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ABSTRACT

The 10 a0 0 toceni rnamorica! simulet:

supernova explosinns
are presented zud a variety of topics discussed. Parti lar emphasis is
given to i) the nucteosynthesis cxpected from intermediat. mass ( 10 M

¢

S LTy Tege 11 supernavae and detonating white dwarf madels for
Type [ supernovae, ii) a realistic estimate of the v-line fluxes
expected from this nucleosvathesis, iii) the continue? volution, 1m one
and two dimensions, of intermediate mass stars wherein iron core col-
fapse does not lvad to a stronz, mass-ejecting shock wave, and iv) the
gvolution and cxplosion of very wmassive stars ( M > 100 ”o) of both
fopulation T and [II, In aonc dimension, nuclear burning following a

"failed” core beunue does not appear likely to lead to a supermova

explosion althouvgh, in two diacnsions, a combination of rotution and

nuclear burning may do so. MNear selar propertions of elements from ncon

to calcium and very brilliant aptical displays may be created by “hyper-

aovae", the cxplosions of stars in the mass range 100 ”o to 300 ;.

Above ~300 ”9 a black hole 1s reated by stellar collapse following car-

bon 1gnition.  Still more massive stars may be copious producers of e

and 18y prior iu their collapse on the pair instability.
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1. NUCLEDSYNTHESTIS IN SUPERNOVAE

The study of heavy elcient production in supernovac has a jong and
distinguished histocy, cxtending back to at least 1946 when Hoyle first
suggested the synthesis of a solar set of iron isotopes by the "e-
process”. Interestingly, the proposed ejection mechanism {or this
nucleesynthesis was rotation, 2 concept to which supernova codelers are

now returning (sce Section III)., Since that time many peeple, most of

whom are in attendance at thrs meeting, have contributed to vur under-
standing of nuclear processes :n explodime s*-:s to the pornt where at
Yeast the gualitative aspects of the origin of the intermediale mass
elenents {carbon to pickel) are now understood. Observers tuo, in
recent years, have fuound compelling evidence (o support the tdea that
supernovae do produce heavy clements, in fact as well as in theoretical
nodel. VWe refer here especially to the recent work in x-ray spectros-
copy (discussed elsewhere tn this volume) and the work of Kirshmer and
Oke (1975) and Azelrod 11960) showing evidence {or freshly syathesized

56Fc, and even radioactive S6Cu. in the spectrum of supernova 1572e,

For purposes of this workshop we shall not dwell on the historical
develapment of nucleosynthesis theory nor on the observations, but shall
instead concentrate on our own recent studies and, even so, will only
summarize what has been developed in grester detail elsewhere (Weaver,
Zimmerman, and Woosley 19737 Weaver and Woosley 1980; Weaver, Axelrod,
and Yoosley 1980 Voosley and Weaver 1980; 1981ab, Woosley, Weaver, and

Taam 1980). Tt nov appears Jikely that the nucleosynthetic products of

o et i s i it e = -



Type I and Type Il supernovae will differ markedly, a distinction that
w1ll undoubiedly have important implications lc: galactic chemical evo-
iution, In general, we subscrabe to the beliet that Type I supernovae
occtir in compact, lower mass objects, such as detonating white dwarfs,
and are more likel: to produce heavier eleuwents, especially irem, than
are the Type 11's which occur in more nassive stars and are held respon—
sible for making lighter clements such as oxygen, neon, megnesium,
{perhaps) carbon, ctc. This hvpothesis accounts nicely for the early
enharcenent of [0/Fe' in cur Galaxy (c.f., Clegg, Lambert, and Tomkin
1961} providiag that, at early times, therc existed an enhancement of

massive stat fornation and desth,

If all clements heavier than helium can be lumped together in a
single sroup that astronomers like to call ”metals”, then the metalls-
city cjected by a star of mass " ¥ 13 hg is well [it by the expression 7
- s - “v3”u/H). Taftiplyine this function by the mass of the explod-
tog star gsives the heavy element production im a star of mass ‘'t If one
conbines tl1s expressior with an cstimate of the initial mass function
e.o.. ‘Hiler ang Scalo 1979), which may have becn time varying in the
varly griany, o value of 20 - 30 " (s obtained for the "representative”
c“ar such that equal amounts of heavy elemenls were produced in staqs
lighter and heavier than this mass. Of course this is a gross oversim-
plification of the true c=:*watiom, since stars of differing mass will
produce variable proportions of different heavy elements. Still, it jus-

tifies the calculation, at first pass, of nucleosynthesis in a star of

~23 N
o



The isotapic nucleosynthesis from a parametrized 25 M° Type 11
supernova (¥eaver and Woosley 1980, Woosley and Weaver 1981b) is shown
in Figure 1. The overproduction factor is the ratio of the mass frac-
tion of a given species in the { homogenized) ejects to its mass frac-
tion in the sup (Cameron 1973). Thus a solar abuidance of oxygen could
have been created in the Galaxy if 1 gram out of every 14 experienced
conditions similar to thosc characterizing the evolution of a I5 Hg
star. Dashed lines give a range of a factor of 2 for comsistent prodwc-
tion of other isotopes in solar jroportions. As the figure shows, many
abundant isotopes lighter than sulfur can be "properly” created in this
fashion and very likely originate in intermediate mass supernovac like
this one, The production of iron group species in this explosion is
highly sensitive to uucertain parametrizatisn especially the choice of
the "mass cut", and the value indicated in Figure 1 may be an cveresti-
mate of the actual Type Il contribution., Flements lighter than silicon
arc mage aluost eutirely by pre—explosive nuclear burming and are merely
pushed off of the star when it explodes. F[lements heavier than silicon
arc produced by cxplosive neorn, oxygen, and silicon burning. Explosive

carbon burning \'aes not necur to any appreciabie exteat.

There appears to be a relative deficiency of nucleosynthesis for
the clements between sulfur snd the iron group. Although these clements
are produced with mutual proportions closely resembling those in the
suiz, too litllc uass experiences the requisite temperature range for

explosive oxygen burning (3 to 4 » 107 %) and the absolute yield of its

products is small compared to the results of other processes. The small



amount of mass heated to this range of temperature by shock wave passage
is, in turn, a conscquence of the stecp depsity gradiect just outside
the silicon shell in the pre-explosive 25 Mo star (Yeaver, Zimmermen,
and Yoosley 1978, Woosley and Weaver 1981b). We have found that the
pre-cxplosive structures of 35, 50, and 100 M) stars do not eshibit such
a sharp decline in demsity around the ¢ore and, although the calcula~
tions of core bounce and explosion remain to be done in such stars, it
scems likely that they way compensate for the deficiemu production in
the 31 ¢ A ¢ 56 mass range shown in Figure 1. Alternmatively one may
wish to consider producing most of these species in an early generation
of very massive stars (M 2 100 1, see Section IV) or by an eltogether

different explosion mechanism (Sectiou ITI).

For tighter elements whose nucleosynthesis is not critically depen-
deut upon explosion properties, the [inal abundance may be approximated
by its value at the time of silicon ignition. ¥e bave evolved a variety
of stellar models to the silicon ignition point. The clemental produc-—
tion of carbon, uxygen, and neon is summarized in Table 1 and the oxygen
isotopic ratins are given in Table 2. Close agrecment with solar values
15 encouraging usnd suggests that all these species have been producad isn
such massive stellar explosions. The slight overproduction of ncon may
be attriboted to an uncertain solar abundance, uuncertain nuclear cross—

scctions, especially for 20y, (a,7)24Mg, or bath.

