuc lear exc ited states can lead to 
d rastica l ly different beta-decay rates which affec t the 
nuc leosynthesi s .  

For example , the terrestrial beta-decay hal f l i fe o f  99rc i s  
long ( t 1 ; 2 � 2xl05y )  due t o  the second-forbidden decay of  the 
9/2+ ground state to the 5 / 2+  ground s tate of  99Ru .  There are , 
however,  exc ited states at 140 and 1 8 1  keV in 99rc which can have GT 
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allowed transit ions to the ground and first exc ited state o f  99ilu . 
I f  typical GT-allowed log( ft ) values are assumed (Cosner et  a l .  1 984) 
for these exc ited states the hal f  l ife of  99Tc reduces  to  about 1 
yr .  at T9 = 0 . 35 ( kT=30 keV) . 

To understand 99Tc nuc leosynthesis  i t  i s  important to know i t s  
thermally-enhanced beta-decay rate , In F ig .  2 we show our 
c alculations (Takahashi ,  B lbom, and Mathews 1 985 ) of  low-lying s tates 
in 99Tc , 99Ru and the ne ighboring isotonic pair , 9 7Nb-97Mo . 
The energies are d i fficult  to reproduce  s ince the low-lying states are 
undoubted ly intruder s tates pushed down by the e f fec ts of  coupl ing the 
n( lg9;2 ) 3 configurat ion to co llective exc itations of the core . 
On the other hand , the GT t ransition s trength i s  probably dominated by 
the one-body components of these s tates and i s  probably adequately 
described by the l imited mode l space employed here . Our calculations 
indicate that the stel lar l i fetime for 99Tc may be considerably 
longer than previous e s t imates  based on systematics  (Cosner e t  al . 
1 984 ; Takahashi and Yokoi 1 984 ) .  

- -
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Fig .  2 .  Calculated (Takahashi e t  a l .  1 985 ) leve l s  in 99rc , 99Ru ,  
and the neighboring isotonic pair-;--97Nb-97Mo . 
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5 .  GAMOW-TELLER TRANSITIONS IN A PRESUPERNOVA STAR 

Shell-model calculat ions of elec tron-capture transi t ions in iron-group 
nuc lei are particularly important for determining the s truc ture o f  
presupernova mass ive stars . Thi s  struc ture then , i n  turn , determine s 
whether a core-bounce supernova mechanism can occur . The role of  the 
GT resonance in presupernova electron capture rates and the physics  o f  
s tel lar col lapse have been described by  a number of  authors (Arnett  
197 7 ; Bethe et  a l .  1979 ; Weaver et  al 1984 ; Fuller 1982 ; Burrows and 
Latt imer 1 983 ) .  

A presupernova �25Me s tar (Woos ley and Weaver 1 982) a t  the 
end of s i l icon burning contains about a solar-mass  of 5 4Fe and 
neutron-rich isotopes such as 48ca ,  50ri , 54cr and 5�e . As 
the c ore grows in mass  it  eventual ly becomes unstable to col lapse when 
it  reaches the Chandrasekhar mass  (M  � 5 . 8 (Ye) 2) ,  where Ye i s  
the rat io o f  free electrons t o  baryons ) . E lec tron c apture rates wi l l  
have an important effec t in determining Ye and therefore the 
Chandrasekhar mas s .  

F igure 3 i s  an example from some recent c alculat ions ( Bloom and 
Fuller 1984 ) of electron-capture GT strength for iron-group nuc le i .  
Thi s  figure shows a calculation o f  the 56Fe strength c alculated i n  a 
two-part icle two-hole configurat ion space for both the ground s tate 
and the 2+ f irst exc ited s tate.  The GT resonance l ies fairly low in 
energy , "'2-5 MeV , and wi l l  partic ipate in the neutronizat ion. This  
resonance wil l  speed the elec tron c apture rate , and therefore reduce 
Ye and the s i ze of the Chandrasekhar mass re lat ive to a ca lculat ion 
which has not inc luded this resonance strength. 

Thi s  is  an important resul t  s ince it  makes the core-bounc e 
mechanism more viable.  The reason for this is  that the core-bounce i s  
actually experienced by an inner homologous ( v«r) core which then 
must  photodis integrate the outer core before impinging on outer 
enve lopes of the star . To prevent the complete d i s s ipat ion of  the 
shock due to photod is integration , the s ize of  the outer core must be 
as small  as possible , and the s ize of the inner homologous core mus t  
be large . The GT s trength func t ion ( and the amount o f  G T  quenching ) 
wi l l  be important in determining both of  these parameters . The tota l 
core mass wi ll be small because the presupernova elec tron-capture 
rates are fast .  On the other hand , the inner homologous core wil l  be 
large due to the fac t that the neutronizat ion process  will lead to 
Pauli  blocking of the GT trans itions as the core col lapses .  Thus , the 
inner homologous core does not benefit from the rapid e lec tron c apture 
rates which minimized the Chandrasekhar mas s .  

6 .  QUARKED NUCLEI I N  THE SUN 

Recently ( Boyd et a l .  1 983 ) i t  has been suggested that free quarks ( i f 
present in an abundance of  l0- 1 5  and bound to nuc lei)  c ould act as  a 
catalys t to the p-p chain in the sun . They would do thi s  by making A 
= 5 nuc lei stable and thus vast ly decreasing the t ime i t  t akes to 
build up to the 7L iQ ( p , a)4He reac t ion which completes the 
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F ig .  3 .  Calculated ( B loom and Fuller 1 984 ) GT strength for e lec tron 
c apture from the 56Fe ground and f irst-exc ited s tate.  

cyc le.  Thi s  hypothes i s  is cont ingent , however ,  on severa l 
as sumpt ions . These are that SHeQ i s  stable , that 7BeQ i s  
unstable to elec tron c apture , and that the 7L iQ( p , a) 4HeQ 
react ion is  energet ically favored .  

W e  were skept ical  o f  these condit ions and have attempted (Hughes 
et a l .  1 984 ) to at least qualitat ively test them by ca lculating 
b inding energies for quarked nuc lei as  best we could .  We begin with a 
nuc lear two-body force ( S tone , et  a l .  1 983 ) which reproduces the 
c orrec t binding energies and charge rad i i  for nuc lei in this mass 
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range . The quark nuc leon pot ent i a l  is expec ted to behave as a 
one-pion-exchange potent ial at large d i s tanc e s , so we u s e  t h i s  
inte rac t ion. 

To our surpr ise we found that the neces sary c ond i t ions for the 
quarked-nuc leus p-p cyc l e  could be obtained with "reasonab l e "  values 
o f  a bare quark mass wh ich i s  4 t imes the nuc leon ma s s  and a potent i a l  
s t reng t h  wh ich i s  3 t ime s t h e  nuc leon one-pion-exchange potent i a l . W e  
d o  n o t  c laim that this prove s the va l i d i ty o f  the quarked-nuc leus 
hypothe s i s ,  but it doe s appear that we have been unable to d i sp rove i t .  

7 .  THE QUARK-HADRON PHASE TRANSITION 

At t � l o- 5  sec , T � 1 00 MeV , the unive rse is expec ted t o have 
undergone a pha se t rans i t ion f rom a quark-g luon p l asma to hadrons 
(mo s t ly me sons ) . It has been speculated ( Crawford and Schramm 1 9 8 2 ) 
that this t rans i t ion may introduc e long-range f luc tuat ions wh ich could 
produce primord i a l  b l ac k  ho l e s  to ac t as seed s for galaxy forma t i on .  
T o  d a t e ,  howeve r ,  this t rans i t ion has not been s tud ied i n  s u f f ic ient 
d e t a i l  because of the complexity o f  the QCD vacuum al though many 
e f forts are underway . The mos t  promi s ing approach to unders tand ing 
t h i s  prob lem is via a d i sc re t izat ion o f  spac e- t ime on a l at t ic e  
( l a t t ic e  guage theory ) . 

A t  a c omput at ional leve l the prob lem in l a t t ice gauge theory i s  
very s imilar to t h e  many-body nuc lear shel l-mode l prob lem. We have 
a l ready app l ied our code to s o lve for the phases of s imp le Z2 and 
0 ( 3 )  la t t ic e  guage theorie s .  We are now in the proc e s s  of upgrad ing 
the arch itec ture o f  the code to accommodate the more chal l eng ing SU( 3 )  
QCD pro b lem. 

8 .  CONCLUSION 

I n  this brief overview we have a t t empt e d  t o  ind icate a s amp l ing of 
some of the kinds o f  problems in a s t rophy s i c s  wh ich demand a solution 
t o  a non-re l a t ivist ic quantum-mechanic a l  many-body system .  S ome o f  
t h e  prob lems a r e  d i f f ic u l t , b u t  perhaps not impos s ib l e  w i t h  t echno logy 
c urrent ly ava i lab le . 
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PROPERT I ES OF ANOMALOUS NUCLE I  AND 
THE I R  POSS I BL E  EFFECTS ON STELLAR BURN I NG 

R .  N .  Boyd , 
Depa rtment of  Phys i c s , Depa rtment of Ast ronomy 
The Ohi o  State Un i vers i ty ,  Col umbus , OH 43210 

Abstract 

The effect s  of  the pos s i b l e ex i stence of anomal ous  nucl e i , Q-nucl e i , on 
stel l a r b u rn i ng a re i nvest i gated . In part i cul a r ,  w i t h  p ropert i e s  onl y 
s l i g htl y d i ffe rent from those of normal nuc l e i  they coul d catal yze a 
hyd rogen-burn i ng cycl e ,  s imi l ar to the CNO cycl e ,  wh i ch coul d contr i b ute 
apprec i abl y  to sol a r  energy generat i on wi t h  an abundance of  about 1 x 10-1 s 

Q-n uc l e i  per normal nuc l eus . Furthermore , they are found to be abl e to 
so l ve many of t he prob l ems  assoc i ated wi th  the standard sol a r  model , i nc l ud 
i ng t he sol a r  neut ri no probl em .  Poss i b l e  experiment s to test for thei r 
ex i stence a re d i scussed . 

1 .  Int  rod uct i on 

The poss i b i l i ty t hat anomal ous nuc l e i , 0-nuc l e i , m i g ht ex i st was fi rst 

s uggested I -3 ahout two years  ago , and the stud i es of thei r effect s  on 

stel l a r ene rgy generat i on , nucl eosynthes i s ,  and stel l ar evol ut i on are con
t i nu i ng . Ba s i ca l l y  t hese part i cl es were assumed to  have propert i es wh i c h  
were both pl aus i bl e and woul d ma ke them very effi c i ent for stel l a r burn i ng .  
The requ i s i te p ro perti es  a re t h reefo l d :  The Q-nuc l e i  must ( 1 )  have s l i g ht

ly more b i nd i ng energy pe r nuc l eon than normal nuc l ei have , ( 2 )  have den s i -
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t i es somewhat g reater than t hose of normal nucl ei , and { 3 )  be stab l e ,  o r  
nea r ly  so , wi th  respect to baryon em i ss i on . 

Several cand i dates ex i st fo r these Q-nuc l ei , a l l of wh i c h  have been 
suggested by nuc l ear  o r  part i c l e t heori sts . One poss i b i l i ty wou l d be that 
of  a nuc l eus wi th  an extra quark embedded in  i t . Such quarks mi ght  have 
been l e ft unconfi ned after the b i g  bang at a smal l ,  but non zero , abundance 
l evel . Such Q-nuc l ei have been i nvesti gated in  deta i l  by deRuj u l a ,  Gi l es 
and Ja ffe4 and by Chapl i nes . Had ron i c  rare pa rt i cl es  o f  the type suggested 
by Cahn and Gl ashow6 , i f  they cou l d produce stabl e ent i t i es upon be ing  
embedded i n  a n uc l eus , coul d al so serve as  Q-nucl ei . Superdense n ucl e i 7 , 
a l t hough general l y  thought to have somewhat greater baryon numbers  than the 

Q-nucl e i  d i scus sed bel ow , mi ght be anot he r po ss i b i l i ty .  Whi l e  t h i s l i st i s  
fa r from compl ete , i t  does g i ve some of the cand i d ates fo r the Q -nucl e i  the 
poss i bl e  man i festat i ons of  whi c h  a re d i scussed bel ow . 

2 .  0-Nuc l ea r  Propert i es 

I f  the Q-nuc l e i  do ex i st , and i f  they have the propert i e s  d i scussed 
above , t hey coul d catal yze the H-hurni ng  cycl e i nd i cated i n  Fi g .  1 .  I n  
t hat cyc l e ,  t he Q-nuc l eus 4 He0 wou l d capture a proton to fo rm 5L i o , a step 
whi ch does  not occur  fo r normal nucl e i . However , the  hypothesi zed add i t i on
a l  b i nd i ng ene rgy for 0-nuc l e i  al l ows that capture to occur . A beta decay 

and t wo more ( p ,y ) react i ons  b r i ng the cyc l e to 7Be0 . At th i s po i nt a 
c r i t i cal  beta decay must occur i n  the Q-nuc l ear cyc l e ,  i .e . ,  7Be0 must 

decay to 7 Li 0 much more rapi d l y  than the next { p ,y)  react i on to sBO occ urs . 
Indeed , i f  thi s i s  not the case , t he Q-nuc l ear abundance requ i red to impact 
stel l a r b u rn i ng m ight have to be much l a rger than i s  pl aus i bl e ,  and the 
prod uct i on rate of h i g h-energy neutr i nos woul d be l a rge . However it i s  

al so pos s i bl e that B BeQ wo ul d decay i nto 4He and 4He0 , i n  whi ch  case  on ly  
the  quest i on of h i g h-energy neutr i no prod uct i on wou l d  be of conce rn . 

If , however ,  the beta decay to 7 Li Q does occ u r  rap i dl y ,  then a { p ,a) 
reac t i o n  on that Q-nuc l eus wo ul d compl ete the product i on of a normal 4 He 
and return the c atal yst 4HeQ for the next cycl e .  The s peed o f  t he beta 

decay of 7 BeQ was found 1 ,  from compari son of  the rate of h i g h-energy neu

tr i no p rod uct i on ant i c i pated from decay of sBO to t hat ohserved8 , to re-
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13+ Decay ( p, y) 
I I  ij 

8 8-(p,y)�G 
fi I I  I ( p,y) 13+ Decay 13+ Decay 
I I  ij -!t &(p,a ) =G 8 

Fi gure 1 .  The Q-nucl ear cycl e for 
H-burni ng , cons i s t i ng of three 
proton captures and a ( p ,a )  0eac
t i on . Proton capture on 7Be . 
woul d g i ve  l ea kage from the cycl e .  
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qui re a hal f- l i fe for 7 Be0 of roug hl y 1000 seconds or l es s , wh i ch co rre

spond s2 to a pos i t ron end- poi nt energy of about 1 . 0  MeV .  A beta-decay 
energy that l a rge woul d requ i re some enhancement of the Q-nuc l ea r  den s i ty 
from that o f  normal nuc l ei : roug hl y a factor of 2 woul d s u ff i ce2 . 

In o rder  to desc r i be the part i c i pat i on of Q-nuc l e i  i n  stel l ar burn i ng , 
the i r thermon ucl ear react i on rates had to be  determi ned . The presc r i pt i on 
of  Woos l ey et al . 9 , who pa rameteri zed react i on rates i n  terms of a stat i s
t i cal  model for the react i on c ross  sect i on ,  wa s used . Whi l e  t he acc uracy 
of th i s  model i s  quest i onabl e fo r l i g ht nuc l e i  ( o r Q-nucl e i ) ,  the domi nant 
feature of l ow-energy charged part i cl e react i ons , namel y t he Co ul omb bar
r i e r ,  i s  correctl y handl ed .  Thus i t  woul d he ex pected to g i v e  at l east a 
reasonabl e descri pti on of  the Q-nuc l ear thermon ucl ear reac t i on rates . 

S i nce 6 Li Q wo ul d be expected to be burned most sl owl y  i n  the Q-nuc l ear 
cycl e ,  i t s abundance i s  es senti al l y  that of  Q-nucl  ei . Some est i mate o f  
that abundance wh i c h  woul d b e  requi red fo r the Q-nuc l e i  t o  compete o n  even 
terms wi th  t he normal sol a r  b u rn i ng modes can be determi ned by equat i ng the 
rate of a l pha-part i cl e  prod ucti on in the Q-nuc l ear cyc l e ,  wh i c h  wi l l  be 

essent i a l l y  the rate at whi c h  t he 6 Li Q { p ,y ) 7BeO react i on occ urs , to that 

fo r the p-p cha i n .  It was fo und l to be about lx10- 1 s  Q-nuc l e i  per normal 

n uc l eus . 

