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ABSTRACT 
The enhancements of 3He, 4He, 12C, 13C, 14N, 22Ne, and ¿-process elements at the surfaces of 

stars that ultimately experience the thermal-pulse phenomenon is studied in some detail. It is 
shown that, as a consequence of the dredge-up phenomenon that occurs during the power-down 
phase of a thermal pulse, the development of a surface ratio of carbon to oxygen greater than 1 
may possibly not be achieved for luminosities below MBOl ~ — 5.5. The enhancement of ¿-process 
elements that follows as a consequence of the emission of neutrons via the reaction 22Ne(a, w)25Mg 
is not achieved for luminosities below MBol ~ —6. The thermal pulse mechanism thus appears 
capable of accounting easily for only the most luminous carbon stars. 

The thermal-pulse mechanism predicts comparable enhancements of 12C and ¿-process elements. 
Hence, unless 12C is converted into 14N at the base of the convective envelope during the inter- 
pulse phase, it fails to account for two major characteristics of both barium stars and S stars 
(enhancements of ¿-process elements up to factors of 20 but C/O ~ 1). It is inferred that the 
infusion of protons into the cores of a fraction of all low-mass stars undergoing the helium flash is 
responsible for the characteristics of the majority of barium stars and that S stars may be direct 
(thermally pulsing) descendants of barium stars. 

By combining the results of stellar evolution calculations with a standard birthrate function, 
sources of several elements in the interstellar medium are identified. Stars of low mass (M ^ 2 Af0) 
are responsible for most of the 3He, stars of high mass (M ^ 8 M©) are responsible for 160, and 
stars of intermediate mass are responsible for ¿-process elements with 10 < A < 204. The 
elements 14N and 13C are contributed fairly evenly by all stars. The elements 12C and 22Ne and the 
progeny of 22Ne (results of the 22Ne(a, «)25Mg reaction and of subsequent neutron-capture 
reactions) are contributed in roughly equal amounts by stars of intermediate mass and by stars 
of high mass. 
Subject headings: convection — interstellar: abundances — nucleosynthesis — 

stars : abundances — stars : late-type 

I. INTRODUCTION 

It is now well established that the convective shell 
that forms between the carbon-oxygen core and the 
hydrogen-rich envelope of thermally pulsing stars is an 
important site for the production of carbon and of 
¿-process elements. By a process of convective dredg- 
ing, elements freshly synthesized in the shell are first 
carried to the surface, where they may be observed, 
and subsequently, as a consequence of mass loss from 
the stellar surface, contribute to the heavy-element 
enrichment of the interstellar medium. 

There is sufficient quantitative understanding of 
thermal pulse properties, of cross sections of many 

* Supported in part by the National Science Foundation 
(grants AST 75-21801 and AST 76-22673). 

important nuclear reactions that occur during pulses, 
and of surface mass loss rates to justify a zero order 
description both of (1) the variation with time in 
surface composition as a consequence of the thermal 
pulse and convective dredge-up mechanism in stars of 
different initial mass and of (2) the contribution of 
thermally pulsing stars of different initial mass to the 
enrichment of the interstellar medium. 

Our principal findings include: (1) Significant en- 
hancement of ¿-process elements does not occur for 
luminosities less than about MBOl ~ — 6. (2) For 
stars of a given initial composition, the surface abun- 
dance of 12C exceeds that of 160 at roughly the same 
surface temperature, independent of mass. (3) Stars 
initially less massive than about 1.5 M© do not, as a 
consequence of thermal pulses, produce 12C/160 > 1 
at the stellar surface (become carbon stars). (4) Stars 
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SURFACING COMPOSITION OF PULSING STARS 

initially less massive than about 2.5 M0 do not achieve 
convective shell temperatures sufficiently high for the 
production of ¿-process elements before losing all of 
their envelope mass either by quiet mass loss or by 
the ejection of a planetary nebula. (5) In stars initially 
more massive than about 3 M©, surface enhancements 
of ¿-process elements ultimately reach values between 
4 and 20, with the maximum enhancement occurring 
in stars of initial mass near 5 M0. (6) Stars of initial 
mass between 3 M© and 8 MQ are the major source of 
¿-process elements in the Galaxy and are a significant 
source of 12C, rivaling in this respect stars initially 
more massive than 8 M©. (7) The luminosity, color, 
and surface composition characteristics of many carbon 
stars (N and S types) and of all barium stars are prob- 
ably not achieved as a consequence of nuclear proces- 
sing during thermal pulses, and we are obliged to 
attribute many of the interesting abundances in these 
stars to some additional process that occurs during a 
phase of evolution that precedes the asymptotic- 
branch phase—possibly during the helium-flashing 
phase in a few stars initially less massive than about 
2.25 M0. 

II. THE THERMAL PULSE MODEL 

We first collect and/or prepare simplified approxi- 
mations to the pertinent characteristics of stellar 
models in the asymptotic-branch phase of evolution as 
presented by Weigert (1966), Paczyñski (1970, 1971a, 
è, 1974, 1975), Uus (1970), Gingold (1975), Sugimoto 
and Nomoto (1975), Fujimoto, Nomoto, and Sugi- 
moto (1976), and Iben (1975a, 1976, 1977a). 

Denoting Mc(0) as the mass of the carbon-oxygen 
core of a star of initial mass A/*(0) when it first re- 
ignites hydrogen on the asymptotic branch, we have 

Mc(0) £ 0.95 + 0.075[M*(0) - 7], (1) 

where masses are in solar units. 
As relationships between core mass Mc, total stellar 

mass M*, surface luminosity Ls, and hydrogen-burning 
luminosity LH during the interpulse phase we adopt 

Ls = 6.34 x 104(MC - 0.44)(MHi/7)0'19 (2) 

and 

LH = Ls - 2 x 103(M*/7)0-19 exp [3.45(MC - 0.96)] , 

(3) 

where luminosities are in solar units. The power to 
which M* is raised in these expressions is approxi- 
mately one-half of that found by Iben (1977a) and is a 
compromise with the results of Paczyñski (1970) and 
Uus (1970) who argue the mass independence of the 
M*-Mc relationships. 

Surface temperature Te, Ls, M*, and the abundance 
by number YCN0 of CNO elements at the surface are 
assumed to be related by 

log Te = 3.484 - 0.087(log Ls - 4.5) 

+ 0.08 log (M*/7) 

- 0.075 log [W W0)], (4) 
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where Tcno(0) is the surface abundance by number of 
CNO elements at the start of the asymptotic-branch 
phase of evolution. When 7CN0 = TcNO(0) and 
M* = 1, this last expression becomes 

log Te = 3.81 - 0.087 log Ls, (4') 

which is to be compared with the relationship 

log Te = 3.82 - 0.094 logLs (4") 

estimated by Wood and Cahn (1977) on the basis of 
observational data on asymptotic giant branch stars of 
near solar mass (Eggen 1975; Johnson 1966). 

The mass AMCSh contained in a convective shell at 
maximum size during a pulse, the duration A?CSH of 
the convective shell phase, the maximum temperature 
Tm achieved at the base of the convective shell, and the 
fractional overlap r of successive convective shells are 
taken to be (Iben 1977a): 

logAicsH = 9.66 + 0.9Mc - 2.06MC
2 , (5) 

log AMcsh = -1.835 + 1.73MC - 2.67Afc
2 , (6) 

Tm = 310 + 285(Afc - 0.96), (7) 
and 

r = 0.43 - 0.795(MC - 0.96) 

+ 0.346(MC - 0.96)2 , (8) 

where At is in seconds, AMCSh is in solar units, and T 
is in 106 kelvins. 

