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ABSTRACT. A n o n - n e g l i g i b l e ( ~ 15-20%) f r a c t i o n o f p l a n e t a r y nebu-
l a e i s expected to be formed i n c l o s e b i n a r i e s i n which one compo-
nent f i l l s i t s Roche l o b e a f t e r the e x h a u s t i o n o f hydrogen or 
he l ium a t i t s c e n t e r . The n e b u l a i s e j e c t e d as a consequence of 
a f r i c t i o n a l i n t e r a c t i o n between the s t e l l a r cores and a common 
enve lope ; the i o n i z i n g component of the c e n t r a l b i n a r y s t a r may be 
a r e l a t i v e l y h i g h luminos i ty c o n t r a c t i n g s t a r w i t h a degenera te CO 
c o r e , b u r n i n g hydrogen or he l ium i n a s h e l l , or i t may be a lower 
l u m i n o s i t y s h e l l h y d r o g e n - b u r n i n g s t a r w i t h a degenera te he l ium 
core or a core h e l i u m - b u r n i n g s t a r . Even more e x o t i c i o n i z i n g 
c e n t r a l s t a r s a r e p o s s i b l e . Once the i n i t i a l pr imary has become 
a w h i t e dwarf or neutron s t a r , the secondary , a f t e r exhaus t ing 
c e n t r a l hydrogen , w i l l a l s o f i l l i t s Roche l o b e and e j e c t a nebu-
l a r s h e l l i n a common envelope event . The secondary becomes the 
i o n i z i n g s t a r i n a t i g h t o r b i t w i t h i t s compact companion. In 
a l l , there a r e r o u g h l y twenty d i f f e r e n t p o s s i b i l i t i e s f o r the 
make-up of b i n a r y c e n t r a l s t a r s , w i t h the i o n i z i n g component b e i n g 
a p o s t asymptot ic g i a n t branch s t a r w i t h a hydrogen- o r he l ium-
b u r n i n g s h e l l , a CO dwarf , a core h e l i u m - b u r n i n g s t a r , a s h e l l 
h e l i u m - b u r n i n g s t a r w i t h a degenerate CO c o r e , a s h e l l hydrogen-
b u r n i n g s t a r w i t h a degenerate he l ium c o r e , or a he l ium degenerate 
dwarf , w h i l e i t s companion i s a main sequence s t a r , a CO degener-
a t e dwarf , a he l ium s t a r , a he l ium degenera te dwarf , or a neutron 
s t a r . We es t imate the occurrence frequency o f s e v e r a l o f these 
types and comment on the p r i o r e v o l u t i o n a r y h i s t o r y o f 4 observed 
b i n a r y c e n t r a l s t a r s . 
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1. INTRODUCTION 

I t i s commonly assumed that most p l a n e t a r y nebu lae ( P N e ) o r i g i n a t e 
from s i n g l e s t a r s which e j e c t a s h e l l o f matter a f t e r they have 
exhausted he l ium i n t h e i r cores and have become asymptot ic g i a n t 
branch (AGB) s t a r s . The na ture o f the e j e c t i o n mechanism has ye t 
to be s a t i s f a c t o r i l y i d e n t i f i e d , b u t i t may i n v o l v e a s e c u l a r 
i n s t a b i l i t y i n the envelope i t s e l f (Wood 1974; Tuchman, Sack, and 
B a r k a t 1979) a n d / o r the development of a wind d r i v e n by p u l s a -
t i o n a l energy and by r a d i a t i o n p r e s s u r e on g r a i n s (Wood 1981, 
W i l l s o n 1986, Dra ine 1981, Fadeev 1986) . A low mass r e p r e s e n t a -
t i v e reaches the t h e r m a l l y p u l s i n g ( T P ) AGB phase and deve lops a 
c h e m i c a l l y e v o l v e d s u r f a c e composi t ion and may pass through a Mira 
phase b e f o r e e j e c t i n g most o f i t s h y d r o g e n - r i c h e n v e l o p e . I n the 
case o f more massive p r o g e n i t o r s , the e j e c t i o n event may be e v i -
dent i n the OH/IR phenomenon. Much o f t h i s e v o l u t i o n i s d e s c r i b e d 
i n Kwok and Pot tasch ( 1 9 8 7 ) . 

The convent iona l p i c t u r e i s , o f c o u r s e , an o v e r s i m p l i f i c a -
t i o n . I n a s i g n i f i c a n t f r a c t i o n o f a l l c a s e s , membership i n a 
b i n a r y may p l a y an important i f not c r u c i a l r o l e e i t h e r i n e j e c t -
ing matter or i n i n f l u e n c i n g the morphology and chemistry o f the 
extended n e b u l a , or b o t h . Theory sugges t s t h a t many c l o s e 
b i n a r i e s ( i n i t i a l o r b i t a l s e p a r a t i o n l e s s than - 1500R ) should 
e x p e r i e n c e one o r more common enve lope events d u r i n g which they 
e j e c t from the system most o f the mass o f one o f the s t a r s , which 
t h e r e a f t e r e v o l v e s e i t h e r d i r e c t l y i n t o a luminous, hot 
(>100,000K) s h e l l n u c l e a r b u r n i n g s t a r (which can cause the 
e j e c t e d m a t e r i a l to f l u o r e s c e ) and then i n t o a w h i t e dwarf , or 
f i r s t i n t o a l e s s luminous and c o o l e r he l ium s t a r (which a l s o can, 
i f hot enough, cause n e b u l a r f l u o r e s c e n c e ) . 

The c h a r a c t e r i s t i c s o f the e x c i t i n g c e n t r a l s t a r and o f i t s 
companion can c o n s p i r e a g a i n s t the s e r e n d i p i t o u s d e t e c t i o n of 
d u p l i c i t y . The c e n t r a l s t a r i s , as a r u l e , ex tremely b r i g h t and 
l i n e s i n i t s spectrum a r e r a t h e r b r o a d , making i t d i f f i c u l t w i t h 
c o n v e n t i o n a l techniques to d e t e c t a r e l a t i v e l y dim main sequence 
or degenera te dwarf companion. Only the s h o r t e s t p e r i o d systems 
w i t h a f a v o r a b l e o r i e n t a t i o n o f o r b i t a l p l a n e can be d e t e c t e d as 
e c l i p s i n g b i n a r i e s or as v a r i a b l e s t a r s i n which the i n t r i n s i c a l l y 
dim component i s i l l u m i n a t e d by i t s b o l o m e t r i c a l l y b r i g h t e r 
companion. 

To es t imate the p r o b a b i l i t i e s o f d i f f e r e n t b i n a r y e v o l u t i o n -
a r y s c e n a r i o s we need to know the i n i t i a l d i s t r i b u t i o n o f newly 
forming b i n a r y s t a r s w i t h r e s p e c t to semimajor a x i s A 0 and pr imary 
mass Μ χ . I n f i r s t approx imat ion , t h i s i s g i v e n by (Popova e t a l . 
1982, I b e n and Tutukov 1984a, 1985) 

d 2 N - 0 .1 d l o g A 0 dM.±/Μχ

2 * 5 yr" 1 , ( 1 ) 

where A 0 and Μ χ a r e i n s o l a r u n i t s (which we s h a l l use h e r e i n a f -
t e r , u n l e s s o t h e r w i s e s p e c i f i e d ) . This r e l a t i o n s h i p i s v a l i d f o r 
1 < l o g A 0 < 6 and 1 < M x < 100. The numerica l v a l u e o f the coef-
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f i c i e n t i n e q u a t i o n ( 1 ) i s u n c e r t a i n by a t l e a s t a f a c t o r of two 
and the u n c e r t a i n dependence on mass r a t i o has been suppres sed . 
From t h i s e q u a t i o n i t f o l l o w s that a lmost a l l p l a n e t a r y n e b u l a 
n u c l e i ( P N N i ) may be i n b i n a r i e s , w i t h the s e p a r a t i o n o f compo-
nents on o c c a s i o n b e i n g o f the o r d e r o f the n e b u l a r s i z e i t s e l f . 
However, on ly about 15-20% of a l l i n i t i a l b i n a r i e s w i l l be c l o s e 
enough (A < 1500) that the pr imary w i l l , a f t e r exhaus t ing c e n t r a l 
hydrogen , f i l l i t s Roche l o b e b e f o r e i t can reach the t h e r m a l l y 
p u l s i n g AGB phase and e j e c t a PN s h e l l o f i t s own a c c o r d . An even 
l a r g e r percen t age may be f a r enough a p a r t to a v o i d mass l o s s by 
Roche - lobe o v e r f l o w , b u t c l o s e enough to e x e r c i s e some shaping 
i n f l u e n c e on the n e b u l a emit ted by one o f the s t a r s . 

