
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen

 

 

 

 

The version of the following full text has not yet been defined or was untraceable and may

differ from the publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/34777

 

 

 

Please be advised that this information was generated on 2022-08-25 and may be subject to

change.

http://hdl.handle.net/2066/34777


a
rX

iv
:a

st
ro

-p
h

/0
7

0
3

5
7

8
v

2
 

6 
M

ay
 

2
0

0
7

Dr a f t  v e r s io n  Fe b r u a r y  4, 2008
Preprint typeset using LTeX style emulateapj v. 10/09/06

f a i n t  t h e r m o n u c l e a r  s u p e r n o v a e  f r o m  a m  c a n u m  v e n a t i c o r u m  b i n a r i e s

L a r s  B i l d s t e n , Ke n  J. Sh e n  

Kavli Institute for Theoretical Physics and Department o f Physics Kohn Hall, University of California, Santa Barbara, CA 93106;

bildsten@kitp.ucsb.edu, kenshen@physics.ucsb.edu

N e v i n N. W e in b e r g

Astronomy Department and Theoretical Astrophysics Center 601 Campbell Hall, University of California, Berkeley, CA 94720;

nweinberg@astro.berkeley.edu

G i j s  N e l e m a n s

Department of Astrophysics, Radboud University Nijmegen, Toernooiveld 1, NL-6525 ED, The Netherlands; nelemans@astro.ru.nl

Draft version February 4, 2008

a b s t r a c t

H e l iu m  th a t  a c c re te s  o n to  a  C a rb o n /O x y g e n  w h ite  d w a r f  i n  th e  d o u b le  w h ite  d w a r f  A M  C a n u m  V e n a tic o ru m  

( A M  C V n )  b in a r ie s  u n d e r g o e s  u n s ta b le  th e r m o n u c le a r  f la s h e s  w h e n  th e  o r b i ta l  p e r io d  is  in  th e  3 .5 -2 5  m in u te  

ra n g e . A t  th e  s h o r te s t  o r b i ta l  p e r io d s  ( a n d  h ig h e s t  a c c r e t io n  ra te s ,  M  > 10- 7 M 0  y r -1 ), th e  f la s h e s  a re  w e a k  a n d  

lik e ly  le a d  to  th e  H e l iu m  e q u iv a le n t  o f  c la s s ic a l  n o v a  o u tb u r s ts .  H o w e v e r , a s  th e  o r b i t  w id e n s  a n d  M  d ro p s , 

th e  m a s s  r e q u ir e d  f o r  th e  u n s ta b le  ig n i t io n  in c re a s e s ,  le a d in g  to  p ro g re s s iv e ly  m o r e  v io le n t  f la s h e s  u p  to  a  f in a l  

f la s h  w i th  H e l iu m  s h e ll  m a s s  «  0 .0 2  -  0 .1 M 0 . T h e  h ig h  p r e s s u r e s  o f  th e s e  la s t  f la s h e s  a l lo w  th e  b u r n in g  to  

p r o d u c e  th e  r a d io a c t iv e  e le m e n ts  4 8 C r, 5 2 F e , a n d  56N i  th a t  p o w e r  a  f a in t  ( M V =  - 1 5  to  - 1 8 )  a n d  r a p id ly  r is in g  

(fe w  d a y s )  th e r m o n u c le a r  s u p e rn o v a . C u r r e n t  g a la c t ic  A M  C V n  s p a c e  d e n s i t ie s  im p ly  o n e  s u c h  e x p lo s io n  

e v e ry  5 ,0 0 0 -1 5 ,0 0 0  y e a r s  i n  1 0 n M 0  o f  o ld  s ta rs  ( «  2  -  6 %  o f  th e  T y p e  I a  ra te  i n E / s O  g a la x ie s ) .  T h e s e  “ .Ia ” 

s u p e rn o v a e  ( o n e - te n th  a s  b r ig h t  f o r  o n e - te n th  th e  t im e  a s  a  T y p e  I a  s u p e rn o v a e )  a r e  e x c e l le n t  ta rg e ts  f o r  d e e p  

(e .g . V  = 2 4 )  s e a rc h e s  w i th  n ig h tly  c a d e n c e s ,  p o te n t ia l ly  y ie ld in g  a n  a l l- s k y  ra te  o f  1 , 0 0 0  p e r  y e a r .

Subject headings: b in a r ie s :  c lo s e — n o v a e , c a ta c ly s m ic  v a r ia b le s — s u p e rn o v a e : g e n e r a l— w h ite  d w a r fs

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

S te l la r  e v o lu t io n  c a n  le a d  to  d o u b le  w h ite  d w a r f  (W D )  b i ­

n a r ie s ,  o f te n  in  o r b i ta l  p e r io d s  ( P ,rb) s h o r t  e n o u g h  th a t  g r a v i ­

t a t io n a l  w a v e  lo s s e s  d r iv e  th e m  in to  c o n ta c t  (W e b b in k  1 9 8 4 ) . 

P r io r  to  m a k in g  c o n ta c t ,  th e s e  b in a r ie s  a r e  s o u rc e s  f o r  s p a c e -  

b a s e d  g r a v i ta t io n a l  w a v e  in te r f e ro m e te r s  (N e le m a n s  e t  al. 

2 0 0 1 ,  2 0 0 4 )  a n d  h a v e  b e e n  f o u n d  in  n u m e ro u s  o p t ic a l  s u r ­

v e y s  ( M a r s h  e t  a l. 1 9 9 5 ; se e  N e le m a n s  e t  a l. 2 0 0 5  f o r  th e  

la te s t  o v e rv ie w ) . F o r  c o m p a r a b le  m a s s  W D s , th e  o u tc o m e  

a t  c o n ta c t  ( w h e n  th e  lo w e r  m a s s  W D  f ills  i ts  R o c h e  lo b e )  is  

l ik e ly  c a ta s t r o p h ic  (W e b b in k  1 9 8 4 ; M a r s h  e t  a l. 2 0 0 4 ) .

