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Chapterr  12 

Thee evolution of Galactic carbon stars 

Abstract t 

We.. use literatur e data for  carbon stars in binaries and open clusters, and for  C/0 ratios in car-
bonn stars, combined with new synthetic AGB evolution calculations, to propose an evolutionary 
scenarioo for  carbon stars. 
Wee find that the lowest initia l mass from which carbon stars form is close to 1.5 M©. This con-
straintt  combined with four  other  constraints (the observed initial-fina l mass relation, the birt h 
ratee of carbon stars, the observed abundance ratios in planetary nebulae (PNe) and the number 
ratioss C/M and S/C of AGB stars) are used to derive the following parameters for  the synthetic 
AGBB evolution model. Thir d dredge-up occurs for  core masses above 0.58 M© and the dredge-up 
efficiencyy is A = 0.75. We consider  a Reimers mass loss law (with a scaling factor  VAGB) and the 
masss loss rate law recently proposed by Blocker  k Schönberner  (1993; with a scaling factor  T7BS)> 
Wee find »7AGB = 4 and rjss = 0.08. Both models fit the observations equally well. 
Thee model predicts that stars in the range 1.5 M Q £ M £1.6 M© become carbon stars at their 
lastt  thermal pulse (TP) on the AGB and live only a few 104 yrs as carbon stars. More massive 
starss experience additional TPs as carbon stars (up to 23 for  a 3 M© star) and live up to 106 

yrs.. For  M <2 M@, M-stars skip the S-star  phase when they become carbon stars. The average 
lifetim ee of the carbon star  phase is ~3 10*  yrs. 
Thee carbon stars for  which C/O ratios have been derived in the literatur e (with values £1.5) are 
predominantlyy optical carbon stars with a 60 pm excess. Yet, PNe are known with C/O ratios 
upp to about 4. We predict that carbon stars with C/O ratios £1.5 are to be found among the 
infraredd carbon stars. The probabilit y that a carbon star  has C/O £1.5 is about 30%, in rea-
sonablee agreement with the observed ratio of the surface density in the galactic plane of infrared 
carbonn stars to all carbon stars. The infrared carbon stars are predicted to be (on average) more 
massivee than the optical carbon stars. 
Thee geometrically thin detached shells around some optical carbon stars are thought to originate 
fromm the brief period of high luminosity corresponding to the TP itself when the mass loss rate 
iss considerably higher  than in the phase of quiescent H-burnin g prior  to the TP (Olofsson et al. 
1990).. The fact that carbon stars with C/O £1.5 apparently never  reach the optical carbon star 
(withh detached shell) phase suggests that the mass loss rate history in these stars is different. 
Thee qualitative explanation is as follows. If infrared carbon stars are on average more massive 
(i.e.. have larger  core masses) than the optical carbon stars then the interpulse period is shorter, 
andd the increase in luminosity during the TP is smaller  (due to the larger  envelope mass). Both 
effectss will decrease the likelihood of a detached shell to occur. We predict that two-third s of all 
detachedd shells around optical carbon stars are oxygen-rich. 
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11 Introduct io n 