As Arnett (1971, 1373) pointed out some time ago, the neutron
excess, 1 = (h-Z)/(+Z), is a critical parameter for stellar nucleosyn-

thesis. During helivn burning, this parameter is strictly determined by



the initial metallicity of the star, which is transformed into nuclei
with 2 oet neutrom excess by the reaction chain 14y (u,1)18F(c+ y )180.
During carbon burning and subsequent stages, memory of the imitisl
metallicity is diminished as a complex set of weak interactions increases

n. The distribution of neutron excess with mass for the ianer 12 Mo of

tvo 25 MQ completely evolved stars is shown in Figure 2. One star,

labeled Hodel I, had an initialiy solar abundapce set, the other,
labeled flodel I, had anm initial metallicity 1% as large. Memory of the
distinet metallicities is clearly retained iu the helium shell where the
values of n differ by a factor of 100, In the carben convective shell
this difference has annealed and omounts to only a factor of 8. Still
deeper within the wwo stars, the compositions and neutron excesses are
essentially identical. This distribution of meutron cxcess is reflected
in the final nucleosynthesis from the two stellar cxplosions (Table 3).
Isotopes produced by hydrogen and helium burning show large variations,
those from carbon and neon burning less so, and the results of oxygen
burning are almost indistinguishable. Recent observations by Tomkin and
Lambert (1980} of magnesium isctopic ratios in Gmb 1830, a metal defi-
tient sub~dwar{ star with an iron abundance 1/20 that of the sun, are in
good accord with Table 3 (23:20Mg are down by a factor of 4.5 compared
to 24Mg). Also in good agrecmeat are the elemental sbundance determina-
tions by Peterson (1980) for Na, Al, and Mg in a number of metal poor

field stars (see “oosley and Weaver 1981b).

Inportant nucleosypthesis also tramspires in massive stars for the

very heavy elenents (A ) 60 }. The s-process in our 25 M sar is
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similar to that studied by Lanb ct al (1977) for helium burming in a
another model 25 ! sypr. Additional neutron capture during carbon and
neon burning increases the met neutrou fluence by an additional factor

of oply ~ 10%, While this lipited sort of s-process canmot provide the
proper Gistributjon of neutrom fluxes to produce the entire solar abun-
dance array of s-nueclei, it does move abuadance peaks around and may be

responsible for the production of several isotopes just above the irrn

aITOUp,

The g~ (or y- ) process {(%oosley and Howard 1978) takes place in
mass shells that cxperience peak temperatures in the range 2.1 to 3.2 x
109 ¥, i,e., those regions that undergo explosive neon burming. In the
13 ”Q star this temperature range occurred in ~ 1 M, of material and, ia
that repion, photodisintegrazlion reactions on s—process seed should pive
overproduction {actors ~ 260 (Uoosley and lloward 1978). This implies am
overproduction in the entire mass of ejected material of 260/(25 - 1.4)
= 11, 1n encellent acecord with the production of other, more zbundant
species (Figure 1). Thus massive Tvpe [1 supernovae appeer to properly

produce the p-nuclel.

The syte and pature of the r—process continues 10 be an unsolved
pradlem. This is not to say that we are lacking for sites and processes
that produce certain select ncutron-rich nuclei. Passage of the shock
wave through neon, carbon, aad heliuwm zopes in a 25 "o star produces a
linited r-proeess (Truran, Cowvaum, and Cameron 1978, Howard gt al 1972},

but, in the case of cxplosive helium burning, the amount of mass

experiencing the strong neetron irradiation is too small to produce am
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absolute yield of r-nuclei comparable to the abundance of s-nucler and
other heavy elements that exist in the rest of the star. Also, the ncu-
tron flux seems to be less thar is required tc produce 2 solar r-process
distribution (Blake ¢t al 1981), a difficulty that is even morc extreme
for explosive carbon and neon burning., An alternative site for the -
process is deeper down, near the "nass cut” thet separates oulgoing
ejecta from the newly formed ncutron star. There, naterial euists that
is already very ncutrom-rich. I this ematerial were to be completely
paotodisintegrated and then cooled again on & time scale short compared
to that required to reassembic the heavy nucier, a high neutron to secd
ratic could be produced {lloyle and Fowler 1960). lnfortunately this
seems to require more rapid cooling than occurs in our models. Ve

_____ acteristically [ind photodisintegration products reszssembling ot ~ §
x 109 K. too higu a temperaturc for the r-process to procecd. Perhaps
ejection by 3 jet (LeDlanc and YWilson 1970) could alter these results
but that remains to be dewonstrated, It may even be that the r-process,

if indeed therc is a single "r-process”, does pot occur predomipnantly inm

supernovae! [ecent work by Cowan, Camercn, and Truran (1981) suggests
that the r-process may occur during an off-ceater helium core flash in a2
low mass star (following the mixing of hydrogen into the helium core by
a 2-dimensional instability). These intcresting speculations point out

just how uncerr:in the true mature of the r-process really is.

Important clues to nucleosynthesis and constraints on supernova
mechanisms can often be found a single nuclens. The case of 48cy s

illustrative, With an abundance 58 times that of its neighbor 46¢a,



is very difficult to prodroe, with any reasonable set of ncutron capture
cross sections, a solar abundance of 48Ca without overproducing 46q
(this argunent could be tightened if the capture cross sections on these
two isotapes were actually measured). It is possible to produce large
quantities of 48Ca, however, in muclear statistical equilibrium with a
neutron excess of ~ 0.16 (Weaver, Zimmerman, end Woosley 1978). Thus
1t may be that the existetce of such a relatively large amount of 48¢,
in the Galaxy requires at leest the occasional ejection of some very
uectron rich material, The ejection of high 1 material of this type may
also be necessary to the origin of 50Ti, 34Cr, and several other rare

iron-group species (Hainebach et al 1974)

Important heavy element synthesis will also accur in Type I super-
novae. Currently the most successful models, {i.e., those that agree
best with observation), are based upon detonmating white dwarfs.
ucleosynthests from one such typical explosion is shown in Figure 3
{toasley, Weaver, and Taam 1980). Almost the entirc mass of this 1.12

”u white dwarf has been canverted iato iron group nuclei, priacipally

5621, by a passage of a detonation wave. The detailed 1sotopic composi-
tior remains to be computed, but should differ little from that cbrained
{or the carbom detonation model (Armett, Truran, znd Voosley 1971),
i.¢., a solar abyndance set for the most abundant isotopes of Cr, Mm,
Fe, Ca, and Ni, In the outer part of this same white dwar{, in a layer
whose pre-explosive compasition was nearly pure helium, explosive burn-

ing produces 447 (Figure 3), whose later decavs to 445 ang YCa pro-

vide buth a late time energy source for the supernova rempant and a pos-—
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sikle y-ray lime sigmal Eéee Section I[). Praductias of 1 MQ of iron
every 30 or so years @g Type | explosions would provide a remsonable,
although ot neeessarily unique, explanation for the current abundances
of iron and 4*Ca in the Galaxy, although Ostriker (1981) has poiated ont
that difficultics arise if this amount of iron production in the inter-

stellar medium has continumed in recent epochs.

IT. y-LINE ASTRONOMY

As has becn rcalized for some time, the nucleosynthesis of clemeu-
tal species in novue and supernovae as radioactive progemitors provides
both a late time encrgy source for noweriag the light curve and o y-line
sipnal that should be visible to a proper spa-. or balloon-borne detec—

tar. Thus far no vnambiguous signal from extra-solar radioacti.ity has

been detected. A strong signal from pysitron anmih.lation in the vicin
ity of the Galactic center was discovered by balloon experiments and
subsequent studies with HEAO-C found the source to be variable on a
period of months. This time variability and the ability of produce
positrons by methods other than radicactive decay make the connection to
supperpova nucleosynthesis somewhat tenuows, but the observed flux might

be explained by the positrons praduced during the decay of 5600 yade in

supernovae {Clayton 1973, VWoosley, Axelrod, and Weaver 1981},

Theoretical production of y-iine candidates by a 25§ Mo- Type ¥

supernovae are sumnarized in Table 4. About S times as much 56cq Ri, «

At



1

also be produced in a Tvpe I supernova along with a comparable abundance
of 44T (Woosley, Weaver, and Taam 1980). Given the recent optical cvi-
derce for the presence of solar msss quantities of radioactive cobalt in
Type [ supernova 1972e (Axelruvd 1980), it is virtually certain that at

least some Type I supernovae 2re strong y-line emititers.