3 .  Stel l ar Model l i ng Cal cul ati ons 

A consi derab l y  mo re deta i l ed account of the effects  of Q-nuc l e i  on 
stel l a r b u rn i ng was obta i ned2 by i ncl ud i ng thei r thermonucl ear reac t i on 
rates i n  the stel l a r model l i ng code of Paczyn s k i l O , as  mod i f i ed by 
Joseph l l .  A ser ies  of cal cul at i ons  wi th  varyi ng  assumed quanti t i es of  6 L i Q 

was performed , varying  Hie ze ro-ago 4He abundance and convect i on parameter  
to produce the  sun ' s  s i ze and  l um i no s i ty a fter  4.6  b i l l i on years . The f rac
t i on of the sun ' s  energy prod uced by the Q-nuc l ear  cyc l e and the h i g h
energy sol a r  neutr i no product i on rate were exami ned . I f  i t  i s  a s s umed that 

the Q-nuc l ear cycl e produces no h i g h-ene rgy neut r i nos , t hen , at the Q

nucl ear abundance at wh i ch two-th i rd s of the su n ' s energy i s  prod uced by 
the Q-nucl e i , the pred i cted sol a r  neut r i no  rate wi l l  be i n  agreement wi t h  
that detected i n  the 3 7 Cl detector of Dav i s8 . At that Q-nuc l ear abundance , 
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2 x 1 0- 1 s O-nuc l e i  per nonnal nucl eus , the dens i ty at the core of the sun 

d rops by about 253 from i t s  standard sol a r  model ( SSM) val ue , whi l e  the 

temperature i s  j ust about what i t  i s  pred i cted to be i n  the SSM . 

4 .  Catal og of  Probl ems wi th the SSM 

Al t hough  the sol ar neut r i no probl em l 2  i s  the best known probl em 

associ ated w ith  t he SSM , i t  i s  not the onl y one . Several others were noted 

by Joseph l 3 , i ncl ud i ng ( 1 )  the 5 m i nute osc i l l at i ons , (2 ) the Li abundance , 

( 3 )  the zero ago He abundance , ( 4 )  the ages o f  gl obul ar  cl usters and ( 5 )  

the sol ar  va r i ab i l i ty .  

The 5 m i nute osc i l l at i ons  observed i n  sol ar  spectra have been i dent i 

fi ed by Ul ri c h  et a l  . 1 4 a s  pressu re-mode osci l l at i ons  i n  the sol a r  convec

t i ve envel ope . The i r study demonst rated that the depth of the convec t i ve 

envel ope resul t i ng from the SSM wa s too smal l by about 30% to y i e l rl  osci l 

l at i ons  o f  the observed frequency . At the Q-nucl ear abundance wh i ch sol ves 

the sol ar  neutri no probl em , 2x10- 1 s Q-n ucl ei  per normal n ucl eus , the depth 

of the convect i ve envel ope i s  i nc reased by about 203 from the SSM val ue . 

Wh i l e  t h i s  does not remove the probl em compl etel y ,  i t  does red uce i t  to the 

po i nt at wh i ch smal l effects from , e .g . ,  rotat i on coul d remove the theoret

i c al -observat i onal d i screpancy al together . 

The sol ar  Li abundance i s  consi derabl y l ower than can be ex pl a i ned by 

the SSM1 5 .  The usual  expl anat i on fo r t h i s  d i sc repancy i s  that Li i s  burned 

at the bottom of the convect i ve envel ope , thus requi r i n g  a temperature at 

that po i nt of T6 =2 . 5 .  The SSM pred i cts that val ue to be T6=2 . 0 .  Wi th a 

Q-nucl ear abundance of  2x1 0- 1 s Q-nucl ei  per normal nuc l eus , the tempe rature 

at t he bottom of the conv ect i ve envel ope i s  pred i cted to be T6= 2 . 5  thus  

el im i nat i ng the Li abundance probl em .  

The ze ro-age ab undance o f  4 He i n  SSM cal cul at i ons  general l y  i s  re

qui red l 6  to be 0 . 25+ . 0 l , i n  excel l ent agreement wi th  the pr imord i al abun

d ancel 7 .  Un fo rtunatel y ,  th i s val ue is we l l  bel ow that typi cal of stars 

wh i ch have evol ved through prev i ous  generat i on s  of stel l ar b u rn i ng .  A 

val ue of  a round 0 . 30 seems to be cha racter i st i c  of stars hav i ng the sun ' s 

meta l l i c i tyl 3 .  At the same Q-nucl ear abundance wh i c h  sol ves the sol ar  

neut r i no probl em , the zero-age He abundance requ i red i s  i nc reased 0 . 04 from 
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the val ue obtai ned wi thout Q-nucl e i , i n  good ag reement wi th the val ue fo r 

stars hav i ng the sun ' s  metal l i c i ty .  

Three methods have been used to determ i ne the age of  the un i verse o r  

of  gal ax i es .  One of  those i n vol ves exam i nat i on o f  the stars on the ma i n  

sequence o f  the Hertzsprung-Russel l d i ag ram i n  d i stant gl obul ar  cl ustersl B ; 

the mass o f  the most mass i ve stars rema i n i ng on the ma i n  sequence , together 

wi th a SSM cal cul at i on to determ i ne the age at wh i ch stars l eave the ma i n  

sequence , thus  determi nes the ages o f  the stars i n  t hat cl uster . We fi nd 

that i nc l u s i on of the Q-nuc l e i at a l evel whi c h  sol ves the other probl ems 

of  the SSM reduces the pred i cted l i fet imes of  stars on the m a i n  sequence by 

about 20% .  Whi l e  thi s st i l l  l eaves the resul ts  from thi s techn i que for age 

determi nat i on i n  agreement wi th t he resul t s  of  the other techni ques . prima

ri l y  because of the l a rge uncerta i nt i es i nvol ved , it  does suggest that the 

standard g l obul ar  cl uster age determi nat i on may g i ve a val ue wh i c h  i s  too 

l arge . 

Fi nal l y .  t here are i nd i cat ions l 9  that l i fe exi sted on ea rth roughl y a 

b i l l i on years  ago . The var iab i l i ty o f  the energy output from the sun , 

however , pred i cted20  to be about 44% over that t ime span by the SSM , wo ul d 

not a l l ow for that possi b i l i ty .  W ith  t he i ncl u s i on o f  the Q-nucl e i , how

ever , t hat var i abi l i ty i s  reduced l 3  to 28% , thus  al l owi ng  for ,  e .g • •  g reen

house effects to reduce the temperature va ri at i on on ea rth enough to accomo

date l i fe for that t ime span . 

5 .  Other Pred i ct i on s  from Q-Nuc l e i  

But do Q-nuc l ei ex i st ?  The vari ety of  po ss i b l e  cand i dates makes that 

quest i on d i fficul t to answer .  Whi l e  searches for fracti onal l y  cha rged ob

jects have attai ned apparent abundance l im i t s  as l ow as  lx10 -1 s fract i onal  

charges per baryon , it  i s  genera l l y  fel t2 1 , ma i n l y  because of  chem i cal  

caveats , that there coul d wel l be many orders of magn i tude d i fference be

tween the i mpl i ed abundance l i m its  from those experiments and those whi ch 

actua l l y  exi st i n  nature . Thus mo re searches fo r fract i onal l y  charged 

ent i t ies  i n  nature need to be performed . One such  search22 has attempted 

to use an enri ched source sampl e to c i rc umvent at l east some of the chem

i cal caveat s associ ated wi th prev ious  experiments . 
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Other types of sea rche s  have attempted to search for i nteg ral l y  

c ha rged n ucl e i  hav i ng anomal ous  masses2 3 . Whi l e  t he l im i t s  i n  some cases 

beg i n  to approach the l evel needed to test the Q-nucl ear hypothes i s ,  the 

general s i t uat i on i s  far from adequate at the present t ime . However more 

suc h  searches a re i n  progress . 

A new generat i on of  sol ar neut r i no detectors , some of whi c h  wi l l  have 

a con s i derabl y l ower threshol d energy than that of  3 7Cl , can al so prod uce 

new tests of  t he Q-nuc l ear hypothes i s .  We have performed an estimate of 

t he rates wh i ch wo ul d be ant i c i pated fo r several o f  those detectors24 , and 

have found that , for the 7 1 Ga and 1 1 5 In detectors , the pred i cted neutr i no 

detect i on rate , i f  t he Q-nucl ei do  ex i st at the abundance requi red to sol ve 

t he Cl detecto r  sol ar  neutr i no probl em ,  wi l l  be at l east 50% h i g her  than 

that pred i cted by t he standard sol a r  model . For the 8 1 Br detecto r ,  the 

pred i cted rate i nc reases by at l east 30% . Fo r h i gher threshol d detectors , 

s uc h  a s  98Mo and 2 0 5 Tl , the neutr i no detect ion  rates wi l l ,  as i n  the case 

of the Cl detector ,  dec rease i f  Q-nuc l ei are generat i ng a si gn i fi cant 

fracti on of the s un ' s energy . 

Wh i l e  the Q-nuc l e i  a re onl y  hypothet i ca l  part ic l es at present , the 

remarkabl y l a rge amount of  c i rc umstant i al evi dence i n  support of  thei r 

ex i stence encourages consi derab l y  more exhaust ive  searches fo r them . 
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STELLAR REACTION RATE OF 1 4N (p , Y ) 1 5o+ 

U .  Schroder, H . W .  Becker ,  J. G6rres , C. Rolfs and 
H . P .  Trautvetter , Universitat Munster , Munster , w. Germany 
and 
R . E .  Azuma and J .  King 
University of Toronto , Toronto , Canada 

The 1 4N (p , y) 1 5o reaction is a member of the chain of reactions in 
the hydrogen burning CNO cycles .  It is the slowest reaction in the main 
CN cycle and thus controls the energy generation in the CNO cycles . Due 
to its importance for nuclear astrophysics the reaction has been studied 
by several inve stigators in the years 1 9 5 1  - 1 963 . The earliest investi
gations l- 3 )  used nitrited solid targets and the s+-activity of the re
sidual nuclei 1 50 to arrive at extrapolated S-factors of S (O )  = 1 . 5  to 
3 . 0  keV-b. The prompt capture y-ray transitions were studied in the work 
of Bailey and Hebbard4 )  using NaI (Tl ) detectors and TiN solid targets .  
These studies4 )  were carried out a t  Ep = 0. 2 - 1 . 1  MeV and indicated 
that the direct capture process into the 6 . 1 8  and 6 . 79 MeV states con
tribute predomminantly to the S-factor at stellar energies ( S6 . 1 8 (0) = 
1 . 0 keV-b , S6 . 79 (0) = 1 . 4  keV-b) with Stot (O) = 2 . 75 ± 0. 50 keV-b . This 
result has been used in stellar model calculations . 

The above results of the direct capture processes lead to spectros
copic factors of c2s = 0. 6 and 0�7 for the 6 . 1 8 and 6 . 7 9  MeV states , 
while stripping reactions reveal ) discordant values of 0 . 04 - 0 . 1 6  and 
o . 3 1  - 0. 47 , respectively. It should be noted that the studies of 
Hebbard and Bailey4 > were hampered by the poor energy resolution of the 
NaI (Tl) detectors and the high r-ray baI�ground rields due to contamin
ant reactions such as 1 5N (p , ay )  2c and F (p , ay) 60 .  As a consequence , 
the capture processes into excited states of 1 50 could enly be detected 
via their high-energy secondary y-ray transitions . In view of the above 
discrepancies and the astrophysical importance of this reaction, the re
action has been reinvestigated recently . 

As a first step , the reaction has been investigated6)  at the 350 kV 
Miinster accelerator in the energy range of En =  1 70 - 3 50 keV using 
Ge (Li ) detectors and TiN solid targets as well as N2 gas targets of the 
extended and quasi- point supersonic jet type . 7 > The investigations in
volved the measurement of excitation functions ,  y-ray angular distribu
tions and absolute yields . The resulting properties6-8 l of the Eo = 

278 keV resonance are in excellent agreement with previous worg5 l execpt 
for the total width (previous5 > : r lab = 1 . 7  ± 0 . 5 keV , present • 6 )  : 
r1ab = 1 . 1 ± 0. 1 keV) . With these resonance properties the observed 
yields at the tails of the 278 keV resonance have been analysed in 
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terms of resonant and direct capture contributions.  
The yields of the R/DC-) 6 . 79 MeV y-ray transition are consistent 

with an incoherent suerposition of resonant and direct capture ampli
tudes l eading to s6 . 7 9 Co) � 1 . 4  ! 0. 2 keV-b , in excellent agreement with 
the work of Bailey and Hebbard4 > .  The R/DC--3> 6 . 1 8  MeV transition reveal s  
constructive and destructive interference features at energies below and 
above the 2 7 8  keV resonance , respectively , which can be explained by the 
presence of a direct capture process of s6 _ 1 8 (o) �� o . 2  ± 0 . 1 keV-b. The 
results are in poor agreement with Bailey and Hebbard4 )  but would re
solve the above discrepancies with stripping data. The data for the 
transitions into the groundstate and 5 . 1 8  MeV state allowed only to ex
tract upper limits of So (0) :0. O .  3 keV-b and S5 .  1 8  (0) :'- O .  1 4  keV-b , which 
are not in disagreement with the reported values4 > of s0 (o) -� 0. 2 7  kev-b 
and S5 . 1 8  (0) 'c 0. 08 keV-b. 

In order to substantiate these results as well as to clarify the 
reaction mechanisms involved in all capture transition s ,  the studies 
have been extended . as a second step , to the energy range of Ep = 0 . 2 -
1 . 1 MeV at the lMV JN Van de Graaff accelerator of the Uniy�rsity of 
Toronto. Critical to this program was the avai labi lity of N targets 
depleted in 1 5N ,  since the 1 5N (p , ay) 1 2c reaction is a prolific source4 , 5 ) 
of 4 . 4 MeV y-rays in this energy range of E � 0 . 4  MeV. Since 1 4N gas de
pleted in 1 5N cannot be obtained commercial�y ,  solid targets had to be 
produce? by 1 4N ion implantation9 > . These targets had i sotopic ratios 
of 1 5N/ 4N � 10- 4  and withstood high beam loads without significant de
terioration . The experimental program was similar to that at the Munster 
accelerator . The results are shown in Fig . 1 in form of the S (E ) -factor. 
The excitation functions and y-ray angular distributions (not shown) of 
the transitions into the 6 . 1 8 ,  6 . 79 ,  6 . 86 and 7 . 2 8 MeV states are con
si stent with a direct capture process leading to S (O) -values of about 
0. 027 , 1 . 40 ,  0. 036 and 0. 03 3  keV-b , respectively .  The results confirm 
the basic conclusions drawn from the Munster data . The observed feature 
of the transitions into the groundstate , 5 . 1 8 and 5 . 2 4 MeV excited 
states could not be understood easily and demanded experimental informa
tion at higher proton energies . 

Such measurements have been carried out at the 4MV Dynamitron Tandem 
at Bochum in the energy range of Ep = 0 . 8  - 3 . 5 MeV . The analysis of the 
available data is not yet completed , but the results indicate the follow
ing features :  ( i) the groundstate transition is dominated at low energies 
by the tail of a r = 0 . 6  MeV broad re sonance at Ep = 2 . 4  MeV , leading to 
s0 (0) · . .  0 . 030 keV-b ; ( ii )  the transition into the 5 . 24 MeV state follows 
at all energies the direct capture process except for interference 
effects near the 1 . 06 MeV resonance : s 5 . 24 (0) > 0  0 . 035 keV-b ; and ( iii) 
the capture process into the 5 , 1 8 MeV state is dominated by the tails of 
the 0 . 28 and 1 . 06 MeV resonances with the inclusion of interference 
effects : s5 . 1 8 (0) · 0 . 010 keV-b . 

The analyses of the new data indicate a astrophys ical S (O) factor 
of S (0) - 1 .  6 :!:: o .  3 keV-b , which arises to 90 % from the direct capture 
process into the 6 . 79 MeV state . The observed direct capture ampl itudes 
to the 5 . 24 ,  6 . 1 8 ,  6 . 79 ,  6 . 86 and 7 . 28 MeV states (Fig . 1 )  are all con
sistent with the respective spectroscopie factors reported form stripping 
reactions5 ) . If f inal analyses of the data confirm the above total S (O) -
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value , the 14N (p , y) 1 5o reaction burns nearly a factor of 1 .8 slower at 
stellar energies . It might be interesting to note that the unpublished 
work of Pixely4 l  in 1 957 suggested a value of S (O) � 1 . 5  keV-b . The 
astrophysical consequences of a reduced state for the 1 4N (p ,y) 1 5o reac
tion must await stellar model calculation s .  
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Recent progress in experimental determination of the 
1 2c (a , y ) 1 6o-reaction rate 

H . P .  Trautvetter , A .  Redder and c .  Rolfs 
Inst . f .  Kernphys ik der Univ . Mlinster , West-Germany 

I .  INTRODUCTION 

The importance of a change in the 1 2c (a , y )  1 60 reaction rate 
on nucleosynthesis during hydrostatic shell burning has been 
shown by Arnett and Thielemann [Ar 8 4 ]  and was also 
pointed out many times during this  conference . Woosley 
[Wo 8 5 ]  has shown that an increase of the 1 2c (a , y ) 1 6o-reac
tion rate by a factor of 3 as compared with [FCZ 7 5 ]  im
proved the nucleosynthesis pattern considerably for a 2 5 Me 
star and for elements up to the iron group and he also 
shows that such a change has large effects on stellar struc
ture [Wo 86 ] • 

This presentation will illustrate first the experimental 
situation for obtaining this  important 1 2c (a , y ) 16 o reaction 
rate , then new experimental results are presented , 
which will finally be discussed and compared with previously 
and presently available theoretical extrapolations for this 
rate to stellar energies .  

