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1. RELATIONS BETWEEN PLANETARY NEBULAE AND LONG-TERM EVOLUTION 

The chemical e v o l u t i o n of g a l a x i e s i s c o n t r o l l e d by s tar formation, 
s t e l l a r mass l o s s , gas f l o w s , and the composit ions of matter involved 
in these p r o c e s s e s · Planetary nebulae (PN) thus a f f e c t chemical evo-
l u t i o n d i r e c t l y in represent ing mass e j e c t i o n at the end of the nuclear 
burning l i v e s of many s t a r s , and in enriching the i n t e r s t e l l a r medium 
in elements that are overabundant in the nebulae. Supernovae o f t e n 
e c l i p s e PN in d i s c u s s i o n s of these e f f e c t s , so i t i s noteworthy that 
planetary precursor s t a r s not only provide much of the present s t e l l a r 
mass l o s s in the so lar neighborhood, but a l s o show as c l ear evidence 
as supernova remnants for the e j e c t i o n of elements newly synthes ized 
in the s t a r s themselves . Furthermore, PN are t racers of the past s tar 
formation h i s t o r y in a galaxy, s i n c e t h e i r r a t e of occurrence depends 
on the b i r t h r a t e of progenitor s t a r s during the whole l i f e t i m e of the 
system. 

In order to a s s e s s the e f f e c t s of PN on the long-term h i s t o r y of 
the Galaxy, we need to know t h e i r occurrence r a t e , d i s t r i b u t i o n , s h e l l 
masses, and chemical composi t ions . An important point i s that the 
nebula represents only part of the mass l o s t from i t s precursor s t a r , 
so we must a l s o know the i n i t i a l mass of the precursor, i t s t o t a l mass 
l o s s , and the composit ion of i t s whole envelope. Because none of 
these q u a n t i t i e s i s known d e f i n i t i v e l y , the primary aim of t h i s paper 
i s to i l l u s t r a t e methods and concepts that can be developed in the 
l i g h t of growing knowledge about PN and t h e i r precursors . 

2. RATES IN THE SOLAR NEIGHBORHOOD 

I t has o f t e n been remarked that the l o c a l formation r a t e s of PN 
and white dwarfs are about equal to each other and to the expected 
deathrate of low-mass s t a r s ( e . g . Sa lpe ter , 1971; T ins l ey and Ostr iker , 
1976; Cahn and Wyatt, 1976) . This c o n s i s t e n c y , together with evidence 
on Galac t i c populat ion types , supports the view that s t a r s not massive 
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enough to become supernovae e j e c t a PN s h e l l and d i e as wh i t e dwarfs . 
Some d e t a i l s and i m p l i c a t i o n s w i l l be rev iewed. 

2 . 1 P r e d i c t e d r a t e s of occurrence 

A p r e d i c t i o n of the PN r a t e r e q u i r e s assumptions about t h e i r o r i -
g i n s and the pas t h i s t o r y of s t a r format ion . We adopt the h y p o t h e s i s 
t h a t one PN i s e j e c t e d by each dying s t a r i n the mass range from the 
t u r n o f f mass mt ( the mass of a s t a r w i t h l i f e t i m e equal to the age of 
the Galaxy) up to 5 M@; u n c e r t a i n t i e s i n the upper l i m i t ( T i n s l e y , 
1977a) are unimportant i n t h i s c o n t e x t , because r e p l a c i n g 5 M@ by any 
v a l u e > 3 Mq would a f f e c t the s c a l e of the c a l c u l a t e d PN r a t e by l e s s 
than 50% and i t s t ime-dependence during only the f i r s t few 108 y e a r s . 

The s t e l l a r b i r t h r a t e f u n c t i o n may be w r i t t e n , i n g e n e r a l , ψ ( ί ) χ 
φ(m)dt dm = no. of s t a r s born i n the t ime i n t e r v a l ( t , t + d t ) and i n the 
mass i n t e r v a l (m,m-him). The i n i t i a l mass f u n c t i o n (IMF), φ(πι), i s 
normalized so that ψ ( ί ) i s the t o t a l mass of s t a r s born per u n i t t ime , 
i . e . the s t a r formation r a t e (SFR). Now the PN r a t e a t t ime t i s 
c l e a r l y g iven by the e x p r e s s i o n 

r 5 % 
r p N = J <Mt-Tm)<|>(m)dm, (1) 

\ 
where τ i s the l i f e t i m e of a s t a r of mass m. The integrand i n t h i s 
equat ion g i v e s the precursor mass d i s t r i b u t i o n , d i s c u s s e d i n § 2 . 3 . 