C u r i o u s l y enough, approx imate ly 15% of a l l c e n t r a l s t a r s that 
have been examined c a r e f u l l y f o r d u p l i c i t y a r e b i n a r i e s w i th 
p e r i o d s l e s s than 1 day (Bond 1987, R i t t e r 1987, and r e f e r e n c e s 
t h e r e i n ) and Bond ( 1 9 8 7 , t h i s c o n f e r e n c e ) i n f e r s t h a t a much 
l a r g e r percen t age o f p l a n e t a r i e s conta ins c l o s e b i n a r y c e n t r a l 
s t a r s w i t h p e r i o d s l a r g e r than 1 day, w i t h perhaps a l l PNe con-
t a i n i n g c l o s e b i n a r y c e n t r a l s t a r s . We suspec t t h a t the apparent 
h i g h frequency of v e r y s h o r t p e r i o d b i n a r y s t a r s may be a conse-
quence o f s e l e c t i o n . 

Most e a r l y computations of c l o s e b i n a r y e v o l u t i o n were c a r -
r i e d out i n the c o n s e r v a t i v e approx imat ion ( t o t a l mass - cons tant , 
t o t a l a n g u l a r momentum = c o n s t a n t ) . Now i t i s known t h a t , in 
b i n a r i e s w i t h i n i t i a l mass r a t i o q 0 ( = Μ χ / Μ 2 ) exceed ing - 2 when 
the donor has a r a d i a t i v e enve lope and - 0 . 6 when the donor has a 
c o n v e c t i v e enve lope , Roche- lobe f i l l i n g l e a d s to common envelope 
format ion ( [ O s t r i k e r and] Paczynski 1976, Meyer and Meyer-
Hofmei s ter 1979, Tutukov e t a l . 1 9 8 2 ) . Mat ter e n t e r i n g the common 
enve lope i s d r i v e n from the system because o f f r i c t i o n between the 
c e n t r a l b i n a r y and the common enve lope . Most o f the matter o r i g i -
n a l l y i n the h y d r o g e n - r i c h s u r f a c e l a y e r s o f the pr imary i s in 
t h i s way l o s t from the system. Mass l o s s ceases when the compact 
remnant o f the pr imary shr inks w i t h i n i t s Roche l o b e . 

A f t e r the l o s s of the common e n ve lope , the system c o n s i s t s of 
the e s s e n t i a l l y u n a l t e r e d secondary and a compact remnant, the two 
s t a r s b e i n g much c l o s e r t o g e t h e r than the o r i g i n a l p a i r . I f i t 
becomes hot enough q u i c k l y enough, the remnant can i o n i z e the 
e j e c t e d common envelope m a t e r i a l , and the system can be r e c o g n i z e d 
as a PN. I n the f u r t h e r course o f e v o l u t i o n , as many as three 
a d d i t i o n a l major common envelope events may occur , each event 
l e a d i n g to a decrease i n o r b i t a l s e p a r a t i o n . A f t e r each e j e c t i o n 
a PN phase may occur . 

The r e d u c t i o n i n semimajor a x i s d u r i n g the common envelope 
s t a g e can be e s t imated from the e x p r e s s i o n (Tutukov and Yungelson 
1 9 7 9 ) 

M ^ / A Q - « M 2 M 1 R / A f , ( 2 ) 

where A 0 i s the semimajor a x i s b e f o r e the common enve lope event , 
A f i s the f i n a l semimajor a x i s , Μ χ i s the i n i t i a l pr imary mass, 
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M 1 R i s the mass of i t s remnant, M 2 i s the mass o f the companion, 
and α i s the " e f f i c i e n c y " . Equat ion ( 2 ) permits us to es t imate 
the semimajor a x i s a f t e r each s u c c e s s i v e common enve lope event 
which the system exper i ences d u r i n g the e v o l u t i o n of i t s compo-
nents and equat ions ( 1 ) and ( 2 ) t o g e t h e r may be used to es t imate 
b i r t h r a t e s o f d i f f e r e n t types of b i n a r i e s a t c e n t e r s o f p l a n e t a r y 
n e b u l a e . 

Equat ion ( 2 ) f o l l o w s from the f a c t that energy i s r e q u i r e d to 
d r i v e matter a g a i n s t g r a v i t y from the "surface" o f the donor, 
through the common enve lope , and endow t h i s matter w i t h s u f f i c i e n t 
k i n e t i c energy to escape from the system. A measure o f the energy 
r e q u i r e d to e j e c t a l l o f the matter M l o s t l o s t by the pr imary may 
be w r i t t e n as 5 E . e c t ~ G M l o s t < M s t a r s > / A 0 , and a measure of the 
change i n o r b i t a l b i n d i n g energy may be w r i t t e n as 5 E b i n d ~ 
G M 1 R M 2 / 2 A f - G M 1 M 2 / 2 A 0 . Here < M s t a r s > i s the mean mass of the 
s t e l l a r system from which matter i s e s c a p i n g , and we have assumed 
t h a t the secondary has not g a i n e d any mass. We may w r i t e M l o s t = 
M, - M 1 R and < M 5 t a r s > - (Μ χ + M 1 R ) / 2 + M 2 . I f Μ χ i s l a r g e com-
p a r e d w i t h both M 1 R and M 2 , s e t t i n g 5 E e j e c t ~ £ E b i n d g i v e s M 1

2 / A 0 

~ M 2 M i R / A f · I f we assume tha t Μ χ - M 2 , b u t s t i l l r e t a i n the 
assumption o f smal l Μ ι κ / Μ χ , the same argument g i v e s M 1

2 / A Q ~ ( l / 4 ) 
M 2 M 1 R / A f . Thus, a i n e q u a t i o n ( 2 ) i s a parameter o f o r d e r 0 . 2 - 1 , 
s u b j e c t , o f c o u r s e , to the v a l i d i t y o f the assumption tha t o r b i t a l 
energy i s e f f i c i e n t l y used up i n d r i v i n g o f f matter i n the common 
e n v e l o p e . 

S e v e r a l attempts have been made to model a common envelope 
event u s i n g two d imens ional hydrodynamics (Bodenheimer and Taam 
1984, Bond and L i v i o 1987, Hachisu 1987) , and these s t u d i e s 
s u g g e s t tha t a l a r g e f r a c t i o n o f the o r b i t a l energy goes in to 
e s c a p i n g r a d i a t i o n and in to produc ing l a r g e t e r m i n a l v e l o c i t i e s , 
making α c o n s i d e r a b l y s m a l l e r than u n i t y . I t must be caut ioned , 
however , tha t the problem i s three d imens ional and important 
p h y s i c a l p r o c e s s e s , such as the t r a n s p o r t o f a n g u l a r momentum by 
t u r b u l e n t v i s c o s i t y , have been l e f t out o f the c a l c u l a t i o n s . 
F u r t h e r , w i t h α as smal l a s , say , 0 . 1 , i t becomes d i f f i c u l t to 
unders tand the format ion o f c a t a c l y s m i c v a r i a b l e s . 

I n the f o l l o w i n g s e c t i o n s we w i l l ( I I ) e x p l o r e the v a r i o u s 
p o s s i b i l i t i e s f o r PN format ion i n c l o s e b i n a r i e s and es t imate the 
occurrence f r e q u e n c i e s f o r s e v e r a l types ; ( I I I ) attempt to d i v i n e 
the n a t u r e o f the p r o g e n i t o r s of s e v e r a l o b s e r v e d PNe w i t h b i n a r y 
c e n t r a l s t a r s ; and ( I V ) compare and c o n t r a s t the morphology, 
chemical compos i t ion , b r i g h t n e s s , and l i f e t i m e s o f PNe formed by 
s i n g l e s t a r s w i t h those formed by c l o s e b i n a r i e s i n common 
enve lope e v e n t s . 