Recause of the considerable nncertainty associated with the
nucleosynthesis of the most important of the pctential y-Zine wan-

didates in Type I supernovae (Table 4), it is uscful to consider each

icotope separately, The 56¢o ond 3co production in Type II supernova
is not well known since it depends on a choice for the interior mass cut
(VWoosley and Weaver 1981b). Radicactive tails to the light curves of
such Type IT explosions as 1969 suggest that at least some Type II's
produce some radiozctive cobal:, but others may r:zoduce none (see also
Section III). The entry given in Table 4 would provide & full Galactic
abundance of iron trom Type IT explosions (Figure 1}. Anaother species
that may be produced in both Typr I and Type II supernovae is 4415, In
each case the yield is highly uncertain. In Type II's, 44Ti is produced
near the mass cut by very high temperature explosive silicon burning.

In Type 1's, production depends on the existence of a low demsity i lium
layer capping a cdelonating core. While this seems reasonable, there may
be alternative nodels for Type I explosions that do not involve high

teomperature cxplosive helium burning.

The other 3 species in Table 4 should be synthesized only in Type
IT supernovae, supplemeated in the cases of 2244 apd ?SAI, by a contri~

. . b L
bution from ordinary novac. The 21Ma made by sepernovae comes primarily
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from hydrostatic (i.e., pre~cxplosive) carbon burning. Tt 1s likely to
be produced in all massive star explosions, but owing to ils short life~
time and comparatively low yield, 21y, would only bec visible from a
supernova in our own Galaxy, and, even them, for a relatively short
time., The production of 60Fe occurs as a result of the superaovs shock
wave passing through the helium shell and the operation of a limited r~
process (Clayton 1981, Blake ct al 1981). Synthesis is sensitive te
shock wave energy and stellar nodel parameters,but production in a wmodel
15 ”o stpernova is really quite large (Blake gt al 1981). Tae amount
given in Table 4 is approximately equal to that inferred by Clayton
(1981) based on nucleosynthetic arguments and would, as he ssgpests,
constitute a prime candidate [or Galactic y-line astronomy in the steady

state,

Like GOFc, the species 2041 should also ascumulate in the inter-
stellar medium [ron many suvpernovae. YWoosley and Weaver (1980) v 0w
that the espected cumulative signal from Type IT supernovae would be ~
167% photons cn® 57! times the present rate of Galactic heavy element
production divided by the average nucleosynthesis rate over the Galactie
lifetime. That is, unless the rate of element synthesis in our Galaxy
has declined by more than a factor of 10 siuce nucleosynthesis began.
the flux of 2041 y-rays, integrated over the Galactic disk, should
exceed 1073 ohotons em™2. Movae are also expected to contribute 3 com-
parable anount of “SAl (Yoosley and Weaver 1980, Vallace znd Woosley

1981) and red giant wass loss may also be zn important source (Norgaard

1980) .
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In addition tv absolute yiclds, the time dependent y-ray tran-
sparency of tke cipanding supernovae is critical in determining the
observability of snort-lived radioactivities. Woosley, Axelrod, and
Weaver (1981) have carried out such an analysis for both Type I and [1
sepernovae. (wing to their extended red giant structure and slower
cxpansion velocities, Type Il supernovae do not hecome transparent to
their own y-gmission for about a year. The slower velocities of the
firavy elements synthesized in Type I1 explacions { v ~ 1000 kn s71) also
mplies a narrower y-line, AEY { 10 keV. Because they presumably lack
au extended Lydrogen envelope and because the heavy elements are ejected
with ruch higher velocity t~ 10,000 ko sh Type I supernovae become
transparent to y-ravs ut a mucn earlier time. Type I supernovae should
present a strung signal of broad (:SEY ~ 100 keV } y-lines from the decey
of 3¢y after only several weeks of expansion. Tndecd, this signal
should commence shortly after naxizmum luminesity (Veaver, Axelrod, and
Veosley 19801, ‘tumerically. the flux from 1 Ho of freshly synthesized

6¢o, normalized to a distance of 20 Mpe, would be given by

‘#Y(jﬁcﬂ" = 4.6 s 10_5(6_‘/114 - \Z“t/g'gJ

(-f 2
P oy Msg (20 tpesd?

where t is the elapsed time in days since the explosion, M56 is the mass

of radioactive “™i initially synthesized, and f4ep is the tine depen-

dent y~ray deposition cfficiency (see Figure 4). Since they bhecome
tranzparent beflore 3¢y has substamtially decayed and becausc they prob-

ably make wore 5G¢q to start with, Type I supermovac are much aore
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attrective candidates for y-line astromomy than Type Il's,

The major space mission of this decade dedicated to y-ray astronomy
is the Gamma Ray Obscrvatory (CRO). Mow scheduled for launch in 1987,
this complement contains as one of its 4 cxperiments the Oriented Scin-
tillation Spectrometer Experiment {OSSE) which should be en excellent
tool for discovering and analyzing lines from radioactive decay. For a
typical line energy of 1 MeV this experiment is capable of detecting v-
lines down to a flux of ~ 2 x 1073 photons en? <7l with an ohserverion
time of roughly 1 weeh, Furthermore, sensitivity at least this rond 13

maintained throuphout the enerpy interval 100 keV 1o 10 #eV.

Barring tie lortupate vecurrence of a Galactrc supeTrovis durins the
Y yvear lifetime of GRO, the most attractive tarvets of oppurturity wall
be steady sipnals fron 80rg, 2941, and {perhaps) MTe within our own
Galary, and 36y decay lines !rom Type | osupernuvae 1o other palaxies.
Stgnals {rom 2041 and 8¢, which come from Type Tl supernovae. shauld
be associated with recions of active massise star forration and Che
Galactic disk. Tae 4T3 signal would originate frem the remnants ot
recent Tepe | and (perhaps) Tvpe [l sepernovae.  The strengin of ta.se

emrssions 1s pighly uncertain, as we have discussed.

The se~sttivrts of US4 1 sueh that SBCy emtas1oms trom as fer
away as the Virzo cluster (20 “ped shotld be visible from a Type |
supernova produciny ! “o vl iron. This possidibity is appezliag, sot
only because 1t is quite likely that at least one Type ! will happer 1n

Virgo durimg .Lc course of 2 years, but alse because the study of these

lines would revezl interestinc and unique 1nformation about the aniure
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of supernova and young remnants (Woosley, Azelrod, and Weaver 1981},
Care must be taken, however, because the swpernova rate in Virgo is not
all that large. A rate of ~ 1 per ycar seems rcasonable based on an
¢stimated luminosity of the Virgo cluster of 2 x 1012 L° and 2 total
superuova rate per year per 1610 L, of 0.00¢ (Tanmann 1974). This is
consistent with thr actual discovery rate in Virgo over a 13 year search
period (Taomann 1974). Perhaps this number can be doubled by including
vther galaXicve within 20 lpe, and maybe even multiplied by an additional
factor of I te 3 if a relatively lzrge [rection of nearby superaevae
have soue undiscovered in the past (Tammann 1976, 1981). The point is
nowever, that catra-galactic y-line asironomy can aot be left to the
screndipitous arscovers of supernovae by OSSE.  With a roughly 10 degree
freld of view and i0° 5 observalion time, those few prime candidates may

ecitier 2o andetestled vroelse ddeeay away (tl/l = 7% d) betore thay are

observed,  Wwe uust have a zround based sUpernova ssarcn proaran opera-
Crangl Uy oo U

L goes wpotn L9RT {and hopefully long ocfare that

e to mere proterly plan observational strategy).
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111. "FAILED" CORE BOUNCES IN MASSIVE STARS

Thus far our discussions of Type TI supernovae have been based upon
the implicit assumption that the collapse of the iron core and its sub-
sequent rebound at nuclear deusity is capable of generating a strong,

outgoing shack wave that will eject all material outside a mass shell of

about 1.4 - 1.5 “%. As other papers al this meeting have pointed out

this assumption is still questionable for some, if not all, masses of
supernovac. (sce, [or example, papers by Villebrandt and by Arpett). In
cases wiere core bounce does not lead directly to mass ejection one 1S
left to contemplate the contimued evolution 2f a red supergiant whese
core has collapsed to a neutron star (rapidly in the process of hecoming
a black hole!). In the swmmer of 1978 we began a series of calculations
te study this phenomenen, Discussions of our results were presented at
the Aspen supernova workshop i1n 1979 and the Saata Barbara workshop in
1980. A I-dimensional treatnent of the subject 1s tn prugress by
lindenheioer and Woosley (1981) and was reviewed at the Texas Melativis-

tic Astrophysics meeting (Wousley and Weaver 19E8iu).