The s e n s i t i v i t y of p r e d i c t i o n s t o the s t e l l a r b i r t h r a t e f u n c t i o n 
w i l l be t e s t e d by c o n s i d e r i n g s e v e r a l a l t e r n a t i v e s . The f i r s t SFR to 
be used i s s imply \p(t) = cons tant = ψ ι ; the o ther SFR i s a modi f i ed 
power law, ψ(ϋ) = 12.5ψ χ/ ( t + 0 . 5 ) , where ψ χ i s the SFR a t the adopted 
presen t time tx = 12 Gyr, and t i s i n Gyr (Ξ 109 y e a r s ) . The v a l u e of 
ψι i s chosen to provide a present column d e n s i t y 75 M@ pc"2 of s t a r s 
( exc lud ing mass once i n s t a r s tha t has been e j e c t e d ) ; the a l t e r n a t i v e 
f u n c t i o n s requ ire r e s p e c t i v e l y ψ χ = 8 . 3 and ψχ=2.5 Mq pc""2 Gyr"1 . In 
the l a t t e r c a s e the average p a s t SFR i s 3 t imes the present r a t e ; both 
f u n c t i o n s s a t i s f y the c o n s t r a i n t s on that r a t i o imposed by the method of 
Schmidt (1959) based on the s t e l l a r l u m i n o s i t y f u n c t i o n (as i n T i n s l e y , 
1977b) . 

Two IMF's w i l l be c o n s i d e r e d . The f i r s t i s a power law, φ(πι) α 

m - ( l+K) ? w i t h χ = 1.3 f o r a l l r e l e v a n t masses , 0.9 < m < 5 MQ ( S a l p e t e r , 
1955). The a l t e r n a t i v e IMF r e p r e s e n t s the s o l a r neighborhood f u n c t i o n 
i n more d e t a i l , w i t h s l o p e s χ = 1.3 f o r masses 2 < m < 5 MQ, χ s 1 . 0 
f o r 1 < m < 2 MQ, and χ = 0.25 f o r 0.9 < m < 1 MQ. The poorly-known 
IMF f o r masses o u t s i d e the range of i n t e r e s t i s e l i m i n a t e d by s c a l i n g 
the r e l e v a n t part of φ(ιιι) t o the e m p i r i c a l d e n s i t y of t u r n o f f s t a r s ; i n 
t h i s way, the IMF f o r the t u r n o f f mass i s e s t imated to be ΦΧ = 0.10. 
The PN r a t e p r e d i c t i o n s below bear an u n c e r t a i n t y of perhaps a f a c t o r 
of 2 due to the n o r m a l i z a t i o n to s t e l l a r d e n s i t i e s v i a ψχφχ. 
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T u r n o f f M a s s ( M Q ) 
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Figure 1. Rate of occurrence of PN in models for the so lar 
neighborhood wi th var ious s t e l l a r b i r t h r a t e func t ions : s o l i d l i n e : 
power-law IMF and decreas ing SFR; long dashes: " loca l" IMF and de-
creasing SFR; short dashes: " loca l" IMF and constant SFR. 

Calculated PN r a t e s as a funct ion of time are shown in Figure 1. 
If the SFR i s cons tant , rp^j increases s t e a d i l y as the contr ibut ing mass 
range widens, i . e . as the turnoff mass decreases ( c f . lower l i m i t to 
the i n t e g r a l in equation [1] and the upper s c a l e in Figure 1 ) . How-
ever , with a rapidly d e c l i n i n g SFR the PN ra te f a l l s a f t e r an ear ly 
maximum, because of the d e c l i n i n g contr ibut ion of s t a r s more massive 
than t u r n o f f . This e f f e c t i s seen to be more pronounced with the 
" local" IMF, because i t i s r i cher in massive s t a r s . 