2. TYPES AND FORMATION FREQUENCIES OF PLANETARY NEBULAE IN CLOSE 

BINARIES 

The v a r i o u s p o s s i b i l i t i e s f o r PN format ion may be d i s c u s s e d b e s t 
w i t h r e f e r e n c e to F i g . 1, where we summarize c r i t i c a l o r b i t a l 
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F i g u r e 1. C r i t i c a l b o r d e r s i n f l u e n c i n g the n a t u r e o f the mass 
exchange p r o c e s s and the na ture o f the remnants i n c l o s e b i n a r i e s . 
A 0 - o r b i t a l s e p a r a t i o n and Μ χ — pr imary mass. F i s the maximum 
s e p a r a t i o n f o r i n t e r a c t i o n , Ε i s the s t a r t o f the TP-AGB phase , D 
i s where the pr imary i g n i t e s he l ium i n i t s c o r e , C i s the b o r d e r 
between systems i n which the pr imary has a r a d i a t i v e enve lope and 
those i n which i t has a deep convec t ive e n v e l o p e . Curves A and Β 
a r e main sequence b o u n d a r i e s . The d o t t e d l i n e s a r e s e p a r a t e 
systems whose components produce d i f f e r e n t remnants. 
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s e p a r a t i o n s as a f u n c t i o n o f the i n i t i a l pr imary mass. Curve A 
g i v e s the minimum s e p a r a t i o n A 0 tha t a l l o w s a zero age main 
sequence pr imary to f i t w i t h i n i t s Roche l o b e , and curve Β g i v e s 
the s e p a r a t i o n a l l o w i n g a t ermina l age main sequence pr imary to 
f i t w i t h i n i t s Roche l o b e . For systems w i t h A 0 b e l o w curve C, the 
pr imary has a l a r g e r a d i a t i v e enve lope , and f o r those w i t h A 0 

above curve C, the pr imary has a deep convec t ive enve lope . For 
systems w i t h A 0 l a r g e r than on curve D, the pr imary i g n i t e s hel ium 
i n i t s core (which i s degenerate i f Mj < 2.3 and non degenerate 
o t h e r w i s e ) and cannot f i l l i t s Roche l o b e u n t i l a f t e r i t has 
exhausted c e n t r a l he l ium and become an AGB s t a r . For systems w i t h 
A 0 between curves D and E, the pr imary f i l l s i t s Roche l o b e a f t e r 
i t has deve loped a degenerate CO c o r e , b u t b e f o r e i t has begun to 
e x p e r i e n c e thermal p u l s e s . For systems w i t h A 0 between curves Ε 
and F, the pr imary f i l l s i t s Roche l o b e w h i l e i n the TP-AGB phase . 
F i n a l l y , i n systems w i t h A 0 l a r g e r than on curve F, the pr imary 
e j e c t s i t s h y d r o g e n - r i c h envelope o f i t s own a c c o r d , l a r g e l y 
u n i n f l u e n c e d by b e i n g i n a b i n a r y . 

The l o c a t i o n s o f the c r i t i c a l curves a r e to be c o n s i d e r e d 
on ly as rough q u a l i t a t i v e g u i d e s . Not on ly has the dependence of 
c r i t i c a l s e p a r a t i o n s on the mass r a t i o p r i o r to each common 
enve lope event been suppres sed , b u t the c r i t i c a l s e p a r a t i o n s a r e 
f u n c t i o n s o f the compos i t ion and input p h y s i c s . More d e t a i l s a r e 
d e s c r i b e d i n I b e n and Tutukov (1985, 1987) . We w i l l concentrate 
f i r s t on what happens as a consequence o f the i n i t i a l Roche- lobe 
o v e r f l o w event . 

I n systems bounded by curves Β and C, i f q 0 ~ 1, the thermal 
time s c a l e s o f the r a d i a t i v e enve lopes o f both components a r e 
comparable when the pr imary f i r s t f i l l s i t s Roche l o b e , and i t i s 
p r o b a b l e t h a t mass t r a n s f e r w i l l not l e a d to the e s t a b l i s h m e n t of 
a common e n v e l o p e . The net r e s u l t may be the t r a n s f e r o f much of 
the h y d r o g e n - r i c h enve lope of the pr imary to the secondary and an 
i n c r e a s e i n the o r b i t a l s e p a r a t i o n . E v o l u t i o n o f t h i s s o r t 
e x p l a i n s the p r o p e r t i e s o f low mass A l g o l s such as RY Gem ( M t o t ~ 
2 . 6 ) and XY Pup ( M f c o t - 2 . 3 ) . I n these systems, the i n i t i a l 
pr imary was p r o b a b l y o f mass l e s s than 2.3 and d i d not f i l l i t s 
Roche l o b e u n t i l a f t e r i t had deve loped an e l e c t r o n - d e g e n e r a t e 
he l ium c o r e . More mass ive A l g o l s such as U Sge ( M t o t - 7 . 6 ) and 
RS V u l ( M t o t - 5 . 9 ) , which d e r i v e from systems w i t h M x > 2 .3 , have 
p r o b a b l y e x p e r i e n c e d c o n s e r v a t i v e mass t r a n s f e r as w e l l ; even 
though the he l ium core o f the pr imary was not degenerate a t the 
s t a r t o f mass t r a n s f e r , i t u l t i m a t e l y became degenerate i n the 
course of mass l o s s . This must be so , s i n c e , i n bo th i n s t a n c e s , 
the pr imary has e v o l v e d i n t o a s u b g i a n t . I n A l g o l s , mass t r a n s f e r 
cont inues a t a r a t e c o n t r o l l e d by a n g u l a r momentum l o s s due to a 
magnetic s t e l l a r wind (Verbunt and Zwaan 1981) . When the mass in 
i t s h y d r o g e n - r i c h enve lope has been reduced s u f f i c i e n t l y , the 
pr imary w i l l c o n t r a c t w i t h i n i t s Roche l o b e and, when s h e l l 
hydrogen b u r n i n g i n i t c e a s e s , i t w i l l e v o l v e i n t o a he l ium whi te 
dwarf . The more mass ive secondary cont inues f o r a w h i l e to burn 
hydrogen as a main sequence s t a r . 
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I n n e i t h e r case does a PN phase f o l l o w the i n i t a l mass-
r e v e r s i n g m a s s - t r a n s f e r phase . Not on ly i s t h e r e v e r y l i t t l e mass 
e j e c t e d to be i o n i z e d , b u t the p r i m a r y , which conta ins a degener-
a t e he l ium c o r e , does not become hot enough to i o n i z e what l i t t l e 
mass i s e j e c t e d u n t i l a f t e r i t has e v o l v e d f o r m i l l i o n s of y e a r s 
a t low s u r f a c e temperatures b u r n i n g hydrogen i n a s h e l l . 

A b e t t e r chance f o r PN format ion i s p r e s e n t e d by systems 
bounded by curves C and D and by 2.3 < M x < 10 i n F i g . 1. I n such 
systems, the p r i m a r y , w i t h a non degenera te he l ium c o r e , w i l l have 
deve loped a deep convec t ive enve lope b e f o r e f i l l i n g i t s Roche 
l o b e . A f t e r e j e c t i n g most o f i t s h y d r o g e n - r i c h enve lope through 
i t s Roche l o b e , i t w i l l e v o l v e f o r a time as a compact core 
h e l i u m - b u r n i n g s t a r . I f q 0 i s l a r g e enough so t h a t enve lope 
s h r i n k a g e f o r c e s the remnant o f the pr imary to have a s u r f a c e 
temperature > 30,000K as i t shr inks w i t h i n i t s Roche l o b e , the 
e j e c t e d h y d r o g e n - r i c h m a t e r i a l w i l l become i o n i z e d and a PN w i l l 
r e s u l t . I f Μ χ < 5, the pr imary remnant, o f mass < 0 .75 , w i l l 
remain w i t h i n i t s Roche l o b e as i t exhausts he l ium a t i t s center 
and e v o l v e s e v e n t u a l l y in to a CO dwarf . I f M 1 R < 0 .4 , both 
hydrogen and hel ium s h e l l f l a s h e s occur ( I b e n and Tutukov 1985, 
I b e n e t a l . 1986) and there i s the p o s s i b i l i t y o f the e j e c t i o n of 
a n e b u l a o f mass ~ 10" 4 M^. 

I f M x i s between 5 and 10, the remnant o f the pr imary w i l l , 
a f t e r i t has exhausted c e n t r a l he l ium, s w e l l a g a i n to f i l l i t s 
Roche l o b e . I n a second mass l o s s event , a common enve lope i s 
a g a i n formed and mass l o s s from the system cont inues u n t i l the 
mass o f the pr imary remnant i s reduced to - 0 . 7 5 - 1 . 1 . The e j e c t e d 
m a t e r i a l , o f mass between - 0 and 1.4 i s e s s e n t i a l l y pure hel ium 
( w i t h a smal l admixture o f 1 A N ) . The remnant burns he l ium i n a 
s h e l l on a time s c a l e o f - 10*yr a t h i g h l u m i n o s i t y ( f e w x l 0 * L ) 
and a t temperatures l a r g e enough to cause the h e l i u m - r i c h n e b u l a 
to f l u o r e s c e ( I b e n and Tutukov 1985) . S i m i l a r b e h a v i o r i s 
expec ted from systems w i t h A 0 l e s s than a l o n g curve C i n F i g . 1, 
i f q 0 i s l a r g e enough. 

