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A B S T R A C T

We determ ine the  possib le  m asses and  rad ii o f  the  p ro g en ito rs o f  w h ite  dw arfs in  b in aries fro m  
fits to  de ta iled  ste lla r evo lu tion  m odels and  use these to  recon stru ct the  m ass-tran sfer phase 
in  w h ich  the w hite  d w a rf w as fo rm ed. W e confirm  the ea rlie r find ing  th a t in  the firs t phase 
o f  m ass tran sfe r in  the b in ary  evo lu tion  lead ing  to a  close p a ir  o f  w h ite  dw arfs, the standard  
com m on-envelope fo rm alism  (the a -fo rm a lism ) equa ting  the  energy balan ce  in  the system  
(im plic itly  assum ing  an g u la r m om en tu m  conservation), does n o t w ork . A n  alg o rith m  equating  
the ang u lar m om en tu m  balan ce  (im plic itly  assum ing  energy conservation) can  exp la in  the 
observations. T his co nc lu sio n  is now  b ased  o n  te n  observed  system s ra th er th an  th ree. W ith  
the la tte r a lg o rith m  (the y -a lg o rithm ) the separation  does n o t change m u ch  fo r  approxim ate ly  
equal m ass b inaries. A ssum ing  constan t efficiency  in  the standard  a -fo rm a lism  and  a  constan t 
value o f  y , w e investigate the effec t o f  b o th  m ethods o n  the  change in  separa tion  in  general 
and  conclude th a t w h en  there  is observational ev idence fo r  strong  shrinkage o f  the  orb it, the y - 
a lg o rith m  also  leads to this. We th en  ex tend  o u r analysis to all c lose b inaries w ith  a t least one 
w h ite  d w a rf com p o nen t an d  reco nstru ct the  m ass tran sfe r phases th a t lead  to these b inaries. In  
th is w ay w e find  all possib le  va lues o f  the efficiency  o f  the standard  a -fo rm a lism  an d  o f  y  tha t 
can  exp la in  the  o bserved  b inaries fo r  d iffe ren t p ro g en ito r and  co m pan io n  m asses. W e find  th a t 
all observations can  b e  exp lained  w ith  a  single value o f  y , m ak in g  the Y -algorithm  a  usefu l 
to o l to  p red ic t the  ou tcom e o f  com m on-envelope evolution. We d iscuss the  consequences o f  
o u r find ings fo r  d ifferen t b inary  popu la tions in  the G alaxy, inc lud ing  m assive b inaries, fo r 
w h ich  th e  reco n struc tio n  m etho d  canno t b e  used.

K ey  w o rd s : stars: evo lu tion  -  w hite  dw arfs -  b inaries: close

1 I N T R O D U C T I O N

N o w  th a t d o u b le  w h ite  d w a rfs  a re  d isc o v e re d  re g u la rly  (e .g . M a rsh  

1 9 9 5 , 2 0 0 0 ; N a p iw o tz k i e t al. 2 0 0 1 ) i t  h a s  b e c o m e  m o re  an d  m o re  

c le a r  th a t m o s t o f  th e m  h ave  a  m a s s  ra tio  c lo se  to  u n ity  (e .g . 

M a x te d  &  M a rsh  1 9 9 9 ; M a x te d , M a rsh , &  M o ra n  2 0 0 2 c ). T h is  is 

c o n tra ry  to  w h a t is  ex p e c te d  fro m  s tan d a rd  p o p u la tio n  sy n th es is  

c a lc u la tio n s  (e .g . Ib e n , T u tukov , &  Y u n g e lso n  1 9 9 7 ; H a n  1 9 9 8 ). A  

p o ss ib le  re s o lu tio n  o f  th is  is su e  w a s  in v e s tig a te d  b y  N e le m a n s  e t al. 

(2 0 0 0 , 2 0 0 1 b ). In  th e  f irs t p a p e r  th e  o b se rv e d  m a s se s  o f  th re e  d o u 

b le  w h ite  d w a rfs  an d  th e  w e ll k n o w n  c o re -m a ss  -  ra d iu s  re la tio n  

w e re  u se d  to  re c o n s tru c t th e  ev o lu tio n  o f  th e  b in a ry  b a c k  to  tw o  

m a in -se q u e n c e  sta rs. I t  fo llo w e d  th a t th e  firs t p h a se  o f  m a ss  tr a n s fe r  

c o u ld  n o t be  d e sc r ib e d  by  th e  s tan d a rd  c o m m o n -e n v e lo p e  fo rm a l 

ism  (b ased  e x p lic it ly  o n  e n e rg y  b a la n c e , a ssu m in g  a n g u la r  m o m e n 

* Present address: D epartm ent o f  Astrophysics, Radboud University N ij 

megen, The N etherlands E-mail: nelemans@ astro.ru.nl

tu m  c o n se rv a tio n  im p lic it ly ) , n o r b y  stab le  R o c h e -lo b e  overflow . 

R e c e n t c a lc u la tio n s  u s in g  a  d e ta ile d  s te lla r  ev o lu tio n  co d e  have  

co n firm e d  th is  c o n c lu s io n  (V an  d e r  S lu y s  e t  a l., in  p re p a ra tio n ). S ta 

b le  R o c h e -lo b e  o v e rf lo w  le a d s  to  fin a l d o u b le  w h ite  d w a rfs  w ith  a 

m ass  ra tio  la rg e r  th a n  o n e  (e .g . Ib e n  e t al. 1 9 9 7 ; H a n  19 98 ) an d  th e  

o b se rv e d  m a sse s  c a n  o n ly  b e  re a c h e d  b y  s ta rs  w ith  in itia l m a sse s  

b e tw e e n  a b o u t 2 .3  an d  3 .5  M q  th a t fill th e ir  R o c h e -lo b e s  w ith in  a 

ve ry  sm a ll in itia l s e p a ra tio n  in te rv a l (in  o rd e r  to  s ta rt m a ss  tra n s fe r  

in  th e  H e r tz s p ru n g  g ap ). F o r  s ta n d a rd  p o p u la tio n  sy n th e s is  a s s u m p 

tio n s  (e .g . N e le m a n s  e t al. 2 0 0 4 ) th is  in te rv a l o n ly  a c c o u n ts  fo r  0 .3  

p e r c e n t o f  o b je c ts  fo rm in g  w h ite  d w a rfs , so  is  in c o n s is te n t w ith  th e  

o b se rv a tio n  th a t a b o u t 1 0  p e r  c e n t o f  w h ite  d w a rfs  a re  c lo se  p a irs  

(M a x te d  &  M a rsh  1 9 99 ). In s te a d  N e le m a n s  e t al. (2 0 0 0 ) p ro p o se d  

an  e m p ir ic a l a lg o r ith m  b a se d  e x p lic it ly  o n  a n g u la r  m o m e n tu m  b a l 

an ce  ( im p lic itly  a ssu m in g  e n e rg y  c o n se rv a tio n )  w ith  a  s in g le  free  

p a ra m e te r  an d  c o n c lu d e d  th a t a ll th e  o b se rv e d  sy s te m s  c o u ld  be 

e x p la in e d  w ith  th e  sam e va lu e  o f  th e  free  p a ram e te r. T h e  seco n d
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p a p e r  sh o w ed  th a t u s in g  th is  a lg o r ith m  a  sa tis fa c to ry  m o d e l fo r  th e  

G a la c tic  p o p u la tio n  o f  d o u b le  w h ite  d w a rfs  c a n  be o b ta in ed .

S in ce  th e n , q u ite  a  fe w  m o re  d o u b le  w h ite  d w a rfs  h av e  b een  

d isco v e red . In  p a r tic u la r  th e  S P Y  p ro je c t (N a p iw o tz k i e t  al. 2 0 0 1 ), 

a  la rg e  su rv ey  o n  th e  E S O  V ery  L a rg e  T e le sc o p e , to  m e a su re  rad ia l 

v e lo c ity  v a ria tio n s  o f  so m e  th o u sa n d  w h ite  d w a rfs  in  o rd e r  to  d e 

te c t  d u p lic ity  h as , an d  w ill ,  e n la rg e  th e  k n o w n  d o u b le  w h ite  d w a r f  

sam p le . W e th e re fo re  re p e a t th e  a n a ly s is  o f  N e le m a n s  e t al. (2 0 0 0 ), 

in c lu d in g  th e  n e w  d isc o v e rie s  (S e c tio n  2 ) . F u rth e rm o re , w e  s tudy  

th e  d iffe re n c e  b e tw e e n  th e  s tan d a rd  an d  a lte rn a tiv e  m e th o d  in  som e 

d e ta il (S e c tio n  3 ) . W e th e n  ex te n d  th e  a n a ly s is  to  all b in a r ie s  w ith  

a t le a s t o n e  w h ite  d w a r f  c o m p o n e n t (S e c tio n  4 )  an d  sdB  b in a r ie s  

(S e c tio n  5) in  o rd e r  to  d e te rm in e  w h a t th e  fre e  p a ra m e te r  in  th e  

a lte rn a tiv e  m e th o d  m u s t b e  to  e x p la in  th e  o b se rv a tio n s . W e th e n  

c o n tin u e  w ith  a  d isc u ss io n  o f  th e  c o n se q u e n c e s  o f  th e  o u r  re su lts  

fo r  th e  d iffe re n t b in a ry  p o p u la tio n s  (S e c tio n  7 ) an d  ro u n d  o f f  w ith  

o u r  c o n c lu s io n s .

2  R E C O N S T R U C T I O N  O F  T H E  E V O L U T IO N  O F  

D O U B L E  W H I T E  D W A R F  B IN A R IE S

W e s ta rt w ith  a  sh o rt re v is io n  o f  th e  m e th o d  u sed  in  N e le m a n s  e t al. 

(2 0 0 0 ). T h e  fa c t th a t o b se rv e d  w h ite  d w a rfs  in  b in a r ie s  w e re  th e  

co re s  o f  th e  g ia n t s ta rs  fro m  w h ic h  th e y  d e sc e n d  m a k e s  i t  p o ss ib le  

to  re c o n s tru c t th e  p ro p e r tie s , in  p a r tic u la r  th e  ra d ii, o f  th e s e  g ian ts . 

O n  th e  a s s u m p tio n  th a t th e  o b se rv e d  w h ite  d w a r f  m a ss  is  c lo se  to  

th e  m a s s  o f  th e  c o re  o f  th e  g ia n t a t th e  o n s e t o f  m a s s  tr a n s fe r  ( i .e . 

th a t  th e  m a ss - tra n s fe r  p ro c e e d s  o n  a  sh o rt t im e -sc a le  c o m p a re d  to  

th e  n u c le a r  e v o lu tio n  t im e ) , th e  e x a c t e v o lu tio n a ry  p h a se  (an d  th u s  

m a ss  an d  ra d iu s) o f  th e  g ia n t a t th a t in s ta n t c a n  b e  o b ta in e d  fo r  each  

p o ss ib le  in itia l p ro g e n ito r  m a ss  f ro m  s in g le  s ta r e v o lu tio n  m o d e ls . 

F o r  a  R o c h e -lo b e  f illin g  g ia n t its  ra d iu s , to g e th e r  w ith  its  m a ss  and  

th a t o f  th e  c o m p a n io n , d e te rm in e  w h a t th e  o rb i ta l  s e p a ra tio n  a t  th e  

o n se t o f  m a ss  tran sfe r. B y  c o m p a r in g  th is  w ith  th e  o rb ita l se p a 

ra tio n  a f te r  th e  m a s s  tra n s fe r , th e  e ffe c t o f  th e  co m m o n -e n v e lo p e  

p h a se  o n  th e  o rb i t  c a n  be  re c o n s tru c te d .