F o r  e x t re m e  m a s s  r a t io s  (h e n c e  th e  lo w e r  m a s s  W D  is  p u re  

H e ; M a r s h  e t  a l. 2 0 0 4 ) ,  th e  m a s s  t r a n s f e r  a t  in i t ia l  R o c h e  

lo b e  f i l l in g  is  d y n a m ic a l ly  s ta b le  ( s e e  D e lo y e  &  T a a m  2 0 0 6  

f o r  a  r e c e n t  d is c u s s io n ) .  U n d e r  th e  c o n t in u e d  lo s s  o f  o r b i ta l  

a n g u la r  m o m e n tu m  f r o m  g r a v i ta t io n a l  r a d ia t io n  ( F a u lk n e r  e t  

a l. 1 9 7 2 ; T u tu k o v  &  Y u n g e ls o n  1 9 7 9 ; N e le m a n s  e t  a l. 2 0 0 1 ; 

D e lo y e ,  B i ld s te n  &  N e le m a n s  2 0 0 5 ) ,  th e  b in a ry  s e p a ra te s  to  

P,rb «  6 0  m in u te s  a s  th e  H e l iu m  d o n o r  g e ts  w h i t t l e d  d o w n  to  

<  0 .0 1 M 0  i n  o v e r  1 0 9 y e a r s .  T h is  A M  C a n u m  V e n a tic o ru m  

( A M  C V n )  c la s s  o f  Porb < 6 0  m in u te  b in a r ie s  (W a rn e r  1 9 9 5 ; 

N e le m a n s  2 0 0 5 )  h a s  b e e n  k n o w n  f o r  3 0  y e a r s ,  b u t  r e c e n t  h a r ­

v e s t in g  o f  th e  S lo a n  D ig i ta l  S k y  S u rv e y  (S D S S , R o e lo f s  e t  al. 

2 0 0 5 ; A n d e r s o n  e t  a l. 2 0 0 5 )  a n d  X -ra y  d e te c t io n s  o f  p o s s ib le  

d ir e c t  im p a c t  b in a r ie s  ( C r o p p e r  e t  a l. 1 9 9 8 ; I s r a e l  e t  a l. 2 0 0 2 ; 

R a m s a y  e t  a l. 2 0 0 2 ; M a r s h  &  S te e g h s  2 0 0 2 )  h a v e  g re a t ly  in ­

c r e a s e d  th e  s a m p le . T h e  n u m b e r  o f  A M  C V n  b in a r ie s  fo u n d  

in  S D S S  im p ly  a  s p a c e  d e n s ity  o f  (1  -  3 ) x  10 - 6  p c -3 , in c lu d ­

in g  th o s e  w h ic h  s ta r te d  m a s s  t r a n s f e r  10 G y rs  a g o  ( R o e lo fs  e t  

a l. 2 0 0 7 b )

W e b e g in  in  §2  b y  d is c u s s in g  th e  f a te  o f  th e  H e l iu m  th a t

a c c re te s  o n  th e  W D  a t  r a te s  1 0 - 9  -  10- 6 M 0  y r - 1 . T h e  b u r n ­

in g  is  u n s ta b le  f o r  th e s e  a c c r e t io n  r a te s ,  le a d in g  to  s u c c e s s iv e  

s h e ll  f la s h e s  lik e ly  to  a p p e a r  a s  c la s s ic a l  n o v a e . H o w e v e r , w e  

f in d  th a t  th e  la s t  u n s ta b le  f la s h  a t  lo w  M s  h a s  a  m a s s  in  th e  

0 . 0 2  - 0 . 1 M 0  r a n g e ,  la rg e  e n o u g h  to  b e c o m e  d y n a m ic a l  a n d  

e je c t  r a d io a c tiv e  4 8 C r, 5 2 F e , a n d  5 6 N i. I n  § 3 , w e  sh o w  th a t  

th e  r e s u l t in g  t h e r m o n u c le a r  s u p e rn o v a e  a re  f a in t  (M V «  - 1 6 )  

a n d  r a p id ly  e v o lv in g  “ .Ia ” e v e n ts . W e c lo s e  in  § 4  b y  d e r iv in g  

th e i r  o c c u r re n c e  ra te  in  o ld  s te l la r  p o p u la t io n s  a n d  d is c u s s in g  

th e  p r o s p e c ts  f o r  th e i r  d e te c tio n .

2 . H E L I U M  S H E L L  F L A S H E S  I N  A M  C V N  B IN A R IE S

B e fo r e  d is c u s s in g  th e  H e l iu m  s h e ll  f la s h e s  e x p e c te d  f r o m  

A M  C V n  b in a r ie s ,  i t  is  im p o r ta n t  to  m e n t io n  th e  o r ig in a l  w o rk  

o n  th ic k e r  h e l iu m  s h e ll  f la s h e s  in  th e  c o n te x t  o f  H e l iu m  s ta r  

d o n o r s  (i.e . s ta rs  a c t iv e ly  b u r n in g  h e l iu m  w i th  in i t ia l  m a s s e s  

M d «  0 .4 M 0 ). T h e s e  a re  s tu d ie d  a s  a n o th e r  p o te n t ia l  p r o ­

g e n i to r  f o r  th e r m o n u c le a r  s u p e rn o v a e  v i a  th e  d o u b le  d e to n a ­

t io n  s c e n a r io  ( N o m o to  1 9 8 2 a , 1 9 8 2 b ; W o o s le y  e t  a l. 1 9 8 6 ; 

W o o s le y  &  W e a v e r  1 9 9 4 ) . O n c e  th e  h e l iu m  s ta r  c o m e s  in to  

c o n ta c t  ( I b e n  &  T u tu k o v  1 9 8 7 , 1 9 9 1 ) , th e  m a s s  t r a n s f e r  ra te  

is  s e t  b y  g r a v i ta t io n a l  w a v e  lo s s e s  (S a v o n ije  e t  a l. 1 9 8 6 ; 