I t can be seen that the predicted present PN rate i s i n s e n s i t i v e 
to the choice of s t e l l a r b i r t h r a t e func t ion; d i f f e r e n c e s among the 3 
c a s e s , at 12 Gyr, in Figure 1 are much l e s s than the common uncerta inty 
in normal izat ion. This model i n s e n s i t i v i t y a r i s e s because the PN rate 
depends s trong ly on the ra te at which s t a r s j u s t above turnoff are 
dying, and a l l cases have been sca led to the same present dens i ty of 
s t a r s at t u r n o f f . A d i f f e r e n t r e s u l t would have been obtained i f we 
had sca led t o , say , the present b i r t h r a t e of s t a r s above 2 Mq, but the 
adopted method of normal izat ion appears to s u f f e r from the smal l e s t em-
p i r i c a l u n c e r t a i n t i e s . Consequently, the PN r a t e does not provide any 
stronger c o n s t r a i n t s on the IMF or SFR than can be derived from the 
d e n s i t i e s of main sequence s t a r s and r e l a t e d q u a n t i t i e s . 
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2 .2 Comparison with empir ica l r a t e s 

Two recent papers have d i scussed the PN ra te i n the so lar neighbor-
hood, and t h e i r r e s u l t s can be reconc i l ed as f o l l o w s . The e s t imates 
by A l l o i n , Cruz-Gonzalez, and Peimbert (1976) should be increased by a 
f a c t o r 1 . 3 to a l low for an incompleteness in the PN catalogue described 
by Cahn and Wyatt (1976); in a d d i t i o n , Cahn and WyattTs va lues based on 
the d i s tance s c a l e of Cudworth (1974) appear to need an extra c o r r e c t -
ion f a c t o r to a l low for the e f f e c t of d i s t a n c e on the nebular radius 
(A l lo in et. a l . , 1976) . With these adjustments, both s e t s of authors 
would obta in r p N = 1 . 2 pc"2 Gyr"1 f or thè Cahn and Kaler (1971) d i s tance 
s c a l e , and r p N = 0 . 3 pc"2 Gyr"1 for the Cudworth s c a l e , with uncer ta in -
t i e s ^ 20% in each case . 

The model p r e d i c t i o n s in Figure 1 agree with these empir ical r a t e s 
wi th in the errors , although i t i s c l e a r that a more c r i t i c a l comparison 
cannot ye t be made. I t would be rewarding to reduce the u n c e r t a i n t i e s 
on both s i d e s far enough to t e s t whether each PN precursor does e j e c t 
j u s t one PN, as assumed. A more s e n s i t i v e way of us ing PN s t a t i s t i c s 
to cons tra in the SFR i s d i scussed n e x t . 

2 . 3 The precursor mass d i s t r i b u t i o n 

Figure 2 i l l u s t r a t e s the predicted present mass d i s t r i b u t i o n of PN 
precursors , for the models used in Figure 1. (The l i n e l a b e l l e d "Re-
turn" w i l l be d i scussed i n § 2 . 4 . ) Here the SFR makes a s t r i k i n g 
d i f f e r e n c e , because a decreas ing funct ion l eads to a smaller contr ibut ion 
from the r e c e n t l y formed more massive precursors . The choice of IMF, 
paradox ica l ly , has l i t t l e e f f e c t on the mass d i s t r i b u t i o n , because i t s 
s lope i s not subject to s e r i o u s u n c e r t a i n t i e s in the mass range of 
i n t e r e s t . 

According to Figure 2, a constant SFR would r e s u l t in about equal 
numbers of PN precursors with i n i t i a l masses in the three i n t e r v a l s 
0 .9 to 1 . 2 Mq (mid-G to mid-F at t u r n o f f , c f . upper s c a l e ) , 1 . 2 to 2 
Mq ( ear ly F and A s t a r s ) , and 2 to 5 Mg ( l a t e Β s t a r s ) . By c o n t r a s t , 
an SFR decreas ing as sharply as the funct ion used here would r e s u l t in 
about 65%, 20%, and 15% of precursors in the r e s p e c t i v e i n t e r v a l s . Data 
on the Galact ic d i s t r i b u t i o n and kinematics of PN could perhaps d i s -
criminate between such c a s e s . Grieg (1971) i d e n t i f i e d two c l a s s e s of 
PN, for which Cudworth (1974) confirmed rather d i f f e r e n t kinematic 
p r o p e r t i e s , resembling s t a r s of l e s s than 1 MQ and about 1 .5 MQ r e s p e c t -
i v e l y . Comparable numbers of PN were l i s t e d for each c l a s s , but the 
completeness needs i n v e s t i g a t i o n , for example to see whefher a subs tant -
i a l number of PN d i s t r i b u t e d l i k e Β s t a r s may be undetected. Further 
study of t h i s quest ion may lead to u s e f u l c o n s t r a i n t s on the v a r i a t i o n 
of the SFR with t ime. 