In  N e le m a n s  e t a l .  (2 0 0 0 ) o n ly  d o u b le  h e liu m  w h ite  d w a rfs  

w e re  c o n s id e re d  an d  a  s im p le  c o re -m a ss  -  ra d iu s  re la tio n  fo r  g ia n ts  

w ith  d e g e n e ra te  h e liu m  c o re s  w a s  u sed  to  re c o n s tru c t th e  p ro p e r tie s  

o f  th e  g ian ts . H e re  w e  ta k e  a  m o re  g e n e ra l a p p ro a c h  an d  u se  fits  to  

d e ta ile d  s te lla r  e v o lu tio n  c a lc u la tio n s  to  fin d  a ll th e  p o ss ib le  g ia n t 

s ta rs  th a t h a v e  a  co re  w ith  a  m a s s  e q u a l to  th e  o b se rv e d  w h ite  d w a r f  

m ass . F o r  th is  w e  u se  th e  H u rley , P o ls , &  T ou t (2 0 0 0 ) fits  w h ic h  

e n a b le  u s  to  u se  a l l  o b se rv e d  d o u b le  w h ite  d w a rfs , in d e p e n d e n t o f  

th e m  b e in g  h e liu m  o r ( lo w -m a ss )  c a rb o n -o x y g e n  w h ite  d w arfs .

O u r e x a c t p ro c e d u re  is  a s  fo l lo w s . F o r  a n  o b se rv e d  w h ite  

d w a r f  m a ss  M WD w e  u se  th e  H u rle y  e t al. (2 0 0 0 ) e q u a tio n s  to  c a l 

c u la te  th e  m a sse s  M giant an d  rad ii R giant o f  a ll th e  g ia n ts  w h ic h  

h ave  e x a c tly  su ch  a  c o re  m ass. W e d o  th is  fo r  in itia l m a sse s  o f  1, 

1.1 , 1 .2 , ...M ©  up  to  th e  m a ss  fo r  w h ic h  th e  in itia l co re  m a ss , a t th e  

end  o f  th e  m a in  seq u e n c e , is  la rg e r  th a n  th e  o b se rv e d  w h ite  d w a r f  

m ass. W h ile  e v o lv in g  th e  s ta rs  w e  k eep  tr a c k  o f  th e  m a x im u m  ra 

d iu s  th e  s ta r h a s  re ach ed  p re v io u s ly  so th a t o n ly  g ia n ts  th a t a c tu 

a lly  c a n  fill th e ir  R o c h e  lo b e  a re  se lec ted . F in a lly , w e  o n ly  c o n s id e r 

s ta rs  i f  th e y  hav e  p a sse d  th ro u g h  th e  H e r tz s p ru n g  g ap  an d  h av e  d e 

v e lo p ed  co n v ec tiv e  e n v e lo p e s . R a d ia tiv e  s ta rs  in  th e  H e rtz s p ru n g  

g ap  c a n  av o id  a  c o m m o n -e n v e lo p e  p h a se  so th a t o u r  a s s u m p tio n  o f  

m a s s  tra n s fe r  o n  a  sh o rt t im e -sc a le  c o m p a re d  to  th e  ev o lu tio n a ry  

tim e -sc a le  is  n o t a p p ro p ria te .

F o r  e a c h  o f  th e  p o ss ib le  m a sse s  m  fo r th e  c o m p a n io n  (see  b e 

low ) w e  u se  th e  s ize  o f  th e  R o c h e  lo b e  R h  in  u n its  o f  th e  sep a ra tio n

T able 1. Properties o f the observed double white dwarfs

O bject (W D /H E) P M w d , 2 Mw d ,i R ef

(d) (M ©) (M ©)
0 1 3 5 -0 5 2 1.5G 0.4 7 0.52 1,2

0136+768 1.41 G.47 G.37 8,13

0 9 5 7 -6 6 6 G.GG G.37 G.32 3,7

1022+050 1.1G G.35 8

1101+364 G.15 G.29 G.35 4,13

1115+116 3G.G9 G.52 G.43 12

1202+608 1.49 G.4 6

1204+450 1.GG G.4G G.52 8,13

1 2 4 1 -0 1 0 3.35 G.31 5

1317+453 4 .87 G.33 5

1349+144 2 .1 2 G.44 G.44 14

1 4 1 4-08 48 G.518 G.71 G.55 11,15

1428 + 373 1.143 G.33 9

1704+481 G.14 G.39 G.5G 10

1713+332 1 .1 2 G.35 5

1824+040 G.27 G.39 8

2032+188 5.G84 G.3G 8

2 2 0 9 -1 4 4 4 G.28 G.58 G.58 16

2331+290 0 .17 0 .39 5

References: (1) Saffer, Liebert, & Olszew ski (1988); (2) Bergeron et al. 

(1989); (3) Bragaglia et al. (1990); (4) M arsh (1995); (5) 

Marsh, Dhillon, & D uck (1995); (6 ) H olberg et al. (1995); (7) 

Moran, M arsh, & Bragaglia (1997); (8) Maxted & M arsh (1999); (9) 

M arsh (2000) and P. Maxted, private comm unication; (10) Maxted et al. 

(2000a); (11) N apiwotzki et al. (2002a); (12) Maxted et al. (2002a);

(13) Maxted, Marsh, & M oran (2002c); (14) K a rle ta l. (2002); (15) 

N apiwotzki et al. (2002b); (16) K arl et al. (2003);

a ,  r h  = R h /a ,  as g iv e n  by  E g g le to n  (1 9 8 3 ) to  d e te rm in e  th e  se p 

a ra tio n  a t  th e  o n se t o f  th e  m a ss  tr a n s fe r  a ssu m in g  R giant =  R h . 

T h e  ra n g e  o f  c o m p a n io n  m a sse s  c o n s id e re d  is  d e te rm in e d  by  th e  

o b se rv a tio n s . I f  th e  m a ss  o f  th e  c o m p a n io n  is  k n o w n  th a t m a s s  is  

u se d  b u t fo r  u n se e n  c o m p a n io n s  in  d o u b le  w h ite  d w a r f  sy s te m s  w e  

u se  th e  e x tre m e s  o f  0 .2  an d  1.4  M ©  as  in  N e le m a n s  e t al. (2 0 0 0 ).

In  T ab le  1 w e  l i s t  th e  p ro p e r tie s  o f  th e  o b se rv e d  d o u b le  

w h ite  d w arfs . I t  in c lu d e s  b o th  u p d a te s  an d  a d d itio n s  to  ta b le  1 o f  

N e le m a n s  e t al. (2 0 0 0 ). T h e re  a re  n o w  10 b in a r ie s  in  w h ic h  th e  

m a s se s  o f  b o th  c o m p o n e n ts  a re  k no w n . F o r  th e s e  w e  c a n  u se  o u r  

re c o n s tru c tio n  m e th o d  tw ic e , f irs t fo r  th e  la s t p h a se  o f  m a ss  tr a n s 

fe r  in  w h ic h  th e  w h ite  d w a r f  w ith  m a ss  M W D ,2 is  fo rm e d  an d  th e  

c o m p a n io n  s ta r  w a s  a  w h ite  d w a r f  o f  m a ss  M w d ,i. T h is  g iv es  th e  

se p a ra tio n  b e fo re  th e  seco n d  p h a se  o f  m a ss  t r a n s fe r  an d  th e  m a ss  o f  

th e  g ia n t th a t fo rm e d  w h ite  d w a r f  2. W e th e n  c a lc u la te  th e  se p a ra 

t io n  a f te r  th e  first p h a se  o f  m a ss  tr a n s fe r  b y  a s s u m in g  th e  sep a ra tio n  

o n ly  c h a n g e d  o w in g  to  m a ss  lo ss  in  a  w in d  fro m  th e  p ro g e n ito r  o f  

w h ite  d w a r f  2 . F in a lly  w e  u se  th e  in itia l m a ss  o f  th e  p ro g e n ito r  o f  

w h ite  d w a r f  2  an d  th e  m a ss  o f  w h ite  d w a r f  1 ( M w d ,i )  to  c a lc u 

la te  th e  c h a n g e  in  se p a ra tio n  in  th e  f irs t p h a se  o f  m a ss  tran sfe r. T he  

o n ly  e x tra  c o n s tra in t w e  h av e  to  p u t in  is  th a t w e  re q u ire  th e  p ro 

g e n ito r  o f  w h ite  d w a r f  1 to  be m o re  m ass iv e  th a n  th e  re c o n s tru c te d  

p ro g e n ito r  o f  w h ite  d w a r f  2 .

W e n o w  d isc u ss  th e  re su lts  fo r  th e  f irs t p h a se  o f  m a ss  tr a n s 

fe r  b e c a u se  th a t is  th e  p h a se  th a t w a s  fo u n d  to  b e  in c o n s is te n t w ith  

th e  s tan d a rd  c o m m o n -e n v e lo p e  fo rm a lism , p ro p o se d  b y  P ac z y n sk i

(1 9 7 6 ) to  e x p la in  th e  e x is te n c e  o f  sh o r t-p e r io d  b in a r ie s  w ith  w h ite  

d w a r f  c o m p o n e n ts  an d  c a ta c ly sm ic  v a riab le s . I t  is  g e n e ra lly  a s 

su m ed  th a t th e  o u tc o m e  o f  th e  c o m m o n -e n v e lo p e  p h a se  is  d e te r 

m in e d  by  th e  e n e rg y  b a la n c e , im p lic it ly  a s s u m in g  a n g u la r  m o m e n 

tu m  c o n se rv a tio n . I .e . th a t  th e  o rb ita l e n e rg y  o f  th e  b in a ry  is  u sed
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F igu re  1. Left: Reconstructed 7  values for the first phase o f mass transfer in the form ation o f  double white dwarfs. Right: reconstructed aA  values for the 

same. The horizontal lines are made up o f  small dashes representing the reconstructed values o f  7  and a \  fo r different values o f  the mass o f the progenitor 

o f  the w hite dw arf and the companion. The different lines for each object represent different values o f  the w hite dw arf mass (within 0.05 M q  o f the value in 

Table 1).

to  ex p e l th e  en v e lo p e  o f  th e  g ia n t w ith  so m e  e ffic ien cy  a  (e .g . 

W e b b in k  1 984 )

GMgMe (CM  in C.\l in \

A ií¡ =  Q V 2Üf 2¿ ~ ) '  (1)

w h e re  su b sc rip ts  g , e an d  c a re  fo r  g ia n t, e n v e lo p e  an d  co re  

re sp e c tiv e ly  an d  w e  a ssu m e  th e  c o m p a n io n  m a ss  d o e s  n o t 

c h an g e  d u rin g  th e  c o m m o n -e n v e lo p e  p h ase . T h e  s tru c tu ra l p a 

ra m e te r  A is  n o rm a lly  ta k e n  as a  c o n s ta n t (e .g . A =  0 .5  

de K o o l, v an  d e n  H e u v e l, &  P y ly s e r  1 9 8 7 ), o r  a s  N e le m a n s  e t al.

(2 0 0 0 ) th e  A fa c to r  is  in c o rp o ra te d  in  th e  u n c e r ta in  e ffic ien cy  fa c to r 

to  g iv e o n e  free  p a ra m e te r  a A  an d  th is  is  w h a t w e  do  here . W e w ill 

re fe r  to  th is  m e th o d  a s  th e  s tan d a rd  a - fo rm a lis m .