E r g m a  &  F e d o r o v a  1 9 9 0 ) , le a d in g  to  th e  M -  M d t r a je c to ry  

( f r o m  Y u n g e ls o n  2 0 0 7 ,  th is  b in a ry  s ta r te d  a t  8 0  m in u te s  a n d  

c a m e  in to  in i t ia l  c o n ta c t  a f te r  s o m e  H e  b u r n in g  h a d  o c c u r re d )  

s h o w n  b y  th e  d o t te d  l in e  i n  F ig u re  1. T h e s e  d o n o r s  a d ju s t  th e i r  

th e rm a l  s ta te  u n t i l  P , rb ~  10 m in u te s  ( w h e re  M d «  0 .2 M 0 ), 

a n d  th e n  e x p a n d  u n d e r  f u r th e r  m a s s  lo ss . M o s t  o f  th e  H e l iu m  

is  a d d e d  to  th e  C /O  W D  a t  a  ra te  o f  2  -  6  x  10- 8M 0  y r - 1 .

T h e  s o l id  l in e s  a re  I b e n  &  T u tu k o v ’s (1 9 8 9 )  e s t im a te d  H e  

ig n i t io n  m a s s  (M lgn) d e p e n d e n c e  o n  M  f o r  d if f e r e n t  C /O  W D

http://arXiv.org/abs/astro-ph/0703578v2
mailto:bildsten@kitp.ucsb.edu
mailto:kenshen@physics.ucsb.edu
mailto:nweinberg@astro.berkeley.edu
mailto:nelemans@astro.ru.nl
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A c c r e t i o n  R a t e  ( M0 / y r )

Fig. 1.— Fully degenerate (semi-degenerate) Helium donor mass in AM 

CVn binaries are shown by the dashed line (long-dashed line from C. De- 

loye, priv. comm.) as a function of M, while the dotted line is for a He 

burning star (Yungelson 2007). The solid lines display Iben & Tutukov’s 

(1989) estimates of Helium ignition masses for pure He accretion on WDs 

with M  = 0.6,0.8,1.0 & 1.2M© as a function of M  The names of the two 

AM CVn binaries with M ’s in this range are shown at their respective M ’s.

m a s s e s . C a lc u la te d  w i th  th e  H e  b u r n in g  s ta r  s c e n a r io  in  m in d , 

th e s e  a re  a c c u ra te  f o r  M  <  1 0 - 7 M 0  y r - 1 , a n d  c o m p a re  w e l l  

to  n u m e r ic a l  w o r k  ( N o m o to  1 9 8 2 a ; F u j im o to  &  S u g im o to  

1 9 8 2 ; L im o n g i  &  T o rn a m b e  1 9 9 1 ; Y o o n  &  L a n g e r  2 0 0 4 ) . 

T h is  i l lu s tr a te s  th a t  th e  la rg e  H e  ig n i t io n  m a s s e s  ( >  0 .2 M 0 ) 

n e e d e d  to  d e to n a te  th e  H e l iu m  a n d  th e  u n d e r ly in g  C /O  a re  

a c h ie v e d  in  th is  s c e n a r io  f o r  0 .6 M 0  W D s . Y o o n  &  L a n g e r  

(2 0 0 4 )  f o u n d  m u c h  lo w e r  M ign’s a t  th e s e  M ’s w h e n  th e y  in ­

c lu d e d  la rg e  a m o u n ts  o f  r o ta t io n a l  d is s ip a t io n  a t  th e  d e p th  o f  

H e l iu m  b u rn in g .  H o w e v e r , th e  w o rk  o f  P iro  &  B i ld s te n  (2 0 0 4 )  

s h o w e d  th a t  th e  a c c r e te d  m a te r ia l  c o m e s  in to  c o - r o ta t io n  w i th  

th e  s ta r  a t  m u c h  lo w e r  d e p th s ,  so  th a t  th e re  i s  n o  ro ta t io n a l  

im p a c t  o n  H e l iu m  ig n it io n .

O u r  f o c u s  h e r e  is  th e  H e l iu m  ig n i t io n  e x p e c te d  in  th e  A M  

C V n  b in a r ie s  th a t  c o n ta in  a  n o n - b u rn in g  h e l iu m  d o n o r  a n d  a  

te m p o r a l ly  d e c l in in g  M  T h e  s h o r t- d a s h e d  l in e  in  F ig u re  1 

s h o w s  th e  M -  M d r e la t io n  ( d e c re a s in g  w i th  t im e  a s  th e  o r ­

b i t  w id e n s )  f o r  a  f u l ly  d e g e n e ra te  H e  d o n o r . W e b e g in  th e  

p lo t  f o r  M  < 2  x  1 0 - 6 M 0  y r - 1 , a s  th e  H e l iu m  b u r n s  s ta b ly  

a t  h ig h e r  M s (e .g . f o r  a  >  0 .2  -  0 .2 7 M 0  H e  W D  d o n o r  a t  

P orb ~  2 . 5 - 3 . 5  m in ;  T u tu k o v  &  Y u n g e ls o n  1 9 9 6 ) , p o te n t ia l ly  

a p p e a r in g  a s  a  s u p e r s o f t  s o u rc e  (v a n  T e e s e l in g  e t  a l. 1 9 9 7 ). 

H o w e v e r , a s  M  d e c re a s e s ,  th e  H e l iu m  b u r n s  u n s ta b ly  v i a  r e ­

c u r r e n t  f la sh e s . F o r  a n  a c c r e t in g  W D  w i th  M  =  0 .6 M 0 , th e re  

w i l l  b e  «  10 r e c u r r e n t  w e a k  H e  f la s h e s  a s  th e  d o n o r  m a s s  

d r o p s  f r o m  0 .2  to  0 .1 M 0 . D e lo y e  e t  a l. (2 0 0 5 )  a n d  D e lo y e  

&  T a a m  (2 0 0 6 )  s h o w e d  th a t  a  m o re  re a l is t ic  e x p e c ta t io n  is  

t h a t  th e  H e  d o n o r s  h a v e  f in ite  e n t ro p y  ( se e  a ls o  R o e lo f s  e t  al. 