Following the disappearance of the convective shell, 
the abundances by mass of carbon and oxygen in the 
region below the hydrogen-helium discontinuity are 
chosen as (Iben 1977a) 

X12 £ 0.25(MC — 0.16), 

X16 ä 2.5 x 10“4 exp [3.45(MC - 0.96)], (9) 

and the ratio f22 of 22Ne remaining relative to initial 
22Ne in the region of size AMCSH just below the 
hydrogen-helium interface following a pulse is approxi- 
mated by (Iben 1977a) 

Í22 = Y22l Y22(0) = exp (-Ais/46rm) , (10) 

where rm is the lifetime of 22Ne at the base of the 
convective shell at temperature maximum and Ats is 
the duration of the convective shell following tempera- 
ture maximum. In first approximation (Iben 1977a) 

Ats/AtCSK ^ 0.66 + 1.025(MC - 0.96) 

- 1.125(MC - 0.96)2. (11) 

If we adopt the rate for the 22Ne(a, «)25Mg reaction 
given by Fowler, Caughlan, and Zimmerman (1975), 
then 

r-1 = 1.04 x 1021(/oAr
4/r6

2/3)exp(-470.0/r6
1/3), 

(12) 
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982 

where p = density in gem-3, T6 = temperature in 
106 kelvins, and Z4 = abundance by mass of 4He. 

In all cases studied by Iben (1977a), pX^ is approxi- 
mately equal to 2.2 x 103gcm"3 when T= Tm. 
Hence 

rm~1 Ä 2.3 X 1024rm-
2/3 exp (-470/rm

1/3) . (12') 

For the amount of freshly processed material 
dredged into the envelope from the region occupied by 
the convective shell at maximum size we are forced to 
adopt an exceedingly crude estimate. Any estimate is, 
of course, uncertain if for no other reason than that 
convective overshoot affects the dredge-up process in a 
manner that is difficult to assess (Iben 1976; see also 
Paczynski 1977). Paczyñski (1977) has argued that the 
energy made available during the phase of pulse power- 
down is insufficient to carry the freshly made carbon 
into the convective envelope. The study by Iben (1976) 
suggests that Paczynski has overstated the case. The 
amount of energy absorbed locally in the region in 
which the mixing between carbon and hydrogen takes 
place depends on the composition profiles in this 
region. Iben shows that if the profile extends over 2 
pressure scale-heights, the rate of absorption due to 
mixing is at maximum approximately 30% of the rate 
at which energy is transferred to this region by the 
transfer of entropy from the helium-burning region 
below it. Furthermore, the integrated absorption rate 
due to mixing is independent of the profile and is a 
small fraction of the total rate of energy supply by 
entropy transfer. It is therefore simply not true that 
the dredge-up phenomenon is prevented by lack of 
energy for mixing. If anything, as a consequence of 
convective overshoot (Iben 1976), the extent of dredge- 
up is expected to be larger than is calculated in the 
simplest approximation. 

After 18 pulses in the case Mc = 0.96, the mass 
AA/dredge of the dredged-up material relative to the 
mass AMC through which the hydrogen-burning shell 
passes during the interpulse phase is estimated by Iben 
(1976) to be A = AMdredge/AMc = 0.33. Gingold (1975) 
finds that no dredging up occurs for at least the first 
nine pulses when Mc ~ 0.6, and Fujimoto, Nomoto, 
and Sugimoto (1976) estimate that A reaches ~0.3 
after five pulses when Mc = 1.26. Since A continues to 
increase with each pulse, these last two values of A are 
really only lower limits. We adopt, conservatively, 

A = 0 , Mc < 0.6 ; 

A = 0.33{1 + sin [tt(Mc - 0.96)/0.72]}, 

0.6 < Mc < 0.96; 

A = 0.33 + 0.17 sin KMe - 0.96)/0.6], 

0.96 < Mc < 1.26; 

and 

A = 0.50, Mc >1.26. (13) 

Vol. 220 

The increase AMC in core mass during the interpulse 
phase is related to the mass AMCSH by 

AMC = (1 — r)AMcsh , (14) 

and the time interval Atip during quiescent hydrogen 
burning between pulses is 

Atip = (3.14 x 1018 s)AMe(LHZH)-1, (15) 

where XH is the abundance by mass of hydrogen at the 
surface. 

Following each pulse, core mass is decreased by 

SMcore = ASMC. (16) 

The final ingredient, except for further nucleo- 
synthesis algorithms, is an approximate mass loss rate. 
In common with others who have studied the effects of 
mass loss along the asymptotic branch (e.g., Fusi- 
Pecci and Renzini 1975a, è, 1976; Scalo 1976a, c; 
Wood and Cahn 1977), we adopt the Reimers (1975, 
1977) rate 

= —1.26 x 10 - 20aLsRs/M* , (17) 

where Rs is stellar radius in solar units, tif* is in M© 
s“1, and a is a parameter whose value appears to be 
(Fusi-Pecci and Renzini 1976; Wood and Cahn 1977; 
Reimers 1977) somewhere between 0.5 and 0.25. We 
are aware of the qualitative nature of the Reimers rate 
(e.g., Bernat 1977), but have no alternative rate to 
offer. In order to make headway, we make a concrete 
(though uncertain) choice : a = ^. 

III. THREE STAGES OF ELEMENT ENHANCEMENT 
AT THE SURFACE 

In order to achieve a simple, broad-brush under- 
standing of element enrichment of both the stellar 
envelope and the interstellar medium, we shall confine 
our treatment of nucleosynthesis to several of the more 
significant and well studied elements. Before embarking 
on a discussion of surface changes during the thermal 
pulse phase, we define our initial abundances and 
discuss changes in surface abundances that arise 
during two previous post-main-sequence phases. 

As relative initial main-sequence abundances by 
number of 1H, 3He, and 4He we choose 7H = 0.7, 
r3 = 8 x 10~6 (Cameron 1973), and T4 = 0.07. 
Main-sequence abundances of 12C, 14N, and ieO are 
chosen in solar system ratios (Cameron 1973), as 
Y12 = 2.6 X 10-4, r14 = 8.0 X 10-5, and T16 = 
4.7 x 10 “4. During the early main-sequence phase 
12C is converted into 14N and most of the initial 3He 
is destroyed over the inner portions of the star. Simul- 
taneously, fresh 3He is created between mass fractions 
0.3 and 0.6 and 13C is created in a narrow region 
centered on the 12C-14N transition edge. As each star 
rises along the giant branch for the first time, convec- 
tion carries freshly made 3He, 13C, and 14N to the 
surface and depletes the abundance of 12C there. 

IBEN AND TRURAN 
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From Iben’s (1964, 1965; 1966a, 6, c, 1967a, 6) 
results we find for the final surface abundance of 3He 

Y3 - 1.8 x 10-4(Mo/M*)2 + OJV, (18) 

where the second term is the initial 3He abundance 
adjusted to take into account the destruction of 
original 3He over approximately the inner 30% of the 
region covered by convection at its maximum inward 
extent on the red-giant branch. The first term is 
smaller by \/5 than that given by Iben’s results simply 
because the estimate for the cross section for the 
3He(3He, 2p)4He reaction, which is the primary reac- 
tion responsible for limiting the production of new 
3He, has increased by a factor of 5 in the intervening 
time. 