T h e  a lg o r ith m  b a se d  e x p lic it ly  o n  th e  e q u a tio n  fo r  a n g u la r  

m o m e n tu m  b a la n c e  ( im p lic itly  a ss u m in g  en e rg y  c o n se rv a tio n , b u t 

n o t n e c e ssa r ily  o n ly  fo r  o rb ita l an d  b in d in g  e n e rg y ) p ro p o se d  by  

N e le m a n s  e t al. (2 0 0 0 ) is  d e sc r ib e d  by

A  J  A  M to ta l M e
----- =  7  , • (2)

J  ^Mtotal -̂ Mg +  m>

In  th e  re m a in d e r  o f  th e  p a p e r  w e  re fe r  to  th is  m e th o d  a s  th e  7 - 

a lg o r ith m .

F o r  each  d o u b le  w h ite  d w a r f  fo r  w h ic h  th e  m a s se s  o f  b o th  

w h ite  d w a rfs  a re  k n o w n  w e  c a n  c a lc u la te  th e  ra n g e  o f  p o ss ib le  

m a sse s  o f  th e  sec o n d a ry  fro m  M W D ,2 an d  se p a ra tio n s  after th e  

f irs t p h a se  o f  m a s s  t r a n s fe r  an d  th e  p o s s ib le  m a s se s  an d  rad ii o f  

th e  p rim a ry  fro m  M w d ,i  an d  th e n c e  th e  se p a ra tio n  at the onset o f  

th e  f irs t p h a se  o f  m a s s  tran sfe r. T h a t m e a n s  th a t a ll te rm s  in  e q u a 

t io n  (1 ) e x c e p t a A  an d  a ll te rm s  in  e q u a tio n  (2 )  e x c e p t 7  a re  know n . 

F o r  th e  c a lc u la tio n  o f  th e  to ta l a n g u la r  m o m e n tu m  w e  in c lu d e  th e  

a n g u la r  m o m e n tu m  o f  th e  g ia n t, a ssu m in g  a ll th e  a n g u la r  m o m e n 

tu m  re s id e s  in  th e  e n v e lo p e , w h ic h  w e  a p p ro x im a te  as a n  n  =  3 / 2  

p o ly tro p e . In  F ig . 1 w e  show , fo r  e a c h  o f  th e  o b se rv e d  d o u b le  w h ite  

d w a rfs , th e  p o ss ib le  v a lu es  o f  a A  and  7  th a t w e  fin d  in  th is  w ay. 

E a c h  p o s s ib le  c o m b in a tio n  o f  p ro g e n ito r  an d  c o m p a n io n  m a s s  is  

sh o w n  a s  a  sm all d a sh , fo rm in g  h o riz o n ta l lines. T h e  d if fe re n t lin e s  

fo r  e a c h  o b je c t a re  fo r  d if fe re n t v a lu es  o f  th e  w h ite  d w a r f  m ass  

to  a c c o u n t fo r  m e a s u re m e n t e rro rs  (w h ic h  w e  ta k e  as ± 0 .0 5  M © ). 

W D 1 1 1 5 + 1 1 6  is  sh o w n  tw ic e  b e c a u se  i t  is n o t c le a r  fro m  th e  o b se r 

v a tio n s  w h ic h  o f  th e  tw o  w h ite  d w a rfs  is  w h ite  d w a r f  1 an d  w h ic h  

is  w h ite  d w a r f  2 .

r-0

O
0  2  4  6

M giant

F igu re  2. Reconstructed 7  values versus the mass o f the giant for the first 

phase o f  mass transfer in the form ation o f double w hite dwarfs.

W e c o n firm  th e  fin d in g s  o f  N e le m a n s  e t al. (2 0 0 0 ) th a t th e  firs t 

p h a se  o f  m a ss  tr a n s fe r  in  th e  ev o lu tio n  le a d in g  to  th e  o b se rv e d  d o u 

b le  w h ite  d w a rfs  c a n n o t g e n e ra lly  b e  d e sc r ib e d  by  th e  s tan d a rd  

a - fo rm a l is m  b e c a u se  th e  re c o n s tru c te d  v a lu e s  o f  a A  a re  nega tive . 

T he  o n ly  e x c e p tio n  is  W D 1 7 0 4 + 4 8 1  w h ic h  d o e s  h av e  a  m a ss  ra 

tio  in  th e  ra n g e  ex p e c te d  fro m  e v o lu tio n  g o v e rn ed  b y  th e  s tan d a rd  

a - fo rm a lis m .

A s  to  th e  v a lu es  o f  7 , w e  a lso  re c o v e r th e  re s u lts  o f  

N e le m a n s  e t al. (2 0 0 0 ) w ith  ty p ic a l v a lu e s  a ro u n d  1.5 w ith  a  la rg e  

sp read . H o w e v e r  fo r  a  v a lu e  o f  7  b e tw e e n  1.5 an d  1 .75 w e  c a n  fin d  

s im u lta n e o u s  so lu tio n s  fo r  a ll o b jec ts .

To a sse s  th e  lik e lih o o d  o f  th e  so lu tio n s  fo u n d  w ith  7  a ro u n d  

1.5 w e  p lo t th e  m ass  o f  th e  g ia n t v e rsu s  th e  re c o n s tru c te d  7  v a lu e  

in  F ig . 2. T yp ica l g ia n t m a sse s  a re  b e tw e e n  1.5 an d  2  M q ,  ju s t  as 

one  w o u ld  e x p e c te d  fo r  th e  m o re  m ass iv e  c o m p o n e n ts  in  b in a r ie s  

th a t ev e n tu a lly  fo rm  d o u b le  w h ite  d w a rfs , i.e. in  w h ic h  b o th  s ta rs  

ev o lv e  o f f  th e  m a in  seq u en ce  w ith in  th e  ag e  o f  th e  G alaxy .

• I l
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4 G. Nelemans and C.A. Tout

F igu re  3. Relative change in separation for dynamical mass transfer described by  the standard a-form alism  (left panel) and the 7 -algorithm (right panel) as 

function o f m ass ratio q and core m ass fraction ^ . The logarithm o f ( a  /a t ) is shown as the grey scale and the contours.

3  C O M P A R IS O N  O F  T H E  S T A N D A R D  a - F O R M A L I S M  

A N D  T H E  y -A LG O R ITH M

N e le m a n s  e t al. (2 0 0 0 ) p ro p o se d  th a t th e  f irs t p h a se  o f  m a ss  tr a n s 

fe r  in  th e  e v o lu tio n  to  a  c lo se  d o u b le  w h ite  d w a r f  w a s  sp ec ia l in  th e  

sense  th a t it is  m o s t lik e ly  a  p h ase  o f  d y n a m ic a l m a ss  tr a n s fe r  b u t 

in  a  b in a ry  w ith  m a ss  ra tio  n o t to o  fa r  f ro m  unity . In  su ch  a  b in a ry  

th e  a n g u la r  m o m e n tu m  o f  th e  o rb i t  is  so la rg e  th a t th e  e n v e lo p e  o f  

th e  g ia n t c a n  be sp u n  u p  easily . T h is  rem o v es  th e  d rag  fo rc e s  th a t 

m ig h t d rive  an y  lo ss  o f  o rb ita l energy . W e w ill d isc u ss  th e  q u estio n  

o f  th e  p h y s ic a l in te rp re ta tio n  an d  a p p lic a b ility  o f  th e  y -a lg o r ith m  in  

a  fo r th c o m in g  p a p e r  b u t h e re  w e  c o n s id e r  th e  e ffe c t o f  b o th  m e th 

o d s  d e sc r ib e d  above  o n  th e  c h a n g e  in  o rb ita l s e p a ra tio n  fo r  a  w id e  

ra n g e  o f  g ia n t an d  c o re  m a sse s  an d  m a ss  ra tio s.

T h e  c h a n g e  in  se p a ra tio n  o f  th e  b in a ry  fo r  th e  s ta n d a rd  a -  

fo rm a lism  is

- 1

, (3 )=  M i ( 1  | 2 M e  y

Mg V aX runJ

1 -  y
Me 

M r  +  m
(4 )

th a t n o n e  o f  th e  en v e lo p e  is  a c c re te d  by  th e  c o m p a n io n . F o r  th e  

Y -a lg o rith m  th is  ra tio  is

'a A  / Mgm \ 2 ( M c + m N x ”  x

 ̂a\)  7 V M m )  V. M g +  111

O n ly  ra tio s  o f  th e  m a sse s  o f  th e  d if fe re n t c o m p o n e n ts  (g i 

a n t, c o m p a n io n , c o re , an d  en v e lo p e ) e n te r  th e se  e q u a tio n s , so th a t 

th e  re la tiv e  c h an g e  in  th e  o rb ita l sep a ra tio n  d o es  n o t d e p en d  o n  

th e  to ta l m a ss  in  th e  sy s te m  b u t o n ly  o n  th e  m a ss  ra tio s  o f  th e  

d iffe re n t c o m p o n e n ts . T h e re  are  o n ly  th re e  in d e p e n d e n t m asses  

(c o m p a n io n  m a ss , g ia n t m a ss  an d  e ith e r  c o re  m a ss  o r  g ia n t e n 

v e lo p e  m ass). T h e se  a re  c h a ra c te r ise d  b y  o n ly  tw o  ra tio s  an d  th e  

ra tio s  q =  M g / m  an d  y  =  M cOr e / M g o r  a lte rn a tiv e ly  A  =  

M e/M g iant = 1  — y  c o n v e n ie n tly  s im p lify  e q u a tio n s  (3 ,4 ) :

O f

a i 

an d

1 -  A
1 —

Ag

1 + 9

(5 )

(6 )

W ith  th e s e  e q u a tio n s  w e  c a lc u la te  th e  c h a n g e  in  sep a ra tio n  fo r

b o th  m e th o d s  as fu n c tio n s  o f  q an d  y ,  u s in g  a A  =  2  an d  y  =  

1 .5 . T he  re su lts  a re  sh o w n  in  F ig . 3. T he  g rey  sca le  d e n o te s  th e  

lo g  o f  a  ƒ / a i ,  w ith  d a rk e r  sh a d e s  a  g re a te r  sh r in k a g e  o f  th e  o rb it. 

C o n to u rs  o f  c o n s ta n t lo g  a f / a i o f  0 .5 , 0 , —0 .5  e tc  a re  a lso  sh o w n  

in  th e  fig u res. F ig . 3 sh o w s th a t fo r  any  c o m b in a tio n  o f  q an d  y  th e  

s tan d a rd  a - f o rm a l is m  g iv es  a  s tro n g  sh r in k ag e  o f  th e  o rb i t  w h ile  

w ith  th e  Y -a lg o rith m  th e re  is  a  w id e  ra n g e  fro m  e x p a n s io n  to  ve ry  

e x tre m e  sh r in k ag e  (o r  ev en  g u a ra n te e d  m e rg e r  i f  a ll th e  a n g u la r  

m o m e n tu m  is  lo s t).

T h e  re c o n s tru c tio n  o f  d o u b le  w h ite  d w a rfs  d isc u sse d  in  S e c 

tio n  2  f in d s  e v id en c e  fo r  a  s tro n g  re d u c tio n  in  th e  la s t b u t n o t in  th e  

f irs t p h a se  o f  m a ss  tran sfe r . F o r  ty p ic a l p ro g e n ito rs  o f  d o u b le  w h ite  

d w a rfs , w ith  y  b e tw e e n  0 .2  and  0 .5  an d  q b e tw e e n  1 an d  2  in  th e  

f i rs t an d  b e tw e e n  2  an d  6  fo r  th e  seco n d  p h ase  o f  m a ss  t r a n s fe r  th e  

s tan d a rd  a - f o rm a l is m  w o u ld  g ive  s trong  sh r in k ag e  o f  th e  o rb i t  in 

b o th  cases . In  c o n tra s t, th e  Y -a lg o rith m  g iv es w id e n in g  o r v e ry  m ild  

sh r in k a g e  in  th e  f irs t, but strong shrinkage in the second phase o f 

mass transfer an d  th u s  m ig h t e x p la in  b o th  p h a se s  in  th e  e v o lu tio n  

to  d o u b le  w h ite  d w arfs .