I I .  REVIEW OF EXPERIMENTAL SITUATION 

Typical situations and problems in experimental nuclear 
astrophysics are dicus sed in [Ro 78 , Tr 8 4 ] . The problems 
involved in determining the tails of subthreshold states , 
which often can totaly determine the reaction rate at 
stellar energies and can not be obtained by a direct measure
ment , has been discussed at the example of the 1 2c (a , y ) 1 6o 
reaction [Dy 7 4 , Ke 8 2 ] . 

On hand of fig . 1 the relevant arguments can be briefly 
summari zed . Stellar burning temperatures in units of Tg are 
given on the right hand side of this  fig . 1 which also indi
cate s that for He-burning temperatures there is no prominent 
feature in the compound nucleus 1 60 at the stellar enery E0 
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Fig . 1 :  
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( fig . 1 ) . The broad Jn = resonance at 2 4 1 8 keV can 
contribute by its low energy tail to the reaction rate , but 
there is also a JTI = 1 - state bound by just 4 5  keV against 
a-particle decay . These two Jn = 1 - states give rise to an 
electric dipole radiation (E1 ) which can in the energy 
region between both states interfer either constructively 
or destructively . By careful experimental investigation of 
the low energy tail of the broad Jn = 1 - , 2 4 1 8 keV resonance 
one can therefore study the contribution of the subthreshold 
JTI = 1 - state . 
In fig . 2 the cross section data of [Ja 70 , Dy 7 4  and Ke 8 2 ] 
are compared .  From this fig . 2 it is obvious that the data 
of [Ja 7 0 ]  and [Ke 8 2 ] are in good agreement at the impor
tant low energy tail of the 24 1 8  keV resonance but are sub
stantially higher than the data of [Dy 7 4 ] . It has been 
argued by [Ke 8 2 ] that the additional yield stems from the 
JTI = 2+ state in 1 60 which is bound by 24 5  keV ( fig . 1 ) . 
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This state gives rise to an electric quadrupole radiation 
( E 2 )  which can tail out to the astrophysical interesting 
energy region and can there interfere with the non resonant 
E2 -direct capture amplitude [Ke 82 ] .  A direct experimental 
test for such an E2-contribution would be angular distribu
tion measurements as already suggested by [Dy 7 4 ] . 
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Fig .  2 : Cross section measurement results for 
1 2c (a , y ) 1 6o as obtained by different 
groups [Ja 70 , Dy 7 4 , Ke 82 ] .  

I I I . DIRECT EXPERIMENTAL INVESTIGATION OF THE 
E2-CONTRIBUTION 

The principle of the direct determination for the cross 
section ratio a (E 1 ) /a (E2 )  is  illustrated in fig . 3 .  With the 
z -axis  being in the direction of the beam the resulting spin 
in the compound nucleus 1 60 can only come from the relative 
angular momentum � of the two spinless particles a and 1 2c ,  
which is  perpendicular to the z-axis ,  hence the system is 
aligned and the destinct angular distribution patterns re
sult for the E 1 -transi�ion ( fig . 3a )  and the E2-transition 
( fig . 3b) . From this picture it is clear that with positio
ning a y -detector at 9 0 0  one would only detect the E 1 -
radiation since the E2-part vanishes at this angle . ( In the 
work of [Ke 82 ] angle integrated data were obtained which 
might explain the difference to [Dy 7 4 ]  where the detector 
was placed at 9 0° ) .  Fig . 3c shows the incoherent sum of the 
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E1  and E2  radiation while in general interference effects 
between the two amplitudes are expected ( fig . 3d) . Depending 
on the ratio of o (E 1 ) /o (E2 )  ( two examples are shown in fig .  
3d) and the relative phase between both radiation types a 
destinct foreward-backward asymetry results which can be 
used to measure the o (E2 ) /o (E1 ) -ratio . 
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Fig . 3 :  Expected y -anqular distributions  for 
the 1 2 c (a , y ) 1 6 o reaction ( for details 
see text) • 

This fact has been realized already by [Dy 7 4 )  and their 
results are shown in fig . 4 as experimental points at four 
different energies . The fit through the data in [Dy 7 4 )  
(dashed curve ) neglec ted contribution from the subthreshold 

JTI = 2+ state which is bound by 245  keV ( see fig . 1 )  and 
resulted therefore in a negligible contribution of an E2-
component at stellar energies .  The analyses of the yield 
curve measurements of [Ke 82 ) resulted in a curve which also 
fits the [Dy 7 4 )  data ( solid curve in fig . 4 )  but shows 
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quite different behaviour below E = 2 MeV compard to 
[Dy 7 4 ]  • Subsequent theoretical predictions of [La 8 4 ]  for 
the ratio o (E 2 ) /o (E 1 ) are shown by the dashed-dotted curve 
in fig . 4 and also predict a sharp increase below E = 2 MeV . 
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Fig . 4 :  

1 2[ ( Cl ' -y 
0 ) 160 
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1 2 3 

E [ M eV]  
Ratio o f  the cross section for the 
1 2c (a , y ) 1 6o reaction of the E2- to the 
E 1 -contribution . The data points and · 

dashed curve are from [Dy 7 4 ] ,  the solid 
curve comes from the analysis of the 
data by [Ke 8 2 ]  and the dashed dotted 
curve is a theoretical prediction by 
[La 8 4 ]  • 

The critical point for angular distribution measurements 
below E = 2 MeV is the expected very low cross section of 
the order of n-barns and smaller . Such measurements are 
also always hampered by the ever present 1 3c (a , n ) 1 6o 
reaction which produces a large neutron induced background . 
These proble�s where overcome by producing 1 2c-targets by 
implanting 1 C with E = 1 1 0  keV in gold-backings using a 
small accelerator (Mlinster ) as a mass-seperator . An array of 
6 Ge (Li ) -detectors were placed at 1 5 ° , 40 ° ,  6 0 ° , 9 0 ° , 1 2 0 °  
and 1 50 °  relative to the beam axis to measure simultaneously 
the y -yield from the 1 2c (a , y ) 1 6o reaction where beam 
currents of up to 500  µA were used from the Stuttgart Dyna
mi tron accelerator ( for details see [Re 8 5 ] ) .  

Typical angular distributions obtained at four different 
energies are shown in fig . 5 together with a two parameter 
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x 2-fit where the ratio a (E2 ) /o (E 1 ) and the relative phase 
were varied . In the JTI = 2+ resonance at E = 2 . 68 MeV ( fig . 
Sc ) the well known pattern for E2-radiation ( fig . 3b)  was 
observed . The extracted a (E 2 ) /a (E ) -ratios from these 
patterns are shown in fig . 6 together with the previous 
results of [Dy 7 4 ] , the analysis of [Ke 8 2 ]  and the theore
tical analysis of [La 8 4 ]  and [Fu 8 4 ] . The destinct rise of 
the a (E 2 ) /a (E 1 ) ratio below E = 2 MeV clearly indicates 
that the E2 component of the JTI = 2+ subthreshold state 
bound by 2 4 5  keV can not be neglected . 

IV . CONCLUSION 

The data of [Dy 7 4 ]  have been analysed by different authors 
and the S-factor was extrapolated to the astrophysical in
teresting energy EQ =  0 . 3  MeV [Ba 7 6 ,  Dy 74 , Hu 76 ,  Ko 74 , 
La 8 4 , We 7 4 ] . One also finds in literature the result of 
[Be 7 8 ]  where the reduced particle width 6� ( 7 . 1 2 ) was 
derived from a-transfer data using the 1 2c ( 7Li , t ) 1 6o reac
tion, together with an R-matrix parametrisation for the ex
trapolation . The data of [Ke 8 2 ]  have been extrapolated by 
a simple single level Breit-Wigner formalism [Ke 8 2 ]  as 
well as with a R-matrix formalism [La 8 4 ] . All extrapola
tion procedures for the E 1 -contribution seem to agree within 
their respective quoted errors and would yield an average 
value which is about a factor two higher then the previously 
accepted value [FC Z  7 5 ] . However , in addition to the E 1  com
ponent the E2-contribution can not be neglegted and has to 
be added to the E 1 -part . The latest theoretical analyses 
[La 8 4 ,  Fu 8 4 , De 8 4 ]  for the E2 component are based on the 
data of [Dy 7 4 ]  as well as on the data of [Ke 8 2 ]  and con
tribute up to 50 % to the S-factor at E = 0 . 3  MeV . From this 
survey it is concluded that the total S ( 0 . 3  MeV) -value for 
the 1 2c (a , y ) 1 6o reaction has to be increased by at least a 
factor of 3 and possibly by a factor of 5 .  Efforts are pre
sently under way both at Munster as well as in CalTech to 
improve the accuracy in the extrapolated S-factor value . 
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RADIOACTIVE  ION BEAMS : 

RESEARCH MOT IVATION AND METHODS OF PRODUCTION 

Ab stract 

R i c hard N.  Boyd 

Department of Phys i c s ,  Depa rtment of Astronomy 

The Oh i o  State Un i vers i ty ,  Col umbus , OH 4321 0  

Rad ioacti ve i o n  beam s  can prov i d e  research opportun i t i e s  not ava i l abl e 

wi t h  o rd i nary i on  beams . In part icul ar , rad i oact i ve beams  al l ow i nvest i 

g at i on of  nucl ear reacti ons impo rtant to the stel l ar burn i ng and n ucl eo

synthesi s whi c h  occur i n  h i g h  temperat ure and/or den s i ty envi ronments  i n  

stars . General  des i gn consi derat ions  are presented wh i ch appl y to any 

s uc h  fac i l i ty .  The fac i l i ty presentl y be i ng hu i l t  at Ohi o  State 

Un i v ersi ty i s  desc r i bed . 

1 .  Introduct i on 

The recent surge of i nterest 1 , 2 , 3  i n  rad i oac i ve i on beam ( R I B )  fac i l 

i t ies  has been mot i vated primari l y  by t hei r use i n  exami n i ng reac t i ons  o f  

i n terest to a st rophys i c s . In parti cul ar , the cond i t i ons  whi ch  occur i n  

stel l a r burn i ng i n  t he peri phery of  a n  accreti ng neutron star4 , or  i n  

i nternal boundary reg i ons  o f  stars wh i c h  ex i st at very hi g h  temperaturess , 

prod uce nucl ear  burn i ng whi ch wi l l  be fast enough that i t  wi l l  i nvol ve  

n ucl ear reacti on s  on short- l i ved rad i oacti ve nuc l e i . Characteri zat i on of  

s uc h  burn i ng thus  requi res deta i l ed knowl edge of the proton and al pha

parti cl e i nd uced reacti ons wh i c h  can occur  on these short- l i ved nuc l e i . 

Some of  the nucl ear reac t i on s  encountered i n  such s i t uat ion s  h ave 

been desc ri b ed in deta i l  by Wal l ace anrl Woosl eys , i n  thei r i nvest i gations  
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o f  the r-p process . and are i nd i cated i n  Fi g .  1 .  The normal CNO cycl e 

burn i ng requ i res a beta-decay from 1 3 N  to 1 3C .  a decay wh i c h  al ways has 

time to occ ur in normal stel l ar cond i ti ons si nce 1 3 N  has  a hal f- l i fe of  10 

m i n utes . However , at temperatures around T9=0 . 6 .  th i s decay al most never 

has t ime to occur before proton rad i at i ve  capt ure to 140  occ urs . What 

happens next depends on t he deta i l s of t he 1 40 (a , p) 1 7 F  react i on , b ut that 

reaction  probab l y  occ urs frequent l y  at temperatures l i ke T9=0 . 6  in com

pet i t i on wi th  the beta-decay of 1 40 .  I ndeed . as can be seen from Fi g .  l ,  

most of the reacti ons needed to characteri ze the stel l a r burn i ng under 

these cond i t i ons , i .e . ,  al l those wi t h  arrows o r i g i nat i ng at n ucl e i  above 

and to the l eft of the doubl e l i ne .  requ i re knowl ed ge of n ucl ear react i ons  

on rad i oact i ve n ucl ei . Wh i l e  some of t hese reacti on st rengths  can be  

i n ferred6 from ex i st i ng nucl ear data . most cannot . 

Another s i tuat ion wh i c h  occ urs occa s ional l y  i n  n ucl eosynthes i s con

s i derat i ons  i n vol ves i someric  nucl ei . The detai l s  of the nucl eosynthet i c  

processes as soc i ated wi t h  creat i on and ann i hi l at i on of 2 6Al , a n ucl eus 

thoug ht to be responsi b l e fo r one of the most i nterest i ng i sotopi c anom

al i e s  ob served 7 ,  have been di scus sed prev iousl y8 �  There are several rad i o

acti ve n uc l e i  i nvol ved i n  the rel evant nucl ear reacti ons . e .g • •  2 5Al . 

26Al , and 27Si , b ut an i somer ic  state of 2 6Al . 26Al m i s  i nvol ved ,  as wel l . 

At hi gh , but pl aus ib l e ,  stel l ar temperatures , these states woul d be i n  

thermal equi l i bri um wi th t hei r photon bat h .  Thus i n format i on about nuc

l ear reacti ons  i n i t i ated on a n ucl eus in  an exci ted state i s  requ i red fo r 

characteri zat i on o f  the processes i nvol ved . Th i s  si tuat ion not uni que , a s  

a s imi l a r one exi st s around mass 34 amu as we1 1 9 .  

Si nce most of the n ucl e i  i nvol ved i n  fast stel l a r burn i ng have hal f

l i ves of second s or m i n utes , c ross sections  i n vol v i ng them must be meas

ured by  creat i ng beams of t hem ,  and observ i ng the reac t i on s  res ul t i ng from 

bombardment of hyd rogen and hel i um targets wi t h  those beam s .  

2 .  General Des i gn Con s iderat i on s  

Whi l e  the concept of  prod uc i ng beams of rad i oact i v e  i on s  for research 

purposes i s  not new , t he i dea of us i ng those secondary beams to prod uce 

observabl e n ucl ear reacti ons  i s .  It i s  thi s feature of the Ohi o  State 



RADIOACTIVE ION BEAMS 

20Na 2 1Na 22 Na 

Fi gure 1 .  Some of the reacti ons 
and beta decays wh i c h  occur i n  the 
r-p process .  Al l the nucl ei above 
and to the l eft of the doubl e l i ne 
are radi oacti ve . 
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Un i versi ty ( OSU ) R IB  fac i l i ty wh i ch di st i ngui shes i t  from the i sotope 

separators whi c h  have exi sted for many years . 

The bas i c  components of the OSU R I B  fac i l i ty are i nd i c ated i n  Fi g .  2 .  

An i ntense beam o f  stab l e  i ons  i s  fi rst produced from a n  accel erator , wi th 

energy sl i ghtly in  excess of 1 MeV per amu . That stab l e  beam is  focussed 

on to a ta rget of l i g ht i on s , e . g . ,  3He ,  at wh i ch many of the stabl e i ons 

are converted to the rad i oact i ve i ons of i nterest . Al l the i ons  emerg i ng 

from the fi rst target are then passed through a fi l ter , whi ch sel ects and 

focusses the radi oact i ve i ons  of i nterest , and el im i nates al l others . The 

resul t i ng secondary beam may then pass through an energy measuri ng and 

taggi ng system , and then i nto a second target . Detectors i n ,  o r  around , 

the second t arget then observe t he products from the reacti on of  i nterest . 

I t  shou l d be noted that another R IB  des i gn exi sts l O  i n  wh i c h  the i n

c i dent beam i s  b rought to bear on a target l ocated i n  an i on source . The 

rad i oact i ve i ons  produced by react i ons  i n  that target are then extracted , 

analyzed , and accel erated , thus  p roduc i ng the R IB of i nterest . 

3 .  Descri pti on of the OSU R I B  Fac i l i ty 

The features of a R I B  fac i l i ty are most easi l y  descri bed by sel ect i n g  

a part i cul a r  reacti on .  I wi l l  use the 1 50 ( a ,y ) 1 9Ne as  an  exampl e .  The 

react i on whi ch woul d be used to produce the 1 50 beam , t he 3He ( 1 6 Q , 1 5 Q ) 4He 

react i on , yi el d s  react i on products , at appropri ate 1 60  i nc i dent energ i es 

back to about 24° . Of course , el a st i cal ly  scattered and unscattered 1 60 

i ons  ex i st i n  i ntensi t i es many orders of magni tude greater  than  those of 

the reaction products .  Fort unatel y ,  the el ast i cal l y  scattered beam ex

tend s back in  typi cal cases on ly  about hal f a s  far in  ang l e a s  do the  

rad i oact i ve react i on products .  Thus , in  the  exampl e react i on , b l ock i ng of  

the  forward angl e reg i on of the entrance to the fi l ter removes vi rtual l y  

al l the 1 60 i ons , and al l ows onl y  the 1 50 i ons  to be transm i tted . 