Ous stndy centers on 3 23N gpar (Wever, Jimperman, aud nesley

1978) tor which ""1lson and Dowers (1978) calculated a core pounce that
did not lead to an explosion., The trazjectory of the mass shell contain-

ing 1.35 Hg is shown in Figure 5. lere bource occurs at 0.249% s with t

= 0 defined by the published smapshots of Veaver, Zimmerman, and Woosley
{1978). The borndary of the 1.35 M, core initially moves outwards f{rom

a bounce radius of 1.3 x 107 cm with ¢ velocity of ~ 9 x 108 cn !
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reaches a maximum rosius of 2.1 x 107 cm at 0.262 s, then falls back to
become part of the newly [ormed neutron star. This motion sets up an
outgoing shock in the overlyiny material which propepgates as far as 1.5v
”o before being overwhelmed (0.277 s) by both the inward momentun of the
collapsing steliar nmantle and the photodisintegration of 2855 into free
reutrons and protons. The velocity of inward bound material jusl above
the dying shock is ~10,000 knm 571 and photodisintegration of silicon
renoves about 5 x 10i® erg g_l. At 0,277 s, what had been an outward
nuving shock with positive velocity reverses sign and becomes an accre-

tion shock. Frer this time on no positive velocities are observed any-

where in the calculation,

In order to sce 1f thermonuclear burning migr have an importan?
effect 1n the subscquent evoluiion and, in particular, to sec 1f the
qnerpy [rom that berning might lead to a reversal of the collapse and
st1i) create an explosion. the calculatioc was continued for an addi-
tronal & s following core bource. To facilitate the computation, the
ey 1,68 ﬁ;, which at @ tume 0,310 5 existed 1n a state of near
avdrostatic cquilibrium, was removed from the problen and replaced by a
r1z1d anner boundarv having the sime radias as that mass shell at that
tire, tLe, toes o 07 el Tue gravitational potential of this core
centimied to be carried 1n the calculation and the removal of the core
in ti1s fashion should have lirtle effect on the results, especially [or
regions outside the accretion shock. During the next 6 s, the accrerion
shuck moved outwards in Lagrangian mass cocrdinate uwatil 3.6 Mn was com-

tained in the neuirom star corc. The radial location of the shock also



18

vwoved out slowly from ~1.5 «x 1% emoat 1's, to ~2 x 108 ¢a o
and ~4 x 18 e at 6 s, Threughout this entire time the axious acore-
tion velocity remained very ncarly constant at 10,000 »"1. Thermo-
dynanic conditiors, compasition, pressure—to-gravity ratio, and Legran-

ajan velovity prefiles are givern at several times during the evelution

in Figores 6, 7, 8, 9, and 14, The actual

tinated ia these calculations owing (o the neglect of electron capiure.
This should have tie effeet ot mazipizing the opportunity far an expln-

sion,

At no point durang this cvolution did nucleor berning leod 1o 2
velocity reversal (contrury to recent speeulations by Applegate and
Yahil 1981}, v is wmportant tu note that the combustible mantle, shich
certainiy contasns sufficient nuclear emergy te disrupl the stag si 3t
could Dbe ignited 1astantaucorsly, docs not collapse homologouslty (see
Firure 9 for the ratio of actuial pressure to that required far hydros-
tatic support at 2.129 s). \Vile knowledge of core collapse 1s commusa-
cated to the mantle at somic speed {roughly SUOU km sTH rhe Fressury
ceficit 1s much greater, the deasity higher, and thu dynamic response
time tkerelore cuch shorter, toc materiul closer to the core. The oxvgen
actually burns in 1 very thin shell ( ¢ 0.02 Mo’ Figure 8) quite close
to the accretion shock. Llayers farther out are sapported both by the
inertia of layers beneath thex and by the "spherical rocket™ effect of

material being accelerated down into the ccilapsed core. An isoluted

layer of oxygen falling into the remmant subsonically could, in primci-
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ple, reverse its intall by neclear burning, but two effects sct to inhi-
bit this occurrence, First 1y the enormous pressure of the overlying
star zpainst which the burniay shell must werk in order to feverse its
velocity. Second is photodisiategration. While oxygen burning provides

1ol? erg g‘l the burning of silicon to 54Fc and 2 protons (the

about 4 x
favored products in this relatively low density eaviromment) is endoer~
gre by 2.3 ® iy ery g_l and the photodisintegration of iron, [irst
into [ree alphas, then into nucleons, removes 8.5 x 1013 erg g_l. In
tayers immediately beuneath the thin oxygen burning shell these endoergic
rrocesses rob the ras of thermal enmergy that might have provided support

for the star (Fipure 8).

In order to explore more {ully the role of photodisintegration dur-
ing the post-core-tounce evelution, the above caliulation was repeated
employing an 1dentical parametrization except that all nuclear energy
seneration, both neegative and positive, was suppressed once oxygen im a
roue tad been tully depleted.  This arescription had the desired cffeet
it suppressine ther: al energy losses to photodisintegration {obviously
wot o reabistae rrocedure Lut useful for isovating a specific effect).
w caplosion reselted 1n thie canse either {or at {east had not resulted
ta time 1.94F 5 uhen the oxvzen burning shell had reached 2.7 Hoy |y
the evolution vas clearly qualitatively different, The distinction is
illustrated 1a Ficures 11 and 12, which show velocity and thernadynamic
gquantities at 1,351 s, the same time as in Figuores 6, 7, and 8. The
accretion velocity tn the model without phatedisintegration is much

slower at this poiat, by abcut a factor of 3, and the inmer regions of
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the star are not nearly so centrally condensed. [Recause of the shal-
lower temperaturc yradient, the region where oxygen is burming is alsa
substantially larger { ~ Q.1 “u) and there are layers, again ~ 0.1 “0'
of unburned silicon and J6Mi that has not been photodisintegraied. These
are all direct results of suppressing photodisintegration, Fnergy that
would have gone inta disrepting nuclei is now able to provide pressure
to hold the star up in a pore extended, cooler comfiguration, Contynued
evolution of this model saw the dying out of the accretion shock and a
retura te near hydrostatic equilibriuwm throughout the star. At a time
of 2.95 s, a0 velocities greater than a few hundred km s~! existed any-
where in the star., ‘ot too surprisingly, suppressing the photodisia
tepration inscability and ignoring electron capture makes it possible 1o
construct a stablc {at least on dynamic time seales!) stellar model in
which a reutron star lies at the center of a highly evolved, seperguint
star. [volution on u thermal timc scale would still be unstable due to

high neutrino losses neat the core,

The fact thet thermonuclear burning docs not appear likely Lo pro-
dguce supernovic 1 [~dimensional models with failed corc bounces does
not categorically remove such models from consideration since rotation
is likely to be an important cffect. Oxygen fuel fallimg almost freely
towards the collapsed core will cxperience an increasing centrifugal
barrier to its inward progress. Since rotational breaking occurs
throughout a large fraction of mass conmcurrently and not at a single
Lagrangian mass point like a shoek, it is possible to stasnate jarge

vegions nf unburned fuel concurrently. Jf imertial overshoot occurs,
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then the centrifugal barrier leads to a radial bounce, and if that
bounce is auplified by nuclear burning, an explosion may result. Such
a wechanism s anherent in Figure 11 of Fowler and Moyle (1964) and has
been the object of recent study by Bodenheimer and Woosley (1951,BW).
The essence of the BW resuelts is that rotation plus the explosive burn-
ing of osxyscn can lead, at least for some choices of parametrization, to
tnergelic mass ecjection in the equatorial plane. Details of the study,
which essentially involve 2 2-dimernsional recalculation of the same 25
”o friled core bounge we have beern describing, were presented at the
Texas Relativistic Astrophysics neeting (Woosley and VWeaver), will be
the subjcct of a forthcoming publication {BY), und need not be dupli-
cated here, lHowever, the results of one such calculation arc displayed
in Figure 13. & steady state solution is fourd, displayed here at a
time 15.2 s follewing core bounce/failure, in which matter collapsing
along a radial vector rouphly 60 degrces above the equatorial plane
vxpericances a rotationsl bounce, accelerated by cxplosive oxygen burn—
1ng, aud then moves outwards with bigh veloeity in the equatorial plane.
At this last time step {artificially restricted by computational
requirements), more than 1030 crg of outward directed kinmetic emergy is
ceatained in about 0.3 “o of oxygen and oxygen burning ashes moving with
a velocity of ap 5000 km s1, well above the local escape veloeity.
Continued evolution is likely to increase this kinetic emergy as more
oxyzen fuel circulates and burns. A portion of this energy will be
shared with the hydrogen envelope with the creation of a nearly spheri-
cal shock wave and typical Type [T lipght cirve being possible results.