This t e s t for the time-dependence of the SFR i s c l o s e l y r e l a t e d , 
in p r i n c i p l e , to Mayor and Mart inet 1 s (1977) cons iderat ion of the mass 
d i s t r i b u t i o n of A, F, and G s t a r s . The two approaches may prove to be 
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Spectral Type at Turnoff 
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Mass (ΜΘ) 

Figure 2. Three curves g i v e the d i s t r i b u t i o n of o r i g i n a l 
masses of precursor s t a r s of PN at time 12 Gyr; the models use d i f f e r -
ent s t e l l a r b i r t h r a t e f u n c t i o n s , as in Figure 1. Dash-dotted l i n e : 
contr ibut ion per un i t mass to the ra te of mass e j e c t i o n (counting the 
whole envelope above the white dwarf) i n the model with the " loca l" 
IMF and decreasing SFR. A l l q u a n t i t i e s are normalized to un i ty at 
the turnoff mass. 

u s e f u l l y complementary i n that they use independent data s u f f e r i n g from 
d i f f e r e n t b i a s e s and problems of i n t e r p r e t a t i o n . 

2 .4 The i n t e r s t e l l a r gas balance in the s o l a r neighborhood 

The t o t a l ra te of mass e j e c t i o n by PN precursors ( inc luding g iant 
s t a r s with winds) depends on the PN occurrence ra te and on the o r i g i n a l 
and f i n a l s t e l l a r masses. I f , f or example, we assume an average white 
dwarf mass of 0 .7 Mq and an average precursor mass of 1 .2 Mq, the em-
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p i r i c a l PN r a t e (§ 2 .2 ) corresponds to an e j e c t i o n r a t e of 0 .15 - 0 .6 
Mq pc"2 Gyr"1. 

Models for the s o l a r neighborhood g ive s i m i l a r r e s u l t s . For e x -
ample, the case with the above " loca l" IMF and decreas ing SFR leads to 
a present e j e c t i o n ra te of 0 . 3 1 Mq p c - 2 Gyr"1; the average l o s s per PN 
precursor i s 0 .7 MQ, sugges t ing that much of the envelope i s blown o f f 
before the PN s h e l l . The curve l a b e l l e d "Return" in Figure 2 shows 
the r e l a t i v e mass l o s s ra t e as a funct ion of ( o r i g i n a l ) s t e l l a r mass; 
about hal f the t o t a l comes from s t a r s above 2 MQ, although these con-
t r i b u t e only 15% of the PN ra te by number. A constant SFR would 
ev ident ly g ive r i s e to more mass l o s s from the more massive precursors , 
r e s u l t i n g in a greater t o t a l mass return ra te for a given PN r a t e . 

The preceding mass return r a t e s are now to be compared with the 
contr ibut ion from massive s t a r s (presumably supernova precursors ) , and 
the o v e r a l l e j e c t i o n ra te i s to be compared with the ra te at which gas 
i s used up in s tar formation. The r e l a t i o n s between these r a t e s are , 
of course , c r u c i a l to chemical e v o l u t i o n . 

Again using the " loca l" IMF and decreas ing SFR, the predicted 
e j e c t i o n ra te from s t a r s above the adopted PN precursor mass range i s 
0 .26 MQ pc"2 Gyr"1, s i m i l a r to the ra te from l e s s massive s t a r s . This 
comparison i s s e n s i t i v e to the choice of d iv id ing mass: i f i t were 8 
MQ rather than 5 MQ, two- th irds of the mass e j e c t i o n would be from PN 
precursors (although mostly not in the PN s h e l l s themse lves ) . Supernova 
ra te s are too uncerta in to g ive the d iv id ing mass p r e c i s e l y (Tammann, 
1977, T ins l ey ,1977a ) , but the Galact ic d i s t r i b u t i o n of PN may be a 
u s e f u l approach to t h i s quant i ty . Conversely, the uncerta inty in the 
upper mass l i m i t for PN precursors a f f e c t s the i n t e r p r e t a t i o n of the 
PN d i s t r i b u t i o n in terms of the SFR (§ 2 . 3 ) , because of course there 
are r e l a t i v e l y more Β s t a r s among PN precursors i f the l i m i t i s 8 Mq 
rather than 5 MQ. 