The target at whi ch the rad i oact i ve i ons  a re produced , Target I ,  

necessari l y  operates at a fai rl y  h i g h  pressure , about hal f atmospheri c 

pressure , i n  order to produce a s  h i g h  a y iel d of  rad i oact i ve i ons  a s  

pos s i bl e .  Because any entrance wi ndow i nto thi s gas cel l presents i nsur

mountabl e d i ffi cul t i es , th i s cel l has been desi gned6 to be d i fferent i a l l y  
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Ion Beam 
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Fi gure 2. Schemati c  di agram of a 
radi oacti ve beam faci l i ty wh i ch 
cou l d  be used to i nvesti gate reac 
t i ons on short-l i ved nucl ei . 
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pum ped over several stages . A coupl ed system of Roots bl ower pumps han

d l e s  the gas l oad on the h i g h  press ure reg i ons , and a gas pur i f i cat ion  

system al l ows recycl i ng of t he 3He gas  bac k i nto the target cel l . 

The OSU R IB fac i l i ty presentl y uses a d i pol e magnet a s  the fi l ter . 

Wh i l e  th i s dev ice  does produce the sepa rat i on of the desi red react ion  

products from the i nc i dent beam , i t  al so has  a n  extremel y smal l acceptance 

sol i d  angl e ,  thus prod uc i n g  an i ntol erabl y smal l count rate for most reac

t i ons . Thus we are pre sentl y cons i deri ng d i fferent fi l ter con f i g urat i ons , 

e .g . ,  a quad rupol e system or a sol enoid  system . Ei ther woul d al l ow an 

i nc rease in the acceptance sol i d  angl e of t he f i l ter of about two orders 

of  magn i tude from that of  the d i pol e magnet . 

The l arge entrance sol i d  angl e to the fi l ter , however , res ul t s  i n  a 

l arge energy spread of the rad i oacti ve i ons emerg i ng  from i t ,  about 303 of 

the max imum energy in typi cal cases . Thus , i f  prec i se mea s urements  of  

exc i tati on functi ons are t o  be obta i ned , the energy of eac h i on wh i c h  

enters the second gas cel l must b e  measured . Thi s i s  accompl i s hed by a 

t ime-of- fl i g ht system . l ocated after the fi l ter , consi st i ng of two l a rge 

( 4 cm x 8 cm) thi n fo i l s  se parated by 30cm . As the rad i oact i ve i on s  

pa ss throug h each fo i l , they knoc k out el ectrons whi c h are then accel er

ated and foc us sed , by a c urved el ectrostat i c  m i rror , i nto a channel pl ate 

detector . The t im ing si gnal between the detecto rs at eac h of the two 

fo i l s then dete rmi nes the t ime-o f- fl i g ht ,  hence energy , of  the i ons  pas

s i ng through the system . Th i s  system has been tested wi th an al pha- parti 

cl e source , and has been found to g i ve t imi ng resol uti on of  about 450 psec . 

Fo l l owi ng the ti me-of- fl i g ht system i s  Ta rget I I  wh i c h , fo r the 

1 SO ( a ,y) 1 9Ne react i on st udy , conta i ns �He gas .  Surround i ng th i s cel l wi l l  

be l a rge Na I detectors wh i c h  wi l l  detect the gamma- rays prod uced by the 

react ion  bei ng st ud i ed .  Si nce t he l S Q  i ons wi l l  l o se energy as  t hey pas s  

through the gas i n  thi s cel l , the i r  energ ies  can b e  made to span a s i g n i fi 

cant frac t i on o f  the exc i tat i on funct ion fo r the react ion  o f  i nterest . A 

time measurement between the second fo i l  i n  the ti me-of- fl i g ht system and 

the fast s i gnal s from the ga1T111a-ray detectors , together wi th knowl edge of  

each i on ' s  energy as i t  enters Ta rget I I ,  determ i nes i t s  l ocat i on i n  the 

cel l where the react ion occ ured . Then an energy l oss a l gori t hm determi nes 

the energy at wh i c h the rad i at i ve capture event occ ur red . Sl ow s i gnal s 
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from the gamma- ray detectors are al so anal yzed so as to prov ide i n fo nna

t i on about gamma- ray dec ay sc hemes of the nucl ei prod uced and to al l ow 

di sc r im inat ion  between events  of  i nterest and spur ious  bac kground events . 

In th i s way approx imatel y one-thi rd of the exc i tation  funct ion for any 

react ion can be ob served at a s i ngl e accel erator sett i ng ;  energy strag

g l i ng l im i ts the ob servab l e range to that frac t i on . 

4 .  Concl us ions  

It i s  ant i c i pated that the  fac i l i ty desc ri bed above wi l l , at  l east i n  

favorabl e cases , produce rad i oact i ve beam i n tensi t i es o f  at l east 106  i ons 

per second at energ i e s  sl i g htl y in excess of 1 MeV per amu .  These beam s 

\'Klul d be expected to y iel d several hund red events per day for the rad i a

t i ve capt ure reacti ons of i n terest . It shoul d be noted that the energ i es 

o f  i nterest to t he a strophys i cal s i tuat i ons  descr i bed i n  Sec t i on 1 wou ld  

be around 0 . 5  MeV f or  proton rad i at i ve  capture reacti ons , and around 2 MeV 

for al pha-part i cl e rad i at i ve capture . Because the ex pe riments to be pe r

formed wi t h  t he OSU R IB fac i l i ty have the heav ier  ion  a s  the i nc i dent 

part i cl e ,  the center-of-ma ss energ i es wh ich  wi l l  ex i st i n  t hese react i ons  

wi l l  be  cl ose to  the  energ i e s  of i nterest . Th us thi s fac i l i ty is  i deal l y  

su i ted to st udy o f  react i ons  of  importance to astrophys i c s . 

Th i s  fac i l i ty and other fac i l i ti e s s im i l ar to i t  sho u l d  prov ide  i n for

mation to n ucl ear a st ro phys i c i sts wh i ch was hereto fore unobta i n abl e .  Thi s 

i n formati on shoul d be c ruc i al to the understand i ng of the processes of 

n ucl eosynthes i s whi c h  have prov i ded a s i gn i fi cant fract ion  of  the el ements 

in the un i verse . 
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THE GALLIUM SOLAR NEUTRINO EXPERIMENT GALLEX 

Heidelberg-KarlsrUhe-Milano-Munchen-Nice-Rehovot-Roma-sac1ay Collaooration 

Abstract 

D .Vignaud 
DPhPE • CEN sac1ay 
91191 Gif/Yvette 

The low threshold ( 23 3  keV ) of the neutrino capture reaction 
71

Ga( v  , e
-

)
71

Ge is a real e 
chance for the detection of solar neutrinos , particularly those coming from the pp reaction . 

The GALLEX experiment will measure the solar neutrino flux by counting the 71Ge atoms produced 

in a 30 ton gallium target in the form of a Gac13 solution . A calibration will be done with a 
51cr source which emits 751 keV neutrinos . The detector will be set up in the Gran Sasso 

Underground Laboratory ( Italy ) • The expected result will allow a better understanding of 

solar models and to discriminate between solar models problems and possible neutrino oscil

lations • 

1. Introduction. 

The so-called solar neutrino puzzle consists in the discrepancy between experimentally 

observed solar neutrino flux and solar models theoretical predictions • The latest result of 

the only experiment which has ever been performed to detect solar neutrinos , the chlorine 

experiment ( 1 ]  , is now 2 . 0  ± 0 . 3  SNU ( 1  SNU corresponds to 10-36 capture I atom I second ) while 

the theoretical expectations of the standard solar model give [ 2 ]  5 . 8  ± 2 . 2  SNU ( 3u limit ) • 

However the main criticism to the Chlorine experiment is that the threshold for v e capture by 
37 

Cl in the reaction 
37 Cl ( v , e - ) 

37 Ar is 814 keV which corresponds only to the tail of the e 
solar v 

e spectrum • TWO major reasons are generally invoked to explain the chlorine experiment 

results either there are some problems with the solar models or there are neutrino oscil

lations • 
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In order to try to solve this puzzle a new radiochemical experiment has been proposed some 

time ago , involving the gallium as a target ( 3 , 4 ) . The 
71Ga is sensitive to solar neutrinos by 

the capture reaction 

v e 
-+ 71Ge + e ( 1 )  

The threshold ( 233  keV ) is very convenient to detect a large part of the solar ve 
spectrum , 

particularly the v 
e 

coming from the pp fusion reaction. The newly proposed experiment ( GALLEX ) 

needs 30 tons of gallium in the form of Gac13 
. In the frame of the standard solar model 1 atom 

of 
71Ge should be produced each day . The produced 

7 1Ge atoms have to be extracted and counted 

each two weelts ( T 
112 = 11 . 43 days ) .  Suen techniques nave already been developed and the 

experiment has been proved to be feasible . Due to the requirement of a low level bacltground 

site it is intended to set up the detector in the Gran Sasso Underground Laboratory ( 120 ltrn 

from Rome in the Apennine mountains ) . Moreover it is planned to calibrate our detector with a 

800000 Ci 51er source which provide monochromatic v ( 751 keV )  . e 

In this paper we first recall briefly the standard solar model predictions and the 

neutrino oscillation problem • We then describe our proposed gallium experiment : extraction , 

counting , bacltground , calibration with a 51er source , schedule , with some details . Finally 

we give wnat would be the implications of the results on solar physics and/or neutrino oscil

lation physics . More details on this experiment can be found in reference ( 5 ) .  

2 .  The solar neutrino flux in the standard solar model (SSH) . 

The standard solar model is described elsewhere ( 6 ) . We just recall here the origin of the 

neutrinos coming from the sun , the predictions for the corresponding flux and for the neutrino 

capture cross sections . 

Most of the energy produced in the sun comes from the pp fusion reaction chain 
2 + H + e + v 

3He + T 
e p + p ...... 

2H + p -+ 
3

He + 3He -+ 
4

He + p + p 

or 3He + 4He -+ 7
Be + T 

( 2  times ) 

( 2  times ) 

Electron or proton capture on the 
7

Be may also give 

e
- + 7

Be -+ 
7Li + v 

P + 7
Be -+ 8

B + T 
e 

L 8 • + Be + e + v 
e 

A small fraction comes from the pep reaction 

p + e + p -+ 2
H + v e 

v PP 

V
Be 

V
B 

v 
pep 
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There is also a small contribution ( 1 . 5  %) of the CNO cycle in the total fusion energy 
liberated. 

The predictions of the standard solar model concerning the neutrino flux at the earth 
level are given in Fig. la where the six main contributions are represented • The integrated 
flux value is given for each neutrino source in Table l In Table l are also shown the 
predictions for the neutrino capture cross sections in 71Ga , in SNU ' s  ( see for example ref . 
[ 7 ] for neutrino capture cross sections ) • The values are the ones recently pUblished by 
Bahcall et al . [ 2 ] and take into account recent calculations of 71Ge halflife ( ll . 43 days ) and ��c 

:
alue

. 
( 23 3 . 2 keV ) [

.
8 ] . These predictions do not take into account the contributions for 

Ge excited states which have been estimated to be of the order of 10 % Of the· contribution 
for the 71Ge ground state [ 9 ] .  ( The decay scheme of 71Ge is represented in Fig. lb where 

51 energies of v pp , "ae and v from er are also shown ) .  

Table 1 : Solar neutrinos flux ( in v/cm2/s ) and gallium capture rates ( in SNU ) for the 
different sources in the sun . 

source Flux [ 6 ]  Energy spectrum ( MeV ) 

pp 6 . 07 10 10 o . -0 . 42 0 
�p l . 50 108 l . 440 
8Be 4 . 3  109 0 . 862 ( 90% ) ' 0 . 383 ( 10% ) 
l�N 

5 . 6  106 l . -14 .  
5 . 0  108 0 . -i . 20 150 4 . 0  108 o . -i .  1 3  

Total 

pep 

105 ��--'�..L.-l.L...L...W.J/SI..J....L..l-J...L...-1--1-.J,....1..J....L.L.1-..l....-L.. 0.1 QJ 3 10 
Neutrino Energy (MeV) 

capture rate 

67 . l  
2 . 4  

30 . 3  
l . 5  
2 . 6  
3 . 7 

107 . 6  

312 ----- 708 k  .... 

312-·==== 500 keV 

pp 512-·==== 175 keV 

Fi;ure 1 ·a)  Solar neutrino spectrum in the SSM - b) 71Ge decay scheme . 
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3. Neutrino oscillations . 

The hypothesis of neutrino oscillation between their different flavours ( ve , v
f'

, vT ) is 
now well known ( see for example ref . [ lO ) ) .  It is based on the idea that neutrinos , 
eigenstates of the weak interaction, are not eigenstates of the mass but linear combinations 
of v 1 , v 2 and v 3 which are the eigenstates of the mass : 

l v1> = t U li l vi> l=e , fl , T  i=l , 2 , 3  
The fraction of flavour m neutrinos observed at a distance x from the flavour 1 neutrinos sour
ce can be written : 

2 2 P ( v1 -+ "m ) = t u1i . umi + t uli . umi . ul j " umj 
cos (. 2roi:/li j

) 

where l . . ( m )  = 4np / I m .  2-m .2 1 = 2 . 48 p ( MeV /c ) I 1 Am2 I (ev2 J 1) " 1 J 
is the oscillation length . 

The distance between the sun and the earth is L = l . 5  1011 m and we may hope to be sensitive 
to Am2 until about lO-ll ev2 which is much more than all known results on limits to neutrino 
oscillations ( for recent results see [ ll ] ) • 

If we consider a mixture of two flavours only the U matrix is a rotation matrix ( angle O J  
and we nave : 

P ( ve -+ v ) � l - sin22 0 . sin2 ( 1 . 27 Am2 L / p ) ( 2 ) e v 

'· The gallilDD experiment . 

a) history. 
The first idea for using gallium for the detection of solar neutrinos was suggested by 

Kuzmin [ 3 ) . The first proposal for such an experiment is due to Bahcall et al . [ 4 )  in 197 8 who 
requested 50 tons of gallium . A pilot experiment with l . 3  ton of gallium was done at 
Brookhaven to show the feasability of the extraction of small quantities of 71Ge • A proposal 
by a Brookhaven-Heidelberg-Rehovot-Philadelphia-Princeton Collaboration was written in 1981 
[ 12 ) .  This collaboration was dismantled in 1983 due to lack of money • A new collaboration was 
built in 1984 , with mainly European Laboratories [ 13 )  • 

b ) � 
The 30 tons of gallium ( 39 . 6  % of 71Ga and 60 . 4  % of 69Ga) in form of a concentrated 

Gac13-HCl solution are placed in a large tank • The 71Ge produced in the neutrino capture 
reaction ( 1 ) form the volatile GeCl 4 compound which is swept out of the solution by circulating 
air through the tank • The gas flow is passed through gas scrubbers where GeC14 is absorbed in 
water • The Gec14 is then extracted into cc14 , back extracted into tritium-free water and 
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finally reduced
. 
to the germane GeH

4 
gas by using KB�i . The germane is introduced with

. 
xenon in 

a small proportionnal counter where the number of Ge atoms is determined by observing their 
radioactive decay . 

c )  extraction of the 71Ge . 
The feasability of the extraction has been proved in a pilot experiment done at Brookhaven 

with 1 . 3  ton of gallium ( see fig. 2a )  . More than 30 runs have been performed by introducing 
small amounts ( a  few mg down to 100 µg) of stable Ge carrier , as well as runs in which the 71Ge 
was produced in the Gac13 by cosmic rays or by a neutron source , or by decay of 71As . 

An example of germanium extraction from the pilot tank is shown in fig . 2b where more than 
99 % of the 2 mg added to the Gac13 solution before sweeping have been extracted in 1 . 2 day . 
The conclusion is that the entire chemical process ( extraction and conversion into GeH4 ) can 
be carried out with more than 95 % overall yield. 

In the final experiment it is planned to extract the produced 71Ge every two weeks , taking 
one day for extraction . 