W e e x p lo re  th e  d iffe ren ce  b e tw e e n  th e  tw o  m e th o d s  fu r th e r  in 

F ig . 4  w h e re , fo r  in itia l m a sse s  o f  1, 2 , an d  3 M q , w e  p lo t a  g rey  

sc a le  o f  th e  p e rio d  a t th e  e n d  o f  th e  co m m o n -e n v e lo p e  p h ase  fo r  

b o th  m e th o d s  a s  fu n c tio n  o f  th e  co re  m a ss  an d  c o m p a n io n  m ass . W e 

a g a in  u se  y  =  1 .5  an d  a A  =  2. I t  c an  be  se e n  th a t fo r  th e  s tan d a rd  

a - fo rm a l is m  th e  fin a l p e rio d s  a re  b e lo w  10  d e x c e p t fo r  th e  m o s t 

m assiv e  co re s , w h ile  fo r  th e  Y -a lg o rith m  it  d e p e n d s  s tro n g ly  o n  th e  

m ass  o f  th e  c o m p a n io n . In d e e d , fo r  re la tiv e ly  h ig h  c o re  m a sse s  and  

c o m p a n io n  m a s se s , v e ry  la rg e  fina l p e r io d s , a b o v e  1 0 0 0  d , c a n  be 

in d u ced . T h is  is  in te re s tin g  in  th e  l ig h t o f  th e  ex is te n c e  o f  sy m b i 

o tic  b in a r ie s , b a riu m  an d  S -s ta rs  w ith  p e rio d s  in  th a t  ran g e . T he  

a lte rn a tiv e  fo r  th e  fo rm a tio n  o f  th e se  b in a r ie s  is  th a t  th ey  a v o id ed  

a  c o m m o n -e n v e lo p e  p h ase . T h a t is  th e y  hav e  stab le  m a ss  tra n s fe r  

o r  av o id  m a ss  t r a n s fe r  a t a ll an d  w o u ld  b e  e x p e c te d  to  h av e  ev en  

lo n g e r  o rb ita l p e rio d s . W e w ill co m e  b a c k  to  th e se  b in a r ie s  in  S e c 

tio n  7.

T he  o b se rv a tio n a l re q u ire m e n t fo r  s trong  o rb ita l sh r in k ag e  h as  

a lw a y s  b e e n  fo r  ra th e r  e x tre m e -m a ss -ra tio  sy s tem s  su ch  as c a ta 

c ly s m ic  v a ria b le s  an d  lo w -m a ss  X -ra y  b in a r ie s . S o  th e  fa c t th a t th e  

Y -a lg o rith m  a c tu a lly  p ro d u c e s  a  s tro n g  sh r in k a g e  a t la rg e  m a ss  ra 

t io s  m a k e s  it u se fu l to  c o n s id e r  th e  Y -a lg o rith m  in  m o re  e x trem e  

m a ss  ra tio  c o m m o n -e n v e lo p e  p h a se s , su c h  as th e  la s t p h a se  o f  m ass  

tr a n s fe r  lead in g  to  a  c lo se  d o u b le  w h ite  d w a r f  an d  m a ss  t r a n s fe r  in

Cl

w h e re  w e  u sed  R g  =  R l  giant =  r L a i  an d  w e  h ave  a g a in  a ssu m ed

1

Cl

2

Y
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0 .5  0 .6  0 .7  0 .5  0 .6  0 .7
M Mc  c

F igu re  4. Final periods as function o f core mass and companion m ass w ith the Y-algorithm (left) and the standard a-form alism  (right) fo r giants o f  1 M q  

(top), 2 M q  (middle) and 3 M q  (bottom). The darkest shades represent periods o f  0.01 d and the lightest periods o f 1000 d. D ashed contours are for constant 

log (P/d)  = -2, -1.5 -0.5 and the solid contours are for log (P/d)  = 0, 0.5, ..., 2.5. The even light gray area shows parts o f param eter space for w hich stable 

m ass transfer is expected. The gap in the middle occurs because the core m ass grows during stages (core helium burning) w hen the star has a sm aller radius 

than it had before and Roche-lobe overflow cannot take place. The white area below the shaded areas denotes combinations fo r w hich the systems merge when 

using the Y-algorithm because all the angular m om entum  is lost from  the system.

b in a r ie s  lead in g  to  a  c lo se  b in a ry  w ith  a  w h ite  d w a r f  an d  a  m a in - 

se q u e n c e  star, m an y  o f  w h ic h  a re  o b se rv ed . W e c a n  u se  th e  sam e 

p ro c e d u re  w e  u sed  to  re c o n s tru c t th e  f irs t p h a se  o f  m a ss  t r a n s fe r  in  

d o u b le  w h ite  d w a rfs  to  re c o n s tru c t any  o f  th e se .

4 W H I T E  D W A R F  B IN A R IE S

T h e re  a re  tw o  c la s se s  o f  o b je c ts  fo r  w h ic h  th e  s ta n d a rd  a -  

fo rm a lism  h as  b e e n  su c c e ss fu lly  u se d  to  e x p la in  th e ir  p ro p e rtie s . 

T h e se  a re  th e  la s t p h a se  o f  m a ss  t r a n s fe r  le a d in g  to  th e  fo rm a 

t io n  o f  a  c lo se  d o u b le  w h ite  d w a r f  (e .g . N e le m a n s  e t a l .  2 0 0 1 b )
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6 G. Nelemans and C.A. Tout

2 3 3 1 + 2 9 0

2 2 0 9 - 1 4 4 4

2 0 3 2 + 1 8 8

1 8 2 4 + 0 4 0

1 7 1 3 + 3 3 2

17 0 4 + 4 8 1

1 4 2 8 + 3 7 3

14 1 4 _ 0 8 4 8

1 3 4 9 + 1 4 4

1 3 1 7 + 4 5 3

1 2 4 1 - 0 1 0

1 2 0 4 + 4 5 0

1 2 0 2 + 6 0 8

1 1 1 5 + 1 1 6

1 1 1 5 + 1 1 6

1 1 0 1 + 3 6 4

1 0 2 2 + 0 5 0

0 9 5 7 - 6 6 6

0 1 3 6 + 7 6 8

0 1 3 5 - 0 5 2

2

7 Àce

F igu re  5. Left: Reconstructed 7  values for the last phase o f  mass transfer in the form ation o f  double w hite dwarfs (see Table 1). Right: reconstructed aA  

values fo r the same.

an d  th e  fo rm a tio n  o f  c lo se  w h ite  d w a r f  -  m a in -se q u e n c e  b in a rie s . 

T he  la tte r  a re  ex p e c te d  to  b e  th e  p re c u rso rs  o f  c a ta c ly sm ic  v a riab le s  

(e .g . de  K o o l &  R it te r  1993 ). W e d isc u ss  th e s e  b in a r ie s  h e re  in  tu rn , 

c o m p a rin g  a g a in  th e  s ta n d a rd  a - fo rm a l is m  an d  th e  7 -a lg o rith m  in  

o rd e r to  a sse s  h o w  w e ll th e y  do  in  p re d ic tin g  th e  o u tc o m e  o f  th e  

co m m o n -e n v e lo p e  phase .

T h e re  a re  tw o  c o m p lic a tin g  fa c to rs  w h ic h  w e  h av e  to  ta k e  in to  

ac c o u n t, th e  f irs t o f  w h ic h  is  tid a l in te ra c tio n . I f  th e  sp in  a n g u la r  

m o m e n tu m  o f  o n e  o f  th e  c o m p o n e n ts  in  a  b in a ry  e x c e e d s  o n e  th ird  

o f  th e  o rb ita l a n g u la r  m o m e n tu m , th e  tid a l in te ra c tio n  is  u n s ta b le  

(see  H u t 1 9 8 0 ). S p a rk s  &  S te c h e r (1 9 7 4 ) sh o w ed  th a t fo r  m a ss  ra 

t i o ’s la rg e r  th a n  a b o u t 6 , th e  tid a l in s ta b ili ty  se ts  in  b e fo re  th e  g ia n t 

fi lls  its  R o c h e  lobe . S o m e  o f  th e  b in a r ie s  w e  sha ll d isc u ss  m u s t 

h av e  h ad  q u ite  e x tre m e  m a ss  ra tio s  a t th e  o n se t o f  th e  m a ss  tr a n s fe r  

b e cau se  th e  c o m p a n io n s  a re  e ith e r  lo w -m a ss  w h ite  d w a rfs  o r  low - 

m ass  m a in -se q u e n c e  sta rs . W e th e re fo re  b u ild  in  a  c h e c k  fo r  tid a l 

s ta b ility  in  th e  re c o n s tru c tio n  p ro c e ss . W h e n  a  p ro g e n ito r  sy s te m  

is  fo u n d  to  be  t id a lly  u n s ta b le  fo r  o u r a s su m p tio n  th a t th e  o n se t o f  

th e  m a ss  tr a n s fe r  is  ca u se d  b y  R o c h e -lo b e  overflo w , w e  re la x  th is  

a s su m p tio n  an d  in s te a d  a ssu m e  th e  m a ss  tr a n s fe r  w a s  ca u se d  by  

th e  tid a l in s ta b ili ty  an d  w e  c a lc u la te  th e  in itia l se p a ra tio n  a t  w h ic h  

th e  in s ta b ili ty  se ts  in  a t e x a c tly  th e  r ig h t co re  m ass . T he la s t  a sp e c t 

o f  th e  n e w  p ro c e d u re  is  a  c h e c k  w h e th e r  th e  in itia l s e p a ra tio n  is  

sm all e n o u g h  th a t th e  c o m p a n io n  w ill a c tu a lly  k eep  th e  g ia n t in  co 

ro ta tio n  w ith  th e  o rb it, b e cau se  o th e rw ise  th e  tid a l in s ta b ili ty  w ill 

n o t se t in  a t  a ll an d  m a ss  t r a n s fe r  is  a v o id ed . W e u se  th e  m a x im u m  

se p a ra tio n  as g iv en  in  N e le m a n s  &  T au ris  (1 9 9 8 ), b a se d  o n  Z a h n

(1 9 7 7 ).

T he  se c o n d  is  th e  q u e s tio n  w h e th e r  th e  c u rre n t o rb ita l p e rio d  

o f th e  o b se rv e d  sy s te m s  is  a  g o o d  e s tim a te  o f th e  p o s t-m a s s - tra n s fe r  

perio d . In  p a r tic u la r  th e  sy s tem s  w ith  a  lo w -m a ss  m a in -se q u e n c e

c o m p a n io n  m ig h t h av e  e x p e rie n c e d  a n g u la r  m o m e n tu m  lo ss  o w in g  

to  m a g n e tic  b rak in g  (V erb u n t &  Z w a a n  1 98 1 ). In  a  re c e n t s tudy  

S c h re ib e r  &  G a n s ic k e  (2 0 0 3 ) c a re fu lly  in v e s tig a te d  th is  e ffe c t in

30  p o s t-c o m m o n -e n v e lo p e  b in a r ie s  an d  fo u n d  th a t v ir tu a lly  a ll o b 

se rv ed  p e rio d s  a re  c lo se  to  th e  in itia l p e rio d s  a f te r  th e  c o m m o n  e n 

v e lo p e . O n ly  fo r  E C  1 3 4 7 1 -1 2 5 8  an d  B P M  7 1 2 1 4  d id  th e y  f in d  any  

e v id en c e  fo r  s ig n ific a n t o rb ita l e v o lu tio n . E v e n  in  th e se  ca se s  th e  

c h an g e  is  re la tiv e ly  sm a ll, so fo r  th e  c u rre n t p u rp o se  w e  p re fe r  to 

u se  th e  o b se rv ed  p e rio d s  in  th e  an a ly s is .