Again from Iben’s results it follows that the decrease 
in the surface abundance of 12C is, to within 10%, 
given by 

A712/712 ~ -0.19 - 0.26(M* - 1), M* < 1.5 , 

A712/F12 0.32, M* > 1.5 . 

(19) 

Nitrogen-14 is, of course, enhanced by A714 = 
IA 712|. We shall neglect the small contribution to 14N 
that is made by the burning of 160 and its products in 
stars near the upper end of the initial mass range in 
which we are most interested (1 < M* < 8). 

As a star ascends the giant branch for the first time, 
the ratio of 12C to 13C at its surface becomes 

CRG ä CMS/(1 + Cms/20 , (20) 

where X is the initial main-sequence ratio and Cms 
varies from about 36 when Af*(0) = 1 to about 25 
when M*(0) = 15 (Iben 1966a, 1969, 19776). Since X 
is in the range 90 (Cameron 1973) to, say, 45, as 
inferred from several isotope studies of the interstellar 
medium, CRG lies between 16 and 26. 

To complete the surface abundance set as it is in 
models on the first red-giant branch, we choose for 
56Fe, the light elements between 22Ne and 56Fe, 22Ne, 
and heavy (A > 56) ¿-process elements (Cameron 
1973), respectively: F56 - 7CNo/42.5, Yl - 756, Y22 

~ Y5q/29 and Ys ~ Y3q/2009 where Tcnq :=: 7i2 + 
F14 + 716. 

Following exhaustion of central helium and extinc- 
tion of shell hydrogen burning, stars again assume a 
giant structure. Prior to the reignition of hydrogen in 
a shell, convection in stars more massive than about 
3 Mq once again dredges up products of hydrogen 
burning, this time those created in the hydrogen- 
burning shell during the core helium-burning phase. 
Since almost all initial 12C and 160 are converted into 
14N in this shell, convective rearrangement on the 
initial ascent of the asymptotic branch leads to a 
further enhancement of surface 14N at the expense of 
both 12C and 160. In addition, the surface abundance 
of 4He is also slightly increased at the expense of 1H. 

983 

In rough approximation the mass of 4He and 14N- 
rich matter that is incorporated into the envelope of 
intermediate-mass stars during this second dredge-up 
phase is (in solar units) 

ÀA/jje ^ 0.135A/* — 0.415 , 3.08 < M* ^ 8 , 

AMHe = 0 , M* < 3.08 , (21) 

and the change A 7^ in the envelope abundance of the 
/th element is given by 

A Yie = ( 7¿He - Yie)kMHel(M* - Mc) , (22) 

where 7i
He is the abundance of the /th element in the 

helium zone and Y* is the abundance of the /th 
element in the hydrogen-rich envelope prior to the 
second dredge-up phase. We have 7H

He £; 73
He ä 

7 He v He v He /v/ O V He v e «nH 12 ^ ^ 13 ^ 16 ^ 14 ^ ^ CNO > anu. 
74

He - 0.245. 
Having completed a description of envelope abun- 

dances at the start of the thermal pulse phase, we next 
describe abundance changes in the convective shell 
that appears during the course of a thermal pulse. 

In § II we have given estimates of the fraction f22 of 
22Ne remaining in the shell and of the final abundances 
of 12C and 160 in the shell after shell convection ceases. 
At the beginning of each burning epoch, the initial 
abundance of 22Ne is composed of (1) 22Ne left over 
from the previous epoch in the region of overlap and 
(2) new 22Ne produced in the shell as a consequence of 
the conversion of fresh 14N incorporated into the shell 
at the beginning of the epoch. If we label by super- 
scripts B and A all abundances that appear in the 
convective shell before and after the nucleosynthesis 
episode, then 

Y22
b = 7CN0e(l - 0(1 -M-1, 

^22^ = ^22 ^22S > (23) 

where 7CN0
e is the abundance of CNO elements in the 

envelope. 
In a similar fashion we can write 

Y56
B= Ml-00 -M)"1, 

M=/56M, (24) 

where 756 is the abundance of 56Fe. In first approxima- 
tion /56 is (Iben 19756), 

/56 = exp(-(j56<£), (25) 

where <756 is the cross section for neutron capture on 
56Fe at 30 keV, and the exposure <£ is defined by 
(Truran and Iben 1977) 

^ = -(Gl - 2a22)-
1 ln [1 - (1 - r)/ß] (26) 

and 

ß = 1 + fa - 2ci22)-
1[(ns<js + nlnaln)n0 ~1 + 2o-22] 

X [1 + /(1 -/Ml -O]. (27) 

SURFACE COMPOSITION OF PULSING STARS 
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We choose or56 = 13.5 mb and, for other neutron 
capture cross sections required for determining we 
choose 0-22 = 0.5 mb (for 22Ne), as = 13.5 mb (for 
56Fe and its neutron capture progeny), al = 3.8 mb 
(for light elements that appear in the convective shell 
as direct progeny of 22Ne), and = 13 mb (for all 
light elements between 22Ne and 56Fe that are not 
direct progeny of 22Ne). The abundance Y¡ of light 
elements in the shell is defined so that, at all times in 
the shell, + Y22 = FCNO

e. Similarly, for the abun- 
dance of heavy ¿-process elements in the shell, 
Ys + r56 = y56

e(0). 
To complete the specification of needed shell 

abundances, we have (see the previous section) 
Y^A = Yn

A = Y3
A = 0 and Y12

A and Y16
A follow 

from equations (9). The abundance of 4He follows 
from nucleon conservation. 

After the active nucleosynthesis phase of the pulse, 
the dredging-up process increases the envelope mass 
by AMe = A AMC and the abundance of the ith element 
is altered by 

Yf = (Yi
A- Y^Mel(Me + AMe) . (28) 

The abundance of ¿-process elements and the 
abundance of light elements in the surface are en- 
hanced, respectively, by 

AT/ = (Y56
b - Y56

A)AMel(Me + AMe), 

Vol. 220 

and 

AyZn = (Y22
b - Y22

A)AMe/(Me + AMe) • (29) 

The total envelope abundance of CNO elements is, 
of course, enhanced by the addition of fresh carbon. 
Whether or not this 12C is partially converted into 13C 
and 14N and whether or not 3He is destroyed at the 
base of the convective envelope during the interpulse 
phase is a function of uncertain parameters in the 
treatment of convection (e.g., Iben 1975a, 1976). We 
shall ignore for the moment the possibility of burning 
in the envelope. 

During the dredge-up phase and the subsequent 
interpulse phase, we assume a mass loss of 

AM* = -tif*Atip (30) 

and adjust abundances in the “wind” (defined as all 
matter which has left the model star since birth) 
according to 

AYiw = (y/ - y/OAM^M*, + AM*) , (31) 

where Mw is the mass of the wind. 
Finally, core mass is increased by AMC, the mass of 

the envelope is reduced by (AMC + AM*), and the 
mass of the wind is increased by AM*. We are then 
ready to recalculate envelope abundances after the 
next pulse, and so forth. 