2 0 0 7 a ) ,  w h ic h  in c re a s e s  (long-dashed line) th e  M  f o r  a  f ix e d  

M d, n e a r ly  to  th e  d o t te d  l in e  c a se , w h ic h  is  th e  h e l iu m  b u r n in g  

s ta r  d o n o r  a f te r  a d ia b a t ic  e x p a n s io n  q u e n c h e s  th e  b u rn in g .

I n  a l l  th e s e  c a s e s  th e  “ la s t  f la s h ” w i l l  h a v e  th e  la rg e s t  M lgn. 

F o r  s im p lic ity ,  w e  u s e  th e  in te r s e c t io n  o f  M ign w i th  th e  d e ­

g e n e r a te  d o n o r  m a s s  in  F ig u re  1 to  f in d  th e  f id u c ia l  la s t  

f la s h  m a s s e s  M ign =  0 .1 1 ,  0 .0 9 ,  0 .0 6 ,  0 .0 4  &  0 .0 2 M 0  f o r  

M  =  0 . 6 ,0 . 8 ,1 . 0 ,1 . 2  &  1 .3 6 M 0  W D s , s h o w n  a s  th e  s h o r t-  

d a s h e d  l in e  in  F ig u re  2 . G iv e n  th e  u n c e r ta in t ie s  i n  b in a ry

Moore [ M J

Fig . 2 .— Minimum Mign needed to achieve tnuc = tdyn and tnuc = 10tdyn, as 

a function of the core mass (thick solid lines). An isothermal core of 3 x 107 

K is assumed (Bildsten et al. 2006). The dashed line shows the “last flash” 

Mign, with an uncertainty of 50% above and a factor o f two below (hatched 

region).

e v o lu tio n ,  w e  a l lo w  f o r  la rg e r  f la s h  m a s s e s  o f  5 0 %  ( th e  in ­

c r e a s e  i f  w e  f in d  in te r s e c t io n s  w i th  th e  d o t te d  l in e  in  F ig u re  

1 ) a n d  lo w e r  f la s h  m a s s e s  o f  a  f a c to r  o f  tw o  ( to  a c c o m o d a te  

th e  p h a s e  o f  th e  la s t  f la s h  a n d  th e  p o s s ib i l i ty  th a t  M ign m a y  b e  

lo w e r  th a n  g iv e n  b y  I b e n  &  T u tu k o v  (1 9 8 9 ) ) ,  r e s u l t in g  in  th e  

h a tc h e d  r e g io n  o f  F ig u re  2 .

O n c e  ig n ite d ,  th e  f la s h  p r o c e e d s  b y  d e v e lo p in g  a  c o n v e c ­

t iv e  z o n e  th a t  m o v e s  o u tw a r d  a s  th e  b a s e  te m p e r a tu re  r is e s  

d u e  to  th e  e n e rg y  g e n e r a t io n  ra te  f r o m  th e  t r i p l e - a  r e a c ­

t io n ,  enuc ( N o m o to  1 9 8 2 a ) . T h e  th e rm o n u c le a r  r u n a w a y  c a n  

le a d  to  a  d y n a m ic a l  b u r n in g  e v e n t  a n d  p o te n t ia l  d e to n a t io n  

(T a a m  1 9 8 0 a , 1 9 8 0 b ; N o m o to  1 9 8 2 b )  i f  th e  th e rm o n u c le a r  

t im e s c a le ,  tnuc =  cPT / e nuc, b e c o m e s  a s  s h o r t  a s  th e  lo c a l  d y ­

n a m ic a l  t im e ,  /dyn =  H /c s, w h e r e  H  =  P /p g  is  th e  p r e s s u r e  

sc a le  h e ig h t  a n d  cs is  th e  s o u n d  sp e e d .

I n  o r d e r  to  c a lc u la te  th e s e  t im e s c a le s ,  w e  in te g ra te  h y ­

d ro s ta t ic  e q u i l ib r iu m  f o r  a n  is o th e r m a l  C /O  c o r e  ( in c lu d in g  

C o u lo m b  c o r r e c t io n s  to  th e  io n  p re s s u re )  a n d  a  f u l ly  c o n ­

v e c tiv e  p u re  H e  e n v e lo p e . B e c a u s e  M ign c a n  b e  a  s ig n if ic a n t  

f r a c t io n  o f  th e  c o re  m a s s , th e  d e c r e a s in g  p r e s s u r e  d u r in g  th e  

c o n v e c t iv e  e v o lu t io n  a l lo w s  f o r  h y d r o s ta t ic  e x p a n s io n  o f  th e  

c o re ,  so  w e  m u s t  c a lc u la te  th e  s tru c tu re  o f  th e  c o re  a n d  e n ­

v e lo p e  c o n s is te n tly . ( O u r  c a lc u la t io n  th u s  d if fe r s  f r o m  th a t  o f  

F u j im o to  &  S u g im o to  (1 9 8 2 ) ,  w h o  a s s u m e d  th a t  th e  c o re  d id  

n o t  a d ju s t  d u r in g  th e  f la s h .)  F o r  a  g iv e n  c o re  m a s s  a n d  M gn, 

th e  r a d ia l  e x p a n s io n  o f  th e  b u r n in g  e n v e lo p e  le a d s  to  a  m a x ­

im u m  te m p e r a tu re  th a t  s e ts  th e  m in im u m  v a lu e  o f  inuc/id yn. 

T h is  m in im u m  v a lu e  d e c re a s e s  a s  M gn is  in c re a s e d .  T h u s ,  f o r  

e a c h  c o r e  m a s s ,  th e re  is  a  m in im u m  M ign f o r  a  fu l ly  c o n v e c ­

t iv e , h y d r o s ta t ic  e n v e lo p e  th a t  c a n  b e c o m e  d y n a m ic a l  d u r in g  

i ts  e x p a n s io n .

