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Abstract. During cooling, a hail of oxygen can fall in the center of a Carbon-Oxygen whlte dwarf. Consequencer 
for white dwarfs evolution are considered. Formation of pulsars or type I Supernovae production can be the 
result of a difference in chemical composition . 
The following report is divided into four sections : ( I )  elementary information on the internal structure of 
white dwarfs,(2) basic information on highly correlated plasmas,(3) implications for phase oeparation in the 
core of cooling white dwarfs, and (4) consequences for evolution of white dwarfs. 

The present report can be considered as a continuation of a payer of Canal. Irern and Labay (1981). 

(I) Internkl rtructure of white dwarfs. We just recall a few properties of white dwarfs vhich are relevant 
to the present problem. 

We describe a white dwarf ar a non-rotating,spherical star, in hydrostatic equilibrium. The main problem 
concerns the equation of state, 

which, in the major part of the star cannot be distinguished from the equation of state of a Fermi gas at 
zero temperature. 

The region where the departure from T = 0 'nfluen5gc))the structure is extremely sml?, and represent a mass 
N / M - 1 0  

-4.58 
Teff 

If we ignore   he properties of the nuclei and introduce in the equations of hydrostatic equilibrium the 
general relativity corrections to the Newtonian theory of gravitation, we write 

2 
where the term ( ( 1  + (PI p c ) )  represents the increase of inertial mass , the next term the increase in 
gravitationally attractive mass and the denominator term represents the change of the metric for Euclidian 
to non Euclidian . 
R e  knowledge of the equation of stite is necessary in order to solve the equation of hydrostatic equilibrium. 
At high densities we can write the relativistic equation of state , 

with ue = (AIZ) and 

K2 = 1.23 10 
I5 

At lower densities, the non relativistic equation of state (neglecting electrostatic interactions) is 

with K 8 9.91 1310 12. The change from one equation of state to the other takes place for a density of 
about 10 g cm . 
Por the kind of white dwarfs we are considering , the transition from the non relativistic to the relativintic 
equation of state takes place at a mass Mrel : 



The mar. radius relation for white dwarfr rhovs the existence of a usximum mors. For ue - 2 , we have the 
following propertier of a white dwarf with the maximum m a s  : 

M - 1.36557 M (Sun) 

A white dwarf of high density , close to the limiting mar8 ( we should call it the Chandrarekhar-Kaplan 
limiting masr), har no other energy source than its internal thermal energy . Ar long as the inside of the 
white dwarf is flcid, the internal thermal energy is the sum of the thermal energy of the ionr and of the 
thermal energy of the electrons , 

where x is related to the density by 

0 - ( 8 n 1 3 )  ( m e 3 c 3 / h 3 )  ( A n j , l Z  j x 3  

The corresponding cooling time scale is given by the heat balance condition . 
Again , for the kind of stars which we ure c~nsidering, close to the Chandraaekhar - Kaplan limit, we have 
for   he characteristic .ooling time 

t - 10 6.056 ( T / 10') 'I2 years. 

This is valid however only as long as the white dwarf has not reached the solid state. If we consider the ratio 
of the electrostatic energy to the thermal energy, 

r - ( ~ ' e ~ / a k ~ )  

where 

a 9 ( 3 Z / 4 n  N e )  113 

is the iunic radius, the solidification take8 place when 

During coo!ir~g, the firrt point where solidification takea place is in the center of the star. Tvo quantitier 
are imporiant to consider : ( 1 )  the melting temperature inside the star ; (2) the Debye temperature inside 
the star. It turns out that the heat concent of the electrons is much larger tnan the heat content of the 
ions. 
When solidification takes place, the latent heat of solidification is liberated, and the conrequence is a 
slowing down of the cooiing . For the kind of rtars which we are considering, this is completely negligible . 
2. Highly correlated plasmas . 
We have just aeen that in a cold plasma , crysi~lliretion takes place when the ratio of the Coulomb energy 
to the thermhl energy is about 160. We need not to cons~der in the following the quantum effects in the solid . 
Let US consider now the case of a two component plasma, Carbon and Oxygen, which are the most abundant pro- 
ducts of the late stager of stellar evolution . 
There is a conjecture by Stevenson (1979) that an eutectic can exint . betVdeen Carbon an Oxygen, vith the 
following characteristics : 