The combined e j e c t i o n ra te from a l l s t a r s i s a f r a c t i o n R = 0 .23 
of the present SFR, in the model under cons idera t ion , so the net ra te 
of gas consumption by s t e l l a r b i r t h s and deaths i s (l-R)iJ; χ = 2 Mq pc"2 

Gyr"1. Given the u n c e r t a i n t i e s in a l l the f a c t o r s enter ing t h i s 
e s t imate , the s o - c a l l e d "net SFR" could p l a u s i b l y l i e anywhere in the 
range ^ 0 . 8 to 10 Mq pc"2 Gyr"1. 

Now the re levant t imesca le for changes in chemical abundances in 
the i n t e r s t e l l a r gas i s the r a t i o of gas content to net gas consumption 
r a t e . For a l o c a l gas d e n s i t y of 6 - 9 Mq pc"2 (Gordon and Burton, 
1976) , and the foregoing net SFR, t h i s t imesca le could be as long as 10 
Gyr or as short as 0 .5 Gyr. A further complicat ion i s that gas i n f a l l 
in to the so lar neighborhood could be as f a s t as 2 MQ pc"2 Gyr"1 (Oort, 
1970; Cox ar.H Smith, 1976) , which may cancel the gas consumption ra te 
due to s t e l l a r b i r t h s and deaths . Such an i n f l u x would profoundly 
a f f e c t chemical e v o l u t i o n , making r a t e s of change of chemical abundances 
very slow indeed (Larson, 1972; Audouze and T i n s l e y , 1975) . 
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In summary, i t i s u n l i k e l y that mass l o s s from PN precursor s t a r s 
i s i t s e l f a major f a c t o r i n the i n t e r s t e l l a r gas balance in the so lar 
neighborhood, but PN s t a t i s t i c s may provide checks on many parameters 
re levant to chemical e v o l u t i o n . 

3. CHEMICAL ENRICHMENT BY PLANETARY NEBULAE 

3 . 1 Preliminary e s t imates : the y i e l d 

PN undoubtedly contr ibute to the long-term enrichment of the Galaxy 
in elements that are overabundant i n the nebulae. The important ques t -
ion i s whether PN contr ibute a s i g n i f i c a n t f r a c t i o n of the i n t e r s t e l l a r 
abundance l e v e l of any element. 

An order-of-magnitude e s t imate of the i n t e r s t e l l a r abundance a r i s i n g 
from a given source of an element i s the quant i ty c a l l e d i t s y i e l d . For 
an element contr ibuted by PN, the y i e l d i s def ined as the r a t i o ( e j e c t i o n 
ra te v i a PN of element synthes ized in precursor s t a r s ) / ( n e t SFR); i . e . , 

y Ξ [X(PN) - Χ( Ι5Μ)] ι^ Ν Γ ρ Ν / ( 1^)ψ , (2) 

where X(PN)-X(ISM) i s the excess abundance in PN over the i n t e r s t e l l a r 
va lue , mp^ i s the nebular mass, rp^ i s the ra te by number, and (I-R)iJj 
i s the net SFR. Being based on the ra te r a t i o πΐρΝΓρΝ/ψ, the y i e l d i s 
much l e s s vulnerable to model-dependent e f f e c t s than are es t imates based 
on the present e j e c t i o n ra te m u l t i p l i e d by the age of the Galaxy. Depend-
ing on poor ly-eva luated processes such as i n f a l l or v a r i a t i o n s in the 
IMF, the contr ibut ion of PN to the abundance of an element may be in 
the range ^ y to 3y ( c f . Audouze and Tins ley 1975) . A condi t ion for 
PN to contr ibute most of the abundance X(ISM) of an element i s thus 
y > X(ISM) / 2 , i . e . , 

X(PN) _ - ( l -RW /ο\ 
X(ISM) - „ 2mpNrpN · <3> 

For example, given the e s t imates nip^ = 0 .3 M@, rp^ = 0 .5 pc 2Gyr""1, R = 
0 .23 , and ψι = 2 .5 Mq pc~2 Gyr"1, we f ind that an overabundance X(PN)/ 
X(ISM) > 7 would impl ica te PN precursors as the main source of the 
element considered. (Because of the u n c e r t a i n t i e s in equation [3] and 
in the q u a n t i t i e s on the r i g h t - h a n d - s i d e , much smaller overabundances 
than the nominal value of 7 may be s i g n i f i c a n t . ) Reported overabundances 
by f a c t o r s up to ^ 10 ( see Peimbert*s review in these Proceedings) 
point to a very important r o l e for PN in chemical enrichment. 