T h e  th ic k  s o l id  l in e s  in  F ig u re  2  sh o w  th e  m in im u m  M ign’s 

th a t  a c h ie v e  tnuc =  idyn a n d  tnuc =  1 0 tdyn ( to  a l lo w  f o r  th e  p o s ­

s ib i lity  o f  in i t ia t io n s  in  tu r b u le n t  f lu c tu a tio n s ;  c .f . W u n s c h  

&  W o o s le y  2 0 0 4 ) . A ls o  s h o w n  is  th e  e s t im a te d  r a n g e  o f  

th e  “ la s t  f la s h ” M gn (hatched region). F o r  a  C /O  W D  w ith  

M  >  0 .7  -  0 .9 M 0 , th e  la s t  f la s h  is  l ik e ly  to  b e  d y n a m ic a l .  F o r  

lo w e r  m a s s  W D s , w h e th e r  o r  n o t  th e  l a s t  f la s h  is  d y n a m ic a l  

w i l l  d e p e n d  o n  th e  b in a r y  e v o lu t io n  a n d  a c c u ra te  c a lc u la t io n s
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o f  M gn- H o w e v e r , s ta b le  m a s s  t r a n s f e r  a t  R o c h e  lo b e  c o n ­

t a c t  fa v o r s  e x t re m e  m a s s  ra t io s ,  p o te n t ia l ly  le a d in g  to  m o re  

m a s s iv e  W D s  in  A M  C V n ’s ( M a r s h  e t  a l. 2 0 0 4 ) ,  a s  re c e n tly  

in f e r r e d  (e .g . R o e lo f s  e t  a l. 2 0 0 7 a ) .

T h e s e  H e l iu m  f la s h e s  h a v e  ig n i t io n  p r e s s u r e s  lo w e r  

(P  «  1 0 22  -  1 0 2 3 e r g c m -3 ) th a n  p r e v io u s ly  s tu d ie d  in  d e ta il .  

H a s h im o to  e t  a l. (1 9 8 3 )  s h o w e d  th a t  c o n s ta n t  p r e s s u r e  b u r n ­

in g  a t  th e s e  P s  c a n  p r o d u c e  th e  r a d io a c t iv e  e le m e n ts  4 4 T i, 

4 8 C r, 5 2 F e , a n d  5 6N i. W e r a n  a  f e w  d e to n a t io n  c a lc u la t io n s  

u s in g  a  o n e - d im e n s io n a l ,  e x p l ic i t ,  L a g r a n g ia n ,  f in ite  d if fe r ­

e n c e  s c h e m e  in  w h ic h  th e  h y d r o d y n a m ic s  a re  c o u p le d  to  a  

13 is o to p e  a - c h a i n  r e a c t io n  n e tw o rk . T h e  n e tw o r k  in c lu d e s  

a - c h a in ,  h e a v y - io n ,  a n d  ( a ,  p ) ( p , 7 ) r e a c tio n s . S ta r t in g  f r o m  

th e  f u l ly  c o n v e c t iv e  p ro f i le  a t  th e  m o m e n t  tnuc =  /dyn, w e  p e r ­

tu r b  th e  te m p e r a tu re  a t  th e  b a s e  o f  th e  e n v e lo p e  b y  1% . A  

s te a d y  d e to n a t io n  fo rm s  o n  a  d y n a m ic a l  t im e  a n d  p r o p a g a te s  

o u tw a rd ,  s te e p e n in g  a s  i t  m o v e s  d o w n  th e  d e n s i ty  g ra d ie n t .  A  

w e a k  s h o c k  (o v e r -p re s s u re  ~  2 ) p r o p a g a te s  d o w n w a r d  in to  

th e  C /O  W D  b u t  d o e s  n o t  ig n ite  th e  C a rb o n  a t  th e  e n v e ­

lo p e /c o r e  in te r fa c e . I n  g e n e ra l ,  w e  f in d  p r o d u c ts  o f  H e  e n ­

v e lo p e  b u r n in g  s im ila r  to  th o s e  f o u n d  b y  H a s h im o to  e t  al. 

( 1 9 8 3 ) . F o r  e x a m p le ,  f o r  a  1 M 0  C /O  W d  w i th  a  0 .0 6 M 0  

H e l iu m  e n v e lo p e , a t  th e  t im e  th e  s h o c k  r e a c h e s  th e  W D  s u r ­

f a c e , 56N i  is  th e  m o s t  a b u n d a n t  a s h  ( «  0 .0 1 2 M 0 ), f o l lo w e d  b y  

52F e  (0 .0 0 7 6 M 0 ), 48C r  (0 .0 0 7 1 M 0 ), 44T i (0 .0 0 5 3 M 0 ), a n d  

u n b u r n e d  h e l iu m  (0 .0 2 6 M 0 ). F u r th e r  b u r n in g  w i l l  o c c u r  as  

th e  m a t te r  c o o ls ,  b u t  w e  h a v e  y e t  to  c a lc u la te  i t  fu lly .