The asymmetric momentur of the explosion may heve additional

- - m——
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vbservational conscyuences, however, in that the supernova remnaat would
retain equatorial, bul not spherical symmetry, Lvidence for aenuplar
structure in several remnants including SKP 132D (Lasker 1980). 0540-
69.3 (Hathewson ¢t al. 1981), and CAS-A (Markert et al. 1981) has
recently been reported. If iadeed remnants like CAS-A are to be iater-
preted with such 2 model, oune night anticipale {depeading ur the unkpows
interaction of the eguatorially ejected oxygen blobs and the hydrugen
cavelope) observable differences in the spatial asymmetry o1 oxypen
knots and hydrogen “flogculi”. Tt would be interesting to koow 1{ such

effects exist.

Since the Texas meeting severa]l sensitivity tests have been carried
out by Bodenheimer and Wnosley. A caiculation .
lar momentun {(C/G = £.06) of the one depicted alse pave an explosion.
The calculation that produced Figure 13 was also repeated with identical
parametrization, but with all nuclear energy generation turned cff. No
mass ejection developed, only a stagnant accretion disk, Anotrer calew-
fation, which included nuclear burning but in which the imner boundary
pressure was never increased (see Waosley and Weaver
to produce dynamic rass ejection, However, after an elapsed time of 41

s (11000 models of 1600 zones each!), at whick timc the inner core con-

tained € ”0 of the original & %, carried in the problem, the remairming

matter had developed a ratio of rotational energy ta gravitational bind-
ing energy of 0.27 and would thus be unstable, on a dynamic time scale.
to tri~axial defomaiation (Ostriker and DBodenheimer 1973). If ¢ bar-like

structore develops or :f {ragmentation ensues, angular momentum may be
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transported out of the central regions of the star and may lead to mass
cjection, [ so, we would have come full circle to the original (fiovle

1946) model for supernovae!

Clearly further work is sreatly needed on the whole subject of
"farled” core bounces, The resulis of Arnett and of Hillebrandt (dis-
cussed elsewhere in this same voluge) have shown that if iLc core bounce
nechanisn is ever to function adequately in one dimension, it pay do so
only 1. irom cures naving relatively small total mass [say ¢ 1.3 “ko
This is because the coergy avatlable to the shock is set, to first
order, by the rmass of the “honmulogous” core (0.7 ”o}' a quantity that is
ot sensitive to the total ircn core mass. On the other hand, the work
that the shoeh wust e against gravity, invard memenlum, and photodisin-
tegratien in order to get out uof lhe core does increase rapidly with

1ron core muss. lenee larger cores are less likely to cxplode,

But stars of larger mass have larger cores. For eza.jlce, 3 25 Ho
star has z core rass of 1,61 I, Gheaver, Jimoernan, and Woosiey 1978)
dhnle 2 107 Dgpar caleulsted using the same physics bed a core mass of
L1 TQ (Loosley, Yeaver, and faom 1980). Thus it may be that the
explesion of only the lightest stars in the intermediate mass range (10
:Q te 100 7.} way be attributable to core bounce of the simplest kind

while the fiaal evolution of hcavier stars is semsitive to 2-dimensional

effects as we have described.

It is, of course, a problem of fundemental cosmic importance to
deteroine the critical mass © ot i o et vt .

tron star reznents. If it 1s not too 1 = the supernova statist.:s would
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not be preatly altered. The lighter stars arz, after all, the more

abundant onmes. On the other nand, our views concerning the pucleesyn-

thesis of heavy clenents would be radically altered if stars of mass
sreater than 23 ”u' say, do not explede by the core bounce mechanisn,
If this is the case, then either 2-dimensional effects such 2s we have
just discussed, will dominate, leading perhaps to new nucleosynthetic
processes involving, for exanple, the high temperature combustion of
hydrogea and helium nixtures as the portion of the red giant envelope
collapses and is eguatorially expelled, Otherwise, the nucleosynthesis
of intermediate mass clements may require the still more massive stars

that we will now {iscuss.,
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IV, PAIR INSTADILITY SUPERNOVAE (HYPERNOVAL)

While the exact mechanisu whereby stars lighter than ~ 100 H°
vecome supernovae has always been controversial, the pair instability
provides a straightforward explanation for ezplosions in more massive
stars. The gencral aature of the instability is we)ll understood and has
been discessed clsewhere (cf, Barkat, Rakevy, and Sack 1967). The prin-
cipal difficulty is, of course, that few, il any, stars this massive are

belicved to be corr

-, Therc are reasons to believe, however

that @ore massive siars existed in the early cvolvtion of our own and
other salaxics (el. Silk 1977}, thus such stars are of intersst if only
for their nneleesynthesis, Also, as ve shall see, the outbursts of these
stars may be so ercrgetic as tv be visible to a proper {satellite—hornme)
detector at very great distances perhaps even to the edge of the

universe!

An important first question is the mass range for which the pair
instability is likelv to result in a supernova., We have evolved models
of several very massive stars in order to answer this question. A 1uD Ho
Pop T star studied several years apo (neglecting mass ioss) evolved to
silicon ignilion without ¢ncopntering this instability, a 150 HD Pop 1
star exanined more recently, cnllapsed on the
attempted to ignite carbon burning (T9 =10 atp=13z 104 g e 3) . e
conclude that the minimum nass is somewhere between the two although

mass loss on the main sequence and during helium burning could substan-

tially increase this limit.
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Yince the cxplosion energy results solely from nuclear burning,

which for these alrost completely convective stars scales as ™, wnile

. . . )
the gravitational binding energy scales as M=, there alsc vnoon L

upper bound to thke mass of pair instability sur .ovae (we exclude here
the very massive stars, if D 16° ”Q that collapsc on & gameral relatuv
tic instability). This limit has also been discussed cerlinr by Frale:
(1965) and Wheeler {1997), In order te circumvent a long caleslatiur
¢nvelope structure ve considered, in this case, carbon-usygen cores with
160 im 2 2:1 ratio to U-C. Cavcy of GO f-‘u' on “'.." 100 i, and 00
were studied, The 60, 80, and 100 ”c cares all caploded. ‘fuwllecr hurn

inp was unable to reverse the cellapse of the 260
evolutionary state was presunubly a biack hole, 4 1367

currently nnder study in un attempt to more prect. © aeterniuc the

L

aass limit,  Decause of the dancertainty antreduced by neglectine mass
loss, relating thrs core size to mass on the main seguen.e 1y aiificsit,
but we can atteupt to norvalicv to our other models., The 1507 3.

star had 2 carbon-wivgen core of 93 ”0' the cores of 200 7 anl %o

Pop ILi stars (1o e discussed) were 102 Ku and 376 0, respeoiel

conclude that stars (evolving withouwt sebstanrial mass loss) that have
wain sequence masses substastially in excess of about 30U