4 .1  D o u b le  w h i te  d w a r f  b in a r ie s

F o r  d o u b le  w h ite  d w a rfs  w e  c a n  re c o n s tru c t th e  la s t  p h ase  o f  

m a ss  t r a n s fe r  fo r  a ll 19  o b je c ts  lis te d  in  T ab le  1. W e fin d  th a t 

th e  re c o n s tru c te d  v a lu e s  o f  a A  a re  in d e e d  in  a  re a so n a b le  rang e  

(a s  in  N e le m a n s  e t al. 2 0 0 0 ). M o s t sy s te m s  c a n  b e  ex p la in e d  w ith  

a A  ~  0 .5 . H o w e v e r th e  sp read  is  la rge . A s  fo r  th e  re c o n s tru c te d  

v a lu es  o f  y  w e  a g a in  f in d  th a t a ll sy s tem s  c a n  b e  e x p la in e d  w ith  a 

v a lu e  o f  y  ~  1.5 . A ll  re c o n s tru c te d  v a lu es  o f  y  an d  a A  a re  sh o w n  

in  F ig . 5. A s  b e fo re  W D 1 1 1 5 + 1 1 6  is  in c lu d e d  tw ic e  b e c a u se  it is  

u n c le a r w h ic h  o f  th e  tw o  o b je c ts  is  fo rm e d  last.

4 .2  P re - c a ta c ly s m ic  v a r i a b le s  a n d  o th e r  w h i te  d w a r f  -  m a in  

s e q u e n c e  s t a r s

F o r  th e  p ro p e r tie s  o f  th e  o b se rv e d  p re -c a ta c ly sm ic  v a ria b le s  and  

o th e r  w h ite  d w a r f  -  m a in -se q u e n c e  b in a r ie s  w e  u se  th e  c o m p ila 

tio n  o f  H illw ig , H o n e y c u tt, &  R o b e rtso n  (2 0 0 0 ) e x te n d e d  an d  u p 

d a te d  w ith  re c e n t p u b lish e d  re s u lts  an d  sy s te m s  n o t in  th e ir  ta b le . 

A ll d e ta ils  a re  g iv e n  in  th e  a p p e n d ix , in  T ab le  A 1 . M o s t o b je c ts  a re  

sh o rt-p e r io d  sy s te m s  in  w h ic h  th e  c o m p a n io n  to  th e  w h ite  d w a rf
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F igu re  6 . Left: Reconstructed 7  values for the m ass transfer in white dwarf, M dw arf (or earlier type) star binaries (see Table A 1). Right: reconstructed aA  

values for the same.

is  a  lo w -m a ss  m a in -se q u e n c e  star. T ow ards th e  b o tto m  o f  th e  ta 

b le  (w h ic h  is  so r te d  by  in c re a s in g  o rb ita l p e rio d ) th e re  a re  a  fe w  

in te re s tin g  sy s te m s  th a t hav e  ra th e r  la rge  o rb ita l p e rio d s  an d  so 

w o u ld  b e  d iff icu lt to  e x p la in  w ith  th e  s ta n d a rd  a - fo rm a lis m . In d e e d  

in  N e le m a n s  e t al. (2 0 0 0 ) S 1 0 4 0  an d  A Y  C e t w e re  c ite d  a s  fu r th e r 

e v id e n c e  fo r  th e  Y -a lgo rith m .

T he re su lts  o f  th e  re c o n s tru c tio n  g ive  a  q u ite  s im ila r  p a t 

te rn  to  th e  la s t p h ase  o f  m a ss  tr a n s fe r  in  th e  e v o lu tio n  o f  d ou b le  

w h ite  d w a r f  b in a r ie s : b o th  m e th o d s  c a n  m o re  o r  le s s  e x p la in  all 

th e  o b se rv e d  sy s tem s . A ll  v a lu e s  a re  sh o w n  in  F ig . 6 . A s  m e n 

t io n e d  a b o v e , a t th e  lo n g -p e rio d  e n d  ( to p  o f  F ig . 6 ) , th e  s tan d a rd  

a - f o rm a l is m  c a n n o t e x p la in  a  fe w  sy s tem s . T h e  v a lu es  o f  a A  also  

se e m  to  c o rre la te  w ith  th e  fin a l p e rio d s: th e  lo w e r  h a l f  o f  F ig . 6 , 

i.e . th e  sh o rte r  o rb ita l p e r io d s , re q u ire s  lo w e r  v a lu e s  o f  a A  th a n  th e  

u p p e r  h a lf.

5 S U B -D W A R F  B  B IN A R IE S

T h e  la s t g ro u p  o f  b in a r ie s  w e  c o n s id e r  in  som e d e ta il a re  b in a r ie s  

in  w h ic h  o n e  c o m p o n e n t is  a  su b -d w a rf  B  (sd B ) star. T h e se  are  

th o u g h t to  be  h e liu m -b u rn in g  s ta rs  w ith  a  ve ry  th in  h y d ro g e n  e n 

v e lo p e  (H e b e r  1 9 8 6 ). W h e n  th e  c o re  h e liu m  b u rn in g  c e a se s , th ey  

are  e x p e c te d  to  se ttle  o n  th e  w h ite  d w a r f  c o o lin g  b ra n c h  in  th e  

H R  d iag ram . A lm o s t a ll o f  th e m  a re  m e m b e rs  o f  a  b in a ry  sy s tem . 

T h e re  a re  e ss e n tia lly  tw o  sc e n a r io s  to  fo rm  an  sdB  s ta r  in  a  b in ary , 

a  g ia n t w ith  a  n o n -d e g e n e ra te  h e liu m  c o re  lo se s  its  e n v e lo p e  to  a 

c o m p a n io n  (e .g . H a n  e t al. 2 0 0 2 ) o r a  a  g ia n t w ith  a  d e g e n e ra te  h e 

liu m  c o re  lo se s  its  e n v e lo p e  to  a  c o m p a n io n  ju s t  b e fo re  i t  rea c h e s  

th e  co re  m a ss  a t  w h ic h  th e  h e liu m  in  th e  d eg e n e ra te  c o re  ig n ite s  

(p ro p o se d  f irs t b y  D ’C ru z  e t  al. 1 9 9 6 , a s s u m in g  th e  e n v e lo p e  w as  

lo s t b y  a  s tro n g  s te lla r  w in d ). D e ta ile d  c a lc u la tio n s  (e .g . H a n  e t al.

2 0 0 2 ) sh o w  th a t th e re  is  a  sm all ra n g e  o f  co re  m a sse s  fo r  w h ic h  th e  

la t te r  o ccu rs . T he  fa c t th a t o n  th e  f i rs t g ia n t b ra n c h  the  ra d iu s  o f  

th e  g ia n t in c re a se s  ve ry  rap id ly  w ith  th e  g ro w th  o f  th e  co re  m a ss , 

m e a n s  th a t th is  sm all ran g e  o f  co re  m a sse s  c o rre sp o n d s  to  a  la rg e  

ra n g e  in  rad ii so n o  fine  tu n in g  is  n e e d e d  to  g e t R o c h e -lo b e  o v erflo w  

fo r  th e se  c o re  m asses . T he  in itia l re a so n in g  fo r  th is  scen a rio  cam e  

fro m  th e  fa c t th a t th e  o b se rv e d  sdB  s ta rs  se e m e d  a ll to  be in c re d 

ib le  s im ila r  in  m a s s , a ro u n d  0 .5  M q .  T h is  w o u ld  fo llo w  n a tu ra lly  

fro m  th e  m a ss  a t w h ic h  h e liu m  ig n ite s  (a b o u t 0 .4 7  M q ) .  N o te  th a t 

H a n  e t al. (2 0 0 2 ) sh o w ed  th a t th e  m a ss  a t h e liu m  ig n itio n  fo r  s ta rs  

in itia lly  a b o v e  1.5 M q  d ro p s  q u ite  s tro n g ly  to  a b o u t 0 .33  M q  a t 

s ta rs  o f  in itia l m a ss  2  M q  a s  th e  f la sh  b e c o m e s  le ss  an d  le ss  d e g e n 

e ra te , b u t th is  d e p e n d s  c r itic a lly  o n  th e  a ssu m e d  c o re  o v e rsh o o tin g .

B e c a u se  sdB  s ta rs  a re  b r ig h t, th e y  a re  re la tiv e ly  ea sy  to  s tu dy  

an d , in  th e  la s t fe w  y e a rs , a  la rg e  fra c tio n  h a s  b e e n  su rv ey ed  fo r  

d u p lic ity  (e .g . K o e n e ta l .  1 9 9 8 ; M o ra n  e t a l .  1 9 9 9 ; M a x te d  e t al. 

2 0 0 1 ; M o ra le s -R u e d a  e t al. 2 0 0 3 ). M a n y  tu rn  o u t to  be c lo se  b i 

n a r ie s  an d  fo r  so m e  th e  m a ss  o f  th e  c o m p a n io n  c a n  a lso  be d e te r 

m in ed . T h e  p ro p e r tie s  o f  th e se  b in a r ie s  a re  g iv en  in  th e  a p p e n d ix  in  

T ab le  A 2 . W e n o te  th a t th e  g e n e ra l a s s u m p tio n  is  th a t a ll sdB  sta rs  

h av e  a  m a ss  o f  0 .5  M q , so o n ly  e n tr ie s  w ith  a  d if fe re n t m a ss  h ave  

a c tu a lly  b e e n  d e te rm in e d  in  de ta il. In  F ig . 7  w e  sh o w  th e  re c o n 

s tru c te d  v a lu es  o f  a A  an d  y . W e fin d  a g a in  th a t m o s t sy s te m s  can  

b e  e x p la in e d  e ith e r  b y  a  ra th e r  lo w  v a lu e  o f  a A  o r  a  v a lu e  o f  y  c lo se  

to  1.5 T h e o n e  w id e  b in a ry  (H D  185510  w ith  an  o rb ita l p e rio d  o f  

2 0 .7  d ) o n ly  h as  a  so lu tio n  fo r  th e  Y -a lgo rithm .