W e d o  n o t  fo l lo w  th e  s h o c k  d e e p e r  in to  th e  c o r e  o f  th e  W D , 

so  th e  p o s s ib i l i ty  r e m a in s  f o r  in w a rd ly  p r o p a g a t in g  s h o c k s  to  

d e to n a te  th e  C a rb o n  a t  o r  n e a r  W D  c o re  (L iv n e  1 9 9 0 ; L iv n e  

&  G la s n e r  1 9 9 1 ; W o o s le y  &  W e a v e r  1 9 9 4 ; L iv n e  &  A rn e t t  

1 9 9 5 ; G a r c ia - S e n z  e t  a l. 1 9 9 9 ) . H o w e v e r ,  o u r  r a n g e  o f  

la s t  f la s h  M g n ’s is  lo w e r  th a n  e v e ry  m o d e l  th a t  a c h ie v e d  a  

d o u b le  d e to n a t io n  i n  th e  s u rv e y e d  l i te r a tu re  ( N o m o to  1 9 8 2 b ; 

W o o s le y  e t  a l. 1 9 8 6 ; L iv n e  1 9 9 0 ; L iv n e  &  G la s n e r  1 9 9 0 , 

1 9 9 1 ; W o o s le y  &  W e a v e r  1 9 9 4 ) , sa v e  f o r  o n e  d a ta  p o in t  in  

N o m o to  (1 9 8 2 a ) ,  w h ic h  is  a t  th e  u p p e r  b o u n d  o f  o u r  r a n g e  o f  

la s t  f la s h  M g n ’s. N o te  th a t  L iv n e  &  A rn e t t  (1 9 9 5 )  a c h ie v e d  

d o u b le  d e to n a t io n s  in s id e  o u r  r a n g e  o f  la s t  f la s h  M g n ’s, b u t  

th e y  a r t i f ic ia l ly  in d u c e d  H e  d e to n a t io n s  in  m o d e ls  th a t  s h o u ld  

n o t  h a v e  b e c o m e  d y n a m ic a l .  T h u s ,  i t  is  l ik e ly  th a t  th e  la s t  

f la s h  ig n i t io n s  w i l l  n o t  d e to n a te  th e  u n d e r ly in g  W D , b u t  th is  

is s u e  n e e d s  f u r th e r  e x a m in a tio n .

3. R A D IO A C T IV E  O U T C O M E S  A N D  F A IN T  

S U P E R N O V A E

G iv e n  th e  d iv e rs i ty  o f  o u tc o m e s ,  w e  o n ly  p r e s e n t  p r e l im ­

in a ry  c a lc u la t io n s  o f  th e  p e a k  lu m in o s i ty  a n d  t im e  to  p e a k  

l ig h t ,  Tm, w h e n  M e =  0 .0 2  -  0 . 1M 0  o f  r a d io a c t iv e  56N i  (d e c a y  

t im e  t  =  8 .7 7  d ) , 52F e  ( t  =  0 .5  d )  o r 48C r  ( t  =  1 .3  d )  is  e je c te d  

f r o m  th e  W D  s u r fa c e  a t  th e  v e lo c i ty  v «  1 5 ,0 0 0  k m  s -1  c o n ­

s is te n t  w i th  th e  n u c le a r  e n e rg y  r e le a s e  (m in u s  th e  b in d in g  e n ­

e rg y  a s  i t  le a v e s  b e h in d  th e  C /O  W D ). T h e  t im e  o f  p e a k  lu ­

m in o s ity , Tm, is  w h e n  th e  a g e  s in c e  e x p lo s io n  m a tc h e s  th e  d i f ­

f u s io n  t im e  th r o u g h  th e  e n v e lo p e  ( fo r  a n  o p a c i ty  k ) ,  y ie ld in g  

Tm =  KMe/ l c v  o r

i 2 .5 d  f
0 . 1  c m 2 g -1 0 .0 5 M m

1 0 9 c m  s

( 1 )

w h e r e  th e  f a c to r  7  is  f o u n d  b y  b o th  A rn e t t  (1 9 8 2 )  a n d  P in to  

&  E a s tm a n  (2 0 0 0 ) . I n  T y p e  I a  s u p e rn o v a e ,  th e  t im e  to  p e a k  

is  1 7 -2 0  d a y s  (C o n le y  e t  a l. 2 0 0 6 ; G a rg  e t  a l. 2 0 0 7 ) ,  w h e r e a s  

th e  lo w e r  e n v e lo p e  m a s s e s  in  th e s e  e x p lo s io n s  g iv e  rm ~  d a y s .

T im e  t o  P e a k  L ig h t  ( d a y s )

Fig. 3 .— The peak magnitudes versus time to peak light of faint AM 

CVn supernovae powered by 48Cr/56Ni (solid) or 52Fe (dotted) for (left to 

right) k = 0.1,0.2, and 0.4 cm2 g-1. Each line shows the range of ejected 

masses from Me = 0 .0 2 -0.1M q with velocities v = 12,000-17,000 km s-1 

(set by the underlying WD mass). The crosses show the 0.06Mq explosion 

for the same three values o f k and for v & 15,700 km s-1 (brighter set) and 

v = 5,200 km s-1 (dimmer set). The long-dashed line denotes the region 

occupied by Type Ia supernovae, including sub-luminous 1991bg-like events.

T h o u g h  th e  r a p id  r is e  o f  th e s e  e v e n ts  p r e s e n ts  a n  o b s e rv a ­

t io n a l  c h a l le n g e ,  o u r  e x p e c ta t io n  is  th a t  th e y  a re  v e r y  b r ig h t .  

T h is  is  b e c a u s e  f r o m  A r n e t t ’s (1 9 8 2 )  “ r u le ” w e  k n o w  th a t  

th e  p e a k  lu m in o s i ty  m a tc h e s  th a t  p r o d u c e d  in s ta n ta n e o u s ly  

b y  r a d io a c tiv e  h e a tin g . H e n c e  th e  s h o r te r  Tm a l lo w s  u s  to  

se e  th e  p o w e r  f r o m  th e  s h o r t- l iv e d  ra d io a c t iv i t ie s ,  y ie ld in g  

p e a k  b o lo m e tr ic  lu m in o s i t ie s  o f  1 - 5  x  1 0 42  e r g s - 1 , s o m e ­

w h a t  lo w e r  th a n  T y p e  I a  s u p e rn o v a e  (C o n ta rd o  e t  a l. 2 0 0 0 ) . 

T h e s e  e v e n ts  c o m e  c lo s e  to  m a tc h in g  th e  p e a k  b r ig h tn e s s e s  

o f  s u b - lu m in o u s  T y p e  I a  s u p e rn o v a e  l ik e  1 9 9 1 b g , th o u g h  th e  

o b s e rv e d  lo n g  d e c a y  t im e  r e q u ir e s  a n  e je c te d  m a s s  >  0 .1 M 0  

( S tr i tz in g e r  e t  a l. 2 0 0 6 ) .