2.0 
1.0 

� 0.5 

1 02 
·= 
c 0.1 
:I � 0.05 
� 

0.02 
0.01 

Run No. 8 

0 0.4 0.8 1.2 
Extraction t i me  [ days I 

Eductor 

2 .5 m3 
GaCk Ha-Solution 

-

Gos Pump 

l 

Figure 2 Extraction system in the pilot experiment and result of an extraction run. 

d) counting of the 71Ge. 
In the frame of the standard solar model and with the expected capture rate about 1 71Ge 

atom is produced each day in the tank ( 1 SNU corresponds to 8. 7 10-3 capture/day in the 30 t 
detector ) .  A counting system able to measure such low decay rates has been developed by the 
Heidelberg group . 71Ge decays by electronic capture and the energy deposition from Auger 
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electrons and X rays emitted results mainly in a spectrum with an L peak at 1 . 2 keV and a K peak 
at 10 . 4  keV • The miniaturized proportional counters are built with ultrapure materials • They 
are placed in an anticoincidence shield with NaI and plastic scintillation detectors , 
completed by heavy passive shielding with lead and iron . The counter background is then of the 
order of 1 count per day . But the pulse shape of this background ( materials radioactivity , 
external 7 rays , electronic noise ) is different of that of the 71Ge decay [ 5 ]  and a pulse shape 
analysis using a transient digitizer allows to reduce the background level • Fig. 3 displays 
the results of a 51 . 5  day counter background measurement obtained with one of the best 
counters .  G•I , a quantity characterizing the pulse shape , is plotted versus the energy for 
each count . The boxes represent the regions where 95 % of all 71Ge events with energies in the L 
and K peak windows are located . The background obtained is . OS ( . 04 )  count per day in the L 
( K )  peak and the corresponding counting efficiencies are respectively 28 and 43 % for the L and 
K peaks . 
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.. L 
Backgr ound 
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. . ·,· . . . - •: · 
·'· . . : . 
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. .  . - . . . . . 

1110 :wo :mo 
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• ' • . :· 

Channel - Number 

I . r  
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� . • 

-WO 

v , . . . . .  
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Proportional counter background measurement . 

e )  background due to 71Ge produced by other sources than solar neutrinos . 
71Ge atoms may be produced in the 30 t detector by other sources than solar neutrinos , 

This background consists mainly in the reaction 71Ga ( p , n ) 71Ge . The interacting protons come 
from : 
i )  cosmic ray muons interactions . In the Gran sasso Lal:loratory ( shielding depth = 3500 m water 
equivalent ) we expect • 01 atom per day • 
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ii ) ( � .p)  reactions where � come from radioactive decays of u , Th and Ra present in the Gac13 
solution • Low level of these radioactive atoms can be obtained for large Gac13 quantities and 

give less than • 01 71Ge atom per day . 

iii ) ( n ,p )  reactions induced by neutrons from the surrounding rock . a . a  n/cm
2

/day would give 

. 006 71Ge atom per day . Preliminary measurements [ 14 ]  give an upper limit of 2 . 6  n/cm2/ctay . 

It can be measured more precisely by using the reaction 
40

ea( n , � )
37

Ar where 
37

Ar atoms can be 

counted. If the level was too high an additional 25 cm water shielding around the detector 

would reduce this background by an order of magnitude . 

The total background is then less than a few percent and can be monitored by the reaction 
69Ga( p , n r69Ge which has a large cross section and which can be counted in the same way as the 
7 1Ge . 

f )  calibration with a 51cr source . 

There are still uncertainties about the cross section contribution from the two excited 

states in 71Ge at 175 and 500 keV ( which can be populated by allowed Gamow-Teller transitions ) 

whose contribution is about 10 % of the ground state one [ 9 ]  ( see Fig. lb) . In order to 

complete information about the 71Ga neutrino capture cross section and to have an overall 

:::onsistency check of the detector a calibration experiment using an artificial 51cr source is 

planned as a full part of the experiment . 51cr decays ( T 112 = 27 . 7 days ) by the electronic cap

ture reaction 51cr ( e
-

, v  J 51v .  It emits monoenergetic neutrinos : 90 % at 751 keV and 10 % at e . 
431 keV • The 751 keV ve can populate the two excited states at 175 and 500 keV ( see Fig. lb ) . 

An excess of the measured 51cr signal above the ground state contribution could be attributed 

to these excited states • 

The characteristics of the source are the following : 100 kg of chromium powder are 

irradiated in Siloe ( Grenoble ) and Osiris ( Saclay ) during 2 months , giving an activity of 

800000 Ci , activity necessary to perform a significant experiment • The source is then placed 

inside the Gac13 tank during 2 months , with a 71Ge extraction each 2 weeks • The expected 

sensitivity is 18-20 % after one such run and 10 % after 4 runs ( 1  year ) .  

g )  schedule . 

In 1985 the proposals are being sUbmitted to respective German , French and Italian 

authorities and to Gran Sasso committee • The approvals are expected before the end of the year 

and the installation could begin immediately • The completion for gallium acquisition could 

then be at the end of 1986 . 2 years of running ( SO extractions ) are necessary to obtain 10 % 

statistical error on the number of 71Ge produced atoms These 2 years and 1 year of cali-

bration could be planned in 1987-1988-1989 and a first result could be given at the end of 

1989 . 
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5. Interpretation of the forthcoming result . 

The interpretation of the forthcoming result depends on the result itself : 

- between 100 and 130 SNU the standard solar model is probably correct and we can exclude 

neutrino oscillations with a large mixing. 

- below 70 SNU the neutrino oscillation hypcthesis is the most probable since no actual solar 

model predicts a value lower than 70 SNU which corresponds to "extreme models" i . e .  models with 

energy generation in sun by fundamental pp reactions only . 

- between 70 and 100 SNU the chlorine result and the gallium result should be combined to give 

a reliable explanation . 

- above 130 SNU the field is open for models such the model with quarked nuclei which can 

predict until 250 SNU [ 15 ] . 

To illustrate this we display in fig. 4 the 
37 

Ar production rate in the chlorine experiment 

versus the 71Ge production rate in the gallium experiment • The two horizontal lines corres

pond to the chlorine result with 2 � [ 1 ] . The circle corresponds to the standard solar model 

( SSM ) . The dashed line corresponds to different solar models and particularly the turbulent 

diffusion mixing model which predicts a very small flux of v8 [ 16 ] .  The cross correspcnds to 

the minimum rate ( neutrino production by pp reaction only ) .  The full line gives the prediction 

of the SSM in case of neutrino oscillation ( with Arn
2 > 10-8 ev

2
) with a mixing varying along the 

line . The two marked points along the line correspond respectively to the two neutrino mixing 

and three neutrino mixing with the maximum value of the mixing parameter . If Arn
2 

is below 10 -9 

ev
2 

the situation is a little more complicated since the average value of the sin2
( 1 . 27 Arn2 

L / 

p ) term in equation ( 2 )  depends on Arn
2 

but definite conclusions can still be drawn ( see [ 17 ] ) .  v 
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ABSTRACT 

Georges WAYSAND 

Groupe de Phys ique des Solides de l ' Ecole Normale Superieure 

Tour 2 3 - Universite Paris  VII  

7 52 51  Paris  Cedex 05,  France 

The p r i n c i p l e  of de t e c t i o n  in r e a l - t ime of low energy  s o lar 

n e u t r i n o s  with ind ium i s  r e c a l l e d . Because f o u r  t o n s  o f  indium are 

n e c e s s a r y  to g e t  o n e  event p e r  day , an e l e gant way to r e a l i z e  this 

e x p e r iment i s  to u s e  i ndium as the t a r g e t  and the detector of  solar 

neutrinos .  Superheated superconductivity provides such an opportunity at 

the expens e  o f  the division of the metal in microspheres embedded in a 

d i e l e c t r i c . The p r o perties of thi s  detecting material are discussed in 

relat ion with the specific  goal of  solar neutrinos detec tion . 

This talk is dedicated to Y .  Orlov , presently in exile in Siberia . 

1 .  INTRODUCTION 

The importance of neutrinos for early nuc leosynthesis is underlined 

by many c ontr ibutions in this vo lume . So far however ,  not even a single 

neu t r in o  c om i n g  f rom the p-p r e a c t io n  in a s ta r  have been detec ted.  

Neutrino  astronomy is  much more a c onceptual frame than an  experimental 

f i e ld . On ly a s ingle device has been built  the chloride experiment of 

R. Dav i s  l o o k i n g  at neutrinos coming from the sun . The Davis device is  

based on the  radio  chemi c a l  r e a c t i on i n  which c137  ( which represents 

2 5  % of the  n a t u r a l  c h l o r ide ) c a p t u r e s  one neutrino and i s  therefore 
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t rans f o rmed in Ar3 7 . The isotope 37 of Argon is detected by the release 

of one e l e c t r on when it de s e xc i t e s . The e ne r gy t h r e sh o l d  of t h i s  

reactions is  8 1 4  keV. What is  then detectable ? 
The solar neutrino flux cons ists of three c omponents 

1 .  pp neu t r inos  with energy i n  the range O < Ev < 4 2 0  keV and a flux of  

6x l01 0 Vc / cm2 sec . 

2 .  Be 7 n e u t r i n o s  wh i ch are monochromatic with Ev = 8 6 1  keV and have a 

flux of 4xl09 Ve/ cm2 sec . 

3 .  finally : B8 neutrinos with energy Ev between 0 and 1 4  MeV and a flux 

of  3xl06 ve / cm2 sec . 

There fore , the chloride device looks essentially to this component 

which i s  4 order  o f  magn i tude sma l l e r  than the pp one . This pioneer 

e xp e r iment has d e t e c ted a f lu x  of 2 ± 0 . 3 S NU whe r e a s  Bah c a l l  has  

predicted a value of  6 ± 2 SNU . 

As i t  has o f ten been discussed, this discrepancy can be assigned 

e i ther t o  neu t r inos  o s c i l la t ions  or to a deficient solar model .  From 

t h i s  pu z z l e c ome s the need f o r  s o lar neu t r i n o s  de tectors with lower 

energy threshold. S ince the flux of pp neutrinos is proportional to the 

lumino s i t y  of the sun , it is  subj ect to no more than a 1 0% uncertainty ,  

therefore i f  the low energy solar neutrino flux i s  not i n  agreement with 

the l umino s i t y  evaluation , t h i s  will prove the existence of  neutrinos 

o s c i l la t i ons . The gallium experiment discussed in these proceedings i s  

a l s o  a radio chemi cal exper iment w i th a threshold of  2 3 6  keV and can 

provide an i n t e g ra ted value of  the flux above value . Therefore , i t  can 

provide a par t ia l  answer t o  the p roblem . The indium reac t io n  is a 

real-t ime d e t e c t ion one , i t s  energy  t h r e s h o l d  i s  1 2 8 keV , and can 

d e t e c t an expec ted flux for pp neutrinos of 5 7 1  SNU to be compared with 

7 1  for  the g a l l ium . Howeve r ,  s tarting from the constraints defined by 

the indium reac t i o n  i t  i s  n o t  e a s y  t o  design a realistic  experiment . 

Neverthe l e s s ,  a f t e r  one and a half  year of reflexion and discussion an 

ad-hoc french c ommi t tee has dec ided to r e c ommand the launching of a 

feas ib i l i t y  s t udy of a s o lar neut rino  de t e c t o r  b a s ed on the indium 

reaction and using the rupture of a superheated superconducting s tate in 

ind ium g ranu l e s  to de te c t  the i o n i s in g  eve n t s  a s s o c i a t e d  w i th the  
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n a t u ra l i z a t i on o f  the neutrino . The principle of such an experiment is 

discussed be low . 

2 .  THE NEUTRilfO-IlIDIUM1 1 5  IlfTERACTIOtl THE ItlVERSE 11 DECAY 

A l l  o v e r  the range of  atomic  ma s s e s  from 1 1 1  t o  1 3 1 ,  

Raghavan [4 ] has noticed that one observes a B decay from the 9 / 2+ 

o f  t h e  i ndium isotopes to the 7 / 2+ state of  indium. At the lower 

mas s e s  t i n  is  transmuted into indium, whereas at the high atomic 

R . S .  

s tate 

atomic 

mas ses 

the r eve r s e  p r o c e s s  occurs . At the atomic mass  1 1 5 ,  the two levels are 

separated only by 1 28 keV ; the 9 / 2+ s tate is  the s tate of l l Sin whereas 

the 7 / 2 + s ta t e  j u s t  above is an exc ited state of l l Ssn with a l ifetime 

o f  3 . 2 6  µ s e c . I t  i s  the s h o r t ne s s  o f  t h i s  l i f e t ime which makes this 

rea c t i o n  completely radioe lectrical and not radiochemical as in all the 

other s ituations : 

1 1 5  -----.; 1 1 5Sn
7 / 2+ 

( - 200 keV from pp) 49In
66  + 

'i
o + e 

3 . 2 6 l \l 

then µsec 

1 1 5Sn
3 / 2+ 

+ el ( 90 keV) 

1 + 1 1 55 1 / 2  
+ Y2 ( 498 keV) 50 n6 5  

I n  t h i s  p roces s ,  the energy E,i o f  the incoming so lar neutrinos is  known 

i f  one measures the energy ev of the capture e lec tron : 

ev = Ev - 1 28 keV .  

The ev pu lse itself  is identified b y  the triple delayed co1ncidence 

assoc iated w i th a spatial localisation of  ev and e1 . 
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I t  i s  the a s s o c i a t ion  o f  the triple de layed coincidence with the 

l o c a l i z a t i o n  o f  ev and e 1 whi c h  c o n s t i t u t e s  the  s i gn a t u r e  o f  the 

n e u t r ino . T o  get one event p e r  day four  tons of  indium are necessary 

which is  considerably less than with other �echnique s .  

The main d rawba c k  o f  the indium reaction is , s ince it i s  a real

t ime phenomenon , that the background noise mus t  be c arefully treated . 

T h i s  gene ral c on s i d e r a t i o n  i s  o f  s p e c i a l  imp o r t a n c e  i n  the present 

proj e c t  b e c a u s e  the main source of  noise comes from 1 1 5  Indium i t s e l f .  

Tho u gh i t  i s  the mo s t  abondant isotope ( 95 , 7%) with a large l ifetime : 

5 . l x l o l 4  year s , t h i s  means that the spontaneous B decay of indium into 

t i n  c re a t e s  2 2 5  e l e c t rons B ( w i t h  a max imum e n e r g y  of 490 keV) per 

k i l o g ram of  indium and per second. Some of these B can produce r ray by 

b r e m s t rah l un g .  In s u c h  a c a s e , there i s  a chance  to r e c e ive a fake 

event . A fake event can a l s o  be produ c e d  by a B ,  f r om indi um , i n  

coincidence with a r ray coming from the environment .  This second source 

of n o i s e  is reduced if the e f f e c t ive c on c e n t r a t i o n  in indium of the 

e x p e r iment i s  l a r g e . The effect ive s ignal to noise ratio relies on the 

ac tual structure of the detecting system. 

The f i r s t  t ype of s o lu t ion  that c ome s t o  mind is t o  s eek f o r  

va r i o u s  c omb inations  o f  c onve n t i onal t e c h n i q u e s  s u c h  a s  mu l t iw i re 

propo r t i onal chambers , l ight collecting devices , etc • . •  In such devices 

if one want s  t o  be e f f i c ien t ,  the indium mass  be divided , at  least in 

thin  f o i l s , to allow the electrons to escape from the metal . Studied by 

a B e l l - M I T  c o l laborat ion and again recently surveyed by a Sac lay team , 

this type o f  solutions has been left over . 

Non c onvent iona l t e chniques involving proved principles have been 

p r o po s e d . In t h e s e  t e chnique s ,  the l eading idea is to use indium not 

o n l y  as the  target  but  a l s o  as the de t e c t i n g  e l ement i t s e l f .  Th i s  

requires that indium mus t  be e ither : 

i )  a semiconductor ( but the production of InP by the ton is not predic

t i b l e  and even if it is p roduced,  the packaging problem will make the 

device poorly effic ient ) .  

i i )  a part  of an organic liquid s c intillator with long mean free path 

such a compound does not exist at the present t ime . 
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i i i )  a s u p e r c ondu c t o r  : this is the only bulk property of indium which 

c an be used for detection.  

In this later case , two solutions are proposed : 

a )  the realization of superconduc ting tunnel j unction with one elec trode 

made of b u l k  indium ( a  few c c .  f o r  e a c h  elementary c e l l ) . Sinc e ,  the 

e n e r g y  gap o f  the s u p e r c ondu c t i n g  s ta t e  w i t h  r e s pe c t  to the normal 

( re s i s t i v e )  s ta t e  i s  o f  the o rder of 1 meV , such a device will have a 

very  g o o d  resolution. This was proved with j unctions made of thin film .  

The r e f o r e , one  can disregard any local ization of  the neutrino and rely 

only on the energy resolution to identi fy any event . This proposit ion of 

N .  B o o t h  wh i ch is a l so s tu d i e d  i n  o u r  p rogram has ,  for the moment , a 

maj o r  weakne s s  : f ab r i c at ion  o f  a j un c t i on w i th bulk  e le c t r odes of 

indi um has n o t  yet been achieved . For a practical neutrino detector at 

leas t 1 04 devices have to be produced . This is a difficult task but the 

p o t e n t i a l l y  very  h i g h  energy  r e s o lu t i o n  o f  s u c h  a dev i c e  makes i t  

attractive . 

b )  the o t h e r  p r o p o s i t ion for the neutrino detector of indium is to use 

s u p e rheat e d  s u p e r c onducting granule s .  The properties of these granules 

are discussed hereafter.  