“20 w1l beeune

black holes,

Twa pair instadbility supernovae have been studied in greater

detail. One, the 150 & pop 1 siar mentioned above is the largest mass

star likely to be [orning today in our Galazy, the other, a 200 HD oy

I1I (zero metallicity) star, might have existed in the early uwniverse
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during the time (or perhaps before the time) of galazy formation, A DU
”u Pep 111 siar, weose final cvoluttonary state as anticipated te be 2
black hate, was glss cxamincd. Tass loss was regleeted te tRese caleu-
tations four lack of a realistic preseription for its inclusion.
Papalotzou (1973) aud Talbot (1971} have shown tlat pulsatioral insta-
brlity need not lead te substantisl mass loss in these stars, thus radi-
atively driven winds are fikel: to dominate. DPulsational instabilitivs
arv automatrcally suppressed by the inplicit nature of eur hydrodynamics
code wlhich streagly darps oscilliatory behavior on a time scale much
shorter thar the charseteristic time step the code is taking. At one
pornl we furced the tme step Jown te 1000 s and were able te see the
§50 T tar udergoing very stall scale oscillations on the main
seguence with perted ~ 402 x 164 5. Numerical dissipation, however,
preciuged o furtier study of Unis phenomenon. Padiative mass loss on
the aan seynence .as also artificially suppressed by a surface boundary
pressure of 300 dyng cn": and by co&rse mass zoning near the surface.
uture caleulations including o rcalistic prescription for mass loss
sould be inierestiang, At a tiue of 50% hydrogen depletion (1.75 my) the
tuninosity of the 150 JU star was 1.29 x 1040 erg 571, its radius, 1.8 x
1012 e, and 1ts effective tenperature, ~ 50,000 i, By the time of
fvdrogen denbetyon % ¢ 0,870 rthe radiug of the star had
4.1 1 1014 e, the lumirosity to 1.65 x 1040 erg s1, close to the
Eddington value, 2.2 x 1040 erg 5 71 for a 150 Ha star, and the tempera-
ture had declined to 3400 X, Civen major uncertainties with regard to

nass loss, these latter vuiues and all subsequent photospheric proper~

ties are 213hly Loespect, aut there as an compeilingly simple explanmationm



for the draratic increase 1 radius (Penrod 90D, Fhe elevtron

scatterang opactty of totally aowized helaun

Dy odess taar cra

solar mrxture of bydrogen and teluwn, Thersfor: = sovstoe el o ore

fas a hizher Uddin-ton lamit thar in equavalent sphefe wd soder oo i

L

the bimit that the belium core 1s 2 large tractyon of the stellar

and radiating near its own §ldingien value rhe fusiaosily 1n Loe ower.s-

g hydrogen shell wifl be <uper-iddincton,  The cveess ranies
sure mav proveke an oexpansiuon o the envelepe and rapsd mass doas. e
130 and 200

stars do not scees le have quite reached thas Tinatpar

case but are close,

The age of the 130 bu wtar at hydrogen depletyon wan 2007 s

value that does not vary greatly with mass {or such high mass star
where luminositly aud auclear enerpy reservouirs both scale as "ot

. N . -0
ued evolution saw the growtic of an extended, low density {p ~ 1078 ¢

e ) envelope that contained an increasingly large f{raction of the
entire hydrogen shell, Caleulations were difficult and 1ame comvuding
during this stagze as Lagranmian shells of small mass moved down o 10

order-of-magnitude deusity gradient, During this same time the sarface
convection regiog also reached down into the outer regions of he aneiiun
core nixing large guantities of helium up to the swrface, At the tim

of helium core ignition {2.380 my, central T =2.21 x 108 ¥, central p =

171 g en™3) the core contained 105 HQ and the envelope, now all at low

density, contained ~50% helium by mass. Helium burning tock an addi-

tional 380,000 years and, as mentioned earlier, carbon ignition took

place under unstable cirgumstances.




lollapsine on the pair instability, the core of the 150 ‘u star
reached a mxonun central tenmperature of 3.77 x 109 K and density of
1l g tob g e 3. The nuclear energy releas:d by explosive carbon,
neon, and oxyvgen burning reversed this implosion giving an erplosion
aaving total Einctic energy 2.20 x 1092 erg. The resulting lizht curve
and nacleosyntiesis are shown in Figures 14 and 15 and in Table 3,
Stthough nucleosynthesis for clements having odd Z such as Na, 81, P,
U1, and i, have not beer calculated in this model, their production
should alsv be cluse 1o solar since a Pop [ set of initial seed nuclei
wes included znd nuclear reactions during helium burning should give a
"neutron exeess" appropriate to their synthesis (Woosley and Veaver
1utlib).

A total of ~ 10°l ¢rp of coergy comes out in the form of clec-
tromapnetic radiation, This brilliant display, ~ 30 times brighler than
a typical Type 1@ sepernova (Veaver and Woosley 1980), results both from
the greater inberent energy of this massive stellar explosion and from a
sreater efficiency for conversion of that cmergy into light. During the
first § x 106 5 the luminosity concs from internal energy diffusing out
tirovah the low-density envelape. When the radius reaches 6 x 1015 ¢o a
wave of atomic recosbination bezins, commencing at the surface of the
star and moviag inwards in botn radius and mass. Badiation released by
this recombination is responsible for the emissions of the next 6 x 106
s. Oving to the large volume and mass of the envelope this contimues to
bc a very luminous phase. The decline in luminosity at about 1.4 x 107

§ occurs 4s the transperency wave reaches ne
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britliant display will be greutly diminished 1f the star docs wey retain

its hydrogen cuvelope.  The dashed line in Faipgure 14 skows tne Tigh

output from an wdeatical calcelation 1n which the hvdrogen vovelope was

artificially removed,

The evolution of the 206 WO Pap Ul star was qualitatively similar

IH . .
to that of the 130 % poy T siar. An interesting variaticn, Bowever, is

the manuer in which hvdroeen hurning in the 200 b, star is aeitated by

CNO catalyst ereated in the star itsell prior to hydrogen ignition. The

[

star [irst contructs te a temnerature of 1.4 x 109 {, burns a trace of

M ~0 s
helwum to create about 7 x 1077 by mass CNO, and ther commences hvdrogen

burning by the ordinary (ot . ~-limited) Clleyele {sec alse Hrer um!

Cameron 1971}, ear the tine of hydrogen exhaustiom, the CNO mass frac-

tion had grown &~

tydrogen cxhaustior. At s tine of 1/2 lydrogen depletion, the star had

-3

central temperature 1.22 x 105, density p =22 ¢ em?, luminusity 2.0 x

104G 1

ery s -, radius 8.8 x 10t o, and effective temperature 5.6 x 19

i v
R

Again the surface propertics are highly uscertain owing tu the

neglect of mass Ioss. HNydrogen was depleted at an age of 2.74 oy und

i

this siar too developed & highly extended structure (B - 5.1 x ld ¢
at helium ignition) with a helium core mass of 140 M, and the remainder
of the star in a low deasily eavelope of less than . ,out LY g end,
As heliwm burning nrogresssd, the surface convective shell ate imto this
core reducing its nass to ~ 195 W by the end of helium burming. This

convective dredge~uy also increased the helium abundance in the envelope

ta ~ 60% (the exact value agnin depending on wneertain mass loss parame-
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ters). At the carbon ignition stage, the star collapsed on the pair ins-
tability reaching peak temperature and density before velocily reversal
of 3.88 x 10% K and 2.15 x 0P g cm~d respectively. The thermodynamic
conditions and collapse velocity profile at this time are shown in Fig-
ures 16 and 17. Ve notc that for pesk temperatures only slightly larger
than this (i.e., T ) 4.0 x 107} the omset of endoergic nuelear reactions
would have led te u continuing collapse. Thus 208 I j5 5ot far below
the most massive possible pair instability supernova, The resulting
cxplosion here produced total kimetic energy (at infinity) of 2.62 1
1032 erg and a light curve, effective temperature history, nucleasyn—
thesis, and final velocity tofilc as given iu Figures 18, 19, 20, and
2) and in Table 5. Once again this exceptionally brilliant display (~
1051 erg) is crilically dependent om the star retaining at leust a frac~
tion of its low density hydrusen—helium cuvelope up to the time of its
cxplosion. The nucleosynthetic yield of odd Z clements, although not
yet caleulated for nuelei heavier thzn 14N. should be very low owing to
the lack of any heavy sced nuclei im the imitial abundance set and the
fact that the star collapsed wvithout undergoing a stable stage of
hydrostatic carbon burning Lo create the nccessary neutron excess