T h e  r a d io a c tiv e  h e a t in g  f r o m  th e  56N i  d e c a y  c h a in  is  w e l l  

k n o w n , b u t  th e  r a d io a c t iv e  h e a t in g  f r o m  52F e  a n d  48C r  n e e d s  

a m p lif ic a t io n . T h e  52F e  d e c a y s  ( v ia  p o s i t r o n  e m is s io n  5 5 %  

o f  th e  t im e )  w i th  a  h a l f - l i f e  o f  8 .2 7 5  h o u r s  to  th e  1+ s ta te  o f  

5 2 M n , f o l lo w e d  b y  a  1 6 8 .7  k e V  7 - r a y  d e c a y  to  th e  m e ta s ta b le  

2+  s ta te  5 2mM n , g iv in g  a n  a v e ra g e  h e a t in g  o f  0 .8 6  M e V  T h e  

52mM n  is o to p e  h a s  a  2 1 . 1  m in u te  h a l f - l i f e  a n d  d e c a y s  v i a  

p o s i t r o n  e m is s io n  to  th e  2+ s ta te  o f 52 C r, r e le a s in g  3 .4 1 5  M eV . 

T h e  48C r  is o to p e  h a s  a  2 1 .5 6  h o u r  h a l f - l i f e  w i th  n e a r ly  100  

%  e l e c t ro n  c a p tu r e s  to  th e  1 + e x c i te d  s ta te  o f  4 8 V, f o l lo w e d  

b y  a  c a s c a d e  th a t  e m its  a n  e n e rg y  o f  0 .4 2  M e V  T h e  48V  h a s  

a  1 5 .9 7 3  d a y  h a lf - l if e ,  a n d  a n  e f fe c tiv e  e n e rg y  d e p o s i t io n  o f  

2 .8 7 4  M e V

I n  o r d e r  to  e s t im a te  th e  a p p e a r a n c e  o f  th e s e  e v e n ts ,  w e  c a l ­

c u la te d  Tm f r o m  e q u a t io n  (1 )  w i th  k ’s m o tiv a te d  b y  T y p e  I a  

S N e  (P in to  &  E a s tm a n  2 0 0 0 ; M a z z a l i  &  P o d s ia d lo w s k i  2 0 0 6 )  

f o r  th e  ra n g e  o f  M e =  M lgn o f  th e  d a s h e d  l in e  in  F ig u re  2 . F o r  

th e  v e lo c i t ie s ,  w e  a s s u m e d  th a t  th e  m a t te r  le a v e s  th e  W D  w ith  

a  k in e t ic  e n e rg y  e q u a l  to  th a t  a v a ila b le  o n c e  th e  n u c le a r  e n ­

e rg y  r e le a s e  u n b in d s  th e  m a te r ia l .  I n  o r d e r  to  c a lc u la te  th e  

a b s o lu te  V  m a g n i tu d e ,  M V, s h o w n  in  F ig u re  3 , w e  a s s u m e d  

th e  r a d io a c tiv e  h e a t in g  lu m in o s i ty  a t  t  =  Tm f o r  e je c te d  e n ­

v e lo p e s  o f  p u r e  56N i  (solid  curve), 52F e  (dotted  curve), o r  48  C r  

(solid  curve). B y  c o in c id e n c e ,  th e  r a d io a c tiv e  h e a t in g  c u rv e s  

o f  56N i  a n d  48C r  a re  s im ila r  a t  2 -1 0  d a y s . F o r  th e  b r ig h te s t
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e v e n ts  (48C r  a n d  5 6 N i) , Te ff«  1 0 , 0 0 0 - 2 0 , 0 0 0  K  a t  m a x im u m  

l ig h t  (w e  a s s u m e d  s te l la r  c o lo rs  to  m a k e  o u r  b o lo m e tr ic  c o r ­

r e c t io n s ) ,  th e  e je c te d  e n v e lo p e  is  a lw a y s  r a d ia t io n  d o m in a te d ,  

a n d  th e  la rg e s t  M g n ’s a re  th e  b r ig h te s t .  T h e  r a p id  d e c a y  o f  

52F e  m e a n s  th a t  th e  la rg e s t  M g n ’s a re  th e  f a in te s t  ( a n d  h a v e  

Teff <  3 , 0 0 0 K )  s in c e  Tm e x c e e d s  th e  52F e  h a lf - l ife .  T h e  lo w  

M gn 52F e  e v e n ts  a r e  b r ig h te r  a n d  h a v e  Teff «  1 0 ,0 0 0  K .

C le a r ly  w o rk  r e m a in s ,  in c lu d in g  c o m p le te  ig n i t io n  a n d  d e t ­

o n a t io n  c a lc u la t io n s  w i th  f u l l  n u c le o s y n th e t ic  o u tc o m e s  a n d  

r e s u l t in g  v e lo c i ty  p ro f ile s .  I n  o r d e r  to  sh o w  w h a t  m ig h t  b e  

p o s s ib le ,  th e  c ro s s e s  d e ta i l  th e  a p p e a r a n c e  o f  th e  0 .0 6 M 0  e x ­

p lo s io n  r e p o r te d  in  § 2  f o r  th e  sa m e  th r e e  v a lu e s  o f  k ,  a n d  tw o  

v a lu e s  o f  v. T h e  lo w e r  v a lu e  o f  v  w a s  c o n s id e r e d  j u s t  i n  c a s e  

s o m e  o f  th e  n u c le a r  e n e rg y  in  th e  h e l iu m  d e to n a t io n  is  lo s t  to  

s h o c k in g  th e  u n d e r ly in g  C /O  W D . C le a r ly , e v e n  i n  th a t  c a s e , 

th e s e  r e m a in  b r ig h t  e v e n ts  w o r th y  o f  o b s e rv a t io n a l  in te re s t .