3. SUPERHF.AIED SUPERCONDUCTING GRANULES AS PARTICLE DETECTORS 

3 . 1 .  Superheated supe rcondu c t ivity for a sphere 

Bubb l e  c hamb e r s , W i lson chambers are metastable systems where the 

par t i c l e  is d e t e c t e d  by r u p t u re o f  meta s tab i l i t y  r e s u l t i ng in the 

c re a t i o n  of r e s pe c t ive l y  bubb l e  o r  d r o p le t s . Me t a s t ab i l i ty o c c u r s  

b e c a u s e  the  l iq u i d-vapor phase transition i s  of  the first order ( there 

is a latent heat of  trans format ion ) . 

Some s u p e r c ondu c t o r s , among them indium , e xh i b i t s  also a first 

o r d e r  phase t ransit ion in magnetic  field at temperatures T < Tc ( Tc : the 

c r i t i c a l  temp e ra t u re o f  appa r i t ion  o f  the  s u p e r c o nduc t ivity in zero 

magne t i c  f i e l d )  the trans i t i o n  f o r  the s u p e r c ondu c t ing s tate to the 

n o rma l ( re s i s t ive s tate)  occurs abruptly at a field H = Hc ( T ) . Like in 

o t h e r  c a s e s  o f  f i r s t  o r d e r  pha s e  t rans i tion metastable s tates can be 

c re a t e d  : the e x i s t e n c e  of superheated ( th e  s u p e r c ondu c t i n g  s ta t e  
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p e rs i s t s  above He when one sweeps up the magne t i c  field from 0) and 

s up e r c o o l e d  s ta t e  ( the sample remains res istive even when the magnetic  

field is decreased below He ) .  
The super c ondu c t i n g  s ta t e  in type I supercondu c tors is  charac te

r i z ed by a c omp l e t e  expulsion of  the magnetic field from the volume of 

the granu l e  due to the f l ow of super c u r rents in a very thin layer o f  

t h i c kn e s s  lL ( ca l l e d  t h e  Landau pene t ra t i o n  dept h )  j us t  unde r t h e  

s urfac e .  T h e  s u p e r c urrent  obeys the Maxwel l-Landau equation charac te

ristic of a superconductor : 

1 =  -\z ;t 
µo L 

and n o t  the u su a l  Maxwe l l  r e l a t i o n  J = at f o r  a normal metal .  The 

Landau equat i o n  t o gether  w i th the Maxwell  relat ion VArt = µ01 gives 

for the magnetic  field. 

vr� = b- � 
L 

wh i c h  has no un i fo rm s o lu t ion  i n  the s u p e r c ondu c tor except 0 at a 

distance x from the surface 

There fore , p e r t u rb a t i o n s  of the surface such as spike s ,  defects , 

irregularities , etc . • •  over l strongly affect the s creening supercurrent 

and t h e r e fore weakens the probability of  observation of  the superheated 

s ta t e . Pract ically the theoretical limit of  metastabi lity HsH is  eas i ly 

observed with microspheres under 40 microns . Suspens ions o f  such spheres 

in wax constitutes the detecting divided material . 

An hysteresis  cycle o f  an isolated granule is represented in Figure 

2 and the corresponding phase diagram in Fig . 1 .  Please note that for an 

isolated sphere , the maximum superheated magnetic field is 2 / 3  HsH ; HsH = superheated c r i t i c a l  f i e l d .  The dema�ne t i z a t i o n  o f  the  s phere is  

respons ible  of that effec t .  Our isolated superheated sphere o f  radius R 

i n  an e x t e rn a l  f i e l d  B can be sketched by a dipolar magnetic moment � 
given by : 
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a ,  the polarisability is  given by 

a = 1 -- R3 2 
and the effective magnetic field B(1) is 

cos 9 ) 
� 

-t i 0  with r = ( r ) e 

9 = 0 for 1 I I  g 
The component of B0 parallel to the surface is 

B 3 B s in 9 I = 7 0 r=R - 0 
at the equator B9 

3 B 2 0 

G. WAYSAND 

There fo r e , the superheated critical Hstt at the equation is reached 

when B0 = 2 1 3 Hstt · 
For a suspension of spheres , the s ituation i s  much more complicated 

b e c au s e  of N-body d iamagnetic interact ions . The essential experimental 

f a c t  is that the magnetic field ins ide the suspension varies from point 

t o  poi nt . Therefore , each granule changes of state for a given value of 

the app l i ed magnetic field . A c rude approach of this  s i tuation has been 

examined i n  [ 1 5 ]  and [18] . A much mo re c orrect treatment will be soon 

provided by U. Eigenmul ler and P .  Mazur [ 1 9 ] .  I f  the granules have not 

a regular  s u r fa c e  s hape they will not reach the theoretical limit for 

the superhea t i n g . Th i s  a l s o  s t r o n g l y  contributeS" to the shape of  the 

hysteresis cyc le of  a collection of  granules . 

3 . 2 .  Ene rgy threshold 

L e t  us r e s t r i c t  our s e lves  to a s ingle microsphere . The change of 

state can happen following two main paths : 

- at T < T c kept c on s tan t the magne t i c  f i eld is inc reased until Hstt i s  

reached a t  one point of  the surface of  the granule : this is  a magnetic 

n u c l e a t i o n  provided by sweeping up the magnetic field or by the arrival 

of  a magne tic monopole 
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- a t  H < Hs ff( T )  kept constant the g ranule is heated up to the t emperature 

T +8T = 8H app l i e d .  Th i s  is h ow the  g ranu l e  chan g e s  of s t a t e  under 

i rradiation by ioniz ing partic l e .  This i s  a thermal nucleation . 

A m i c ro s c op i c  de s c r iption of the interaction between the ioniz ing 

part icle and the granu le is underway by N .  Perrin but a s imple calorime

t r i c  mode l i s  n o t  i r r e levant i n  the p re s en t  s i t ua tion . Effect ive ly, 

du r i n g  the  t rans i t i o n  t o  the normal s tate the fraction of  the granule 

which is  in this final s tate can be considered as isothermal s ince , we 

want to heat the granule only up to the moment where at least one point 

o f  the s u r fa c e  has reached HsH ( T+8T) , it suffices to heat one half of 

the volume . 

I f  / �; dr represents the total energy depos ited by the particle 
0 

on the  l en g t h  1 o f  its  traj ectory in the sphere . The normal z one has a 

temperature inc reased by 8T . 

I irn dr }_ a r 
0 

HSH ( T )  is dec reased down to 

oHSH HSH + aT 8T 

I f  t h i s  new va l u e  is lower  than the applied field the change of 

s ta t e  w i l l  be irrerversible . This is  the case for all the granules with 

a local magnetic field in the range [ H, H+8H ] defined by 

oH 
8H = a�H 8T 

which is a measurable quantity.  

It  is  i mportant  t o  note that  8H i s  inversely proportional to the 

vo lume o f  the  g ranu le . Since indium granule as small  as a few thousand 
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ang s t roms in d iame t e r  w i l l  remain me t a s t ab l e ,  i t  turns out that the 

energy threshold of one granule in this range will  be of a few electron

volts . 

I t  i s  an add i t i onal argument that j us tifies to turn to low tempe

rature techniques for the solar neutrino detection by indium. 

However ,  we are left with a na1ve but dec isive question : how do we 

read the change of s tate of those granules ? 

3 . 3 . Real t ime read out techniques 

3 . 3 . 1 .  Charge preamplifier 

As it has already been said above where a granule is in the super

heated  s ta te , it e xpels completely the magnetic field from its volume . 

When the same granule is switched to the normal s tate , this field comes 

in w i th a chara c t e r istic t ime dt proportional to R2 ; R the radius of 

the g ranu l e .  Du r i n g  this t ime , if the granule is within a pick up coil  

of width L,  this  coil senses a flux variation 

d� - w�3 H .  

Up t o  now f o r  real t ime read out , w e  have used charge preampli

f i e r s . As of March 85, the best estimated performance is  the detection 

of one 1 0µ g ranu l e  in a p i c k  up c o i l  of 200 microns width , center to 

c e n t e r . ( We u s e  U s haped p i c k  up c o i l  so that each of them is the 

equivalent of a s ingle wire for a wire chambe r ) . 

Wha t  c an we hope w i th t h i s  level  o f  p e r f o rmanc e  o f  our c ha r ge 

preamp l i f i e r  ? On e 10µ granules produces the same signal as 8 granules 

o f  5µ d i ame t e r  w i th the s ame pick up coi l .  For the indium experiment , 

t h i s  s i z e  of granule is probably good but the pick up coil  mus t  be more 

l a r g e r  i f  we do not want to have a weight of  printed c ircuitry larger 

than the weight of the granules . Let us suppose 2 mm width for a pick up 

c o i l  is a good c ompromi s e . In that cas e ,  our present charge amplifier 

requires the s imil taneous fl ipping of  80 granules of  5 microns to detect 

s ome thing . If we e s t ima te the energy t h reshold of  a 10 microns to be 
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around 30 keV the energy threshold for a 5µ granules will be e ight times 

less 30/ 8  keV ; and for 80 granu le s ,  we will  have to deposit  

30 x 80 
8 

N 300 keV which i s ,  by the way , the present energy threshold 

for the indium experiment .  

Ne e d l e s s  t o  say th i s  i s  a p o o r  p e r f o rmanc e ,  howeve r ,  i f  the 

background was not s o  s evere , one could notice that we have already a 

real-time solar neutrino counter , sensitive to the higher part of the pp 

neutrino spectrum which is spreaded up to 420 keV. 

Let us notice however that i f  we use a pick up coil  with many turns 

( q  the energy resolution is almo s t  improved by the number of  turns : for 

a 5 t u r n s  p i c k  up c o i l ,  it w i l l  be  around 60 keV in the p r e v i o u s  

example . 

The r e f o r e ,  i n  a s en s e ,  it  seems that the recent improvements have 

c re a t e d  a s i t u a t i on where one cannot say a priori that w e  have t o  turn 

to c ry o e l e c t roni c s  to a c h i ev e  the f u l l  s c a l e  e xpe r iment . ( Indeed , 

J o s e ph s on devi c e s  have a l ready a l e v e l  of performance many orders of  

mag n i tude b e t t e r  than o u r  p r e amp l i f i e r  but i t  i s  not  easy to handle 

thousands of them in a s ingle experiment) . 

3 . 3 . 2 .  Linear ampli fier 

Up to now this type of  preamplifier has not used for the f l ippling 

of the granu l e s  b e c a u s e  i t s  p e r f o rmanc e  have been l e s s  s e n s i t ive . 

However ,  one should note that in this case , the signal i s  ( d�/dt)  aR and 

not R3 l ike with a charge preamplifier . 

We can d e duce from this remark that , in spite of the fac t  that the 

i n i t i a l  p e r f o rman c e  i s  p o o re r ,  it will requi re less progress to reach 

the s ize  of  interest than may be with charge preamplifie r .  

R .  Bruere-Dawson ( College d e  France ) is  presently giving a renewal 

of interest at this approach .  

3 . 4 . Sketch o f  the detector 

The p i c k-up c o i l s are U shaped t h e r e f o r e  the l o c a l i z a t i on i s  

provided b y  fami lies of  X and Y loops . When a granule changes of  s tate a 

pu l s e  v o l tage appears on one loop of each families and the time c o1nci

dence vali dates the event . 
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The main prob l em for  a practical realization i s  to find a compro

m i s e  b e tween the number of wires and the localization requirement for a 

c onve n i e n t  backg round r e j e c t i o n . With r e s p e c t  t o  t hi s , the actual 

f i l l ing f a c t o r  in indium mu s t  be as high as poss ible , with the actual 

mode of pr epa r a t i o n  of  the granule it roi ll  be over 20% . In that case , 

the t o t a l  vo lume o f  the de t e c to r  w i l l  be l e s s  than 8 c u b i c  meters , 

requiring therefore a small space in the tunnel when this experiment has 

to be set  up . 

4. Conclusion 

T h i s  b r i e f  s u rvey shows that the r e a l - t ime d e t e c t i o n  o f  s o lar 

neu t r inos  by s u p e r c ondu c t i n g  t e c hn iques  is p r e s e n t l y  a promi s in g  

direction o f  development . With respect t o  this goal , the const itution o f  

a devo t e d  team i n  France for a feas ibi l ity s tudy is  encouraging . Rec ent 

results  seem to indicate that the use of a cryoelectronics  technique may 

be n o t  n e c e s sary in wh i c h  c a s e ,  the bui lding of small-scale prototype 

wi l l  be a further s tep ahead . Needless to say in such a cross discipli

nary proj ect  is it hard to give credit to each phys i c i s t  on the bas i s  of 

a s ummary repo r t . T h i s  is why I wou l d  l ike to mention the colleagues 

involved in one or in a l l  the aspects  of the program as of March 85 : 

A .  de Be l l e f on ( C o l l e g e  de Fran c e ) ,  R .  Bruere  Daw s o n  ( Co l l e g e  de  

Fran c e ) , M .  C r i b i e r  ( Sa c l ay ) , P .  E s p i ga t  ( C o l l e g e  de  F ranc e ) , 

B .  E s c oubes ( CRN S t rasbour g ) , L .  Gon z a l e s  Me s t re s  ( LAPP Anne c y ) , 

R. Kuenzler ( U . de Strasbourg) ,  F . R . Ladan ( G . P . S . ) ,  D .  Limagne ( G . P . S ) , 

J . P . Maneval ( G . P . S . ) ,  D .  P e r r e t -Ga l l i x  ( LAPP Ann e c y ) ,  N .  P e r r in 

( G . P . S . ) ,  Pichard ( Saclay ) , J .  Rich ( Saclay ) , M .  Spiro ( Sa c lay ) . 
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CAN NEUTRINOS F ROM CYGNUS x-3 BE SEEN BY PROTON DECAY DETECTORS? 

Arnon Dar 
Department of Physics 
Technion- I s rae l Insti tute o f  Te chno logy 
Haifa 
I srae l 

ABSTRACT . The flux of high energy neutrinos from Cygnus x - 3  i s  est imated direct,. 
ly from the observed li ght curve o f  high energy y-rays from this source . These 
neutrinos induce an underground muon flux which can be distingui shed by its 
characteri s t i c  direction and duration from the muon background induced by atmo s 
pheric neutrinos .  For zenith angles � 8 4° the expected rate o f  muon events in the 
!MB detector due to Cygnus x-3 is between 1 to 10  events/year , depending on the 
actual duration of the y ray pulses from this source . 

I t  has been sugge sted independent ly by a few authors that close binary systems 
which are composed of a pul s ar or a b l ack ho l e  and of a nearby l arge comp anion 
may produce l arge fluxes of neutrinos l . These neutrinos are produced when high 
energy cosmic rays from the compact object are dumped into the companion ' s  atmo s -

- phere and produce there mesons that decay into neutrinos .  The best  known candi 
date in our galaxy for such an "astronomical beam dump" which produces a large 
flux o f  ultrahigh energy neutrinos i s  the binary system Cygnus x-3 ,  believed to 
consist  of a neutron star (or a b l ack hole)  and a main sequence companion star .  
Cygnus x-3 has heen detected2 as a radio , infrared , X-ray and y -ray source dis
p l aying a period p - 4 . 8h associated with the eclipsing of the pulsar by the 
companion . The 4 . 8h orbital period and the duration o f  the eclipse - 0 . 4P imp ly 
that the orbital radius o f  the pu l s ar is - 1 . 0S R ,  where R i s  the radius o f  the 
companion , and that the mas s  o f  the companion i s  :::4 .  SMe as suming R - MO · 6 and 
a � l . 4M@ neutron star Cygnus x-3 has also been detected as a source of ultrahigh 
energy (UHE) y ' s .  The highest energy vhotons from Cy11:nus x -3 that have been 
detected3 are in the energy range ZxlO� GeV to 2xl07 GeV . In F i g .  1 we show a 
comp i l at i on3 of the experimental resul t s  on the integral flux of high energy 
photons from Cygnus x- 3 .  This integral flux can be we l l  represented by3 

-7 -1 . 1 08±0 . 02 1 -2  - 1 NY (>E)  = (6 . 4±3 . 6) xl 0  E cm sec , 

where E i s  expressed in GeV . 

The UHE photons from Cygnus x - 3  seem to be emit ted in short pul s e s ,  

( 1 )  

6ty s O . OS P ,  just at the beginning and j ust  at the end of the eclipse . This has 
l ed Vestrand and Eich l er4 to propose that these UHE photons are produced by the 
decay of rr0 ' s (and 11° 1 s )  i n  the cas cades which are generated i n  the companion ' s  
atmosphere by high energy cosmi c rays from the compact obj ect . The high energy 
photons in the cas cade are co l l inear with the incident cosmi c rays . Becaus e o f  
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of the integral flux of photons wi th E > 100 MeV 
from Cygnus x - 3 .  
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their attenuation in the companion ' s  atmosphere the compact object is visible in 
the UHE y- ray region only when the l ine of si ght to it pas s e s  not too deep in 
the companion ' s  atmo sphere ( see Fi g .  2 ) .  This may exp l ain the two shcrt pul s es 
of UHE photons just at the beginning and j ust  at the end o f  the eclipse . 