Other p o s s i b l e sources o f o b s e r v a b l e PNe a r e systems bounded 
by curves C and D and by Mj < 2.3 i n F i g . 1. The pr imary s t a r has 
b o t h an e l e c t r o n degenerate he l ium core and a deep convec t ive 
e n v e l o p e . Roche- lobe o v e r f i l l i n g w i l l t h e r e f o r e l e a d to a common 
enve lope and l o s s from the system of most o f the h y d r o g e n - r i c h 
enve lope o f the p r i m a r y . The e j e c t e d enve lope can p o t e n t i a l l y be 
i o n i z e d by the s h e l l h y d r o g e n - b u r n i n g remnant. From p u b l i s h e d 
models , however, one might i n f e r tha t the remnant spends so much 
time c o n t r a c t i n g a t temperatures l e s s than 30000 K, tha t the 
e j e c t e d n e b u l a r m a t e r i a l w i l l be d i s p e r s e d b e f o r e the remnant 
becomes hot enough to e x c i t e the n e b u l a i n t o f l u o r e s c e n c e ( I b e n 
and Tutukov 1986a) . C o n f i g u r a t i o n s such as these have been dubbed 
"lazy" PNe by Renz in i (1979, 1983) . S ince the remnant may even-
t u a l l y ach ieve temperatures f a r i n excess o f 30,000 Κ on a long 
time s c a l e and a t a r e l a t i v e l y l a r g e l u m i n o s i t y , we have the 
i n t e r e s t i n g s i t u a t i o n o f a v e r y hot and b o l o m e t r i c a l l y b r i g h t s t a r 
a t the c en ter o f an i n v i s i b l e , or a t l e a s t v e r y dim, n e b u l a . 
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The s i t u a t i o n may not be as b l e a k as t h i s . The p u b l i s h e d 
models do not e x p l i c i t l y take i n t o account the shr inkage o f the 
Roche l o b e about the pr imary and the p o s s i b l e dynamical motions 
induced i n the enve lope of the m a s s - l o s i n g p r i m a r y . When the 
pr imary f i r s t f i l l s i t s Roche l o b e , i t s l u m i n o s i t y and r a d i u s a r e 
r e l a t e d to the mass M H e o f i t s degenerate he l ium core by 

L± ~ 1 0 5 · 5 Μ Η β

6 · 6 , R x ~ 1 0 3 · 5 Μ Η β * . ( 3 ) 

The l u m i n o s i t y o f the remnant as i t emerges from the common 
enve lope event i s approx imate ly L p N N ~ L x , i t s mass i s M p N N ~ M H e , 
and i t s r a d i u s R P N N i s r e l a t e d to i t s s u r f a c e temperature T p N N by 

RpHN ~ l O ^ ^ M p ^ - S O O O O O K / T p , , , , ) 2 . ( 4 ) 

This t e l l s us t h a t , i f the r a d i u s o f the Roche l o b e o f the remnant 
as i t emerges from the common envelope phase i s s m a l l e r than, say , 
1.5 ( i f M P N N ~ 0 . 4 5 ) , or 0.4 ( i f M p N N ~ 0 . 3 ) , a PN phase w i t h L p N 

- L x i s ensured . 

Cons ider a system w i t h M 1 - 1 . 5 , M 2 - 0 . 5 , and A 0 - 283. The 
R o c h e - l o b e r a d i u s of the pr imary i s g i v e n a p p r o x i m a t e l y by 

R 1 L ~ 0.52 ( M 1 / M t o t ) ° · A * A 0 , ( 5 ) 

where M t o t — M 1 + M 2 . Combining equat ions ( 3 ) and ( 5 ) , we have that 
the pr imary f i l l s i t s Roche l o b e when i t s core mass reaches 0 .45. 
Equat ions ( 3 ) and ( 2 ) t e l l us t h a t , f o l l o w i n g an assumed common 
enve lope phase , A f ~ 15.9a and the r a d i u s o f the Roche l o b e o f the 
remnant i s R 1 L f - 6a. Since n e b u l a r e x c i t a t i o n r e q u i r e s that 
T p N N > 30000K, we conclude tha t a PN phase w i l l not immediately 
f o l l o w the common enve lope event , i f indeed i t occurs a t a l l , 
u n l e s s α < 0 .25 . S i m i l a r l y , choos ing M x - 1 .5 , M 2 — 0 .5 , and A 0 -
56, we f i n d M 1 R ~ M H e - 0 . 3 , A f - 2 .1a , and R 1 L f - 0 .7a and 
conclude tha t a PN phase i s ensured only i f α < O . 6 . ' 

A c t u a l l y , as the common enve lope event nears i t s c l o s e , the 
r a d i u s o f the pr imary remnant may (due to dynamical e f f e c t s 
a l l u d e d to e a r l i e r ) be i n f l a t e d c o n s i d e r a b l y beyond t h a t o f a 
formal q u a s i s t a t i c model o f the same l u m i n o s i t y and mass and, 
f o l l o w i n g Roche - lobe detachment, the r a d i u s may s h r i n k on a time 
s c a l e much s m a l l e r than g i v e n by the q u a s i s t a t i c model ( f o r an 
e l a b o r a t i o n o f t h i s theme, see our d i s c u s i o n i n I I I o f UU S g e ) . 
Hence, the upper l i m i t s on α which we have e s t imated a r e only 
s u g g e s t i v e and s e r v e p r i m a r i l y to i n d i c a t e tha t ( 1 ) whether or not 
a PN phase f o l l o w s the common envelope phase i s v e r y s e n s i t i v e to 
a , and ( 2 ) a l l o ther th ings b e i n g e q u a l , the s m a l l e r the mass of 
the remnant r e l a t i v e to the mass o f i t s p r o g e n i t o r , the more 
l i k e l y i s the format ion o f a PN immediately f o l l o w i n g the f i r s t 
common enve lope event i n a low mass system. 

This second statement i s t r u e on ly up to a p o i n t . There i s a 
maximum s u r f a c e temperature T m a x which a remnant can ach ieve and 
t h i s maximum i s s m a l l e r , the s m a l l e r the mass o f the remnant. I f 
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the remnant e v e n t u a l l y evo lve s q u a s i s t a t i c a l l y , b u r n i n g hydrogen 
i n a s h e l l , the maximum may be e s t imated q u a n t i t a t i v e l y : 

T m a * - Ι Ο ' - ' Μ ρ Μ 1 · " . ( 6 ) 

To o b t a i n t h i s e s t imate , we have n o r m a l i z e d to the 0.3M model o f 
I b e n and Tutukov ( 1 9 8 6 a ) , assuming that the l u m i n o s i t y a t T m a x has 
the same mass dependence as does L x i n e q u a t i o n ( 3 ) and tha t the 
r a d i u s a t T m a x has the same mass dependence as the r a d i u s o f a low 
mass whi t e dwarf , namely R oc M p N N " 1 / 3 . For the 0 -3M Q model, the 
l u m i n o s i t y a t T m a x i s approx imate ly L , / 2 . 6 and the r a d i u s i s 
appr ox i mat e l y 5 . 7 ^ 0 , where R W D - 1 0 _ l i M p N N i s the f i n a l r a d i u s 
o f the model a f t e r i t has become a whi te dwarf . We conclude that 
the mass o f the remnant must be l a r g e r than 0 .27M Q i f the e j e c t e d 
n e b u l a i s to become i o n i z e d . 

I n systems bounded by the curves Ε and F i n F i g . 1, the 
pr imary w i l l have deve loped a degenerate CO core b e f o r e i t f i l l s 
i t s Roche l o b e and w i l l a l s o have a v e r y deep c o n v e c t i v e enve lope . 
One t h e r e f o r e expects a common envelope to be formed when Roche-
l o b e o v e r f l o w o c c u r s . Since i t i s i n the t h e r m a l l y p u l s i n g s t a g e , 
the pr imary may have deve loped chemical p e c u l i a r i t i e s a t i t s 
s u r f a c e . We note that the "phase space" f o r the format ion o f such 
systems ( t h e a r e a between curves Ε and F i s q u i t e s m a l l , so they 
a r i s e i n f r e q u e n t l y . 