The o v e r a l l contr ibut ion of PN precursor s t a r s to the enrichment 
must be greater than ind ica ted by the y i e l d based on nebular masses and 
composi t ions , s i n c e the prev ious ly e j e c t e d envelopes must share some of 
the same abundance enhancements as the nebulae. In p a r t i c u l a r , the 
r e l a t i v e overabundances ( e . g . of carbon with respect to n i trogen) could 
be d i s t o r t e d i f only the PN themselves are cons idered. Caution i s thus 
needed in using PN to eva luate chemical enrichment by low-mass s t a r s . 
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Figure 3. Abundance r a t i o s , r e l a t i v e to t h e i r v a l u e s at 10 
Gyr, in two c o n s i s t e n t models f o r chemical evo lu t ion in the so lar n e i g h -
borhood: (a) a model with i n f a l l (model 1 of T ins l ey [1977b]) , (b) a 
model wi th f i n i t e i n i t i a l abundances of elements from massive s t a r s 
(model 3 i b i d . ) · So l id l i n e s (P) show the abundance r a t i o of primary 
elements made in low-mass s t a r s (< 5 MQ) to primary elements made in 
massive s t a r s . Dashed l i n e s (S) show the corresponding r a t i o for s e c -
ondary e lements . Dash-dotted l i n e : the 1 2 C / 1 6 0 r a t i o (by mass) 
c a l c u l a t e d under assumptions described in the t e x t . 

3 .2 Time-dependence 

The y i e l d of any element due to PN and t h e i r precursors increases 
with time s i n c e the r a t i o rp^/ψ does so (eqs . 1 , 2 ) . By c o n t r a s t , 
y i e l d s due to massive s t a r s are constant because the s t e l l a r death- and 
b i r t h r a t e s are e s s e n t i a l l y equal . Thus the abundances of elements from 
PN tend to grow r e l a t i v e to those from supernovae, and the former e l e -
ments should be r e l a t i v e l y underabundant in the o l d e s t s t a r s . 

P o s s i b i l i t i e s may be i l l u s t r a t e d by some schematic c a l c u l a t i o n s 
of the r e l a t i v e i n t e r s t e l l a r abundances of pu ta t ive elements synthes ized 
e x c l u s i v e l y in l e s s and more massive s t a r s r e s p e c t i v e l y (with the d i v i s -
ion at 5 Mq). Figure 3 shows such abundance r a t i o s for both primary 
and secondary e lements , in two models that are c o n s i s t e n t with data on 
the SFR, s t e l l a r m e t a l l i c i t y d i s t r i b u t i o n , e t c . , in the so lar neighbor-
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hood. In most c a s e s , d i f f e r e n c e s from the present r a t i o s exceed the 
observat ional s c a t t e r in s t e l l a r abundances only in the o l d e s t s t a r s , 
so i t w i l l take accurate data on the abundances and ages of many s t a r s 
to revea l such e f f e c t s . 

A pair of elements to consider as an example i s 12C and 1 6 0 . Since 
not a l l 12C i s thought to come from PN precursors , these elements cannot 
be i d e n t i f i e d with the primary pa i r s in Figure 3. To be more r e a l i s t -
i c , the curve "C/0" inc ludes the y i e l d s of C and 0 from massive s t a r s 
given by Talbot and Arnett ( see Fig . 2 o f Audouze and Tins ley [1975] ) , 
as w e l l as a d d i t i o n a l 12C assumed to be mixed out from the cores of 
s t a r s in the PN precursor mass range; p a r t i a l burning of 12C to 13C 
and l lfN in s t e l l a r envelopes has been included (as c a l c u l a t e d 
by Dearborn [1977] ) . The massive s t a r s alone would g ive too l i t t l e C 
r e l a t i v e to 0 by a f a c t o r of 2. Thus the amount of core carbon from 
low-mass s t a r s has been chosen ad hoc to provide about the so lar C/0 
r a t i o in the i n t e r s t e l l a r medium at the sun's formation time; the r e -
quirement i s 0.0064 M@ of carbon per low-mass s t a r . Remarkably, i f 
t h i s extra carbon were contained in a PN s h e l l of mass 0 .2 Mq i t would 
g ive j u s t the f a c t o r of 9 overabundance reported by Torres-Peimbert and 
Peimbert (1977) . Of course there are u n c e r t a i n t i e s a r i s i n g from the 
g a l a c t i c model, other a spec t s of n u c l e o s y n t h e s i s , e t c . , so these r e s u l t s 
are only s u g g e s t i v e . A reasonable conc lus ion i s that the so lar C/0 
r a t i o and es t imates of n u c l e o s y n t h e s i s in massive s t a r s are together 
c o n s i s t e n t with a major a d d i t i o n a l source of carbon a r i s i n g from PN 
precursors , as ind ica ted by the nebular overabundances. 