IBEN AND TRURAN 

Fig. 1—Evolutionary tracks in the luminosity-mass plane. The solid curves are tracks of model stars that suffer mass loss at 
the Reimers rate while on the asymptotic branch. Initial masses are indicated. It has been assumed that every star loses a mass 
= 0.2Mo prior to the asymptotic-branch phase. Dashed lines connect points of the same first-harmonic pulsation period. It is 
assumed that whenever a track crosses the Mira instability line (which terminates where it crosses the planetary formation line), 
the star will pulsate in the first harmonic mode and that, whenever a track crosses the planetary nebula formation line, all matter 
outside of the carbon-oxygen core is ejected. 
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In following the progression of our models we also 
compute the period for pulsation in the first harmonic 
radial mode using 

P(days) ä 0.038Æs
3/2/M* (32) 

as given by Wood (1976) and determine the charac- 
teristics of the star at the onset of Mira variability and 
at the occurrence of planetary nebula ejection, follow- 
ing the prescriptions of Wood and Cahn (1977). 

rv. EVOLUTION IN THE M-L PLANE AND 
IN THE H-R DIAGRAM 

Evolutionary tracks in the mass-luminosity (M-L) 
plane are shown in Figure 1. The number beside each 

985 

track is the initial mass in solar units. It has been 
assumed that 0.2 M© is lost by each model star during 
its first ascent of the giant branch (Fusi-Pecci and 
Renzini 1975a, b). Dashed curves in Figure 1 are loci 
of constant period for pulsation in the first harmonic 
mode. We have assumed that when a track reaches the 
straight line of larger positive slope, Mira variability is 
initiated, and that when a track reaches the straight 
line of smaller positive slope, a planetary nebula is 
ejected. The ejected nebula is assumed to contain all of 
the matter between the location of the hydrogen- 
burning shell and the surface at the time of ejection. 

We emphasize that the location of the Mira insta- 
bility line and the location of the planetary nebula 

SURFACE COMPOSITION OF PULSING STARS 
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Fig. 2.—Evolutionary tracks of asymptotic branch stars in the H-R diagram. The initial mass of a model star is given in solar 
units at the start of its evolutionary track. At point M a star is assumed to start pulsating in the first harmonic mode, and at point 
P all matter outside the carbon-oxygen core is assumed to be ejected as a planetary nebula. A dashed curve joining points P and E 
is the path a model would follow if planetary ejection did not occur and evolution were instead terminated when the entire 
hydrogen-rich envelope had been lost from the star, thanks to mass loss by a steady wind. Along the carbon star formation line, 
the abundance of carbon first exceeds the abundance of oxygen at the surface. At each tick mark along the track of a more massive 
model, the abundance of ^-process elements at the surface is enhanced, relative to the solar system abundance, by the indicated 
amount. Numbers in parentheses give the period for pulsation in the first-harmonic mode, whether or not the star pulsates in that 
mode. 
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formation line are extremely speculative, although they 
do conform to the algorithm devised by Wood and 
Cahn (1977) to match the observational data on Mira 
variables: The two lines intersect on the 600 day 
period curve, Mira variability is confined to periods 
between about 200 days and 600 days, and the bulk of 
all Miras have periods between 250 and 450 days. 

Evolutionary tracks are shown in the H-R diagram 
of Figure 2, together with the Mira instability blue 
edge and the planetary nebula ejection curve. Again, 
initial model mass labels the beginning of each track. 
The point along each track where the surface carbon 
abundance exceeds the surface oxygen abundance is 
marked by a C, and the formal period for pulsation in 
the first harmonic mode is contained within the follow- 
ing parentheses. The point where Mira variability 
begins and the point of planetary nebula formation are 
respectively labeled M and P, and the final position 
that the model would reach if planetary formation did 
not take place is labeled E. Finally, the numbers along 
the tracks for the more massive models give the factor 
whereby ^-process elements have been enhanced at the 
model surface. 

Further details for individual models are given in 
Tables 1-8 and characteristics of final models (at 
point E, or at point P if P precedes E) are summarized 
in Table 9. In these tables, N = number of pulses 
since the beginning of the thermal pulse phase, At = 
interval between adjacent phases (in years), Y* = 
abundance of iih element in the envelope relative to 
solar abundance, Yiw = relative abundance of z'th 
element in the wind ejectum, and Ae and = charac- 
teristics of the ^-process distribution in the envelope 
and in the wind, respectively. Here A is given by 
(Truran and Iben 1977) 

A = 2/3(1 + r)~1(crl - 2ct22)/(1 + */2 + jc2/3 +•.•), 

(33) 
where 

x = (l-r)/ß. (34) 

In Table 9, MR = mass of the final remnant, Mw = 
mass of matter lost (via a quiet “wind”) prior to the 
ejection of a planetary nebula or formation of a C-O 
core with Mc = 1.4, MP = mass of ejected planetary 
or [for M*(0) ^ 5] supernova shell, MPR = mass 
processed through a convective shell during thermal 

pulses, and MDG = total mass of processed matter 
dredged up into envelopes. 

From Figure 2 it is clear, that, if they obey the 
conservative dredge-up law that we have assumed, 
stars of Population I composition do not become 
carbon stars via the thermal pulse mechanism until 
they are more luminous than about 2 x 104Lo 

(ATbol ^ —6). Most models that do develop carbon 
star characteristics appear to be outside of the Mira 
instability strip (between points M and P along any 
track) ; but if they do pulsate in the first harmonic mode 
(say, as irregular variables), their periods should ini- 
tially lie between 350 days and 500 days and the max- 
imum period should not exceed 800 days. If pulsation 
occurs in the fundamental mode, then periods may be 
as much as twice as large as these. 

If we adopt a less conservative dredge-up law that 
permits more extensive dredge-up for small cores, the 
“carbon star curve” in Figure 2 rotates clockwise. In 
fact, if we choose 

A = 0 , Mc < 0.64 , 
and 

A = 0.33 + 0.73(MC - 0.96) 

— 0.531(MC — 0.96)2 , Mc > 0.64 , (13') 

the carbon star curve becomes nearly vertical (log Te ~ 
3.45) and extends downward into the Mira instability 
strip. The luminosity lower limit for achieving carbon 
star characteristics becomes MB01j ~ — 5, and on 
reaching the carbon star line at log Te ~ 3.45 a Mira 
variable brighter than MBol = — 5 will become a 
carbon star. 

As pointed out earlier, the occurrence of convective 
overshoot at the base of the convective envelope during 
the dredge-up phase will increase the degree of dredge- 
up over extant estimates. It is conceivable that a cor- 
rect treatment of the dredge-up phenomenon may 
predict the formation of carbon star characteristics 
for magnitudes as dim as ~ — 4, which is the magni- 
tude at which a star of initial mass ~1.5M0 first 
reaches the asymptotic branch. 

The enhancement of ^-process elements due to the 
thermal-pulse, 22Ne neutron-source mechanism cannot 
in any case occur until the maximum temperature at 
the base of the convective shell that appears during a 
pulse exceeds about 300 million kelvins. It is for this 

TABLE 1 
Characteristics of Models of Initial Mass M*(0) = 1, 1.5, and 2.0 

M*(0) Phase N At M* Mc 

1... 

1.5. 

2.0. 