Cons ider next what happens a f t e r the i n i t i a l pr imary has 
e v o l v e d i n t o a degenerate dwarf ( o r neutron s t a r ) . We r e f e r a g a i n 
to F i g . 1 as a q u a l i t a t i v e g u i d e , r e p l a c i n g A 0 by A f and Μ χ by M 2 , 
and remember t h a t , i f A 0 i s between curves C and F, then A f i s 
much s m a l l e r than A 0 as a r e s u l t o f common enve lope a c t i o n . When 
u s i n g e q u a t i o n ( 2 ) , we must r e p l a c e M 1 R by M 2 R , M 2 by M 1 R , and Μ χ 

by M 2 . I n a l l c a s e s , A f i s expected to be l e s s than g i v e n by 
curve D, and i n many ins tances l e s s than g i v e n by curve C ( u n l e s s 
the i n i t i a l m a s s - t r a n s f e r was c o n s e r v a t i v e ) . This t ime, however, 
the p o t e n t i a l a c c r e t o r i s a compact whi te dwarf ( o r sometimes a 
he l ium s t a r or a neutron s t a r ) and a c c r e t i o n a t a r a t e l a r g e r than 
the Eddington a c c r e t i o n l i m i t ( ~ 1 0 ' 6 M v r " 1 f o r a 1M whi te d w a r f ) 
w i l l a lways cause the a c c r e t e d l a y e r to s w e l l to f i l l the compact 
o b j e c t ' s Roche l o b e , so that a common envelope i s formed. Even i f 
the donor has a r a d i a t i v e envelope when i t f i l l s i t s Roche l o b e , 
i t i s expected tha t mass t r a n s f e r r a t e s w i l l i n g e n e r a l exceed the 
Eddington l i m i t . Both because a common enve lope i s formed and 
because the mass r a t i o of donor to a c c r e t o r i s f r e q u e n t l y l a r g e , 
c o n s i d e r a b l e o r b i t a l shr inkage w i l l occur and the remnant o f the 
donor should q u i c k l y become hot enough to i o n i z e the e j e c t e d 
m a t e r i a l . 

I f A f i s between curves Β and C and M 2 < 2.3 i n F i g . 1, the 
secondary w i l l become a s h e l l h y d r o g e n - b u r n i n g s t a r w i t h a 
degenera te he l ium core and u l t i m a t e l y e v o l v e i n t o a degenerate 
he l ium dwarf . I f M 2 - 2 . 3 -5 , the secondary w i l l become a compact 
core he l ium b u r n i n g s t a r b e f o r e e v o l v i n g i n t o a CO degenerate 
dwarf . I f M 2 - 5-10, the secondary w i l l s w e l l to f i l l i t s Roche 
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l o b e and, i n a common envelope event , w i l l e j e c t a he l ium envelope 
which i t w i l l i o n i z e as a s h e l l he l ium b u r n i n g s t a r w i t h a 
degenera te CO c o r e . 

To summarize, our e v o l u t i o n a r y s c e n a r i o s s u g g e s t tha t the 
i o n i z i n g s t a r a f t e r the f i r s t mass exchange may be ( 1 ) s h e l l 
h y d r o g e n - b u r n i n g s t a r w i t h a degenerate he l ium c o r e , ( 2 ) a hel ium 
s t a r , ( 3 ) a p o s t he l ium s t a r o b j e c t w i t h a h e l i u m - b u r n i n g s h e l l 
and a degenera te CO c o r e , ( 4 ) a p o s t AGB s t a r w i t h a hydrogen or 
he l ium b u r n i n g s h e l l , and ( 5 ) a he l ium or CO degenerate dwarf . 
P o s s i b i l i t i e s ( l ) - ( 3 ) can occur on ly i n b i n a r i e s . I n case ( 3 ) , 
the matter o f the PN i s pure he l ium. P o s s i b i l i t i e s ( 4 ) and ( 5 ) 
d i f f e r from s i n g l e - s t a r PNe i n the manner o f e j e c t i o n o f n e b u l a r 
m a t e r i a l . A f t e r the second mass l o s s event , the i o n i z i n g s t a r may 
be one o f p o s s i b i l i t i e s ( 1 ) , ( 2 ) , ( 3 ) , or ( 5 ) , w h i l e i t s companion 
may be ( 1 ) a CO dwarf , ( 2 ) a he l ium dwarf , ( 3 ) a he l ium s t a r , or 
( 4 ) a neutron s t a r . There a r e a l s o cases i n which the c e n t r a l 
s t a r s merge i n the p r o c e s s o f e j e c t i n g a common e n v e l o p e , b u t we 
d e c l i n e to e x p l o r e t h i s p o s s i b i l i t y f u r t h e r h e r e . 

The format ion frequency o f the most l i k e l y v a r i a n t s can be 
e s t imated w i t h the h e l p o f e q u a t i o n ( 1 ) and F i g . 1. Equat ion ( 1 ) 
i m p l i e s tha t a lmost a l l s t a r s a r e b i n a r i e s and tha t the frequency 
o f PN format ion around components o f a l l b i n a r i e s (most o f which 
b e g i n and remain w i d e ) i s ~ 0 . 5 6 y r _ 1 . We es t imate a format ion 
r a t e o f 0 . 0 6 5 y r _ 1 f o r PNe w i t h c e n t r a l s t a r s c o n s i s t i n g o f a s h e l l 
hydro g e n - b u r n i n g s t a r w i t h a degenerate CO core ( o r i t s CO whi te 
dwarf descendant ) and a main sequence s t a r and a format ion r a t e of 
~ 0 . 0 0 7 y r _ 1 f o r PNe c o n s i s t i n g o f a p o s t core h e l i u m - b u r n i n g s t a r 
w i t h a degenera te CO core ( o r i t s CO whi te dwarf descendant ) and a 
main sequence s t a r . About ten p e r c e n t o f these two types of 
systems e v o l v e e v e n t u a l l y i n t o c a t a c l y s m i c s . The second type 
forms a h e l i u m - r i c h n e b u l a . I n about 1% of a l l cases the c e n t r a l 
s t a r may be a core h e l i u m - b u r n i n g s t a r , b u t t h i s may be a g r o s s 
underes t imate s i n c e , i f q 0 i s l a r g e , common enve lope events occur 
even i f A 0 i s b e l o w curve C. 

About one tenth o f a l l p o s t common enve lope systems 
c o n s i s t i n g o f a hot compact s t a r and a main sequence s t a r w i l l 
e v o l v e by a n g u l a r momentum l o s s i n t o c a t a c l y s m i c v a r i a b l e s . Two 
c o n d i t i o n s must be s a t i s f i e d f o r t h i s t r a n s f o r m a t i o n to occur . 
F i r s t , q 0 < 1.2 i f M 2 > 0.8 and q 0 < 0.6 i f M 2 < 0 . 8 . Second, 
t h e r e a r e r e s t r i c t i o n s on A f . I f M 2 < 0 .3 , the secondary i s 
comple te ly convec t ive and the magnetic s t e l l a r wind (MSW) i s weak. 
So, on ly g r a v i t a t i o n a l wave r a d i a t i o n (GWR) can d r i v e the 
components c l o s e r t o g e t h e r ; on ly i f the p e r i o d o f the system a f t e r 
emerging from the common envelope s a t i s f i e s Ρ < 5 h M 2

3 / 8 , w i l l the 
system become a ca tac ly smic v a r i a b l e i n l e s s than 1 0 1 0 y r . I f 0.3 
< M 2 < 1.5, the MSW can d r i v e the components t o g e t h e r i n l e s s than 
l O ^ y r i f Ρ < 3 2 h M 2

1 - 2 . These l i m i t s a r e d i s c u s s e d i n more d e t a i l 
by I b e n and Tutukov ( 1 9 8 4 b ) , f o r example. 

A f t e r the second common enve lope event , the most p r o b a b l e 
systems w i l l be a s h e l l h y d r o g e n - b u r n i n g s t a r w i t h a CO core in 
o r b i t w i t h a CO degenerate dwarf d e r i v i n g from systems w i t h 2.3 < 
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Μ χ < 4, 2 < l o g Α 0 < 3, a t a format ion frequency o f 0 . 0 1 5 y r - 1 , and 
systems o f CO and He degenerate dwarfs (one o f which may have a 
h y d r o g e n - b u r n i n g s h e l l ) d e r i v i n g from systems w i t h 2.3 < Μ χ < 4, 
1 < l o g A 0 < 1.5, a t a frequency of ~ 0 . 0 0 5 y r _ 1 . The t o t a l f r e -
quency o f c l o s e b i n a r i e s as PNNi i s thus e s t imated to be about 
O . l O y r " 1 or about 20% of the t o t a l f requency o f PN f o r m a t i o n . 