T he sdB  b in a r ie s  fo r  w h ic h  th e  m a ss  o f  th e  c o m p a n io n  is  n o t 

k n o w n  a re  lis te d  in  T able  A 3 . W e o n ly  lis t th e  p e rio d  an d  th e  m in 

im u m  c o m p a n io n  m a ss  d e riv ed  f ro m  th e  p e rio d  an d  v e lo c ity  a m 

p li tu d e  o f  th e  sdB  s ta rs  w ith  th e  a s su m p tio n  th a t th e  b in a ry  is  seen  

ed g e  on. F o r  th e  sdB  s ta rs  w ith  no  in d e p e n d e n t d e te rm in a tio n  o f  

th e  m ass  w e  u se  th e  re s u lts  o f  H a n  e t al. (2 0 0 2 ) an d  c o n s id e r  a ll
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F igu re  7. Left: Reconstructed 7  values fo r the m ass transfer in the sdB 

reconstructed aA  values for the same.

in w hich the mass o f  the companion is known (see Table A 2). Right:

co re  m a sse s  th a t a re  ju s t  a b o u t to  ig n ite  h e liu m  p lu s  a ll h e liu m  co re  

m a sse s  th a t a re  n o n -d e g e n e ra te  as p o ss ib le  p ro g e n ito rs  o f  th e  sdB  

stars. S in c e  th is  im p lie s  su c h  a  w id e  ra n g e  o f  p ro g e n ito rs , a lm o s t 

a ll v a lu es  o f  a A  an d  y  a re  p o ss ib le . In  F ig . A 1  w e  sh o w  th e  re c o n 

s tru c ted  va lu es . W e use  as lim its  to  th e  c o m p a n io n  m a ss  th e  m in 

im u m  m a ss , d e riv ed  fro m  th e  m a ss  fu n c tio n  (M o ra le s -R u e d a  e t al.

2 0 0 3 ) and  1.4 M q  b e cau se  m o s t a re  ex p e c te d  to  be w h ite  dw arfs . 

I f  th e y  a re  m a in -se q u e n c e  s ta rs  th e ir  m a ss  sh o u ld  be m u c h  low er.

6  S T A T IS T IC S

B e fo re  c o n s id e r in g  th e  p h y s ic s  o f  th e  c o m m o n -e n v e lo p e  p ro cess , 

w e  h ave  a  lo o k  a t  th e  s ta tis tic s  o f  th e  re c o n s tru c te d  y  an d  a A  v a l 

u e s  sh o w n  in  th e  f ig u re s  in  th e  p rev io u s  sec tio n s . F ig . 8  c o n ta in s  

h is to g ra m s o f  th e  re c o n s tru c te d  v a lu es  o f  y  and  a A  fo r  th e  b in a r ie s  

w e  h av e  c o n s id e re d . I t  is  n o rm a lise d  in  su ch  a  w ay  th a t th e  su m  o f  

a ll b in s  o f  th e  h is to g ra m s  is  eq u a l to  th e  to ta l n u m b e r  o f  sy s te m s  w e  

rec o n s tru c te d . T he  d is tr ib u tio n  o f  y  v a lu e s  is  a c tu a lly  p e ak ed  a t  1.5 

w h ile  th e  a A  d is tr ib u tio n  is  sk ew ed  to  lo w e r  va lu es . T h is  su g g es ts  

th a t  th e  Y -a lg o rith m  is a  u se fu l to o l fo r  p re d ic tin g  th e  o u tc o m e  o f  

c o m m o n -e n v e lo p e  ev o lu tio n . A n o th e r  su rp ris in g  re s u lt is  th a t  each  

o f  th e  d is tr ib u tio n s  lo o k s  very  s im ila r  fo r  th e  d if fe re n t ty p e s  o f  b i 

n a rie s . T h is  su g g e s ts  th a t th e  p ro c e s se s  d e te rm in in g  th e  m a ss  tr a n s 

fe r  o u tc o m e  a re  s im ila r  fo r  th e  d iffe re n t ty p e s  an d  so  th e  d iffe re n t 

ty p e s  o f  b in a r ie s  c a n  be seen  as in d e p e n d e n t m e a s u re m e n ts  o f  th e  

sam e p ro cess . F u r th e rm o re  it sh o w s th a t th e  o u tc o m e  o f  th e  c o m 

m o n  e n v e lo p e  ap p a re n tly  d o e s  n o t d e p en d  s tro n g ly  o n  w h e th e r  th e  

c o m p a n io n  s ta r is  a  ve ry  c o m p a c t w h ite  d w a r f  o r  a  m u c h  la rg e r 

m a in -se q u e n c e  star.

S o m e  c a u tio n  is  n e e d e d  in  s im p ly  c o m p a rin g  th e  n u m e ric a l 

v a lu es  o f  a A  an d  y . T h e  d e fin itio n  o f  y  im p lie s  a  c e r ta in  re s tr ic tio n  

to  th e  v a lu es  th a t c a n  be o b ta in e d  by  th e  re c o n s tru c tio n  m ethod : 

A J / J  h as  a  v a lu e  b e tw e e n  0 an d  1, an d  M e / ( M g +  m )  c a n  be 

w r it te n  as M e / ( M g (1 +  q ) ) ,  w ith  M e/ M g lim ite d  b e tw e e n  0 .4  and  

0 .9 . C o m b in in g  th e se  n u m b e rs , w e  s im p ly  n e v e r c a n  f in d  v a lu es  o f  

Y o u ts id e  th e  ra n g e  0 to  5. A  s lig h tly  sm a lle r  ra n g e  is  ex p e c te d  fo r 

ve ry  sh o rt p e rio d  sy s te m s , w h e re  th e  fin a l a n g u la r  m o m e n tu m  is  

sm all. T h a t m e a n s  th a t A J / J  is  o r th e  o rd e r  un ity , le a d in g  to  v a l 

u e s  o f  y  la rg e r  th a n  1. O n  th e  o th e r  h an d , th e  s tan d a rd  a - fo rm a l is m  

is  le ss  c o n s tra in e d . O w in g  to  its  d e fin itio n  ( E b in d / A E orb ) a  can  

n e v e r be z e ro  b e c a u se  th e  b in d in g  e n e rg y  n e v e r  is  ze ro . A n o th e r  

p ro p e r ty  o f  th e  s ta n d a rd  a - fo rm a l is m  is  th a t fo r  m o s t c a se s  A E orb

is  c o m p le te ly  d e te rm in e d  by  th e  fina l sep a ra tio n . T he  re s u lt o f  th a t 

is  th a t  i f  th e  fina l se p a ra tio n  is  n o t d e te rm in e d  by  th e  b in d in g  e n 

e rg y , g ia n ts  w ith  s im ila r  b in d in g  e n e rg y  w ill sh o w  a  re c o n s tru c te d  

a  w h ic h  is  c o rre la te d  w ith  th e  fina l p e rio d , w h ic h  see m s to  be th e  

ca se  in  F ig . 6 .

W e have  d e lib e ra te ly  k e p t th e  d isc u ss io n  fo c u se d  o n  th e  o b se r 

v a tio n s  an d  tr ie d  to  in te rp re t th e m  as  m o d e l in d e p e n d e n tly  as p o ss i 

b le . T h e  o n ly  th e o re tic a l in g re d ie n ts  so  fa r a re  e v o lu tio n  m o d e ls  o f  

s in g le  sta rs . T h o u g h  th e  fa c t th a t  a ll b in a r ie s  c a n  be  ex p la in e d  w ith  

a  s in g le  v a lu e  o f  7  g iv es a  u se fu l to o l to  d e sc r ib e  th e  o u tc o m e  o f  a 

c o m m o n -e n v e lo p e  p h a se , it d o e s n ’t  g iv e  a  p h y s ic a l u n d e rs ta n d in g  

o f  th e  p ro cess . O u r id e a s  a b o u t th e  in te rp re ta tio n  o f  th e  7 -a lg o rith m  

in  te rm s  o f  a  p o ss ib le  p h y s ic a l m e c h a n ism  w ill b e  d is c u sse d  in  a 

fo r th c o m in g  p a p e r  (N e le m a n s  &  T out, in  p rep .) .

7 CON SEQUENCES O F TH E y -A LG O R ITH M

A lth o u g h  w e  sh o w ed  ab ove  th a t a ll o b se rv e d  d o u b le  w h ite  d w a rfs , 

p re -C V s  an d  sd B  b in a r ie s  co u ld  b e  ex p la in e d  w ith  th e  Y -a lg o rith m , 

th e re  a re  som e d ra s tic  c o n se q u e n c e s  o f  th is  a ssu m p tio n . T h e  m o s t 

im p o rta n t is  th a t th e  s im p le  fo rm  o f  e q u a tio n  (2 ) im m e d ia te ly  

sho w s th a t fo r  g iv e n  y  th e re  is  a  lim it to  th e  a m o u n t o f  m a ss  th a t 

c a n  b e  lo s t b e fo re  th e  sy s te m  m erg es . E .g . fo r  y  =  1 .5 , th e  sy s te m  

w ill lo se  a ll its  a n g u la r  m o m e n tu m  fo r  M e >  2 / 3 ( M g +  m ) .  F o r 

e x tre m e  m a ss  ra tio s  th is  is  s im ila r  to  a  co re  m a ss  f ra c tio n  y  <  1 /3 ,  

w h ic h  is  o f te n  re a lise d  in  th e  ea rly  e v o lu tio n  o f  sta rs. F o r  b in a r ie s  

w h ic h  u n d e rg o  a  f i rs t p h ase  o f  s tab le  m a ss  tra n sfe r , th e  seco n d a ry  

o f te n  a c c re te s  e n o u g h  m a ss  th a t in  th e  seco n d  p h a se  o f  m a ss  tr a n s 

fe r  th e  sy s te m  w ill m e rg e  d u e  to  th e  e x tre m e  m a ss  ra tio . A n o th e r  

s itu a tio n  w h e re  a  la rg e  f ra c tio n  o f  th e  to ta l m a ss  is  lo s t is  in  th e  case  

o f  m a ss  tr a n s fe r  f ro m  a  g ia n t to  a n o th e r  g ia n t le ad in g  to  a  d o u b le  

sp ira l- in  (e .g . B ro w n  1 9 9 5 ; N e le m a n s  e t al. 2 0 0 1 b ). I f  in  th a t  s i tu 

a tio n  th e  y -a lg o r ith m  is  u se d , i t  n o rm a lly  le a d s  to  c o m p le te  m e rg e r 

o f  th e  tw o  co res .

7 .1  D o u b le  w h i te  d w a r f s  a n d  (p r e - )C V s .

In  o rd e r  to  a sse ss  th e  c o n se q u e n c e s  o f  u s in g  th e  7 -a lg o rith m  

in  a ll p h a se s  o f  d y n a m ic a lly  u n s ta b le  m a ss  tra n s fe r , w e  m a d e  a 

p o p u la tio n  sy n th e s is  c a lc u la tio n  w ith  a ll a ssu m p tio n s  id e n tic a l to  

th e  m o d e l d e sc r ib e d  in  N e le m a n s , Y u n g e lso n , &  P o rte g ie s  Z w a r t
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F igu re  8 . Histograms o f  reconstructed values o f y  and aA  for the last phase o f  mass transfer in the form ation o f  double w hite dwarfs (top left), in white dw arf 

plus M dw arf binaries (bottom left) and the two kinds o f sdB binaries (top end bottom  right).

2 3 4

(2 0 0 4 ) , e x c e p t fo r  th e  c o m m o n -e n v e lo p e  p h a se , w h e re  w e  n o w  use  

th e  Y -a lg o rith m  in  a ll cases .

F o r  d o u b le  w h ite  d w a rfs  th e  m a in  e ffe c t is  th a t  th e  n u m b e r  o f  

o b se rv a b le  sy s te m s  in  th e  G a la x y  g o e s  d o w n  b y  a lm o s t a  fa c to r  o f

3. O n  th e  o n e  h a n d  th is  is  d u e  to  th e  fa c t th a t m o re  sy s te m s  m erg e  

b e c a u se  a ll th e  a n g u la r  m o m e n tu m  is  lo st. T h is  h a p p e n s  fo r  sy s tem s  

in  w h ic h  th e  sec o n d a ry  is  ra th e r  m ass iv e  by  i t s e l f  o r b e c a u se  i t  a c 

c re te s  in  th e  f irs t p h a se  o f  m a ss  tra n sfe r , o r  b e c a u se  m a ss  tr a n s fe r  

b e g in s  w h e n  b o th  s ta rs  a re  g ian ts . O n  th e  o th e r  h an d  m o re  sy s tem s  

fo rm  w ith  such  lo n g  o rb ita l p e r io d s  (ab o v e  4 0  d ) so th a t c u rre n t 

o b se rv in g  p ro g ra m s  a re  n o t sen s itiv e  to  th em . T h is  h a p p e n s  fo r  th e  

th e  sy s te m s  fo rm in g  fro m  lo w -m a ss  stars .

