
RAYLEIGH-TAYLOR CONVECTIVE OVERTURN AS A POSSIBLE SOLUTION TO THE SUPERNOVA PUZZLE * 

Abstract.-Strong neutronization above the neutrinosphere produces a convectively 
unstable gradient of the electron to baryon ratio Y . An I = 2 Rayleigh-Taylor 
overturn of the whole core is expected to ensue. Asea result the trapped neutrini 
are released on a short timescale, thus providing the necessary boost to cause a 
violent explosion. 
The final word for the growth of this instability calls for a full two-dimensional 
calculation. Such a study is now in progress. A one-dimensional hydrodynamic para-
metrization of the overturn shows that explosion results whenever mixing occurs 
significantly beyond the neutrinosphere. The main cause for explosion is energy 
deposition in the mantle by Comptonization as well as by absorption and re-emis­
sion. 
The Rayleigh-Taylor overturn of the core could thus well resolve the present 
puzzle of only marginally exploding supernova models. 

Recent studies of stellar core collapse are 

still unable to poduce a conclusive answer 

to the problem of supernova explosions. 

Hydrodynamic calculations indicate that the 

collapse is halted and reversed as a result 

of the sudden stiffening of the equation of 

state, at about nuclear matter densities. 

An outward moving Shockwave results from 

this bounce (Wilson 1979a, Van Riper and 

Arnett 1978, Bruenn 1975). 

Although the Shockwave has been demonstra­

ted to produce mass ejection under adiaba-

tic conditions (Lichtenstadt et al.1979, 

Van Riper 1978) the explosion is still gene­

rally marginal (see also Mazurek 1979, 

Bruenn, Buchler and Yueh 1978) and too sen­

sitively dependent on various parameters, in 

particular the adiabatic index y and the 

density. Furthermore, the use of a more rea­

listic equation of state in the calulation 

results in a standing shock (Wilson 1979b). 

The expectation that a large neutrino flux 

would impart enough energy (Colgate and 

White 1966) or mementum to the mantle, thus 

causing its ejection, has also not been rea­

lized. Neutrino transport calculations have 

demonstrated that the neut rlni are trapped 
12 at densities above 10 g/cc (Arnett 1977, 

Yueh and 3uchler 1977, Mazurek 1977, Tubbs 

1977) . As a result, insufficient stresses 

are obtained. 

Epstein (1978) has observed, that be­

cause of strong neutronization above the 

neutrinosphere ( neutrino "photosphere") 

a convectively unstable gradient of the 

electron to barvon ratio Y develoos. 
e 

An examination of the collapse calculations 
of Wilson ( 1979a), Arnett (1979) and 
Bruenn, Buchler, and Livio (1979), reveals, 

that the inversion in Y becomes even more 
e 

•pronounced after several bounces. This 

potentially unstable configuration led 

Colgate (1978) to suggest that a delayed 

Rayleigh-Taylor core overturn may occur. 

The effect of such an overturn may be in 

the enhancement of neutrino release on 

one hand the release of gravitational and 

thermal energy on the other (Colgate and 

Petschek 1979), both leading possibly to 

an explosion. 

The two important questions that need, 

therefore, to be answered are: (i) Can a 

large scale Taylor mode really grow (how 

fast and what is the relevant wavelength)? 

and (ii) is such an overturn (provided it 

occurs) really capable of producing an 
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explosion? 

The f i n a l  word concerning the  f i r s t  ques- 

t i o n  c a l l s  f o r  a f u l l  two-dimensional hydro 

dynamic calcula t ion.  Such a study i s  now i n  

iDrogress (Livio , Ruchler , and ~ o l g a t e  (1 97 9). 

A t  the  present  time we can only give  an 

answer i n  terms of p l a u s i b i l i t y  arguments. 

Lattimer (1979) has shown t h a t  neutrino los-  

ses  from matter  j u s t  above t h e  neutrino- 

sphere (even a t  the  l i m i t  of zero k i n e t i c  

energy) lead t o  a reduction i n  the  pressure.  

This i n  tu rn  means, t h a t  a convectively uns- 

t a b l e  s i t u a t i o n  w i l l  a r i s e ,  provided t h a t  

the  ( s t a b i l i z a t i n g )  entropy gradient  i s  not  

too s t eep  and the  pressure depends only wea- 

k ly  on the  entropy. Cogate and Petschek 

(1979) argue, t h a t  s ince  the  nucle i  have a 

very l a rge  s p e c i f i c  heat ,  the  thermal energy 

is primarily absorbed by the  l a rge  number of 

nuclear excited s t a t e s  and thus has only a 

l i t t l e  e f f e c t  on the  pressure.  I n  addi t ion,  

they note,  t h a t  according t o  the  calcula-  

t i o n s  of Lichtenstadt  e t  a l .  (1979) , a shock 

generated, l a rge  entropy gradient ,  can cause 

mass e jec t ion  i n  i t s e l f ,  even without any 

core overturn. They therefore  conclude t h a t  

the  combination of Ye and entropy gradients  

should be convectively unstable.  