Systems w i t h A 0 < 500 and Μ χ < 2.3 form double degenerate 
he l ium dwarf s ( I b e n and Tutukov 1986b) . T h e i r s h e l l hydrogen-
b u r n i n g p r o g e n i t o r s may evo lve too s l o w l y on t h e i r f i r s t t r i p to 
the b l u e i n the HR diagram to be a b l e to i o n i z e the e j e c t e d common 
enve lope m a t e r i a l b e f o r e i t merges w i t h the i n t e r s t e l l a r medium. 
However, f o l l o w i n g subsequent hydrogen s h e l l f l a s h e s d u r i n g which 
enve lopes o f mass ~ 1-10x10" 4M^ a r e e j e c t e d through Roche- lobe 
o v e r f l o w , the remnant t r a v e l s to the b l u e r a p i d l y enough to e x c i t e 
the emit ted matter ( I b e n and Tutukov 1986a) and, i f i t i s massive 
enough ( > 0.4M ) , the system may become a d e t e c t a b l e PN. But , 
because the l i f e t i m e o f the c e n t r a l s t a r i s so s h o r t d u r i n g i t s 
most luminous s t a t e and because the n e b u l a r m a t e r i a l i s s t i l l v e r y 
c l o s e to the c e n t r a l s t a r , the p r o b a b i l t y o f s e e i n g such a system 
i s not v e r y l a r g e . I n mergers o f low mass degenera te dwarfs a 
smal l common envelope may be e j e c t e d and l i t up be the merged 
p r o d u c t . We note tha t a t l e a s t one case o f an extremely low mass 
( ~ 1 O " 8 M 0 ) PN e x i s t s ( L i e b e r t , t h i s v o l u m e ) . 

One i n t r i g u i n g f i n a l p o s s i b i l i t y which has not y e t been 
e x p l o r e d n u m e r i c a l l y i s t h a t , i n a common enve lope event i n i t i a t e d 
by the secondary , the c o l d CO whi te dwarf remnant o f the pr imary 
can a c c r e t e enough m a t e r i a l to r e i g n i t e hydrogen and be thereby 
r e s u r r e c t e d to become the dominant i o n i z i n g s t a r f o r the n e b u l a 
e j e c t e d by the secondary . 

3. OBSERVED PLANETARY NEBULAE WITH BINARY NUCLEI 

Approx imate ly 10 p l a n e t a r y nebulae a r e known to c o n t a i n a c e n t r a l 
s t a r o f e s t a b l i s h e d d u p l i c i t y (Bond 1987, R i t t e r 1987) and the 
c h a r a c t e r i s t i c s o f s e v e r a l p r o v i d e d i r e c t ev idence f o r the common 
enve lope e j e c t i o n hypothes i s ( e . g . , Bond 1976, Grauer and Bond 
1983, Bond 1985, D r i l l i n g 1985, Bond and Grauer 1987, Bond and 
Grauer 1987) . 

We w i l l attempt to r e c o n s t r u c t the p r i o r e v o l u t i o n o f f o u r of 
these systems. We emphasize a t the o u t s e t , however , t h a t the 
r e s u l t s o f t h i s s o r t o f e x e r c i s e a r e not on ly s e n s i t i v e to the 
t h e o r e t i c a l assumptions , b u t a r e e x c e e d i n g l y s e n s i t i v e to the 
s t e l l a r and o r b i t a l c h a r a c t e r i s t i c s e s t imated from the o b s e r v a -
t i o n s . Because the theory o f b i n a r y s t a r e v o l u t i o n i s i n such a 
rudimentary s t a t e , i t i s c r u c i a l f o r i t s development t h a t every 
e f f o r t be made to e s t a b l i s h these o b s e r v a t i o n a l c h a r a c t e r i s t i c s as 
c a r e f u l l y as c u r r e n t technology w i l l a l l o w . 

V651 Mon ( t h e c e n t r a l s t a r o f NGC 2346) c o n s i s t s o f a hot 
dwarf o f mass ~ 0.4 and an unevo lved main sequence s t a r o f mass 
~ 1.8 (Mendez and Niemala 1981) . The o r b i t a l p e r i o d i s 16 days 
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and so the c u r r e n t o r b i t a l s e p a r a t i o n i s A f - 38. I f a common 
enve lope event has been r e s p o n s i b l e f o r the PN, the mass of the 
i n i t i a l pr imary must have been l a r g e r than 1.8 , and we i n f e r that 
the amount of mass i n the PN must be o f the o r d e r o f 1 .5, r e g a r d -
l e s s o f the d e t a i l s o f the b i n a r y s c e n a r i o we choose . 

Suppose f i r s t tha t the dwarf component i s a he l ium degenerate 
dwarf descended from a s t a r i n i t i a l l y l e s s mass ive than 2 . 3 . From 
equat ions ( 2 ) , ( 3 ) , and ( 6 ) we i n f e r that Μ χ ~ 2 α 1 / 2 or t h a t 0.8 < α 
< 1 .0 . Thus, i n t h i s s c e n a r i o , a i s c o n s t r a i n e d to be w i t h i n v e r y 
narrow l i m i t s . We i l l u s t r a t e the p o s i t i o n o f the p r o g e n i t o r 
system i n F i g . 1. One worry w i t h t h i s s c e n a r i o i s tha t A f i s so 
l a r g e tha t one cannot invoke the argument o f excess s t r i p p i n g and 
c o n t r a c t i o n on a r a p i d time s c a l e to counter the i n f e r e n c e from 
computed t r a c k s that the PN w i l l be a l a z y one. 

As a second p o s s i b i l i t y , suppose t h a t the hot dwarf i s a 
h y b r i d o b j e c t descended from a s t a r o f mass ~ 3 ( I b e n and Tutukov 
1985) which f i l l e d i t s Roche l o b e i n a system w i t h A 0 between 
curves C and D. We have from e q u a t i o n ( 2 ) tha t A Q - 475 /a , but 
t h i s v i o l a t e s the assumption tha t A 0 i s s m a l l e r than g i v e n by 
curve D (Μ χ ~ 3 ) . We can a l s o d i smiss a system c o n s i s t i n g 
i n i t i a l l y o f two o b j e c t s o f about the same mass 1 . 1 . Not on ly i s 
a common enve lope not formed (mass t r a n s f e r i s c o n s e r v a t i v e and 
v e r y s l o w ) , b u t the o b s e r v e d p r o p e r t i e s o f A l g o l s p r e c l u d e s the 
chosen i n i t i a l c o n d i t i o n s ( K r a i t c h e v a e t a l . 1986) . 

One f i n a l p o s s i b i l i t y remains to be c o n s i d e r e d . I f the mass 
o f the hot dwarf i s i n r e a l i t y somewhat l a r g e r than 0 .4 , the 
p r o g e n i t o r system c o u l d f a l l somewhere between curves D and Ε in 
F i g . 1, as i n d i c a t e d by the arrow i n t h i s f i g u r e . That i s , the 
pr imary c o u l d have been an e a r l y AGB s t a r of mass - 2-3 which 
f i l l e d i t s Roche l o b e a f t e r d e v e l o p i n g a CO core o f mass ~ 0 .5-
0.55 ( I b e n 1986) . The v a l u e o f A 0 d e r i v e d from e q u a t i o n ( 2 ) i s 
q u i t e c o n s i s t e n t w i t h t h i s i n t e r p r e t a t i o n . A p a r t i c u l a r v i r t u e of 
t h i s s c e n a r i o i s tha t the r e s u l t i n g PN w i l l not be a l a z y one. I t 
would be n i c e i f more p r e c i s e l i m i t s on the mass of the hot dwarf 
c o u l d be s e t . 

LSS 2018 c o n s i s t s o f a hot CO dwarf o f mass 0.55 and a main 
sequence s t a r of mass 0.25 a t a s e p a r a t i o n o f about 2.2 ( R i t t e r 
1987) . With A 0 ~ 16 M 1

2 / a , a CO dwarf i s d e r i v a b l e from a pr imary 
o f mass i n the range 2 .3 -4 .0 and we see from F i g . 1 tha t t h i s i s a 
q u i t e s t a n d a r d example of a b i n a r y forming a PN. The p r e d i c t e d 
mass o f the e j e c t e d common enve lope i s a l s o i n t h i s case q u i t e 
h i g h , ~ I M Q , and o b s e r v a t i o n a l e s t imates would be h e l p f u l in 
d e c i d i n g on the r e a s o n a b l e n e s s o f t h i s e s t i m a t e . 