Mira 
End 
Mira 
End 
Mira 
Planetary 
“Carbon” 
“End” 

21 
23 
27 
45 
43 
61 
78 
82 

1.75 
1.24 
1.37 
5.71 
1.39 
2.88 
2.25 
4.19 

106 

105 

106 

105 

106 

105 

105 

104 

0.61 
0.56 
1.05 
0.70 
1.41 
1.18 
0.92 
0.85 

0.55 
0.56 
0.63 
0.70 
0.73 
0.79 
0.84 
0.85 

0.81 
0.81 
0.68 
0.83 
0.75 
0.97 
1.86 
2.61 

0.81 
0.81 
0.68 
0.70 
0.69 
0.73 
0.86 
0.94 

1.05 
1.56 
2.14 

1.00 
1.05 
1.10 
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MM Mu 

TABLE 9 
Characteristics of Final Models 

Mp F' w 12 MP] Md 

1.0. . 
1.25. 
1.50. 
2.0. . 
2.5. . 
3.0. . 
3.5. . 
4.0. . 
5.0. . 
6.0. . 
7.0.. 

0.56 
0.63 
0.70 
0.79 
0.89 
0.99 
1.08 
1.18 
1.38 
1.40 
1.40 
1.40 

0.44 
•62; 

0.82 
0.91 
1.09 
1.35 
1.64 
2.28 
1.73 
1.33 
1.06 

1,0 
1,0 
1.0 
1.05 
ÍM 
Í3Í 

.7.57 
iM 
21.2 
15.2 
11.6 
9.9 

0.81 
0.75 
0.70 
0,73 
0,82 
1,06 
l.7f 
2.84 
5,32 
4.03 
3.17 
2.54 

1.0 
1.00 
1.00 
1.01 
1.05 
1.36 
2.55 
4,41 
8.80 
6.71 
5,31 
4.28 

0.08 
0.13 
0.18 
0.24 
0.30 
0.39 
0.51 
0.65 
0.97 
0.94 
0.86 
0.75 

0.0 
0.0 
5.32/-4 
3.47/-3 
1.20/-2 
3.73/-2 
0.10 
0.18 
0.38 
0.40 
0.39 
0.36 

5.5 
5.5 
9.1 

12.0 
13.7 
9.5 
6.8 
5.9 
5.4 
5.3 
5.2 
5.1 

5.5 
5.5 
5.9 
6.65 
8.30 
9.1 
7.8 
6.7 
5.7 
5.5 
5.4 
5.2 

reasöfa ííiáf i-i>fôëps$ eiefflêâf§ Mê ñúi sigftiflcantly 
enhanced for mSifêfé }|ès niassifê ffeâlî ftfeónt 3 A/© and 
at luminosities less inM —é, Whatever the 
dredge-up law adopted. Fráffl 2 and Täfele 
it appears that, in luminous carbori §täf§ öf iöitiäl 
mass larger than about 3 Me, typical ¿-process 
hancement factors should lie between about 4 and 8. 
Tyniêâl iäC enhancements are from 2.5 to 5. 

Ffëfâ Table 9 we See that the enhancement of s- 
pfêëëss ëlëhiéâïS ât fhê stellar surface and the enhance- 
ment of the 12C àbMdâfid# there are well correlated 
and simultaneously feach, fííaxirna toward the end of 
the evolution of a stär öf Mfial mass MÆ) y 5, The 
occurrence of a maximum iö7iöW§ ftorri the facts that 
(1) neither dredge-up nor 22Ne büflfflÿ oéeurS for 
C-0 core masses below a critical core mass, (2) With 
increasing initial stellar mass, the amount of matter 
between the initial C-O core mass (at the start of the 
thermal pulsing phase) and the Chandrasekhar mass 
(Mc = 1.4) decrease^ and (3) beyond another critical 
mass, the amount Of éé.dilütiügM matter between the 
thermally puléiif région and the stellar surface 
increases with increasing initial stellar mais. 

Of interest is the valué Of the parameter A achieved 
in the stellar envelope and in the wind ejectum. For 
initial masses greater than about 5 M©, A in both the 
envelope and the ejectum reach final value# within 10% 
of 5.5, the value we have assumed for ¿-process elements 
in the solar system distribution. 

However, A is significantly larger than this in the 
lowest mass stars capable of developing carbon star 
characteristics via the dredge-up mechanism and 
Simultaneously large enhancements of ¿-process ele- 
ments. For example, for 3 < A/*(0) < 3.5, where final 
surface abundances of and ¿-process elements 
respectively reach 2.5 < Y12

e < 5.0 and 3 < Ys
e < 8, 

we find 6.8 < Ae < 11.4. Thus, the ¿-process elements 
in the lowest-luminosity carbon stars for which the 
dredge-up phenomenon is responsible should be 
characterized by a A that is observationally distin- 
guishable from the A characterizing ¿-process elements 
in the highest-luminosity carbon stars. 

The surface ratio of 12C to 13C is also of some 
interest. We have seen that this ratio should initially 
be in the neighborhood of 20 ± 5 and, for low-mass 

stars, remain at this value for the entire asymptotic- 
branch phase. However, in more massive stars, 
Y12*/Y13* should increase with time, unless 12C is 
converted into 13C and 14N in substantial amounts at 
the base of the convective envelope. For example, in the 
model of initial mass M*(0) = 5, the ratio 12C/13C 
increases from 22 to 57 during the asymptotic-branch 
phase if 12C does not burn in the envelope. 

Whether or not 12C will burn at the base of the 
convective envelope is something which can be deter- 
mined only from the observations, if at all. Burning in 
stellar models can be controlled simply by adjusting 
the ratio of mixing length to scale height (Iben 1975a, 
1976). 

Several interpretations of the observational evidence 
(Fujita, Tsuji, and Machara 1966; Scalo 1977) suggest 
typical values of 12C/13C near 20, consistent with 
theoretical predictions for the early asymptotic-branch 
phase. However, they also suggest that ratios signifi- 
cantly smaller than this can occur. If much smaller 
ratios do occur, they may either be a consequence of 
meridional mixing during the main-sequence phase 
(e.g., Iben 1969; Paczynski 1973; Dearborn and Eggle- 
ton 1977) or be a consequence of burning at the base 
of the convective envelope during the asymptotic- 
branch phase. In this latter instance, the abundance of 
14N at the surface must increase dramatically, a 
circumstance which should be subject to observational 
test. In fact, the abundances of carbon and nitrogen in 
planetary nebulae perhaps already supply such a test. 
In one such nebula, carbon and nitrogen are enhanced, 
respectively, by factors of 9 and 4 (Torres-Peimbert 
and Peimbert 1977). Whereas the enhancement of 
carbon is not unexpected, the enhancement of nitro- 
gen is a factor of 2 larger than is expected to occur in 
the absence of a substantial conversion of 12C into 14N 
during the asymptotic-branch phase, and one infers 
that roughly 10% of the fresh 12C injected into the 
convective envelope has been converted into 14N prior 
to the formation of the planetary nebula. 