4. D IS C U S S I O N  A N D  O B S E R V A T IO N A L  

C O N S E Q U E N C E S

O u r  c o n s id e r a t io n  o f  th e  m a x im u m  H e l iu m  ig n i t io n  m a s s e s  

n a tu ra l ly  a t ta in e d  in  A M  C V n  b in a r ie s  le d  u s  to  d e to n a t io n s  

th a t  p r im a r i ly  p r o d u c e  4 8 C r, 5 2 F e , a n d  5 6 N i. T h e s e  r a p id ly  

d e c a y in g  r a d io a c tiv e  e le m e n ts ,  c o m b in e d  w i th  th e  lo w  e je c te d  

m a s s e s , c a u s e  r a p id ly  r is in g  (2 -1 0  d a y )  e v e n ts  w i th  M V «  - 1 6 .  

D e te c t io n  o f  s u c h  e v e n ts  w o u ld  r e v e a l  th e  p r e s e n c e  o f  A M  

C V n  b in a r ie s  in  d is ta n t  g a la x ie s ;  a l l  th a t  r e m a in s  is  f o r  u s  to  

e s t im a te  th e i r  r a te .

T h e  m e a s u r e d  lo c a l  g a la c t ic  d e n s ity  o f  A M  C V n ’s 

( R o e lo fs  e t  a l. 2 0 0 7 b )  y ie ld s  a  m a s s  s p e c if ic  A M  

C V n  b ir th r a te  in  a n  o ld  s te l la r  p o p u la t io n  o f  (0 .7  -  2 )  «  

10 - 1 5  A M  C V n  y r - 1  L 0jK _1. I f  e v e ry  A M  C V n  g iv e s  a  v is ib ly

e x p lo s iv e  la s t  f la sh , th is  w o u ld  g iv e  1 e v e n t  e v e ry  5 0 0 0 -1 5 0 0 0  

y e a r s  in  a  1 0 n M 0  E /S 0  g a la x y , 2  -  6 %  o f  th e  T y p e  I a  S N  ra te  

in  E /S O  g a la x ie s  ( M a n n u c c i  e t  a l. 2 0 0 5 ; S c a n n a p ie c o  &  B ild -  

s te n  2 0 0 5 ; S u ll iv a n  e t  a l. 2 0 0 6 ) . S in c e  th e  t im e  e la p s e d  f r o m  

r e a c h in g  c o n ta c t  to  th e  la s t  f la s h  is  <  1 0 8 y e a r s ,  th e  o c c u r ­

r e n c e  r a te  o f  th e s e  f a in t  s u p e rn o v a e  in  a n  a c tiv e ly  s ta r  f o r m ­

i n g  g a la x y  d e p e n d s  o n  th e  ra te  a t  w h ic h  d o u b le  W D s  c o m e  

in to  c o n ta c t  (N e le m a n s  e t  a l. 2 0 0 4 ) . A d d it io n a lly ,  i f  e v e ry  

A M  C V n  g iv e s  2 0  w e a k  H e l iu m  n o v a e , th e n  1 in  5 0 0 0 -1 5 0 0 0  

c la s s ic a l  n o v a e  w o u ld  b e  a  H e l iu m - r ic h  e v e n t.

F o r  n o w , w e  u s e  th e  lo c a l  K -b a n d  lu m in o s i ty  d e n s ity  

(K o c h a n e k  e t  a l. 2 0 0 1 )  to  e s t im a te  th e  v o lu m e  ra te  o f  

. l a ’s f r o m  th e  o ld  s te l la r  p o p u la t io n  to  b e  (0 .4  -  1) x  

1 0 - 6 . I a y r - 1  M p c - 3 , 1 . 6  -  4 %  o f  th e  lo c a l  T y p e  I a  S N r a te .  U p ­

c o m in g  o p t ic a l  t r a n s ie n t  s u rv e y s  (e .g . P a n -S T A R R S -1 , P a n -  

S T A R R S -4 , L a rg e  S y n o p tic  S u rv e y  T e le s c o p e )  w i th  r a p id  c a ­

d e n c e s  s h o u ld  f in d  th e s e  e v e n ts . O b s e rv a t io n s  w i th  d a i ly  c a ­

d e n c e s  to  a  d e p th  o f  V  =  2 4  w o u ld  h a v e  a n  a l l- s k y  ra te  o f  u p  

to  1 0 3 y r - 1  ( ty p ic a l  d is ta n c e  w o u ld  b e  «  G p c ) . S in c e  th e s e  

. l a ’s e v o lv e  q u ite  r a p id ly , f r e q u e n t  fo l lo w u p s ,  s u c h  a s  th o s e  

p ro v id e d  b y  th e  L a s  C u m b re s  O b s e rv a to ry  G lo b a l  T e le s c o p e  

(w w w .lc o g t .n e t ) w i l l  p ro v e  a  v a lu a b le  r e s o u r c e  f o r  th is  e n ­

d ea v o r . T h e i r  r a p id  e v o lu t io n  to  s m a ll  o p t ic a l  d e p th s  m a y  a ls o  

a l lo w  f o r  s t r o n g  7 - ra y  l in e  e m is s io n .

W e th a n k  D . K a s e n  a n d  S. K u lk a r n i  f o r  d is c u s s io n s ,  J. S te -  

in f a d t  f o r  r a te  c a lc u la t io n s ,  C . S tu b b s  f o r  n a m in g  th e s e  e v e n ts  

. l a ’s, a n d  F. T im m e s  f o r  p r o v id in g  th e  r e a c t io n  n e tw o rk . T h is  

w o rk  w a s  s u p p o r te d  b y  th e  N S F  u n d e r  g r a n ts  P H Y 0 5 - 5 1 1 6 4  

a n d  A S T 0 2 -0 5 9 5 6 . G N  is  s u p p o r te d  b y  N W O  V e n i g r a n t  

6 3 9 .0 4 1 .4 0 5 .
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