The !2 = 2 unstable mode, corresponding t o  

an eddy s i z e  X - aR i s  expected t o  have the  

l a r g e s t  i n i t i a l  amplitude, s ince  it i s  exci- 

ted  by s t e l l a r  ro ta t ion .  This mode w i l l  a l s o  

have t h e  l a r g e s t  p o t e n t i a l  energy ava i l ab le  

and therefore  lead t o  higher v e l o c i t i e s .  The 

important th ing t o  note is  t h a t  the  develop- 

ment of such an unstable mode w i l l  involve 

an overturn of the  whole core  ra the r  than 

j u s t  *he unstable region. The growth time of 

a per turbat ion of wave nunber K i s  given by 

T -  [(p2-p,) K a / ( ~ ~ + p ~ q ~ / ~ ,  where a i s  the  

accelera t ion and K the  wave number and i s  of 

the  order of a few mill iseconds f o r  t h e  R= 2 

mode. I n  the  non l i n e a r  regime the  growth 

time is given roughly by t h e  core t r a v e r s a l  

time which is  of the  order of 0.3 m s  (Col- 

ga te  and Petschek 1979). Thus, thk growth 

r a t e  is  f a s t  compared t o  t h e  deleptoniza- 

t i o n  time of the  outer  por t ion of t h e  core,  

which i s  of the  order of 30 m s  (Wilson 

197%) .One therefore  expects t h a t  the  neu- 

t r i n i  t h a t  have been trapped i n  the  core 

p r i o r  t o  the  overturn w i l l  be dredged i n t o  

the  semitransparent regions,  enabling them 

t o  impart energy and momentum t o  the  mant- 

l e .  In  addi t ion,  the  r e l e a s e  of gravi ta-  

t i o n a l  energy by the  plume can a l s o  a s s i s t  

i n  e j ec t ing  the  mantle. 

In  order t o  answer t h e  second question 

(whether t h e  overturn supplies enough ener 

gy f o r  t h e  explosion),  Bruenn, Buchler and 

Livio (1 97 9) have developed the  following 

scheme : t h e  convection i s  parametrized by 

mixing leptons ,  s t a r t i n g  a time A t  a f t e r  

the  bounce. The mixing i s  performec? out t o  

a radius  Rmixr on a time s c a l e  t mix ' 

where YL i s  the  lepton t o  baryon r a t i o  and 

the  average i s  mass weighted t o  ensure 

lepton conservation i n  the  process. Ins ide  

the  neutrinosphere, defined by a densi ty  

p% l o c a l  be ta  equilibrium is assumed bet-  

ween e lec t rons  and neu t r in i .  Outside the  

neutrinosphere, t h e  neutrino d i l u t i o n  i s  
approximated with the  r e l a t i o n  

where d i s  a d i l u t i o n  parameter which sh- 

ould be between 2 (decoupled neu t r in i )  and 

3 (volumic expansion). The spectrum of the  

n e u t r i n i  i s  chosen a s  the  one they had a t  

the  decoupling point  r* (corresponding t o  

p*). Neutrino t r anspor t  has been t r ea ted  
by the  multigroup d i f fus ion  scheme (Bruenn 

Buchler and Yueh 1978) and a 1-D hydrocode 

(Bruenn, 1975) followed the  evolution. A l l  

ca lcu la t ions  s t a r t e d  a s  an i r o n  core poly- 

trope of index 3. The c e n t r a l  densi ty  was 
3 pc= 5 x 1 0 ~  g/cm and temperature Tc = 1 . l x  

1010 K.  This p a r t i c u l a r  model, when cola- 

psed and followed through severa l  bounces 

d id  not  produce an explosion; it w i l l  

serve us  a s  a reference model. 



A s  we have a l r e a d y  mentioned t h e  mixing 

t i m e  is expec ted  t o  b e  of t h e  o r d e r  o f  a 

few m i l l i s e c o n d s ;  i t s  v a l u e  h a s  been v a r i e d  

b e t w e e n ' l  m s  and 30 m s .  S i n c e  t h e  e x a c t  den- 

s i t y  o f  n e u t r i n o  decoupl ing  i s  n o t  c l e a r ,  

P* has  been v a r i e d  i n  t h e  range  1 0 ' ~ - 1 0 ~ ~  g/ 

c m 3 .  A t  t h e  o n s e t  of t h e  mixing p r o c e s s  

t h e i r  model had 10 zones between r % and t h e  

shock. Rmix h a s  been v a r i e d  from 2 zones 

beyond r i t o  2 zones behind t h e  shock. A l l  

models t h a t  have been mixed s i g n i f i c a n t l y  

beyond t h e  n e u t r i n o s p h e r e  r e s u l t  i n  an exp l -  
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of  (Rmix-r* ) , demons t ra t ing  t h e  importance 

of n e u t r i n o  d redg ing  t o  t h e  s e m i t r a n s p a r e n t  
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t a l  energy  of t h e  outward moving zones i n  
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W e  r e g a r d  a s  v e r y  encouraging t h e  f a c t  

t h a t  we c a n  answer a f f i r m a t i v e l y  t h e  second 

q u e s t i o n  we have posed. Tay lor  o v e r t u r n  ( i f  

it o c c u r s )  c o u l c ? t h e r e f o r e  w e l l  b e  t h e  ans- 

wer t o  t h e  p r e s e n t  supernava impasse.  The 

c o n c l u s i v e  answer concern ing  t h e  growth 05 

t h e  i n s t a b i l i t y ,  however, w i l l  h o p e f u l l y  be 

g iven  by a two dimensional  hydrodynamic c a l -  

c u l a t i o n  (L iv io ,  Buchler  and Colga te  1979) .  
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