MT Ser ( t h e c e n t r a l s t a r o f A b e l l 41) has the remarkably 
s h o r t o r b i t a l p e r i o d o f 2 h 43 m ( G r a u e r and Bond 1983, Bond and 
Grauer 1987) . There a r e no known c a t a c l y s m i c b i n a r i e s w i t h a 
s i m i l a r p e r i o d . The mass of the secondary as deduced from i t s 
r a d i u s i s - 0.2 and the e f f e c t i v e temperature o f the pr imary i s 
- 60000K. I f the mass o f the pr imary i s ~ 0 .6 , A f - 1 and, from 
e q u a t i o n ( 2 ) , A 0 ~ β Μ ^ α " 1 , p l a c i n g the p r o g e n i t o r system near LSS 
2018 i n F i g . 1 i f Μ χ ~ 2 .3 -4 . 
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UU Sge c o n s i s t s o f a hot dwarf o f mass - 0 . 9 - 1 . 1 and a main 
sequence s t a r o f mass - 0 .6 -0 .7 w i t h A - 3-3 .3 (Bond, L i l l e r , and 
Mannery 1978, R i t t e r 1987) . From e q u a t i o n ( 2 ) , we have A 0 - 5 
M x

2 / a . For α > 0 .5 , t h i s i m p l i e s tha t the pr imary f i l l e d i t s 
Roche l o b e w i t h A 0 near curves C and D i n F i g . 1. Bond (1976) 
f i r s t n o t i c e d the co inc idence i n p o s i t i o n between the p l a n e t a r y 
n e b u l a A b e l l 63 ( A b e l l 1966) and UU Sge , whose v a r i a b i l i t y had 
been e s t a b l i s h e d by H o f f l e i t ( 1 9 3 2 ) . T s e s s e v i c h ( 1 9 7 7 ) , M i l l e r , 
Krzeminsk i , and P r i e d h o r s k y ( 1 9 7 6 ) , and Bond, L i l l e r , and Mannery 
(1978) e s t a b l i s h e d tha t UU Sge i s an e c l i p s i n g b i n a r y w i t h a 
p e r i o d o f 11.2 h r . From the l i g h t c u r v e , which shows both a 
pr imary and a secondary e c l i p s e , Bond e t a l i n f e r , f o r an 
i n c l i n a t i o n a n g l e ι ~ 8 5 ° , tha t R ^ A - 0.13 and R 2 / A - 0 .24. 
Assuming tha t the secondary i s a dK main sequence s t a r o f mass 
M 2 - 0.7 and o f r a d i u s R 2 ~ 0 .7 , they e s t imate Μ χ ~ 0 . 9 , g i v i n g 
Rx - 0 .4 and A ~ 3. F i n a l l y , they es t imate a d i s t a n c e o f 1 kpc 
f o r the system and a luminos i ty o f L x - ( 1 0 1 · 9 - 1 0 2 · 1 ) f o r the 
p r i m a r y . 

The pr imary i s an sdO s t a r ( M i l l e r , Krzeminsk i , and 
P r i e d h o r s k y 1976) and i t s l u m i n o s i t y , r a d i u s , and s u r f a c e 
temperature as e s t imated by Bond e t a l . a r e remin i scen t of the 
p r o p e r t i e s o f t h e o r e t i c a l he l ium s t a r s t h a t a r e p r e d i c t e d to form 
i n common enve lope event s . From I b e n and Tutukov (1985) we have 
t h a t , d u r i n g the major core h e l i u m - b u r n i n g phase f o l l o w i n g 
emergence from the common envelope phase , 

I * . - 1 0 2 · 3 7 M ^ 3 - 9 8 , Rn e - Ι Ο " 0 4 1 Μ , / · " , 

Τ Η β - 36000 Κ Μ Η β ° · \ ( 7 ) 

where Μ Η β , Ι ^ β , and R H e a r e the mass, l u m i n o s i t y , and r a d i u s of 
the he l ium s t a r i n s o l a r u n i t s , and T H e i s the s u r f a c e tempera-
t u r e . S e t t i n g L g e - ( 1 0 1 · 9 - 1 0 2 · 1 ) i n e q u a t i o n ( 7 ) g i v e s M H e -
0 . 7 6 - 0 . 8 6 . From I b e n and Tutukov ( 1 9 8 5 ) , the mass o f the 
p r o g e n i t o r o f the he l ium s t a r would have been i n the range M x -
( 5 - 7 ) and, from Ρ - 365 d ( A f / 2 1 6 ) 3 1 2 / M t o 1

1 1 2 , we have A f - 2 .89-
2 .95 , which then, u s i n g the Bond e t a l . R /A r a t i o s , i m p l i e s R 2 -
0.7 and R s d 0 ~ 0 .38 . Equat ion ( 7 ) g i v e s R H e - 0 .28-0 .33 -
0 . 7 5 R s d O and Τ Η β ~ (32000 -+ 36000) K, which i s l a r g e enough to 
unders tand the i o n i z a t i o n o f some p o r t i o n o f the e j e c t e d n e b u l a . 
Due bo th to the roughness o f the s t e l l a r models ( i n c l u d i n g the 
u n c e r t a i n t y i n the mass of the h y d r o g e n - r i c h s u r f a c e l a y e r ) which 
p r o v i d e the es t imate of the r a d i u s o f a he l ium s t a r and to the 
u n c e r t a i n t y i n the o b s e r v a t i o n a l e s t imate o f r a d i u s , the 
d i s c r e p a n c y between R H e and R s d 0 i s not a s e r i o u s concern . 

The ease w i t h which we can e x p l a i n many o f the f e a t u r e s o f 
UU Sge i n terms o f a core h e l i u m - b u r n i n g s t a r i s d e c e p t i v e . We 
note tha t the s i z e o f the sdO s t a r i s s u b s t a n t i a l l y s m a l l e r than 
the r a d i u s o f the Roche l o b e about t h i s s t a r , R L - 1 .2 . I f the 
s t e l l a r remnant which emerges from the common enve lope event 
r e t a i n s a s u f f i c i e n t l y massive hydrogen e n v e l o p e , i t w i l l e v o l v e 

https://doi.org/10.1017/S0074180900139075 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900139075


518 

on a long time s c a l e b u r n i n g hydrogen i n a s h e l l a t l u m i n o s i t i e s 
l a r g e r than and a t s u r f a c e temperatures s m a l l e r than g i v e n by 
equat ions ( 7 ) b e f o r e i t i g n i t e s he l ium a t i t s c e n t e r . From F i g . 1 
o f I b e n and Tutukov (1985) we see tha t the r a t e a t which the 
r a d i u s o f a model o f an 0.76 M Q s h e l l hydro g e n - b u r n i n g s t a r 
changes w i t h time as i t approaches the h e l i u m - b u r n i n g main 
sequence i s o f the o r d e r o f d l o g R / d t - 0 . 3 / 1 0 6 y r when R - R Q . 
The i m p l i c a t i o n i s tha t the sdO s t a r i n UU Sge may have r e q u i r e d 
o f the o r d e r o f 2 x l 0 6 y r to reach i t s p r e s e n t s t a t e a f t e r de tach ing 
from i t s Roche l o b e . I t may t h e r e f o r e not y e t have i g n i t e d hel ium 
a t i t s c en ter and so our es t imates b a s e d on equat ions ( 7 ) might be 
w h o l l y i n a p p r o p r i a t e . 

However, the l i f e t i m e of a t y p i c a l p l a n e t a r y n e b u l a i s o r d e r s 
o f magnitude l e s s than 1 0 6 y r , which means tha t the sdO s t a r cannot 
have r e q u i r e d as much time as sugg es t ed by the formal q u a s i s t a t i c 
models whose e v o l u t i o n r a t e i s c o n t r o l l e d by the r a t e o f hydrogen 
b u r n i n g i n a s h e l l . What may have happened i n the r e a l s i t u a t i o n 
i s t h a t , when Roche- lobe detachment o c c u r r e d , the r a d i u s o f the 
m a s s - l o s i n g p r e c u r s o r o f the sdO s t a r was c o n s i d e r a b l y l a r g e r than 
the r a d i u s o f a constant-mass model i n q u a s i s t a t i c e q u i l i b r i u m and 
t h a t the mass o f h y d r o g e n - r i c h matter remaining near the s u r f a c e 
was much l e s s than tha t n e c e s s a r y to s u s t a i n hydro g e n - b u r n i n g in 
q u a s i s t a t i c e q u i l i b r i u m a t h i g h l u m i n o s i t y . The f a c t t h a t the 
spectrum of the i o n i z i n g s t a r i s sdO r a t h e r than sdB supports t h i s 
i n t e r p r e t a t i o n . Immediately a f t e r Roche- lobe detachment, the 
s u r f a c e l a y e r s o f the p r e c u r s o r o f the sdO s t a r , i n f l a t e d by 
dynamic e f f e c t s , may have begun to c o n t r a c t on a time s c a l e l e s s 
than the thermal one. The s u r f a c e l a y e r s o f the sdO s t a r may now 
be c o n t r a c t i n g on a thermal time s c a l e . Helium has p r o b a b l y 
i g n i t e d a t the c e n t e r , thus account ing f o r the c u r r e n t l u m i n o s i t y . 