required for odd-Z synthesis (Loosley and Weaver 1981b). 1t i5 alsg

intes ctige that e el st tie yield ealentured heps e oven O
slementy i Lhe coebon to v T eanene Tnde beter neverd w b i
st i eyt ined by A tn Ty rE) o oa simiboe o fL,l“': o
caplacion, The i eCepagn s iy e Tl g s i ] e o
ment o nuelens phyeior ot leooerencdent copveet Do i the eyt

aleulstion,



A 500 ”o Pop LI star 1s also currently under study and has heen

evolved through core hydrogen and {most of) core lelium buraing. At e
time of 1/2 hydrogew depletion (age 1.1 my), the central temperature and
density were 1,262 x 108 K and 13.8 g a3, the central CNO mass frac-

tion created by helium burning, 9.3 x 1079, luminosity, 6.02 x 1040 erg

s'l, radius, 1.6 = 1612 cm, and effective emission temperature, 76,000

K. Once apain, pulsations are danped by the implicit nature of the

hydrodynamics code and radiative mass loss suppressed by an artificial

surface boundary pressure (500 dyne en™2) and later on, during core

heliun burning, by an artificial surface boundary temperature (25,000 K)
Caalibar e b e ben wn g ot ione The artiTEeTal patge

of the surface boundary conditions makes all but the central propertics

Sothis oo ekl ocame

This particular 500 “o cher fo of greelnd intorest beenus 6 U
ability to produce large amousts of primary nitrogen {(14M) in a Pop III
object, The nitrogen is produced during the corc hel ium burning phase
as an cxtensively convective hydrogen burning shell dredges up the outer
repions of & b iny cogyeetine o where nbeut 7 b owers ) erbeg s
been produced {although at no time is there ever a complete convective
link-up betweer hydrogen shell and helium core). The primcipal therma-
dynamic distinction of this star appears to be the lack of a steep den-
sity p-adient separating the core from the "red-giant” envelope. The
entropy gradient between corc and emvelope is also rather shallow, about
a factor of 2. At the onset of the convective dredge up phase, the
heliun care mass 13 about 300 , ond alwost completely convective. In

the steady state at the hydrogen-helium/carbon interface, hydrogen burn—

ing produces a locally super-Lddington luminosity due to both the high
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%, oxygen, 3., and nitrogen, 130 Some 290,000 years later, hydrogeu

ie fre=deplored i the duner 00 iy and. sbout 3G,000 years after
that, the 143(&,1)13F reaction ignites, eventually comverting all nitro-
gen in the inner 370 HO into e (making & very reutron—rich core) and
finally heliw- burrs to carbon and oxygen. A& residual abundance of ~20%
My and M54, ceaains in the outer cnvelope where it could be lost to

a radiative wind (providing that cnvelope did not long ago disperse).

The carbon-ouxygen core itself will certainly become a black hole.
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TABLE 1

C, NE, AND O PRODUCTTON IN MASSTVE STARS

Mass Solar 15

o 20N 25 My 35 My 25 %,
Pop Abundance I I 1 i 11
e 0.41 0.3 0.42  0.27  0.39  0.45
164 1 1 1 1 1 1
U n.18 1.0 0.8 0.58 9.5 0.5

ov (160 3.9 9.0 14 21 12

TADLE 2
GIVGI TSOTOPE PRODUCTION IN HASSIVE STARS
T 58 ) . .
155 Solar 1 lo 51, 35 o 15y
pup I ] I (1
16, §.3(-3) 0,032 0.10 0.17 0.10
104(179/26q) 4.0 92 1.5 1.1 0.019
102 (1807169, 2.3 3.1 2.1 0,61 0.028




TABLE 3

VARIATION OF NUCLEOSYNTHESIS® WITH STELLAR POPULATION

Spzeies Z = 1,7(-2) = 1.7(-4)} Species Z=1.7(-2) Z=1.7(-4)
1y 0.51 0.52 By 57.4 17.9
e 1.21 1.30 Ty 2.7 15.5
12, 9.1 12.7 By, 2.6 1.7
13 0.9 0.008 26y, 25.0 2.0
4y 2.6 0.033 Ty 12.4 3.2
15 0.4 0.005 Bg; 13.3 9.3
16 14.1 1.3 B 5.8 0.42
1 9.8 0.058 30g; 6.5 0.38
18, 14.9 0.15 1, 8.5 1.1
g 0.8 0.008 32g 1.0 3.2

20y, 3.4 134 B 5.7 1.7
My 16.5 4.0 34g 10.1 6.3
2y, 7.7 0.20 36g 32.6 0.20

a . . .
Preductions are for 25 Ma stars with results given as
an overprodection factor relative to solar valmes.
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TABLE 4

y-RADIGACTIVITIS FROM TYPE Il SUPERNOVAE

Species Yz Mass Synthesis Years visibic
Ejected?® Process at 10 kpc
(yr) () @$>2 3108 wl b

56 2.16(-1) < 2(-1)  Exp. Si Buro <5

57¢o 7.42(-1) ¢ 1(-2)  FExp. Si Burn ‘10

Ry 2.6000) 3(-5) C~Burn 13

gy 700 < 1(-4) NSE ¢ 120

b, 3.0(3) ¢ 2(-5) Fxp. e Durn Cont invous®

2643 7.205)  2(-5) Exp. Ye Durn Cont i nuous®

311 productions except ®07¢ are for a 25 M. superpova.

Fe production is in a 15 Ho supernova,

bStrcnglh depends on present rate of rucleosynthesis in the Galaxy.
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TABLLE 5

NMUCLEDSTSMIES IS TN PAIR INSTABILITY SIPERNOVAFE?

Species 4, 12¢ 1y T6gb 0,

150 1 obop t 160 21 0.24 S.14-2) 1.0 0.2%

300 3 pop 11V 2.8(-2) 0.48 2.B(-3) 1.0 0.3

Specics MWy Wy g ey 40,
150 71 pop v 096 41 2.6 13 1
200 1 pop (1 1.5 4,0 33 1.4 1.0

ntries arc ratios to solar abundances normalized to 100

bThe eyected mass fraction of 199 was 0.43 in both cases
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FIGURL CAPTIONS

Fig. 1. - Final abundances from a parameterized 25 Me’ Pop. 1 supernova explosion
having 105] erg of «inetic energy, are shown compared to solar values

{Cameron 1977}, Oashed lines indicate a range of a factor of 2 about a cansistent
average overproduction factor of 14. Huclei below sulfur appear to be produced

in reasonahle proportions to account for their present Galactic abunances, but

the relative deficiency of element production in the range S to Mn is indicative

of sabstantial nucleosynthesic in stars more massive than 25 Mo'

M. 7 - The ncutron excess pararetar, - (H,~’.)‘ifhi, a5 a funciion nf

Lt fransian mass coordinate 39 showe '~ two 05 MB stars, ane of which canmeneced
e Tife witk a solar cTop, 1Loset At ceace elemenis, the nther with 4 set 1 as
]

great (Fap. 11}, Cumulative effects of nydrostatic neutrnionization have lad to

qutte samtlar values of in the inner 1.5 Me of the two stars aithoush culbstantial
Bi¥ferences i1l ediey in the manties . especially 1n the reqian esterinr in the
carben tyentntoconvective shelil T figre do peepared ust as o the asimge

.

coilapse selncity inobrtr aeon cores roacnes 1002 Geog

Frae s - Hucleasynthess< 1n the ogter favers of a tetondling wnite duarf endel “or

d Cipe Dosupernovd. The abundance o JArious <pecies are qiven by mate fraciion
2n7 the bottom mass scale 15 the rass vaterior to the given La Grancian mass sheil.
-1 )

ne gpper scale is election velocity ir units of 10,000 km 5™ ', Most of ih

N 4

i

(totally disrupted) white dwarf now consists of rapidly expanding, radioactive
56Ni with a thin layer of “He on top. Other heavy elements shown are from
explosive helium burning. The 44Ti shown may be the source in nature of its

stable daughter, 44(&.