V. ON THE NECESSITY FOR AN ALTERNATE SOURCE 
OF 12C AND OF ¿-PROCESS ELEMENTS 

Because of quite large observational and theoretical 
uncertainties, it is difficult to place carbon stars 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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reliably in the theoretical H-R diagram for comparison 
with models. Scalo (19766) has collated much of the 
available information and has attempted to locate 
systematically many known N-type carbon stars 
(C > O) and S stars (C ~ O) in this diagram. It would 
appear that the distribution of S stars, although over- 
lapping the distribution of N-type carbon stars, is on 
the whole somewhat cooler and less luminous than the 
N-type star distribution. One infers that S stars are on 
the whole somewhat less massive and/or somewhat 
more metal rich than N stars. 

One clear fact emerges. If the luminosity estimates 
can be trusted, and if the dredge-up law we have adop- 
ted is approximately correct, then the bulk of all 
N-stars and S-stars do not owe their high surface abun- 
dances of12C and of s-process elements to the thermal- 
pulse, 22ltit-source mechanism, which produces large 
enhancements of 12C and of ¿-process elements only 
when Mbol ^ — 6. On the other hand, it is definitely 
established that at least some carbon stars in the 
Magellanic Clouds are sufficiently bright to be ex- 
plicable by this mechanism (Crabtree, Richer, and 
Westerlund 1976). 

The apparent fact that S stars can exhibit enhance- 
ments of ¿-process elements as large as 20 (Boesgaard 
1970) and yet have surface ratios of C to O close to one 
(Greene and Wing 1975; Wyckoff and Wehinger 1976) 
is further very strong evidence that these two S»star 
characteristics cannot be produced primarily as a 
consequence of the thermal pulse, 22Ne-source mech- 
anism which predicts a tight correlation between the 
surface 12C abundance and the abundances of ¿-process 
elements. However, the existence of "Tc in many S 
stars (Merrill 1952a, b) is a clear indication that such 
stars are experiencing thermal pulses at intervals of 
less than 105 yr. 

Perhaps the simplest explanation of S stars and of 
many N-type carbon stars is that their surface com- 
position characteristics originate during a helium 
flash of an infrequently occurring nature (e.g., Truran 
and Iben 1977). We suppose that, in a few low-mass 
stars [M*(0) ^ 2.25], angular momentum and mag- 
netic field configurations are such that the convective 
core that is engendered by the flash engulfs a small 
part of the hydrogen-rich envelope. The protons 
injected into the core will react with the 12C already 
there or produced there as a consequence of the triple-« 
reactions to form, after a ß-decay, 13C. The 13C in turn 
will capture «-particles to act as a neutron source for 
the production of ¿-process elements. The ¿-process 
elements will then be convected into the hydrogen-rich 
envelope in exchange for the core-injected hydrogen. 

The abundance by number of fresh 12C produced in 
the core during the flash is on the order of F12 ~ 10-3 

(e.g., Iben and Rood 1970), which is comparable to the 
initial abundance of CNO nuclei in stars of solar-type 
initial composition. Thus, during the helium flash in 
a disk-population star, the maximum number of 
neutrons that may be emitted per seed nucleus 
[T56(0) ~ TCno(0)/40] is on the order of 40, and 
perhaps half of this number is captured by those 14N 
nuclei (and their progeny) that are not converted into 

991 

22Ne during the flash. Further, since ¿-process elements 
are produced at the expense of 12C, the ultimate sur- 
face ratio of C to O should not exceed the initial ratio 
by much (say a factor of 2). 

In a star of lower metal abundance, however* 
although the maximum number of neutrons that can 
potentially be captured by seed nuclei is roughly the 
same as in a Population I star* the abundance of seed 
nuclei is much smaller, and thé ektëht to which the 
¿-process may be driven is consequently much greater. 
Further, the ultimate surface ratio of C to O could 
greatly exceed unity, since the amount of fresh 12C 
made in the core far exceeds the initial abundance of 
CNO elements there. 

We suggest, then, that S stars and many N stars are 
low-mass stars in the early asymptotic-branch phase of 
evolution (following a helium flash of an anomalous 
type) and are characterized by a surface ¿-process 
distribution in which the abundance of heavier 
neutron-rich elements (say in the Ba pèâk) h larger 
relative to the abüñdáñce of lighter fieUtfon-rich 
elements (say in the Sf peak) for stars with a lower 
surface abundance of 56Fe. Further, the abundance of 
12C relative to the abundance of 160 should also be 
inversely correlated with the abundances of metals 
(actually the initial abundance of CNO nuclei). On 
this picture, then, S stars should, as a class, be more 
metal-rich than N stars. Two additional pieces of 
evidence support this interpretation. First, for a given 
luminosity, S stars tend to be cooler than N stars; 
theoretical models of a given luminosity are eôôlër the 
larger the assumed abunduh'ce bf ht^vy elements. 
Second* the Velocity dispersiOii of early (spectral) type 
carbon stars IS Significantly larger than that of late- 
type carbon stars (Dean 1976); it is known that 
kinematical properties and population types äre 
related in the sense that the smaller the mean metal 
abundance of a group* the greater is its Vëfeèity 
dispersion. 

If many carbon stars and S stars ôwe their peculiar 
abundance properties to à mechanism that operates 
during the helium flash, then progenitors of such stars 
should exhibit similar peculiar abundances during .thé 
core helium phase which follows the helium tish. We 
suggest that barium stars (of à lUMÎhôMty character- 
istic of core helium-burning stars) Thay be the progeni- 
tors of S stars and that S Stars are simply barium stars 
that are in the double-shell-source stage of evolution 
with a steadily increasing core mass. Mass loss and/or 
planetary nebula formation terminates their evolution 
before large quantities of fresh carbon produced 
during thermal pulses can be dredged up into the 
envelope. 

One strong argument in favor of the suggested 
temporal relationship between S stars and barium 
stars is the fact that the abundance of C to Ô does not 
differ much from unity in both types of star and the 
enhancement of ¿-process elements embraces the same 
range in both cases, with the upper end of the range 
exceeding the typical enhancements expected on the 
thermal pulse model. The studies of Williams (1975) 
and Pilachowski (1977) reveal that the enhancement 
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of Ba in barium stars ranges continuously up to a 
factor of about 20, and Boesgaard (1970) finds that the 
ratio of Zr to Ti ranges continuously between 3 and 20. 

An argument against a temporal relationship is 
based on the apparent frequencies of the two stellar 
types. MacConnell, Frye, and Upgren (1973) argue 
that Ba stars comprise roughly iyo of G5-K5 giants, 
whereas Keenan (1954) estimates that S stars are 
roughly 1 /20 as frequent as normal M stars and 
carbon stars. If one assumes that all low-mass horizon- 
tal-branch stars become supergiants, then, since 
supergiants are formed also from stars of interme- 
diate and high mass, less than iyo of all supergiants 
can have descended from Ba stars. Thus only a fraction 
of all S stars could have evolved from Ba stars. The 
only way to avoid this conclusion is if one or the other 
(or both) of the frequency estimates is in error by an 
order of magnitude. 