The case of n i trogen i s more complicated, p a r t l y because i t s 
secondary nature may lead to time-dependent abundance r a t i o s whatever 
the mass of i t s source s t a r s ( see the review of CNO nuc leosynthes i s by 
Truran [1977] ) . S u f f i c e i t to note that PN apparently represent a 
s i g n i f i c a n t source of n i t r o g e n , according to the c r i t e r i a of § 3 . 1 . 

4. POPULATION I I PLANETARIES AND GALACTIC EVOLUTION 

4 . 1 Pred ic t ion 

In s t e l l a r populat ions that were formed in e s s e n t i a l l y one i n i t i a l 
burs t , the PN ra te can be predic ted from the IMF and s t e l l a r l i f e t i m e s 
(Cahn and Wyatt, 1976) . I t i s convenient to e l iminate the unkown amount 
of mass in s t a r s below turnoff by normalizing to the luminos i ty , which 
i s l a r g e l y due to g iant s t a r s that are the immediate precursors of PN. 
Since the g iant l i f e t i m e (x g ) of a turnoff s tar i s much l e s s than i t s 
t o t a l l i f e t i m e , the number of g i a n t s i s approximately τ g t imes the s t e l -
l ar deathrate , which w i l l be denoted rpjj on the usual assumption that 
each s tar e j e c t s one PN. Now l e t il g be the average luminos i ty ( in a 
chosen wavelength i n t e r v a l ) of a g i a n t , def ined so that i s the 
integrated l i g h t output during g iant e v o l u t i o n ; and l e t G be the f r a c -
t i o n of luminosi ty of the system that comes from giant s t a r s . The 
t o t a l luminosi ty i s thus L = ^gTgrPN/G · L e t Tp*j be v i s i b l e l i f e -
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time of a PN, so t h e i r number i s Np^ = Tp^rPN· F i n a l l y , the number of 
PN per un i t luminos i ty i s g iven by 

NPN / L - G TPN / agTg- ( 4 ) 

This quant i ty can be converted to A l l o i n e t a l / s (1976) " s p e c i f i c PN 
rate" v i a the mass - to - luminos i ty r a t i o , but o f t e n that f a c t o r adds 
unnecessary uncer ta in ty . 

4 . 2 Globular c l u s t e r s 

A p r e d i c t i o n of the number of PN in Galact ic g lobular c l u s t e r s may 
be made from an est imated t o t a l blue luminos i ty , L - 200 x 105 L@, with 
G - 0 .5 and &gTg - 5 x 10 1 0 Lq (based on t h e i r s t e l l a r popu la t ions ) . 
With TpN = 20,000 yr , equation (4) p r e d i c t s NpN ^ 4. The observed 
number of one i s w e l l w i th in the a s t r o p h y s i c a l and s t a t i s t i c a l uncer-
t a i n t i e s of the p r e d i c t i o n , but the u n c e r t a i n t i e s preclude a strong t e s t 
of the assumption that each dying globular c l u s t e r s t a r makes one PN. 
A l l o i n e t a l . (1976) note that the e f f i c i e n c y could be smal ler , because 
of the very small mass of the nebula in M15; Populat ion I I s t a r s prob-
ably have l i t t l e mass to l o s e , in e i t h e r a wind or a PN s h e l l , s i n c e 
t h e i r turnoff mass i s c l o s e to the white dwarf mass. For the next 
a p p l i c a t i o n of equation ( 4 ) , i t i s u s e f u l even to conclude that the PN 
ra te for g lobular c l u s t e r s t a r s i s w i th in an order of magnitude of 
t h e i r deathrate . 