The c u r r e n t masses and s e p a r a t i o n o f the components o f UU Sge 
permi t us to e s t imate an a p p r o p r i a t e v a l u e f o r the parameter a. 
From I b e n and Tutukov ( 1 9 8 5 ) , M 1 R = 0.76 i m p l i e s M 1 - 5. S e t t i n g 
M 2 - 0.7 and A £ - 3 i n e q u a t i o n ( 2 ) g i v e s A 0 - 141 /a . But , in 
o r d e r f o r the remnant to become a he l ium s t a r , we have tha t the 
r a d i u s o f the Roche l o b e o f the pr imary b e f o r e i t f i l l s i t s Roche 
l o b e must be l e s s than R* ~ Ι Ο 0 · 2 4 * ^ 2 , 2 5 ( u s e d to e s t a b l i s h curve 
D i n F i g . 1) This means that R 1 L ~ 0 .49A 0 - 69 /a < 65 or that 
a > 1! Had we s e l e c t e d M 1 R - 0 .86 , then M x - 5 . 5 and a > 0 .86. 
S ince curve D i s model and composi t ion dependent , we must not take 
these e s t imates too l i t e r a l l y . We may, however r e g a r d them as 
c o n f i r m a t i o n o f our a n t i c i p a t i o n t h a t , f o r i n i t i a l l y w i d e l y spaced 
components o f q u i t e unequal masses, the parameter a i s indeed of 
the o r d e r o f u n i t y . 

As a f i n a l word o f c a u t i o n , however, we note t h a t our p l a c e -
ment o f UU Sge p r o g e n i t o r parameters i n F i g . 1, i s v e r y c l o s e to 
the c r i t i c a l curves C and D, and tha t any change i n the parameters 
o f the c u r r e n t system i n f e r r e d from the o b s e r v a t i o n s c o u l d a l t e r 
the most l i k e l y s c e n a r i o c o n s i d e r a b l y . This s t rengthens the 
l e s s o n o f V651 Mon. 
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4. COMPARISONS BETWEEN PNe OF SINGLE AND OF BINARY ORIGIN 

The n a t u r e o f the ( s u p e r ) w i n d t h a t produces most PNe i s s t i l l 
u n c l e a r . I t i s p o s s i b l e tha t p u l s a t i o n a l i n s t a b i l i t y o f a r e d 
s u p e r g i a n t enve lope i n combinat ion w i t h r a d i a t i o n p r e s s u r e on dust 
and molecu les can produce the m a s s - l o s s r a t e r e q u i r e d by the 
o b s e r v a t i o n s , b u t an e x p l i c i t demonstrat ion from f i r s t p r i n c i p l e s 
i s s t i l l m i s s i n g . I n c o n t r a s t , i t i s c l e a r t h a t common envelope 
a c t i o n i n c l o s e b i n a r i e s can e j e c t l a r g e q u a n t i t i e s o f matter on a 
v e r y s h o r t time s c a l e . 

I n a d d i t i o n , b i n a r y s c e n a r i o s p r o v i d e a n a t u r a l way of 
account ing f o r the b i p o l a r s t r u c t u r e and m u l t i p l e s h e l l s seen i n 
many PNe ( B a l i c k 1987, Chu and Jakoby 1987, Chu, t h i s v o l u m e ) . 
There a r e a t l e a s t two ways i n which a b i n a r y core can i n f l u e n c e 
n e b u l a r shape . I n c l o s e b i n a r i e s , a n g u l a r momentum from the 
s t e l l a r o r b i t can b e t r a n s f e r r e d i n an a x i a l l y symmetric way to 
the m a t e r i a l e j e c t e d i n a common enve lope event . I n wide 
b i n a r i e s , i f the o r b i t a l v e l o c i t y o f the components exceeds a 
t y p i c a l n e b u l a r expans ion v e l o c i t y ( -10 k m s " 1 ) , the motion o f the 
superwind m a t e r i a l e j e c t e d by one of the components can be i n f l u -
enced by the second component. Thus, a l l b i n a r i e s w i t h A 0 < 10 4 

a r e p o s s i b l e p r e c u r s o r s o f PNe w i t h c y l i n d r i c a l symmetry. Conse-
q u e n t l y ( s e e e q u a t i o n [ 1 ] ) , perhaps h a l f o f a l l PNe have e x p e r i -
enced shaping by a c e n t r a l b i n a r y . Of c o u r s e , the wind emit ted by 
the i o n i z i n g s t a r w i l l a l s o e x e r t a shaping i n f l u e n c e (Kwok, 
P u r t o n , and F i t z G e r a l d 1978, Kwok 1982, 1987, Kahn 1982) and, 
under the p r o p e r c o n d i t i o n s , can a l s o produce b i p o l a r and s h e l l 
e f f e c t s which might be d i f f i c u l t to d i s e n t a n g l e from those due to 
d u p l i c i t y . 

One o f the most important p i e c e s o f i n f o r m a t i o n r e q u i r e d f o r 
a f u r t h e r development o f our u n d e r s t a n d i n g o f c l o s e b i n a r y 
e v o l u t i o n i s a f i r m , e m p i r i c a l l y b a s e d e s t imate o f the v a l u e of 
the parameter a d e s c r i b i n g the degree o f o r b i t a l s h r i n k a g e d u r i n g 
the common enve lope s t a g e . The example o f V651 Mon shows that 
f a i r l y p r e c i s e e s t imates can be made i n those s i t u a t i o n s where the 
i o n i z i n g s t a r has a degenerate he l ium c o r e . Thi s i s b e c a u s e , 
between the mass o f such a core and the r a d i u s o f the p r e c u r s o r 
r e d g i a n t , there e x i s t s a t i g h t r e l a t i o n s h i p which can be used to 
e s t imate the o r b i t a l s e p a r a t i o n o f the p r e c u r s o r system. However, 
a d e f i n i t i v e es t imate by t h i s means r e q u i r e s tha t the mass o f the 
i o n i z i n g s t a r can be unambiguously determined to be l e s s than 
- 0 .45 . 

PNe formed around c l o s e b i n a r i e s can have s y s t e m a t i c l l y 
d i f f e r e n t chemistrys which c o u l d h e l p to d i s t i n g u i s h the two. 
S ince the e v o l u t i o n of c l o s e b i n a r y components does not proceed as 
f a r as the e v o l u t i o n o f s i n g l e s t a r s , the chemical compos i t ion o f 
the n e b u l a e around c l o s e b i n a r i e s might be expec ted to be l e s s 
c h e m i c a l l y e v o l v e d than the nebu lae around s i n g l e s t a r s . C e r t a i n -
l y , because the range i n A 0 which w i l l a l l o w a pr imary component 
to reach the TP-AGB phase and b e g i n to dredge up carbon and 
s - p r o c e s s i s o t o p e s ( A 0 between curves Ε and F i n F i g . 1) i s so 
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narrow r e l a t i v e to the f u l l range o f p o s s i b l e s e p a r a t i o n s tha t one 
does not expect to f i n d many PNe w i t h c l o s e double cores which 
e x h i b i t overabundances o f these e lements . I n c o n t r a s t , s i n g l e 
s t a r s which produce PNe do so a f t e r becoming TP-AGB s t a r s and 
d e v e l o p i n g c h e m i c a l l y e n r i c h e d s u r f a c e compos i t ions . Thus, most 
PNe w i t h C/0 > 1 a r e the r e s u l t o f s i n g l e s t a r e v o l u t i o n . 

On the o ther hand, the range i n A 0 which a l l o w s the pr imary 
to f i l l i t s Roche l o b e a f t e r i t has exhausted c e n t r a l he l ium, b u t 
b e f o r e i t has begun to t h e r m a l l y p u l s e , i s much l a r g e r ( A 0 between 
curves D and Ε i n F i g . 1 ) . F u r t h e r , i f i t s mass i s l a r g e r than Ml 
~ 4 -5 , the pr imary w i l l exper i ence a second dredge -up ep i sode and 
deve lop overabundances of 1 4 N and 4 H e ( K a l e r , I b e n , and Becker 
1978) , Becker and I b e n 1980) . Hence, some PNe w i t h c l o s e double 
cores shou ld e x h i b i t overabundances of these two e lements . F i n a l -
l y , PNe which o r i g i n a t e from systems i n which e i t h e r component has 
f i l l e d i t s Roche l o b e f o r the second time should be e s s e n t i a l l y 
pure 4 H e and 1 4 N . F ind ing such a PN would be the most conv inc ing 
ev idence o f a l l f o r the r e a s o n a b l e n e s s o f b i n a r y s c e n a r i o s f o r PN 
f o r m a t i o n . 

I t i s a p l e a s u r e to thank You Hua Chu and James K a l e r f o r 
h e l p f u l comments on the manuscr ip t . 
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