VI. ELEMENT ENHANCEMENT IN THE 
INTERSTELLAR MEDIUM 

In order to make a crude estimate of the contribu- 
tion of stars to the element enrichment of the inter- 
stellar medium, we have adopted a birthrate function 
consistent with the Salpeter (1955) mass function (but 
see Becker, Iben, and Tuggle 1977) and have assumed 
that the probability for stellar formation in the interval 

d log M*(0) about M*(0) is 

dP = [MM]-135dlog [MM] - (35) 

We neglect the contribution of stars less massive than 
1 Mq (lifetime greater than the age of the Galaxy) and 
assume that no stars are born with initial mass larger 
than 64 M©. We assume further that stars with 
M*(0) > 8 do not develop an electron-degenerate 
carbon-oxygen core and therefore do not pass through 
a thermal pulse phase but continue to burn nuclear 
fuel under nondegenerate conditions until a 56Ni-56Fe 
core of mass 1.4 MQ is formed. If we assume that all 
mass in excess of 1.4 M0 is returned to the interstellar 
medium via a supernova explosion, the contribution in 
mass to the interstellar medium by stars with M*(0) > 
8 may be measured by 

M*(0) = 64 
M0Ut

B = [MM - !A]dP ä 0.285 . (36) 
Jaí*(0) = 8 

For stars initially less massive than 8 MQ we must 
perform a numerical integration to obtain 

/.M*(0) = 8 
M0Vit

A = [MM-MR]dP, (37) 
Jm*(0) = i 

Log (M*(0)) 

Fig. 3.—Relative contributions of stars of low and intermediate mass to the enhancement of several elements. Actually shown 
are differential contributions Yinet assuming that the average stellar birthrate is proportional to dP in eqs. (35). 
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where MR is a remnant mass that is given in Table 1 
for various choices of M*(0). 

As shown in Figure 3, the derivative dMout
A¡d\og 

M*(0) remains relatively constant over the entire range. 
Integrating under the curve gives 

M0Ut
A - 0.436 . (38) 

The total mass ejected by all stars is therefore measured 
by 

Mom = Mom
a + Mout

s ~ 0.72. (39) 

A measure of the contribution of stars to the abun- 
dance of a given elementan the interstellar medium is 
given by the difference 7i

net between 

J«M*(0) = 64 
[YieMe + Y^M^dPIWM^) 

M*(0) = 1 
(40) 

and 

YF= Yf/Yf = Yi9 (41) 

where 7/ is the abundance by number of the ith 
element in the solar system distribution, 7^ is the 
abundance by number of the ith element characterizing 
stars of a given generation at birth, and 7^ and 7^ 
are, respectively, the abundances by number of the rth 
element in the envelope (mass Me) of a star just prior 
to its ejection of a planetary or of a supernova shell 
(of mass Me) and in the matter (of mass Mw) ejected 
via a stellar wind prior to catastrophic envelope 
ejection. 

Adopting the values of 7f
s and 7¿given in § II, we 

show in Figure 3 the products M^dYf^/dlog [M*(0)] 
that characterize several elements. 

As an illustration of the uncertainties involved we 
shall first discuss the abundance of 3He. If the abun- 
dance of 3He in the solar system is 73

s ~ 8 x 10“6, 
as givenby Cameron (1973), then the total contribu- 
tion to 73

net from stars less massive than 8 M© is equal 
to the area under the_ dashed curve labeled 3Hec in 
Figure 3, namely, A73

net ~ 2.10/Mout. If the abun- 
dance of 3He in the envelope of massive stars is 
approximated by equation (18), then stars initially 
more massive than 8 M0 contribute A 73

net ^ 
— 0.04/Mouf Thus, the net contribution of all stars to 
the enhancement of 3He is 

73
net ä 2.86 . (42) 

There is considerable uncertainty as to the appro- 
priate choice for the solar system 3He abundance 
(Truran and Cameron 1975; Reeves 1974; Rood, 
Steigman, and Tinsley 1976). If we choose, with 
Reeves, 73

s ä 1.4 x 10~5, a repeat of the exercise 
we have just completed gives 

73
net - 1.59 . (42') 

In a similar fashion we can estimate the enrichment 
in 14N and 12C. Stars less massive than 8 MQ con- 
tribute 714

net ~ 0.47 Y^/Mom to the net enrichment 
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of 14N. In more massive stars (Iben 1966a, b; Lamb, 
Iben, and Howard 1976), the original CNO elements 
are destroyed over the inner one-third of the star’s 
mass prior to an explosive event. In the outer two- 
thirds of the star, roughly one-third of the original 
12C and roughly one-sixth of the original 160 have 
been converted into 14N. Thus the net contribution to 
14N ofstars between 8_M0 and 6A_M0 can bejestimated 
as A 714

net - ( - 0.08 714°+0.22 712° + 0.20 716°)/M0Ut, 
giving a total net enhancement of 

714
net 0.11 714° + 0.96 712° + 0.28 716° ; (43) 

or, if we adopt solar system ratios for the initial CNO 
elements, 

714
net ~ 1.1 7CNo0 . (43') 

The contribution of stars less massive than 8 MQ to 
the enhancement of 12C is 

A712
net ä 1.27 — 0.20 712° , (44) 

whereas stars more massive than 8 MQ contribute 

A 712
net * (0.285/0.72) 712

m - 0.10 712° 

ä 0.4 712
m - 0.10 712°, (45) 

where 712
m is the mean abundance of 12C that is 

freshly created in massive stars during helium burning 
and subsequently incorporated into the ultimate ejecta 
of such stars. The total net enhancement is thus 

712
net ä 1.27 + 0.4 712

m - 0.3 712° . (46) 

The total enhancement of 13C is found to be 

713
net ä 1.5712° (47) 

if it is assumed that 713
s/ 7i2

2 = 90 and 

713
net ä 0.7712° (47') 

if it is assumed that 713
s/ 712

s = 45. 
If we neglect the creation of ^-process elements in 

the range 90 < A < 204 in stars initially more massive 
than 8 M0, then the enhancement of these elements in 
the interstellar medium due to less massive stars 
follows from our model as 

7s
net Ä 2.0 (48) 

if 7/ ~ 756
s/200, and as half of this is Ys

s ~ Y56
s/100. 

Similarly, the contribution of models less massive 
than 8 M0 to the enhancement of 22Ne and of the 
light-element progeny of 22Ne is 

A722
net Ä 0.5 , (49) 

and 

Afnet-o.9. (50) 

For 4He we find that stars of jnass less than 8 MQ 
contribute an enhancement of A74

net = 0.05. In more 
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massive stars (e.g., Lamb, Iben, and Howard 1976) 
approximately 2 Af© of nearly pure helium remains 
outside nuclear-burning regions prior tq an explosive 
event. EJenpe such stars; contribute A 74

net ~ 0,05 also, 
so that, from all stars, 

F4
net - 0.1 . (51) 

A comparison of equations (42)-(51) suggests that, 
in order to achieve solar system abundances of 3He, 
13C, 14N, and ^-process elements over the lifetime of 
the Galaxy, it is necessary that the_average enhance- 
ment in stars be on the order of Y?** ~ 1-2. From 
equations (49) and (50) we conclude that stars less 
massive than 8 M© contribute from one-quarter to 
one-half of the solar system abundances of 22Ne and 
its light-element progeny, and from equations (44) and 
(45) we infer that such stars also produce at least one- 
half of the solar system abundance of 12C. Very little 
new 4He is produced (see also Gingold 1978), Since 
some 12C may be converted into 14N at the base of the 
convective envelope during the asymptotic-branch 
phase, our estimate of 14N enrichment is a lower limit. 