4 . 3 The halo 

Scal ing from one PN in the g lobular c l u s t e r system of t o t a l mass 'v 
2 X 107 MQ to about 100 PN in the halo populat ion (Cahn and Wyatt, 1976) , 
we can es t imate that the halo conta ins a mass ^ 2 x 109 MQ of c l u s t e r 
type s t a r s . This would be an underestimate of the t o t a l halo mass i f 
the f i e l d Population I I has r e l a t i v e l y more s t a r s below turnoff than the 
c l u s t e r s . The low es t imate i s c o n s i s t e n t with that derived by Schmidt 
(1975) from counts of subdwarfs, which showed no evidence for a rapid ly 
increas ing populat ion of even l e s s massive s t a r s . Cahn and Wyatt (1976) 
a l s o concluded from PN s t a t i s t i c s that the halo i s not very massive. 

A l l o i n e t a l . (1976) adopted the orders-of-magnitude larger halo 
masses that have been suggested on dynamical grounds (Ostriker and 
Peeb le s , 1973) , and concluded that only a very small f r a c t i o n of 
extreme Population I I s t a r s become PN. Because a very low e f f i c i e n c y 
of PN production i s excluded by the globular c l u s t e r data (§ 4 . 2 ) , t h i s 
argument requires most of the halo to be in o b j e c t s that do not a f f e c t 
chemical evo lu t ion by t h e i r mass l o s s . 

E f f e c t s of mass l o s s by halo s t a r s on evo lu t ion of the d isk have 
been studied by Ostriker and Thuan (1975) . From PN s t a t i s t i c s 
s imi lar to the above, those authors concluded that a l t o g e t h e r ^ 1 /8 of 
the disk mass could be matter shed in the past by halo s t a r s . Most of 
t h i s contr ibut ion to i n f a l l would have been at ear ly t imes; the 100 
est imated PN in the present halo populat ion contr ibute n e g l i g i b l y 
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to the o v e r a l l gas balance of the Galaxy. Even i f the mass l o s t by each 
precursor i s as l arge as 0 . 3 Mq, the t o t a l e j e c t i o n r a t e I s only 0.1% 
of the Galac t i c s t a r formation r a t e of a few s o l a r masses per year . 

In conc lus ion , research on planetary nebulae can make an important 
contr ibut ion to the f i e l d of g a l a c t i c e v o l u t i o n , both in constra in ing 
such key f a c t o r s as the past r a t e of s tar formation, and in providing 
information on chemical enrichment by s t a r s of low mass. I t w i l l be 
va luable to acquire further data on the composi t ions , d i s t r i b u t i o n , and 
kinematics of PN, and on the composit ions and o r i g i n a l masses of t h e i r 
precursor s t a r s . 

This research was supported in part by the Nat ional Science Found-
a t i o n (Grant AST76-16329) and by the Al fred P. Sloan Foundation. 
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DISCUSSION 

Al ler : The rate of enrichment of the i n t e r s t e l l a r medium in heavy e l e -
ments depends on the mass of precursor s tar and depth from which pro-
cessed material can be fed in to the i n t e r s t e l l a r medium. P lane tar i e s 
as soc ia ted with s t a r s showing H absorption l i n e s don't tend to show 
conspicuous ni trogen excess whi le those with Wolf-Rayet type and purely 
continuous spectra do. UV observat ions are needed to secure ly f i x the 
C abundance. Quant i tat ive p r e d i c t i o n s of enhancement ra te s would be 
extremely d i f f i c u l t . 

Tins ley: I think i t would be very u s e f u l to see i f there i s any pattern 
in the abundances of p l a n e t a r i e s compared to t h e i r populat ion type , in 
other words, the masses of the precursors . 

Ford : I would l i k e to remark that there are planetary nebulae in 
three e l l i p t i c a l g a l a x i e s which have populat ion II s t a r s , namely 
Fornax, NGC 147, and NGC 185. Population II s t a r s can and do produce 
planetary nebulae. 

Tins ley: The same i s true in the halo in t h i s galaxy. If you wanted to 
have a very massive halo of evolv ing s t a r s , then you would have t o say 
that they were much l e s s e f f i c i e n t in making p l a n e t a r i e s than the globu-
lar c l u s t e r s . You might be allowed a fac tor of 4 or 5 more, j u s t be-
cause one in a globular c l u s t e r i s not good s t a t i s t i c s . 
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