In addition to the production o f  rr0 ' s and n° ' s which decay into photons , 
the cosmi c rays from the compact obj ect also produce rr± ' s and K± ' s when they 
coll ide in the companion ' s  atmosphere . The number of rr0 ' s ,  rr+ ' s and rr- ' s 
which are produced in these co l l i s ions are approximate l y  equal . I f  a l arge 
fraction of these rr+ ' s and K+ ' s decay into neutrinos and if these neutrinos 
penetrate the companion then Cygnus x - 3  produces a neutrino flux which is com
parabl e  to the high energy y flux , but which lasts during the who le eclipse5 , 
lit - 0 . 4P . Thus Cygnus x - 3  may be a much brigh1 er source of high energy 
ne'litrino s ,  than that of hi gh energy y ' s .  5 Can these neutrinos be deu·cted by 
the mas sive underground proton decay detector s ?  

· 

The search of high energy neutrinos from Cygnus x-3 ( a s  we l l  as from other 
extraterre s tr : al sources )  is basPd on the search of muons which are induced by 
interaction of vµ ' s  from this source in the materi al surrounding the under
ground detector . The main background of atmospheri c muons can be e liminated by 
limi t ing the se arch to suffi cien t ly l arge angles6 , where the only remaining 
background is due to muons induced by atmo spheric vµ ' s .  In Figure 3 .we show 
the expected background at two typical depths , 1 5 7 0  mwe of the IMB detector and 
42 00 mwe o f  the Homestake detector . Thus the Home stake detector can search 
extraterrestrial sources onl y  at zeni th ang les  6 7° s  e � 180° whi le the IMB 
<1etector can search such sources onl y  at zenith angles 8 4° s e :> 1 80° . The zeni th 
angle of Cygnus x- 3 varies like : 

cos e = sin�sino + cos�cos osin (2 nt/ps) '  (2 ) 

where ps = 2 3 . 93h is the sidereal period,  o = 4 0 . 9° is  the decl ination of 
Cygnus x-3  and t i s  the latitude o f  the detector . At IMB t = 43 . 5 ° N  whi l e  at 
Home stake t =44 . 5 °N. Consequent l y  IMB can l ook for Cygnus x-3 during -7 hours 
whi l e  Homes take can look for it during - 1 2 hours of the sidereal period . .  

The neutrinos flux at Earth from Cygnus x - 3  and the induced muon flux can 
be cal cu l ateds fol lowing the simp l e  analyt i cal methods that were deve loped in 
ref .  6 .  The neutrino flux depends on : 

( i )  The cogmic ray flux from the compact obj ect that impinges on the 
companion ' s atmosphere . 

(ii)  The density di s tribution in the companion ' s  enve lope where the meson 
production takes p l ace . 

(iii)  The co lumn density through the companion which must be penetrated by 
the high energy neutrinos in order to reach Earth .  

The power law dependence of the high energy y ray spectrum (Eq . ( 1 ) ) from 
Cygnus x - 3  imp l i es that the cosmi c ray flux has the same power l aw dependence , 
dN/dE - c E-P where p - 2 . For a power law spectrum the y rays flux from 
rr0 + 2y decays , and the vµ flux from rr± + µv and K ± + µv decays , can be 
re l ated direct l y  using only general information on the density distribution in 
the system . For inst ance1 if the scale height of the density distribution in the 
companion ' s  envelope where the production takes p l ace is  Ha (km) then rr± ' s and 
K ± ' s 1 which are produced along a cosmic ray traj ectory with zenith ang l e  6 * , 
decay be fore they undergo inel ast.ic co l l i sions if their energies are sma l l er than 
- 1 8 Ha sece* GeV and - l . 33xl02 Ha sece* GeV , respective l y .  (The de cay probabi-
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F i g . 2 .  The expe c t ed flux o f  underground muons a t  depths o f  4 2 00 mwe and 
1 5 7 0  mwe , due to cosmi c ray interactions in the Earth ' s  atmosphere . 
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l ity of mesons of energy E and l i fe time T is  given approximat e ly by6 
D ( E) = l/ (l+yE) where y- 1 = mc 2 (Ha sec6 */c 1�) .  For such energies the y and vµ fluxes before attenuation are re l ated through 

dn v -dE = 

dn dny 1 1 -p y 2 E* 'i:(aM BMgM/ gno) OE"" : 0 . 5 0 dE t 
M=n , K  

(3) 

where a = �/ (�-m�) ,  B is the branching ratio for M + µ v decays and7 
gM = J1 �- l c�nM/�x) dx wit� dnM/dx being the cros s  section for inclusive pro
ductioH of M with sca led momentum x = PIPmax · I f  muons (from n + µv and K + µv 
decays) also decay in flight (E < 0 . 16 Ha sec6*) and produce vµ s through 
µ + evevµ then their contribution modi fies Eq . (3) as fol lows6: 

dn dn v 
= 1 16 y dE - . <lE '  (4)  

Note however that Ha cannot be t aken from cal culations o f  stellar enve lopes of 
normal M - 4 . 5  M� main sequence stars , be cause the companion ' s outer layers 
which face t he compact obj ect are highly inflated by strong tidal forces and 
l arge fluxes of radiation from the nearby ( - 0 . 05R) compact obj ect . A rough· 
estimate o f  the scale height of the "inflated enve lope" can be obtained as 
fo l l ows : A high energy proton beam that co l l ides with a t arget at impact para
meter b produces col linear beams of HE y ' s  and v ' s  which emerge from the 
target with intensities proportional to 

n. - µ T (b)  [e 
1 p _ 

- µiT (b)  - µ  T (b)  
e p 

( µ - µ . ) T (b) J ' 
p 1 

( 5 )  

where i = y , v , T (b) =f p (b , z) dz i s  the target thi cknes s  (column density) 
along impact p�rameter b ,  and µ is  the absorption coeffi cient given by 
µ = NA E Xioi/Wi where NA is Avogadro ' s  number and Xi is  the fraction (by 
weight) o f  "atoms" of atomic wei ght Wi and cro ss section oi · Maximal fluxes 
emerge from the target at impact parameters t hat satisfy 

T (b)  1 (6) 

For standard s tel lar composition ( - 75% H + 25% He) µ - l - 100 g/cm2 and 
µ -1 < 40 g/cm2 8 and the optimal thicknes s  for product'ion o f  HE y ' s is  -Eo gm/cm2 . From Eq . (5)  i t  can be seen a l so that signifi cant production o f  HE 
y ray fluxes occur when T (b)  changes between - few g/ cm2 and - few x 100 g/ cm2 
during whirh 9.n T (b) changes by about a factor of 5 .  During the UHE y ray 
pu l se the line of si ght to the compact star moves from the " surface" of the 
companion , b = R ,  into a depth of 6b = (R+6R) (cos 18° - cos 3 6 ° )  - 0 . 1 5 R  b elow 
the surface . The radius R of a main sequence star of standard composition and 
zero age behaves like -MO · 6 for M > I .  8 Mf!J. i . e .  for M - 4 .  5 Me the radius 
is R - 2 . 5  R@ and then 

4 Ha - 0 . 15R/5 - 0 . 07 Re - Sxl O km • ( 7 )  
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Consequently µ ' s , 11:!: ' s  and K:!: ' s which are
6produced in the71 1 companion 1 s  

envel ope" with energies be low 1 04 sec9* , 1 0  sec9* and 1 0  sec9* GeV ,  respec
tivel y ,  decay before suf�ering ine lastic col l i s ions . Below we shal l show that 
only vµ ' s  with E s Mw / 2m - 3 . Sx 1 03 GeV contribute signifi cant ly to the muon 
counting rate in the undergrgund detectors . Hence we sha l l  base our es timates on 2 Eq . ( 4 ) . Since µv >> µ

Y 
it fol l ows from Eqs . (4)  and (5) that for T (b) � l OOgm/cm 

(dn/dE = 2 . 14 max (dn/dE) . ( 8 )  

I f  one s e t s  p = 0 and u s e s  t h e  values lity = 0 . 0SP and i'ltv = 0 . 40P for the 
duration of th¥ UHE y and v pul ses4 , re spec ti ve l y ,  one finds that the time 
averaged fluxes s at i s fy 

dn 11t dii dn 
dE 

v " 4 . 28 tit
') 

dE 
y 

= 
34 dE 

y 
y 

(9)  

Note tha t Eq . 9 is  valid onl y  i f  the absorption of y rays between source and 
Earth can be negl e cted and µv=O . However , y rays with energies above the thres
hold energy for the process y+y + e•+e - are attenuated by col l i sions with 
gal actic and cosmo logical photon s . 9 t f  we denote the mean free path of HE 
photons in the background radiation by A and the distance o f  Cygnus x-3 by D 
( D  - 1 2 .  4 �pc = 3 :86x 1 022 cm 1 0) then di\/ dE in Eq . (9)  should be rep l aced by 
exp ( D/ A) (dny/dE) . Note in particul ar that in the .energy range 1 06 � Ey s l 07 GeV 
the mean free path of photons in the cosmol ogical 3 ° K  b l ack body radiation is9 
A - 3 . Sxlo2 2  cm and exp ( D/ A )  - 3 .  When one substitutes Eq . ( 1 )  into Eq . (9)  and 
includes the effects o f  photon attenuation in the background radi ation , one 
obtains in the limit µv + 0 that 

dn 
v � 2 . 4xl0-S E - 2 

dE 
-2  -1  cm · se c  ( 1 0) 

For suffi c ient ly l arge energies and traj e ctories near the center o f  the 
companion , the absorption of neutrinos is qui te s i gni ficant . This absorption is 
due to both charged current interactions and neutral current interactions with 
both nuc leons and electrons . Their cros s  sect ions can be cal cul atedl l  from the 
standard G l ashow-Sal am-Weinberg theory of electroweak interact ions , us ing for 
nucleons the quark structure functions that were measured at accelerators and 
using QCD to correct for scal ing vio l ations . For a standard composit ion 
(n /nHe - 1 2 )  t he attenm1tion of v ' s  and \i ' s  is  dominated by interact ions 
wi�h protons . Their total cros s  segtions can ge approximated by the fo l l owing 
interpolating formul a��-

( 1 1 )  

- + where Et - is the thresho ld energy for VµP + µ n . The v-flux during the 
e c l ipse can be related t hen to t he y-flux as fol l ows : 

-µ T (b )  p A/ D  dn 
- 4 2 8  e v -- e _:!.. . lit dE y 

( 1 2 )  
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where µvT (b) - NA ov (E)T f_b) . Since the distortion of the companion ' s surface due 
to its proximi ty to the compact obj e ct has very l i t t l e  e ffe ct on T (b)  for traj e c 
tories near its  center, and since v attenuation i s  significant only for such tra
j e ctories, therefore T (b) can be estimated from standard s t e l l ar stru.cture cal cu
l ations of spherical symmetric stars . Such cal cu l ations for a main sequence star 
of a mass 4 . 5  n8 , a standard composition and a zero age yie ld a density distribu
tion which can be described approximate l y  by p (r) - P c exp ( -6 . 75r/ R) where 
Pc - 20 g/cm3 is the central densi ty in the star and R - 2 . 46 1<@ is its radius. 
Consequent ly T [ b) - 2pcbK1 (b/H) , where H = R/6 . 75 ; 2 . 5x l o1 0 cm , is the scale  
height o f  the density distribution . The neutrino flux as given by Eq . ( 1 2 )  can 
be folded with the probabi lity for producing muons which reach the underground 
detector, in the material  surrounding it . 6 We have found that our numerical cal
cu lations can be we l l  approximated by the fo l lowing analyt i cal procedure : The 
at tenuation factor exp ( - µv T (b) ) can be  rep l a s::Jd by a step function Fl ( F-Ec (b) ) 
where the cutoff energy Ee satisfies µv (Ec) T (b )  - 1 .  F o l l owing the methods of 
Ref .  6 one can show th<'� that the underground flux o f  muons induced by a v- flux 
o f  the form dn /dE - cE-2 8 (E-Ec (b) ) is given approximate ly by 

\) 

dN cNA E µ -dE - (l 
(A+�) [ 9.n ( E

c) 

Nµ (>E)  
cNA B E - (A+ -) [e: ( l +::_ + -) a 3 E E c c 

( !+..!_) 
E + e:  c 9.n ( E+e:) l I 

e: Ee 

E +e: 
9.n c ( E+e:) - E 9.n 

E 
(.....£) E e: ( l -�) l E ' c 

( 1 3a)  

( 13b)  

where E - min (Ee , 1 0 Ew) and e: = a/ 8 where a and 8 are the coe fficients 
in the efiergy-range relation dE/dx = -a-8E . QED cal cu l ation o f  µ cros s  sec
tions in standard rock (p = 2 . 6  g/cm3 , Z = l l  and A=26) yi e l d  
a ; l . 86+0 . 077 P.n (Eµlmµ ) MeV cm2 /g and 8 = [ 1 . 7 8+0 . 2  9.n (Eµ /mµ ) ]  x 1 0 -6 cm2 / g .  
A and B are coefficients in the cros s  section for the charged current reaction 
vVN + µX on isoscalar nucl eon . For Ev � Ew dov/Eµ = A+ B ( EµfEv) 2 . This func 
tional form fo l lows from t h e  G l ashow-Salam-Weinberg theory � f e l ectroweak inter
actions . Experimental results  yi e ld A ;  B ;  0 . 36xlo- 3 8  cm (for nv = nv) . With 
these values ( cNA/a)x (A+B/3)  -4 . 8x10 - l 8  cm-2  sec- 1 Gev- 1 .  If 6ty/p-5%  then 
during the eclipse the flux of v- induced muons with E>2  GeV changes from its 
maximum value N - 2xlo- 1 3  cm-2 sec- 1 when b - R to a minimum value 
Nµ - lxrn- 14  cm- ?1 sec- 1 when b - 0 and back to N - 2x1 0 - 1 3  cm- 2 sec- 1 when 
b increases back to R. The t ime averaged µ- flux (o�er the who l e  period) i s  
Nµ - 5 x10- 1 4  cm- 2  sec - 1  The expected number o f  underground muons induced b y  
vµ ' s  from Cygnus x- 3 which penetrate t h e  IMB detector ( 2 3mx l 8mxl 7m) at z enith 
�ngles larger th�n 85 ° (ahout

0 
7h out o� 24h) j s  - 1 per year if 6ty/ P - 5 %  whi l e  it  

1 s  - 10 per year i f  6ty/ P- 0 . 5 i> .  The " l ight curve" of these muons i s  shown in F i g 4 .  

The background of underground muons which are induced by atmo spheric 'ii ' s  in 
the same angul ar range 84° � e � 96 ° is6 N (E >, 2 GeV) - 4x l o- 1 3 cm- 2 sec- 1 sr- l . 
There fore during the v-pulse from Cygnus x-3 �he signal to background rat io for 
zeni th angl es >,84°  is about 5 to 1 , assuming an angu lar re s o lut ion of ± 7 °  and 
t:,tyf P - 5% . However if tit , the "width" of the UHE y -pu l s e  reflects mainly· 
the experimental  resolutionyand no t the "true" widt h ,  and i f  6t is much 
shorter,  tityf P s 0.  5 '; ,  then the expected rate o f  underground mu6ns induced by 
vi.l ' s  from Cygnus x - 3  which penetrate the IMB detector at zenith ang l es >, 84 °  is 
>, ! O  events · ye ar- 1 . Such a rate i s  we l l  above t h e  background and in that case IMB 
cou l d  see v ' s  from Cygnus x-3 . µ 
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DETECTION OF MAGNETIC MONOPOLES WITH METASTABLE TYPE I SUPERCONDUCTORS 
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ABSTRACT . Metastable type I superconductors provide a natural way to de
tect magnetic monopoles . The method is independent of the speed of the 
monopole , and provides tracking and timing information . The electronic 
signal exceeds by two orders of magnitude that of induction experiments . 
As a consequence , large area detectors can be built at a reasonable cos t .  
The detector consists of  a col loid of  superheated tin microspheres ( 30 
to  100 f4-m diameter ) . Background rejection is very high , due to the large 
size of granules . Time resolution is in the range 100 nsec - 1 )A Sec and 
space resolution is "" l  cm. Therefore , the speed and direction of the mo
nopole  can be determined with good accuracy . We discuss the present s ta
tus of  the project ,as wel l  as some o f  the main technical problems . In 
particular, we s tudy the role of impurities in the superconductive mate
rial , and propose a way of improving the performance ( t ime resolution, 
signal in vol tage ) of  superconduct ing granules detectors . 