X (in number) - 0.332 
0 
TE - 0.628 TC ( melting of Carbo ) 

- 0.389 To ( melting of Oxygen ) 

with a denrity difference (Pollock and Hanse , 1976) : 

and with A (Oxygen) - IS. 99468 and .Y(Carbon) - 12. 00000 , wc obtain : 



s 0 ( s o l i d ) -  p  ( l i q u i d )  3 .10~ '  - 3.24 . X 
I - ;Xc I X < 0.668 

P 1 - ( X / 4 )  

A 8  a  cotlsequence, we nee t h a t  t h e  d e n s i t y  of t he  s o l i d ,  e i t h p -  of pure carb.>n o r  of pure oxytc.1 , i r  
always l a r g e r  than t h e  dens i ty  of t h e  l i q u i d .  

During cool ing ,  s o l i d  p a r t i c l e s  of Carbon , o r  s o l i d  p a r t i c l e s  of oxygen (according t o  t h e  concen t r a t ion )  
w i l l  appear and f a l l  i n  t h e  g r a v i t y  f i e l d  . When the  chemical cornpornition of t h e  e r ~ t e c t i c  is reached: 
the  s o l f d p a r t i c l e s  of Cnrbon w i l l  be app rec i ab ly  denser  than t h e  s o l i d  p a r t i c l e s  of Oxygen. In  f a c t ,  
we have : 

(Av / P )  ( Carbon t o  Eu tec t i c )  = 3.91 . 1 9 - ~  

(Ap ,'p) (Oxygen t o  Eu tec t i c )  - 0.84 . 1 9 - ~  

The argument of  Stevenson i s  t h a t ,  i f  t he  cool ing  i s  f a s t  enough, t h e  e u t e c t i c  s o l i d i f i e s ;  i f  it is very  
slow, i t  w i l l  exper ience  sepa ra t ion  of Oxygen ar.d Carbon . However, due t o  t h e  l a r g e  d i f f e r e n c e  i n  t h e  
buoya lcy fo rces .  Carbon w i l l  s e t t l e  f a s t e r .  

j. P : ~ \ s e  r epa ra t ion  i n  white dwarfs.  
We s h ~ l l  f i r s t  cons ider  t he  temperatrlre excess  of t he  condensing s o l i d .  Following the  argument of 
J e f f r e y s  (1918) , and reproduced by Mason (1953) , we assume t h i  microrcopic d i f i u s i o n  i; t h e  way by 
.which the  atoms jo in  t he  growing c r y s t a l .  We then have: 

S imi l a r ly  . we wr i t e  t h a t  t h e  l a t e n t  heat  of c r y s t a l l i z a t i o n  , r e l ea sed  o? t h e  c r y s t a l  i s  c a r r i e d  away by 
thermal conduc. iv i ty  . We wr i t e .  X being the  heat  conduc t iv i ty ,  

from which we de r ive  the  temperature excess  : 

TS- T = D (I-X) p L 
A 

L i s  of t h e  o rde r  cf 3 k T  per ion.  The microscopic d i f f u s i o n  c o e f f i c i e n t  is  of t h e  o rde r  of 

D = a v  
t h  

The thermal conduc i v i t v i s  l a r g e ,  hea t  being c a r r i e d  away by t h e  r e1a t iv i s : i c  e l e c t r o n s  ( Scha::man. 
White Dwarfs) . 

-3 8  
For 0 = 10" g  cm , T = 10 OK. t h i s  g ives  

Let us now consider  t h e  speed a t  whi-h t h e  c r y s t a l s  can f a l l  i n s i d e  t h e  white dworf. We consider  t h a t  t h e  
force  on the  c r y s t d l  i s  given by the  Stokes formula. We then have: 

where v  i s  the  kinematic v i s c o s i t y  c o e f f i c i e n t  . 