T he  p e rio d  d is tr ib u tio n  o f  th e  m o d e l in  w h ic h  w e  u se  th e  s ta n 

d a rd  a - fo rm a l is m  in  th e  la s t p h a se  o f  m a ss  t r a n s fe r  m a tc h e s  th e  o b 

se rv ed  d is tr ib u tio n  q u ite  w e ll (N e le m a n s  e t al. 2 0 0 1 b ) so  w e  w o u ld  

e x p e c t th e  n ew  m o d e l to  d o  le s s  w e ll. H o w ev er, th is  is  n o t s ig n ifi 

c a n tly  th e  case . T h e  re a s o n  is  th a t , b e c a u se  o f  th e  re la tiv e ly  sm all 

n u m b e r o f  o b se rv e d  sy s te m s , w e  a re  e ss e n tia lly  c o m p a r in g  th e  o b 

se rv ed  p e rio d  ra n g e  w ith  th a t in  th e  m o d e l. T he  sh o rt en d  o f  th is  

ra n g e  is  la rg e ly  d e te rm in e d  b y  th e  fa c t th a t  sy s tem s  m e rg e  d u e  to 

a n g u la r  m o m e n tu m  lo ss  by  g ra v ita tio n a l w a v e  ra d ia tio n  an d  th u s  

d is a p p e a r  fro m  th e  o b se rv a b le  sam p le  an d  th e  lo n g  p e rio d  end  by  

th e  lim its  o f  th e  c u rre n t m e th o d s  o f  p e rio d  d e te rm in a tio n s .

T he  d iffe re n c e  in  th e  m o d e l is  ve ry  im p o rta n t fo r  th e  m e rg e r 

ra te  o f  do u b le  w h ite  d w arfs . I t  d ro p s  by  a b o u t a  fa c to r  6 . F o r  m a s 

s ive p a irs  th e  s itu a tio n  is  ev en  m o re  d ram a tic . T h e  m e rg e r  ra te  

o f  p a irs  w ith  a  m a ss  abo ve  th e  C h a n d ra se k h a r  m a ss  re d u c e s  fro m

1.1  x  1 0 - 3y r - 1  to  7 .7  x  1 0 - 6 y r - 1 . S im ila rly , th e  c o n fu s io n  lim 

ite d  n o ise  b a c k g ro u n d  o f  th e  G a la c tic  d o u b le  w h ite  d w a r f  p o p u la 

t io n  fo r  th e  sp ace  b a se d  g ra v ita tio n a l w a v e  d e te c to r  LISA d ec rease s  

b y  a b o u t a  fa c to r  2 .

A n  ev en  g re a te r  c h an g e  is  th a t  th e  m a ss-ra tio  d is tr ib u tio n  o f  

th e  c lo se  d o u b le  w h ite  d w a rfs  is  ev en  m o re  p e ak ed  a ro u n d  un ity  

w h e n  th e  Y -m odel is  u sed  th ro u g h o u t. T h is  m e a n s  th e  c h an ces  

fo r  d o u b le  w h ite  d w a rfs  to  s ta rt s tab le  m a ss  tra n s fe r  an d  ev o lv e  

in to  A M  C V n  sy s tem s  a re  s ig n ific a n tly  red u ced . T h e b ir th  ra te  o f  

A M  C V n  sy s te m s  d ro p s  b y  a  fa c to r  2 0  fro m  1 .3  x  1 0 - 3 y r - 1  to

6 .4  x  1 0 - 5y r - 1 , w h ile  th e  to ta l n u m b e r o f  sy s tem s  in  th e  G a lax y  

g o e s  fro m  2 .3  x  1 0 7 to  9 .2  x  1 0 5 . F o r  A M  C V n  sy s te m s  fo rm ed  

fro m  h e liu m  s ta rs  (se e  N e le m a n s  e t al. 2 0 0 1 a , fo r  a  d is c u ss io n  o f  

th e  w a y s  to  fo rm  A M  C V n  sy s te m s) th e  re d u c tio n  is  ev en  la rg er, 

a b o u t a  fa c to r  o f  100 . W ith  su ch  a  sm all n u m b e r  it w o u ld  b e c o m e  

p ro b le m a tic  to  e x p la in  th e  n u m b e r  o f  k n o w n  sy s te m s  w h ic h  a re  b e 

liev ed  to  be o n ly  a  sm all p a r t o f  th e  to ta l o b se rv a b le  p o p u la tio n  (e .g . 

N e le m a n s  e t al. 2 0 0 1 a ).

A s  e x p e c te d  fro m  th e  fa c t th a t  w e  c a n  e x p la in  m o s t o b se rv e d
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w h ite  d w a r f -  m a in -se q u e n c e  b in a r ie s , th is  p o p u la tio n  is  n o t m u c h  

a ffe c te d  by  th e  u se  o f  th e  Y -a lgo rithm . O f  c o u rse  th e  w h ite  d w a rfs  

w ith  re la tiv e ly  m a ss iv e  c o m p a n io n s  h a v e  lo n g e r  p e r io d s  co m p a re d  

to  th e  ca se  w h e n  w e  u se  th e  a - f o rm a l is m  in  th e  f irs t p h a se  o f  m ass  

t r a n s fe r  (see  N e le m a n s  e t al. 2 0 0 0 ). T h e re  is  q u ite  a  la rg e  e ffe c t o n  

th e  fo rm a tio n  o f  c a ta c ly sm ic  v a ria b le s , w ith  th e ir  c u rre n t b ir th  ra te  

re d u c e d  by  a  fa c to r  2 .5 , b u t th e  to ta l n u m b e r  in  th e  G a la x y  by  a  fa c 

to r  7 (f ro m  2 6 .8  to  3 .8  m illio n ) . H o w ev er, th e s e  n u m b e rs  a re  w ith in  

th e  ra n g e  ex p e c te d  fro m  o b se rv a tio n s  (e .g . M a rs h  2 0 0 1 ), p a r t ic u 

la r ly  b e c a u se , in  o u r  G a la c tic  m o d e l, th e  fra c tio n  o f  sy s tem s  c lo se  

to  th e  su n  is  lo w e r  th a n  in  a n  ex p o n e n tia l d isc  (se e  N e le m a n s  e t al.

2 0 0 4 ).

7 .2  C o n s e q u e n c e s  fo r  o th e r  b in a r ie s

S o m e  o f  th e  p ro p e r tie s  o f  th e  Y -a lg o rith m  a re  re lev an t to  th e  fo r 

m a tio n  o f  sy m b io tic  s ta rs , b a r iu m  an d  S -s ta rs  (e .g . Jo r is s e n  e t al. 

1 9 98 ). A s  sh o w n  in  F ig . 4 , i t  c a n  le a d  to  q u ite  w id e  b in a r ie s  a fte r  

u n s ta b le  m a ss  tran sfe r. o th e rw ise  th e  o b se rv e d  lo n g  p e r io d s  o f  b a r 

iu m  sta rs  m e a n  th a t p o p u la tio n  m o d e ls  re ly  o n  e ith e r  w in d  a c c re 

t io n  to  tr a n s fe r  s -p ro c e ss  e n ric h e d  m a te ria l (e .g . B o ffin  &  Jo r is s e n  

1 9 8 8 ; K a ra k a s , T out, &  L a tta n z io  2 0 0 0 ) o r  e x tra  m a ss  lo ss  o n  

th e  A G B  to  av o id  a  c o m m o n  e n v e lo p e  (T o u t &  E g g le to n  1 9 8 8 ; 

H a n  e t al. 1 9 95). A  d e ta ile d  a n a ly s is  o f  th e  p o s t-A G B  b in a ry  in  th e  

R e d  R e c ta n g le  (M e n ’sh ch ik o v  e t a l .  2 0 0 2 ) su g g es ts  a n  e v o lu tio n 

a ry  scen a r io  in  w h ic h  th e  Y -m ech an ism  is  n e ed ed  to  e x p la in  th e  

c u rre n t sy s tem  p a ram e te rs .

S im ila r  p ro b le m s  a lso  a ffe c t h ig h e r-m a ss  b in a r ie s , p a rtic u la r ly  

th e  c o m m o n -e n v e lo p e  p h a se s  in  th e  e v o lu tio n  le a d in g  to  lo w -m ass  

X -ra y  b in a r ie s  an d  d o u b le  n e u tro n  stars. T he  s tan d a rd  sc e n a rio  fo r 

th e  fo rm a tio n  o f  lo w -m a ss  X -ra y  b in a r ie s  (v an  d e n  H eu v e l 1 9 8 3 ) 

in v o lv es  th e  co m m o n -e n v e lo p e  ev o lu tio n  o f  a  s ta r th a t, a f te r  lo s 

in g  its  e n v e lo p e , b e c o m e s  a  n e u tro n  s ta r  o r  ev en  b la c k  h o le  and  a 

lo w -m a ss  m a in -se q u e n c e  star. A  re la tiv e ly  lo w -m a ss  n e u tro n  s ta r 

p ro g e n ito r  w ith  a n  in itia l m a ss  o f  9 M © , w h ic h  a tta in s  a  m a x im u m  

co re  m a ss  o f  a b o u t 2 .5  M ©  w h e n  its  to ta l m a ss  is  8 .5  M © , a c c o rd 

in g  to  th e  H u rle y  e t al. (2 0 0 0 ) fo rm u la e , h a s  M e / ( M g + m )  >  0 .6 3  

an d  so m u s t h av e  y  <  1 .5 8  in  o rd e r  n o t to  m erg e . I t  tu rn s  o u t th a t 

fo r  m o re  m a ss iv e  s ta rs  th is  lim it o n  Y d e c re a s e s  o n ly  ra th e r  slow ly , 

so fo r  v a lu es  o f  y  n o t to o  m u c h  in  ex c e ss  o f  1.5 fo rm a tio n  o f  low - 

m a s s  X -ra y  b in a r ie s  is  still p o ss ib le . F o r  th e  fo rm a tio n  o f  d o u b le  

n e u tro n  s ta rs  th e  s itu a tio n  is  q u ite  sim ila r.

8  C O N C L U S IO N S

W e have  u sed  th e  m a sse s  o f  o b se rv e d  w h ite  d w a rfs  in  b in a r ie s  to  

e s tim a te  th e  rad ii o f  th e ir  p ro g e n ito rs  o n  th e  a s s u m p tio n  th a t th e  

w h ite  d w a r f  m a sse s  a re  g o o d  a p p ro x im a tio n s  to  th e  co re  m a sse s  o f  

th e ir  p ro g e n ito r  g ian ts . U s in g  th e se  p ro g e n ito r  m a sse s  w e  h av e  re 

c o n s tru c te d  th e  p a ra m e te rs  o f  th e  p ro g e n ito r  b in a ry  sy s te m s  o f  th e  

o b se rv e d  w h ite  d w a r f  b in a r ie s . T h e se , to g e th e r  w ith  th e  o b se rv e d  

b in a ry  p a ra m e te rs , w e re  u sed  to  re c o n s tru c t th e  c h a n g e  in  o rb ita l 

s e p a ra tio n  d u rin g  th e  m a s s  t r a n s fe r  p h a se  in  w h ic h  th e  w h ite  d w a r f  

w a s  fo rm ed . B y  c o m p a rin g  th is  c h an g e  to  th e  ex p e c te d  c h a n g e  fo r 

th e  s tan d a rd  a - fo rm a l is m , e x p lic it ly  b ased  o n  th e  e n e rg y  b a lan c e , 

a n d  a n  th e  Y -a lg o rith m , e x p lic it ly  b ased  o n  th e  a n g u la r  m o m e n 

tu m  b a la n c e , w e  d e riv ed  th e  v a lu e s  o f  th e  fre e  p a ra m e te rs  in  th e se  

m e th o d s.