1 .  INTRODUCTION 

Type I superconductors are characterized by values of I< smaller than 
1/ rz. I<. is the Ginzburg-Landau parameter [ l] , I< = A / � • ). is the 
London penetration depth and � is the temperature dependent coherence 
length . Metastable s tates exist  whenever there is a positive surface 
energy , which is the case of type I superconductors in the presence of 
an external magnet ic field . In the present case ,  we mean by surface ener
gy the energy of a normal-superconduct ing interphase at the transition 
point . Let H be the value of the external magnetic field , H the criti
cal field ,  T the temperature and T the critical temperatur� . The criti
cal l ine is usually drawn as H = Hc (T) , and by T one means the critical 
temperature at  H = o .  c c c 

A superconductive sample can remain superconducting for H > H (T) . 
This situation is called superheating . For each material , there isca va
lue of  the magnet ic field ,  H h( the superheated critical field) above 
which the superheated s tate �an no longer exist . Conversely ,  a supercon
ductive specimen can remain in the normal s tate for H < H (T) . I t  was 
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the first metastable phase of type I superconductors to be experimenta
lly observed , and is called supercooling. Supercooling cannot exist be
low a certain value of H, H ( the supercooled critical field ) . 

A small deposit of ene��y in a superheated sample can create a nu
cleation center of the normal s tate , that propagates to the whole speci
men .  In this way , a microscopic phenomenon may lead to a macroscopic ef
fect . The principle is similar to that of bubble chambers or emulsions . 
Therefore , i t  is not surprising that the use of superheated type I su
perconductors for particle detect ion was proposed as early as 1967 [2] • 

JJ -rays destroy the superheated state for 2 rm  diameter mercury 
spheres [2 ]  . Similar results were obtained for Sn and In granules [3] 
using 425 and 930 keV electrons . Tin granules of 10 f\ m diameter have 
been proven to be sensitive to 'f-rays of 30 keV , which allows for X-
ray imaging [4] and transition radiat ion detection [5] . Small In gra
nules ( about 6 }Am diameter ) are expected to be sensit ive to ionizing 
particles ,  thus allowing for solar neutrino detect ion (6 , 7] • Also , small 
tin granules may be used to detect solar neutrinos [8] or supersymmetric 
galactic dark matter [ 9 ]  ( scalar neutrinos , photinos ) .  Efforts to im
prove the electronic read out and to incorporate fast electronics have 
been made in the last ten years [10] • 

More recently [ 1 1 ,  12 ] , we have proposed the use o f  superheated 
granules detectors to search for magnetic monopoles with all values of .,6 
(fo = v/c , v = monopole speed) . S ince the basic mechanism is independent 
of the s ize and shape of the specimen , large granules can be used (30 to 
100 J'- m diameter ) producing a signal that can be detected with conventio
nal electronics . Time and space resolution ( 100 nsec to 1 }A sec , ,...., 1 cm) 
are rather confortable and allow to determine the speed and direction of 
the monopole . Furthermore , large granules �re rather insensitive to any 
thermal deposit of energy [11] and provide a high background rejection . 
A large area detector based on superconduct ing granules should therefore 
be much cheaper and manageable than any equivalent induction experiment , 
where SQUIDs are used and sophist icated shielding techniques are requi
red [13 ] • Note , however ,  that induct ion experiments provide a direct 
measure of the magnetic charge of the monopole . 

2 .  HOW A MAGNETIC MONOPOLE DESTROYS THE SUPERHEATED STATE 

A magnet ic monopole travers ing a type I superconductor leaves behind 
[14 ] a tube of magnetic flux p = 2 (> trapped into the sample ( ¢ 

2 . 067 • 10-J Gauss cm.i ) . Inside the flu� tube , the trapped magnetic 0 
field breaks Cooper pairs [11 , 12 , 15] and lowers the value of the Ginz
burg-Landau order parameter (1 , 12 , 15] • In cylindrical coordinates 
around the axis of the flux tube , the real Ginzburg-Landau order parame
ter f [1] varies from 0 to 1 in a distance of about a coherence length 
[11 , 12 , 14 , 15] • Figure 1 exhibits the variation of f as a fonction of 

the distance to the axis of the flux tube . The calculation [12] was ma-
de for K = 0 . 16 .  J Based on the experimental fact [16 that surf ace defects of size 

� � destroy the superheated state , our claim [11] was that , if the 
monopole traverses a superheated granule , the ends of the flux tube will 
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Figure 1 .  Structure o f  the flux tube ( ¢ = 2 ¢ ) . The real order para
meter f is plotted as a function of the distance0r to the axis . 
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originate nucleation centers on the surface of the grain and the whole 
granule will become normal . More detailed theoret ical calculations [ 12 , 
15] confirm this principle , In particular : 

a)  We have computed [12 , 11] the superheating energy barrier per 
unit surface ,  that in tbe low I< limit , and using the Ginzburg-Landau 
approximation , turns out to be /..I � � F � 4% (1- J:1.- xz ) (h.-+x -J:L-x ) Yi;. .A ( 1 )  

H2 Z � where x = ( 1- I Hsh ) and H is the value of the magnetic field on the 
surface of the superconductor . 

Numerical calculations for I<. =  0 . 16 (H h= 2 . 3  H )  agree with ( 1) 
within 10% in a wide range of values of H.  s We havecalso performed cal
culations in the extreme anomalous limit [ 18] and the results agree 
with ( 1 ) within 30% . For a point on the surface of a spherical grain 
submitted to an applied magnet ic field H c::. 2/3 H h , one has H � 
H h 

sin 0 , where 0 is the angle betweeR H ( the �pplied field) and the 
p3sition vector taken from the center of th� granule (O� 0 '  1T , Fig .  2 ) • 

Then, x � <f'( 9 )  = I cos 9 1  , where 0- ( 9 )  is the fraction o f  the grain 
surface lying in the region 1 01- TT/2 1 � 1 9 - Tr/2 1 ( the equatorial zone 
from e ) . 
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Figure 2 . The polar angle between the applied magnetic field H and the 
position vector . The line going close to the equator of the gra&ule is a 
field line deviated by Meissner effect . 

This can be compared with the energy of the flux tube per unit 
length computed in ref .  [ 14] • The vortex energy , when calculated for 
I<. = 0 . 16 and integrated over a depth of $ , turns out to exceed by an 
order of magnitude the value of .6 F for H = O .  7 H h (H = 1 . 6  H , O"'( 9 )  
� 70%) , integrated over a surface of 1T SZ  . s c 

b) Pressure balance arguments also go in the same direction .  For 
K = o . 16 ,  CJ ( 9 ) � 70% , we have been ab le to prove the fo ! lowing state
ment : Starting from a configuration with a flux tube perpendicular to 
the surface and a constant external field H � 0 . 7  H h , there exists a 
a continuous path in configuration space such that : s 1 )  it leads to a 
complete flip of the sample to normal state 2 ) the total free energy is 
always decreasing . 

This does not by itself provide a complete mathematical proof of 
the nonexistence of equilibrium configurations other than the normal 
state . But it clearly exhibits the instability of the superheated s tate 
in the presence of a vortex line . The pressure of the external magnetic 
field, that tends to penetrate into the specimen and widen the normal zo
ne , turns out to be stronger than the rigidity of the flux tube , that 
tends to stay close to its equilibrium c onfiguration . 

c )  We neglect ohmic energy losses . However ,  they can heat locally 
the granule and help nucleation . For jiJ = 3 • 10-s, ohmic energy losses in 
tin, when integrated over a depth of / , exceed by an order of magnitude 
the value of the energy barrier fl F integrated over a disk of radius $ . 

I f  the mechanism works for H � 0 . 7  H h , the probability that none 
of the ends of a vortex line flips a s ingl� spherical granule is less 
than 10% (90% efficiency) . In a practical detector , because of diamagne
tic interact ions between grains and clustering effects , it is reasonable 
to estimate that the monopole flips at least 50% of the grains it crosses . 

Finally,we cannot elude the quest ion of whether the principle can 
be tested experimentally . This is obviously necessary before a large area 
detector will actually be built . Drawing a flux tube near the surface of 
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a superheated granule can fake to some extent the effect of a monopole 
interacting with the surface of the grain , but it does not a priori re
produce the injection of the vortex line into the specimen . 
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In order to check the incompatibility between the superheated state 
and the presence of a fluxoid with </J = 2 ¢ , we have imagined an al
ternative test [1.9] • We use the fact that m�croscopic specimens can 
reach the superheated state with sizeable l ifetimes ( 10 sec to 1 min for 
t in cylinders 12 cm long , 3 Dllil diameter [20] ) .  It therefore should be 
poss ible to prepare a thin sample (,.... 4 ,um thick ,""'30 Dllll:iof surface) able 
to reach the superheated s tate with ,...., 1 min lifet ime . After having check
ed the metastability properties of the specimen , we inject into it a flux 
tube with jl1 = 2 ¢ . This may be done , for instance , heating locally: near 
the border of the0sample , and in the presence of a magnet ic field H i  per
pendicular to the specimen (H.L""' 1 Gauss ) , a region of rJ 4 rm radius with 
a laser beam introduced inside the cryostat by an optical fiber . After re
moval of 'i.l. , the presence of the vortex can be checked by scanning . 

Having obtained a sample with a trapped flux tube of ¢ = 2 ¢ , a 
magnetic field H11 ) H parallel to the surface can be turned on . Thg pre
sence of the fluxoid �hould prevent the formation of the superheated state 
for H11 larger than some value , H , in the range H < H < H h • 

3 .  THE DETECTOR 

m c m · s 

The superheated grain monopole detector would be a colloid of spherical 
granules (30 to lOOflm diameter) into paraffin ,  or some other insulating 
material . Dilution factor in practical detectors is usually taken to be 
10 to 20% in volume , but us ing grains coated with insulating material it 
is likely that clustering effects can be reduced and the dilution factor 
increased . Granules are often produced in the industry, just because they 
are less volatile than powder and fill the volume better , One can imagine 
that , if granules can be coated with a well suited dielectric , the use of 
paraffin would no longer be necessary . Grains can probably be just piled 
up . Increasing the filling factor would then increase the s ignal . 

In the case of the monopole detector , the material would be pure tin 
and the colloid would be spread in foils "" l  cm thick , forming several pa
rallel planes . An applied magnet ic field � .  perpendicular to the plane of 
the detector , is increased until the granules reach the superheated state . 
Because of diamagnet ic interactions , H would be substantially below 
2/3 H • An X-Y coordinate system of cu�rent loops (,...... 1 cm wide , .....,lm long) 
conne��ed to fast amplifiers , would provide position information on each 
plane of detector (Fig . 3a) . With at least three parallel planes , the sig
nal for a monopole would be one point per plane , all of them aligned and 
the t iming consistent with the flight of a single particle (Fig . 3b ) . 

The electronic read out is based on the disappearence of the Meiss
ner effect , when one or several metastable granules become normal . The lo
cal variation of magnet ic field induces currents in the loops surrounding 
the region where the event takes place . In this way , spatial resolution of 
"-'l  cm is reached .  Taking t ime resolution to be "" 100 nsec , and with at 
least three parallel planes of granules spaced by 30 cm, the speed of a 
monopole with fl ,..., lo-4 would be determined with � 1% accuracy . We have in 
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Fig .3  a) The position of an event given by a coincidence between two 
perpendicular current loops . b)  The signature for a monopole cross ing 
three parallel planes of granules . 

this way a real time, track detector . 
For tin (T = 3 . 72 K) , the detector would work in the range 1 .5 K < 

T < 2 . 5  K .  The c He4 A -point (T = 2 . 18 K ) lies in this interval . Working 
near T = T appears to be better for large specimens , s ince � becomes 
larger andcsurface deffects play a less important role ,but has the draw
back that both H and H h become smaller . c s 

The s ignal in magnetic flux due to the disappearence of the Meiss
ner effect for a granule of radius R sitting on the axis of a current 
loop of width d and length 1 >> d is (21] : 

4- Ho 'R,.3 
tl ( 2 ) 

and remains of the same order for grains lying at a distance a -v d  of 
the induct ion loop plane . We therefore have the proportionality law 

'R- 3  
,1 f {-i 1-(?:in.llfe) "--' -;;z- ( 3 )  

On the other hand, taking foils of thickness A = d/2 , the number 
of grains traversed by the monopole will  be proportional to d/R , giving : 

(4 ) 

Therefore , the monopole experiment must be performed with large 
grains in order to increase the electronic signal . Then , convent ional 
electronics can be used .As an example , with : R = 15 )'lm, 2A = d =l cm , 
1. = 1 m (L � 2 f'-H) ; assuming that the monopole traj ectory is perpendi 
cular t o  the loop plane and goes through the loop axis ; and taking 50% 
efficiency for the flipping mechanism with a 10% filling factor in volume 
(about 12 grains change state ) ) ,we get : Llt/>�500 n ¢0 , where n is the 
number of turns of the current loop . Several turns of coil are often used 
[22] , which may be convenient for voltage amplifiers , but also if one 

wants to increase the ratio L/Z (Z = impedance of the circuit) . For n=l , 
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the s ignal in current is : I � 0 .5 µA. Induct ion experiments give : A<j> = 
2 n �0 , which is two orders of magnitude lower than in our case . 

To discuss the s ignal in real t ime , one must s tart by a careful stu
dy of the t ime associated to the transition to normal s tate of a s�er
heated granule . According to Faber (23] and to Valet te and Waysand L21] , 
the flipping t ime t' for a spherical granule follows the law : 

'r c< 'Rz 
p 

(5) 

where J' is the normal s tate resistivity of the material . For t in Valette 
and Waysand use the value : .f' = lo-�.J2cm (high purity) and give the es
t imate :  'r - o .Brsec for 10 )"-m diameter grains . According to (5 ) , for R 
15 f" m one would have 'l: ,....,, 7 rsec and , for Atf :. 500 ¢0 • the average 
s ignal in voltage would be : £ � /H)/ 7:: � 0 . 15 )"'-V .  For n ,P 1 , [. is 
proportional to n and independent of R .  

I t  seems , however , that the performance of the detector can be consi
derably improved working with less pure materials . At fixed n ,  one has : 

E � �; c< f o< � < 6 ) 

and , according to our theoretical estimate [15 , 17] , the superheating pro
pert ies are preserved taking /\ � 2 � ( /\ is the mean free path of conduc
t ion electrons ) .  For t in ,  /\ = 2 S mgans A �  4600 X and , in the free elec
tron approximation , P� lo-7.f2cm. 0More refined estimates give somewhat hi
gher values of}' • Using 100)---m diameter grains , one would get : £ (n=l)"' 
15 rv ' � <p = 10-� J2 cm,_ �=50fl m) "" 0 .8 rsec ; Ll aS ( n=l) � 6000 ¢ 

0 
and 

I (n=l) � 5rA · fo is the Pippard coherence length lor pure material (1 ] .  
Preliminary specific heat measurements made in Strasbourg (24] suggest 

that it is indeed possible to preserve the superconduct ivity propert ies fo1 
low purity materials ( type I propert ies , value of K ) .  For In , it has been 
shown experimentally [25] that In-Bi alloys ( 0 . 2% Bi , jJ = 3 .  10-�J'2cm) havE 
H > 2 H for T > 0 .5 T • Then , a 6 �m  diameter grain made with such an 
ai�oy would be expected fo flip in less than 1 nsec . This is certainly im
portant for solar neutrino experiments . I f  similar numbers work for tin:
one would have : z=- 1 }'-sec ' e > 50rV for a monopole detector made with 200 
rm diameter grains . 

A large area monopole exper iment with superconduct ing granules can be 
performed in coincidence with convent ional detectors ( e . g .  Gran Sasso ex
periment) . Scintillators around the granules detector allow to directly 
identify charged particles . Flat cryostats could be required if the detec· 
tor is to be installed between planes of scintillators . Otherwise , cylin
dric configurations look more appropriate [is] . With current loops � 1 m 
long and r.J 1 cm wide , the number of electronic channels for 3xl00 m2 woul• 
be � 60 .000 • The final choice for the amplifiers would be conditioned by 
the optimized s ize and flipping t ime of grains . With foils ,......, 5 mm thick , 
the amount of pure Sn required is rv 1 ton , for 10% dilution factor in 
volume . It is likely that the opt imized detector will use several tons of 
tin. Very high purity Sn ( 10-6 impurity level or less )  i s  normally used , 
but according to our estimates , it may be better to work with less pure ma 
terial . The program for a large area experiment can be as follows : 
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Optimize grains and material ( s ize , purity , resistivity , coating) . 
- Given the opt imized s ize of grains , flipping t ime and filling factor , 

choose the best suited amplifier . 
- Test prototypes with a few electronic channels . 

Opt imize the size, shape and design of the elementary unit for a lar
ge area experiment ( 10 mZ ? ) . build and test this unit , run it for l"JI' 1 year 
in an underground laboratory (Gran Sasso ? ) . 

- If the elementary unit works correctly ,  reproduce it several t imes 
(-7 100 m z or more?) . 
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