The enrichments we have obtained are all due to 
models of Population I composition. This is appro- 
priate for the “second generation” elements 13C, 14N, 
and the heavy ¿'-process elements which require the 
presence of progenitors made in an earlier generation. 
It is probably all right also for 3He which is made 
during the main-sequence phase and therefore is not 

affected by the mass-loss rate on the asymptotic 
branch. However, the enrichments in 12C, 22Ne, and 
the light-element progeny of 22Ne and 25Mg could be a 
strong function of composition. For a given luminosity, 
the radius of a star on the asymptotic branch roughly 
halves for every factor of 100 decrease in the metal 
abundance (Iben 1977a). If the mass-loss rate is the 
same function of mass, luminosity, and radius for a 
Population II star as it is for a Population I star, then 
a Population II star will lose mass on the asymptotic 
branch less rapidly than will a Population I star. The 
net result will be the production of more 12C, 22Ne, and 
“lights.” On the other hand, the temperature at the 
base of the convective envelope increases with de- 
creasing radius, all other things being equal. Hence the 
conversion of 12C into 13C and 14N might proceed 
more rapidly and further in Population II asymptotic- 
branch stars. An adequate answer to questions such 
as these will require a more complete understanding of 
the composition dependence of the characteristics of 
asymptotic-branch models. 
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useful referee’s report and to thank Jay Gallagher for a 
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REFERENCES 
Audouze, J., and Tinsley, B. M. 1976, Am. Rev. Astr. Ap., 14, 

43. 
Becker, S. A., Iben, I., Jr., and Tuggle, R. S, 1977, Ap, 

218,633. 
Bernat, A. 1977, Ap. /., 213, 756. 
Boesgaard, A. M. 1970, Ap. /., 161, 163. 
Cameron, A. G. W. 1973, Space Sei, Rev., 15, 121. 
Crabtree, D. R., Richer, H. B„ and Westerlund, B. R. 1976, 

Ap. J. (Letters), 203, L81. 
Dean, C. A. 1976, A J., 81, 364, 
Dearborn, D. S. P., and Eggleton, P. P. 1977, Ap. J., 213, 

177. 
Eggen, O. J. 1975, Ap. J„ 195, 661. 
Fowler, W. A., Caughlan, G. R., and Zimmerman, B. A. 1975, 

Ann. Rev. Astr. Ap., 13, 69. 
Fujimoto, M. Y., Nomoto, K., and Sugimoto, D. 1976, Pub. 

Astr. Soc. Japan, 28, 89. 
Fujita, Y., Tsuji, T., and Machara, H. 1966, in Colloquium on 

Late Type Stars, ed. M. Hack (Trieste: Osservatorio Astro- 
nómico di Trieste), p. 75. 

Fusi-Pecci, F,, and Renzini, A. 1975a, Astr. Ap., 39, 413. 
 -. 19756, Mém. Soc, Roy, Sei. Liège, 6th Series, 8, 383. 
—  . 1976, Astr. Ap., 46, 447. 
Gingold, R. A. 1975, Ap. J., 198, 425. 
—^—-. 1978, Ap. J., in press, 
Greene, A. E., and Wing, R, F. 1975, Ap. J., 200, 688. 
Iben, I., Jr, 1964, Ap.J., 140, 1631. 
——. 1965, Ap. J., 142, 1447. 
  . 1966a, Ap. J., 143, 483. 
—  . 19666, Ap. J., 143, 505. 
 —. 1966c, Ap. J., 143, 516. 
 . 1967a, Ap. J., 147, 624. 
 . 19676, Ap. J., 147, 650. 
 . 1969, Ann. Phys., 54, 164. 
 . 1972, Ap. J., 178, 433. 
 . 1975a, Ap. J., 196, 525. 
 . 19756, Ap. J., 196, 549. 

Iben, I., Jr. 1976, Ap. J., 208, 165. 
 . 1977a, Ap. J., Ill, 788. 
 . 19776, in Advanced Stages in Stellar Evolution (Saas- 

Feè), ed. P. Bouvier and A. Maeder. 
Iben, I., Jr., and Rood, R. T. 1970, Ap. J., 161, 587. 
Johnson, H. L. 1966, Ann. Rev. Astr. Ap., 4, 193. 
Keenan, P. C. 1954, Ap. J., 120, 484. 
Lamb, S. A., Iben, I., Jr., and Howard, W. M. 1976, Ap. J., 

207,209. 
MacConnell, D. J., Frye, R. L., and. Upgren, A. R. 1972, 

A.J., 11, 384. 
Merrill, P. W. 1952a, Science, 115, 484. 
 . 19526, Ap. J., 116, 21. 
Olson, B. I., and Richer, H. B. 1975, Ap. J., 200, 88. 
Paczyñski, B. 1970, Acta Astr., 20, 47. 
 . 1971a, Acta Astr., 21, 271. 
 . 19716, Acta Astr., 21, 417. 
 . 1973, Acta Astr., 23, 191. 
 . 1974, Ap. J., 192, 483. 
  . 1975, Ap. J., 202, 558. 
— . 1977, Ap. J., 214, 812. 
Peery, B. F., Jr. 1971, Ap. J. (Letters), 163, LI. 
Pilachowski, C. A. 1977, Astr. Ap., 54, 465. 
Reeves, H. 1974, Ann. Rev. Astr. Ap., 12, 437. 
Reimers, D. 1975, in Proceedings of the 19 th Liège International 

Astrophysical Colloquium, p. 369. 
 —. 1977, preprint. 
Rood, R. T., Steigman, G., and Tinsley, B. M. 1976, Ap. J. 

(Letters), 207, L57. 
Salpeter, E. E. 1955, Ap. J., 121, 161. 
Scalo, John M. 1976a, Ap. J., 206, 215. 
 . 19766, Ap. J., 206, 474. 
  . 1976c, Ap. J., 206, 795. 
 . 1977, Ap. J., 217, 194. 
Scalo, John M., and Ulrich, R. 1975, Ap. J., 200, 682. 
Schramm, D. N., and Tinsley, B. M. 1974, Ap. J., 193, 

151. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
78

A
pJ

. 
. .

22
0 

. .
98

01
 

No. 3, 1978 

Sugimoto, D., and Nomoto, K. 1975, Pub. Asir. Soe- Japan, 
27 197. 

Torrès-Peimbert, S., and Peimbert, M. 1977, Rev. Mexicana 
Astr. Ap., in press. 

Truran, J. W., and Cameron, A. G. W. 1971, Ap. Space Sei., 
14 179. 

Truran, J. W., and Iben, I., Jr. 1977, Ap. J., 216, 797. 
Uus, U. 1970, Nauk Informatsii, 17, 32. 

995 

Wallerstein, G. 1973, Ann. Rev. Astr. Ap., 11, 115. 
Warner, B. 1965, M.N.R.A.S., 129, 263. 
Weigert, A. 1966, Zs. Ap., 64, 395. 
Wilfems, ?.. 14.1971, 17«, 343. 
Weed, P. g.. 1976, private communication. 
Wood, p; »„ apd Calm, J. H. 1977, Ap. J., 211, 499. 
Wyckoff, Í,, and Wsjringer, P. A. 1916, M.N.R.A.S., 175, 587. 

SURFACE COMPOSITION OF PULSING STARS 

Icko Iben, Jr., and James W. Truran: University of Illinois, Department of Astronomy, Urbana, IL 61801 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 


	Record in ADS