T h e  m a in  re su lt is  th a t, a s  w a s  fo u n d  ea rlie r , fo r  th e  firs t 

p h a se  o f  m a s s  tr a n s fe r  in  th e  ev o lu tio n  le a d in g  to  th e  c u rre n tly  

o b se rv e d  d o u b le  w h ite  d w a r f  sy s te m s , th e  s tan d a rd  a - fo rm a l is m

c a n n o t e x p la in  th e  o b se rv a tio n s , w h ile  th e  Y -a lg o rith m  can . F o r  all 

th e  o th e r  re c o n s tru c te d  p h a se s  e ith e r  m e th o d  c a n  e x p la in  th e  o b 

se rv a tio n s . H o w ev e r, th e  re c o n s tru c te d  v a lu es  fo r  th e  Y -a lg o rith m  

s tro n g ly  c lu s te r  a ro u n d  1.5 , w h ile  th e  v a lu es  o f  th e  f re e  p a ra m e 

te r  in  th e  s tan d a rd  a - fo rm a l is m  (the  e ffic ien cy  p a ra m e te r ) , sh o w  a 

w id e  ra n g e  o f  v a lu es , sk ew ed  to w a rd s  lo w  ( <  0 .5 ) va lu es . T hus 

th e  p re d ic tiv e  p o w er, a t  le a s t in  s ta tis tica l sen se , o f  th e  Y -a lg o rith m  

seem s to  be g re a te r  th a n  th e  s tan d a rd  a - fo rm a lis m .

A C K N O W L E D G M E N T S

W e th a n k  P h ilip p  P o d s ia d lo w sk i fo r  u se fu l d isc u ss io n s  an d  th e  re f 

e ree  fo r  c o m m e n ts  th a t im p ro v e d  th e  p re se n ta tio n  o f  th e  paper. G N  

is  su p p o rte d  by  P P A R C . C A T  th a n k s  C h u rc h ill C o lleg e  fo r  a  fe l 

lo w sh ip . T h is  re se a rc h  h as  m a d e  ex ten s iv e  u se  o f  N A S A ’s A s tro 

p h y s ic s  D a ta  S y stem .
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T able  A1. Properties o f the observed white dwarf, other star binaries

Object P Mw d m R ef

(d) (M ©) (M ©)
GD 448 0 .103042 0.41 0 .096 1

N N  Ser 0.1300S0 0.570 0 .1 2 0 1

EC 13471-1258 0.15074 0.7S 0.43 10

MS Peg 0 .173660 0.4S0 0 .2 2 0 1

BPM 71214 0.20162 0.7 7 0 .4 9

PG  1224+309 0.25S69 0.45 0.2S 1

CC Cet 0.2S6654 0.400 0.1S0 1

RR Cae 0.304 0.467 0.095 1

BPM 6502 0.3367S 0.5 0 .15 8

GK Vir 0.344331 0.510 0 .1 0 0 1

KV Vel 0 .357113 0.630 0.25 11

U U S ge 0 .465069 0.630 0.290 1

Gl 781A 0.497 0.35 0 .25 4

V471 Tau 0.5211S3 0.S4 0.93 2

HZ 9 0 .564330 0.510 0.2S0 1

U X  CVn 0.573703 0.390 0.420 1

PG  1026 0014 0.597257 0.65 0 .2 2 0 15

E G  U Ma 0.667650 0.64 0 .42 13

RE J2013+ 400 0.7056 0.56 0.1S 12

RE J 1 0 1 6 -0520 0.7S9 0.61 0 .15 12

IN CMa 1.262450 0.5 7 0 .39 12

BE UM a 2.291166 0.7 0 .36 1

HD 33959C 2.99 0 .6 1.5 14

Feige 24 4 .231600 0.49 0 .3 7 13

G  2 0 3 -0 4 7 ab 14.7136 0 .6 0.33 3

V651 Mon 15.991000 0.400 1.S00 1

IK Peg 21.721700 1 .100 1.700 1

S1040 42.S 0 .2 2 1.5 6

AY Cet 56.8 0 .25 2 .2 7

References:

(1) Hillwig, Honeycutt, & Robertson (2000); (2) O ’Brien, Bond, & Sion

(2001); (3) Delfosse et al. (1999); (4) Gizis (1998); (5) Benedict et al. 

(2000); (6 ) Landsm an et al. (1997); (7) Simon, Fekel, & G ibson Jr 

(1985); (8) K awka et al. (2000); (9) K awka et al. (2002); (10) 

O ’D onoghue et al. (2003); (11) Hilditch, Harries, & Hill (1996); (12) 

Vennes, Thorstensen, & Polomski (1999); (13) B leach et al. (2000) (14) 

Vennes, Christian, & Thorstensen (1998), note that H illwig et al. (2000) 

list the parameters o f  HD 33959A; (15) Saffer et al. (1993)

Table A3. Periods and m inim um  companion m asses o f sdB binaries, from 

M orales-Rueda et al. (2003)

Object P M m in

(d) (M ©)
P G 1 0 1 7 -086 0.0729939 0.066

PG 1043+760 0.1201506 0.106

PG 1432+159 0.224S 9 0.294

PG 2345+318 0.240945S 0.379

PG 1329+159 0.249699 0.0S3

TW  Crv 0.32S -

PG 1101+249 0.353S 6 0.424

K PD 1946+4340 0.403739 0.62S

PG1743 + 4 7 7 0.515561 0.43S

PG 0001+275 0.52S 0.293

PG 0101+039 0.56990S 0.370

PG 1725+252 0.6 01507 0.3S1

PG 1247+554 0.602740 0.090

PG 1248+164 0.73232 0 .207

PG 0849+319 0.7451 0.22S

PG 1627+017 0.S29226 0.273

PG 1116+301 0.S5621 0.356

PG 0918+029 0.S7679 0.313

H E 1 0 4 7 -0436 1.213253 0.45S

P G 0 1 3 3 + 1 14 1.23S2 0.3SS

PG 1512+244 1.2697S 0.45S

U V O 1735+ 22 1.27S 0.539

HD 171858 1.529 0.510

PG 1716+426 1.77732 0.366

PG 1300+279 2.2593 0.346

PG 1538+269 2.501 0.600

K PD 0025+5402 3.571 0.235

PG 0839+399 5.622 0.226

PG 0907+123 6.1163 0.521

PG 1032+406 6.779 0 .247

PG 0940+068 S.330 0.634

PG 1110+294 9.415 0.633

PG 1619+522 15.357 0.376

PG 0850+170 27.81 0 .466

Tab le A 2. Properties o f the observed sdB binaries, for w hich the mass o f 

the companion is known.

Object P m M R ef

(d) (M ©) (M ©)
PG  1 0 1 7 -0 8 6 0 .073 0.5 0 .078 9

KPD  0422+5421 0.0901S0 0.51 0 .526 4

KPD  1930+2752 0.095111 0.5 0 .97 7

HS0 705+ 6700 0 .0 95647 0.4S 0.134 8

PG  1 3 3 6 -0 1 8 0 .1 0 1 0.5 0 .15 3

M T Ser 0 .1 13227 0 .6 0 .2 1

HW  Vir 0 .116720 0.4S 0 .14 5

A A D or 0 .261540 0.330 0.066 6

V477 Lyr 0 .471729 0.51 0 .15 1

FF A qr 9.207755 0.5 2 .0 1

HD 185510 20.7 0 .304 2.2 7 2

References:

(1) H illwig et al. (2000); (2) Jeffery & Simon (1997); (3) Kilkenny et al. 

(1998); (4) Orosz & Wade (1999); (5) Wood & Saffer (1999); (6) Rauch

(2000); (7) Maxted, Marsh, & N orth (2000b); (8 ) Drechsel et al. (2001);

(9) M axted et al. (2002b)
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PG 0850+ 170 

PG1619 + 5 2 2  

PG11 1 0 + 2 9 4  

PG 09 4 0 + 0 6 8  

PG1 0 3 2 + 4 0 6  

P G 0 9 0 7 + 1 23 

P G 0839 +399  

KPD002 5 + 5 4 0 2  

PG1 5 3 8 + 2 6 9  

PG1 3 0 0 + 2 7 9  

PG1 7 1 6 + 4 2 6  

HD171858 

UV017 3 5 + 2 2  

PG151 2 +  244 

P G 0 1 3 3 + 1 14 

HE104 7—0436 

PG091 8 + 0 2 9  

PG111 6+301  

PG16 2 7 + 0 1 7  

P G 0 8 4 9 + 3 1 9 

PG1 2 4 8 + 1 6 4  

PG12 4 7 + 5 5 4  

PG1 7 2 5 + 2 5 2  

PG010 1 + 0 3 9  

PG 0001+ 2 7 5  

PG1 7 4 3 + 4 7 7  

KPD19 4 6 + 4 3 4 0  

PG1101 + 2 4 9  

TW_Crv 

PG132 9 + 1 5 9  

P G 2 3 4 5 + 3 18 

PG1 4 3 2 + 1 5 9  

PG10 4 3 + 7 6 0  

PG10 1 7—086

PG 085 0 + 170 

PG1619 + 5 2 2  

PG11 1 0 + 2 9 4  

P G 09 4 0 + 0 6 8  

PG10 3 2 + 4 0 6  

P G 0 9 0 7 + 123 

P G 0839 +399  

KPD002 5 + 5 4 0 2  

PG15 3 8 + 2 6 9  

PG13 0 0 + 2 7 9  

PG17 1 6 + 4 2 6  

HD171858 

UV017 3 5 + 2 2  

PG15 1 2 + 2 4 4  

PGO1 3 3 + 1 1 4  

HE10 4 7 - 0 4 3 6  

PG0918 + 0 2 9  

PG1116+301 

PG16 2 7 + 0 1 7  

P G 0 8 4 9 + 3 1 9 

PG12 4 8 + 1 6 4  

PG12 4 7 + 5 5 4  

PG17 2 5 + 2 5 2  

PG0101 + 0 3 9  

PG0001 + 2 7 5  

PG17 4 3 + 4 7 7  

KPD19 4 6 + 4 3 4 0  

PG1 1 0 1 + 2 4 9  

TW_C rv 

PG132 9 + 1 5 9  

P G 2 3 4 5 + 3 1 8 

PG14 3 2 + 1 5 9  

PG10 4 3 + 7 6 0  

PG10 1 7 - 0 8 6

F igu re  A1. Left: Reconstructed y  values for the m ass transfer in sdB binaries in w hich the mass o f  the companion is unknown. From the radial velocities o f 

the sdB star and an assum ed sdB m ass o f 0.5 Mq  a m inim um mass is inferred. For the upper limit a m ass three times the m inim um  m ass is assumed. Right: 

reconstructed aA  values for the same.
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