FIGURE CAPTIONS - continued

Eig:'ﬂ: - Deposition and escape factors and lag tide for a Type ! suiernova hased

on white dwarf detonation and radioactive enerqy input. fesr in fho egction of

deposited energy from radioactive decay that avoids adiabatic deorin v - &
escape as optical or near optical emission; Fdep is the fraction ot - -=lasp da-s
eneray deposited locally (a lower bound is 0.04); and o 1s the mear *imp hetuner
enerqy deposition and escape (v decompression). The optical lurinasity ic ~jyen

e

f (¢ where M56 is the mass of radinactive ~ M

oot MooSite VE L -
‘ 4 nder' YT el ese

P . . 56 hE,.. -
penduced and 5 o7s the enery production rate from 0o and TN dera TeoLaray

S, atd! be cornbartianal tn the auantity 1-f 0 Tt1) 0 Sea veaver, Zeelead. ana

dep
o iy R
Fir S - radiay histary ot tnat Ld Nednaidn (dss point that encinsec o W dr
Y onaberneds core callapse caboglation nat did ot oroduee o steoe o A

o aYer, Taben crer o staly by wilson and Bowers 397¢ of a ] Try-
cocprnagr st eunlyed Doodeaver, Drmerean, ang dooste, A8
Tarerat e ter Ut and vl A thp pteryeg af g RN ;
Pt ety e L3S o are cogapse, o Do bel e ol lopn e
oo Tvo e Lt ot ceroerat e Mas been pletten or oy tamaeivme s araty

VoL b qens  tyoon that the curess are paraliel when the adiabatir creeoy
constant and vlyse to 350 The dnner 3,65 M has been removed from (e propier

. o f /
and repiaced oy & hard houndary condition at i.007 % 107 ¢m

Fia. 7. - Same a5 Fie, €&, but plotted on a logarithmic radial scale. The location
of the o«ygen burning shell and region where iron from oxyqen and siticon burning
underqoes photodisintegration are indicated. The non-adiabatic coglinu from

photodisintegration is apparent



FIGURE CAPTIONS - continued

Fin. 8. - Compositian of the accreting and accreted material at the time
corrvesponding to Fia. 6 and 7 (see also Fiq. '0), The thin nature of the oxyaen
burning shell is readily apparent. Large oscillations in the abundances of free
nucleons are amplifications of small temperature fluctuations that result from the
artiiicial viscous damping of small cure oscillations induced by the accreting

ratter,

Fia. ﬁ. - The ratio of pressurve forte to yravitational force as a function of
{a Grangian nass coordinate at a time 7,129 s fallowing core callapse. The units
ot pressure and uravity have been norralized in such 2 way as 1o give 4 ratio of
antty it the given mass shedl 15 in a ~tate of hydrostatic equilibrig- The
spibe at [La] Ng it the avirotion shodt and the fluctuations just above are
narericdl {owing to a very fow value of artificial viscosity employed in tne
calculation!. The req.on ahove &.1 Mw inot shown) is still near hydrostatic
erquilibrium and has not vot responded to core collapse. The “bump” around

! Hg resucts Trom retdtively codrse caning in the pre-esplosive star arior to

the fine pezoning  indicated in the fiqure,

Foa. 300 - Yelocity profiles in units of 1000 bw s'l a5 a function of La Grangian
rass 4t several times after core bounce. The slight decrease with time of the
raxinum infall velocity is a result of the in¢reasing radial size of the hot
shocked core. Had electron capture been properly included (it was in fact ignored
in this calculation) the core would not have grown so large, thus this figure
overestimates the effect. The irreqular shape at the latest time indicated

{6.17 s) is an artifact of coarse zoning.



FIGURE CAPTIONS - continued

Fig, 11. - Same as Fig. G but photodisinteqration has been artivic: .l . -weised
in the shock and compressively heated matter. Comparison with fi. = ¢n ‘et
at this time a more highly extended and less centrally condensa!

photodisintegqration is neqlected.

D

bin. 12, - VYelacity orofile corresponding to Fig., 11. Motions at thic rairt ar

st hecoming sub-sonic.  Lompare to Sin, 17,

Fra, 130 - Oensity profiles and velocity tields from a two-direngianal <0qds
Ciodenhieirer and Yoostey 193YY of o retating 29 ”@ orecaperngva star whnee cnra
hyocelldansed without cenerating a strong gutsoing shocd isee alsp Fin o0
Lovsar Plineie density profiies are qiven 10 per decade. The nutermost contour

b “

shown 135 a density of 14 :un'j and toe fnmermost, 2 x 107 noawT . o ctanar
woedao 0o grrow of lenath 1000 b :'l 1w also indicated. At this rime the - lar
“eoigns mave heer essentiall, svacuated.  The entire stellar mantle e«ists 4¢3
fnict Gobed gcoretion dist. A persiclent velocity field has been set up fnvoivie.
indlapar aiong 2 roughly 3% annle, nuclear burning coupled with a rotational
Paitre medqr ‘he core, and iian velocity equatarial mass efection. The solid lire
T the cisnt-hand fieure 15 the contour of one-half axygen depletion.  Undgrrcath
and 1o the rignt of this Yine, the composition is that resulting from exnlecioe
osyqen burninn. Above the line oxyuen has not burned. The interacticn af *hn

equatorially ejected matter with the red giant envelope and the subsequent liqht

curve remain to be calculated.

obtained if the star retains {a large fraction of] its Tow density hydragen envelcne,
The dashed curve results it it nas lost its envelope. The turnover at 140 davs
occurs as the transparency wave reaches the helium core - hydrogen envelope

interface. The bump at 85 days is artificial (due to coarse surface zoning)
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FIGURE CAPTTONS - continued

but indicates the changeover from a diffusion dominated light curve to 2
transparency wave. The solid Tine is about 30 times brighter than a typical

Type 11 supernova.

Fjﬂ;.]?: - Final nucleosynthesis from a 150 Mo Pop. T hypernova. Products of
exnlosive oxygen burning plus a trace of 56Ni from explosive silicon burning

are visible in the inner regions. The gradual slopes of the 1ines result both from
the gradient in peak explosion temperature experienced by various mass shells and
time-dependent convection, which was employed throughout the collapse and explosion
phases. Material external to 120 M0 was not carried in the core nucleosynthesis
calculation, but is expected to have a composition similar to that indicated at

120 My

Eig. 16. - Pre-collapse temperature and density of a 200 M0 Pop. II1 (pure hydrogen-
helium) star. Note the centrally condensed core and low density hydrogen-helium
envelope. An adiabatic exponent ciose to 4/3 is apparent throughout the star

Teading to parallel curves for. and T3.

Fig. 17. - Velocity profile at a time when oxygen first begins to burn explosively
in a collapsing 200 M0 Pop. I[IT star. At this time the central temperature is

3.3 x 109K and density 1.3 x 10° g and. The low density hydrogen envelope does not

participate in this collapse.

Fig. 18. Bolometric curve for a 200 Me Pop. TIT hypernova that retains its low

density hydrogen-helium envelope. A spike, due to shock break out, a diffusion
tail, a plateau phase as a transparency (recombination) wave eats into the envelope,
and a sharp decline as that wave reaches the core-envelope interface (see Fig. 16}
are all apparent features. See Fig. 14 for likely modifications if the hydrogen

envelope is lost



FIGURE CAPTIONS - continued

Fig. 19. - Effective emission temperature corresponding to Fig. 18, The same

evolutionary stayes are apparent.

fjgi_fqli - Final velocity profile for a "200 MD" hypernava. The outer 23 HB wés
removed prior to the completion of the calculation due to numerical difficulties

associated with the low density outer layers and the artificial handling of surface
boundary conditions. The sharp increase in velocity at 175 He therefore correspund.

to the new "surface” of the star and shock wave steepening is apparent. The final

kinetic enerqy in this explosion was 2.62 x 1052 er1.

ij{_}{y. - Nucleosynthesis from a 200 MQ Pop. 111 hypernova. Products of explasive
oxygen and silicon burning can be seen in the inner core. This calculation 2ifferc’
from that shown in Fig. 15 in that numerical difficulties precluded the inclucien

of convection throughout the collapse and explosion phases. Hence the curves ere
not as smoath. The bulk nucleosynthetic yields and explosion energetics should nc*

he overly sensitive to this deletion. flso convection in a medium moving at a

fraction of sonic velocity is a highly questionable propesition.
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