~f  we conr ide r  t ha t  t h e  radium of t h e  c r y s t a l  . a  , i s  . i m r  dependent,  

' so l id  -P l iqu id  
( d r l  d t )  = - (16 n 1 2 7 )  G ( D/v ) (6-X) t 



we can wri te  

and derive the time scale  of the phase separation , 

The v i scos i ty  is  dyg t o  tkcj t rans fe r  of momentum tg  the ions . Therefore, v is  of the  order of D . 
With p  = 2 . 10 g cm , Ap / p  = 3.9 . 10- , we obtain , 

T = 6 sec 
-4 

With &plp  = 0.84 . 10 ' 

T = 13 sec. 

We can consider that  the cooling time is much longer than the c r y s t a l l i z a t i o n  time and the  i n f a l l i n g  time . 
Tvo cascs have t o  ,e ccnsidered: 

(1) XC < 0.668 : Oxygen is  predominant . 
Oxygen c r y s t a l l i z e s  inmediately, a s  soon a s  t h e  eu tec t ic  curve is  reached. Carbon being soluble i n  oxygen, 
the temperature and the oxygen concentration decrease u n t i l  the  chemical composition of the eu tec t ic  is  
reached. The l iquid,  with the eu tec t ic  composition, which is l e f t  behind moves up and mixes with the l iqu id  
above,making it more r ich i n  carbon. Furtiier separat ion takes place u n t i l  the whole so l id  oxygen corer  is 
surrounded by the eu tec t ic .  

Due t o  the slow cooling, c rys ta l s  of C and 0 will  form, but we can expect Carbon t o  f a l l  f a s t e r  than Oxygen. 
The melting temperature w i l l  have a tendency t o  r i s e  above the melting temperature of the  eu tec t ic ,  with 
a tendency of the mixture t o  s o l i d i f y  quickly. The most reasonable assumption is  tha t  the oxygen corer  is 
surrounded by a so l id  eutect ic .  

(2) XC > 0.668 : Carbon is predominant . 
We have a s imilar  picture,  but, instead of an oxygen core, we have a carbon core, surrounded by the  so l id  
eu tec t ic .  

4.Uhite dwarf evoluti.  - .  
(a) thermal e f fec t s .  

The i n f a l l  of s o l i d  Oxygen (or so l id  Carbon) makes avai lable  a g rav i ta t i cna l  "nergy which is of the  same 
order of magnitude a s  the internal  heat content o f ' t h e  s t a r ,  and la rger  than the l a t e n t  heat vhich is  made 
avai lable  during c rys ta l l i za t ion  . 
(b) r o l e  of accretion. 

For a white dwarf, c lose t o  the Chandrasekhar - Kaplan li .ait ,  the capture of a smallamount of matter can 
make the s t a r  unstable. Capture a t  an appreciable r a t e  can take place when the  white dwarf belongs t o  a 
binary system. The e f fec t  i s  a pressure increase i n  the core of the  s t a r .  

Two cases have t o  be considered. 
( i )  the white dwarf has an oxvgen core. In t h a t  case, e lectron capture on oxygen can take place. 

Yhe decrease i n  the number of f r e e  electrons per uni t  of mass generates i n s t a b i l i t y  . The, the s t a r  contracts  
about a a speed which is s o r t  of average between the f ree  f a l l  time and the  charac te r i rz ic  time of e lec t ron  
capture, u n t i l  it reaches dynamical i n s t a b i l i t y  . 
What is expected is the formation of a neutron s t a r .  Mass e jec t ion  taking place a t  a l a t e r  qtage of 
collapse can lead to the escape of the s t a r  frsm the binary system. This uld explain the large value of t h e  
space ve loc i t i es  of pulsars i n  the gala?; . 

( i i )  The white dwarf has a carbon core . I& r\. c .:ase, dynamical i n s t a b i l i t y  would take place before 
electron capture . In f a c t  the explosive reaction . 

would take place even before the s t a r  has begun t o  collapse. The present conjecture i s  tha t  a thermal 
runaway would take place and the s t a r  would explode a s  a type I supernova. 
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