Thee study of carbon stars has gained significant momentum by studying their  infrared proper-
ties.. I t was realised that a large number  of carbon stars radiate predominantly in the near- and 
far-infrare dd and that there are even carbon stars (the infrared carbon stars) with no or  very faint 
opticall  counterparts. 
Differentt  samples of carbon stars, selected on the basis of infrared properties, were studied by 
Claussenn et al. (1987), Thronson et al. (1987), Willems (1988a, b), Jura et al. (1989), Jura & 
Kleinmannn (1989) and Groenewegen et al. (1992). I t was recognised that many optical carbon 
starss have an excess at 60 fim (Willems 1988a). This raised questions on the evolution of carbon 
starss in general, and that in the IRA S color-color  diagram in particular . 
Willem ss &  de Jong (1988) proposed a scenario for  carbon star  evolution related to the occurrence 
off  thermal pulses. In this scenario, the oxygen-to-carbon transition causes the mass loss to drop 
andd the oxygen-rich circumstellar  shell to expand and dilute. This gives rise to the characteristic 
excesss at 60 fim observed in many optical carbon stars. Willems &  de Jong (1988), Chan &  Kwok 
(1988)) and Egan &  Leung (1991) modelled the evolution in the IRA S color-color  diagram of a 
carbonn star  wit h a detached shell. They assumed the detached shell to be geometrically thick, 
i.e.. they assumed the detached shell to correspond to the mass loss in the phase of quiescent 
H-burnin gg prior  to the thermal pulse that turned the star  into a carbon star. I t has become clear 
thatt  this pictur e needs revision. By mapping the circumstellar  shell of S Set (a carbon star  with 
aa 60 fim excess) in CO (Olofsson et al. 1992, Yamamura et al. 1993) and fitting  the spectral 
energyy distributio n (Groenewegen &  de Jong 1993e) it has been shown that this detached shell is 
geometricallyy thin . Double-peaked CO line profiles have been observed in two additional carbon 
starss with a 60 fim excess (Olofsson et al. 1990). Although photodissociation may also play a 
role,, the width of the shells are consistent with the scenario that they correspond to the brief 
(onn the order  of 103 yrs) period of high mass loss corresponding to the actual thermal pulse. 
Thi ss suggests that the phenomenon of detached shells is not confined to the thermal pulse where 
thee oxygen-to-carbon star  transition occurs but is related to thermal pulses in general. This has 
beenn confirmed recently by Zijlstr a et al. (1992) who showed that there are also M- and S-stars 
wit hh an excess at 60 fim. 
Basedd on their  models, Willems &  de Jong and Chan &  Kwok estimated that the timescale to 
makee a loop through the IRA S color-color  diagram is about 2 104 yrs. Assuming a geometrically 
thi nn shell and taking into account the limited beam-size of the IRA S detectors, Groenewegen & 
dee Jong (1993e) showed for  S Set that this timescale is probably overestimated by about 30%. 
Groenewegenn et al. (1992) extended the evolutionary scenario of Willems &  de Jong to the 
infrare dd carbon stars. They derived space densities and lifetimes under  the assumption that the 
sequencee of optical carbon stars to infrared carbon stars is an evolutionary sequence and that 
carbonn stars only make one loop through the IRA S color-color-diagram. A total carbon star 
lifetim ee of ~26 000 yrs was estimated. 
Thee validit y of this short carbon star  lifetim e has been questioned by Zuckerman and co-workers 
whoo also argued that the detached shell around optical carbon stars should be carbon-rich rather 
thann oxygen-rich (Claussen et al. 1987, Jura 1988, Zuckerman &  Maddalena 1989, Zuckerman 
1993,, but see de Jong 1989). 
I nn this paper  we want to address several questions regarding the evolution of carbon stars on 
thee AGB: (1) is the detached shell around optical carbon stars oxygen-rich or  carbon-rich, (2) 
howw many thermal pulses does a carbon star  make and does this result in as many loops through 
thee IRA S color-color  diagram, (3) what is the lifetim e of the carbon star  phase and (4) is the 
distributio nn of carbon stars in the IRA S color-color-diagram a sequence in time or  in initia l mass? 
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Too answer  these questions we combine existing literatur e data with new synthetic AGB calcula-
tions,, which already proved to be successful in explaining the properties of carbon stars and the 
abundancee ratios in planetary nebulae (PNe) in the LMC {Groenewegen k de Jong 1993a, b, c). 
Inn Sect. 2 the synthetic AGB evolution model is introduced and the constraints are discussed 
inn Sect. 3. In Sect. 4 the results of the calculations are presented. In Sect. 5 the evolutionary 
scenarioo is presented and discussed. 

22 The synthetic A 6B evolution model 

Thee synthetic evolution model is explained in detail in Groenewegen k de Jong (1993a, paper 
I) .. It is based on recent evolutionary calculations for  low- and intermediate-mass stars. Here 
onlyy the most important features are outlined and some improvements to the previous model are 
discussed.. The calculations in the present paper  supersede the preliminar y calculations for  the 
Galaxyy presented in Table 5 of paper  I. 
Inn the model a population of stars is selected according to the probabilit y that they presently 
aree on the AGB. This probabilit y depends on the initia l mass function, the star  formation rate 
andd the duration of the AGB phase, as outlined in paper  I. With such an approach, average 
populationn properties (e.g. a luminosity function) can be calculated, using as input the evolution 
off  individual stars. 
AGBB evolution starts at the first  thermal pulse and ends when the envelope mass of the AGB star 
iss reduced to ~10~3 M 0. The changes in the abundances due to the first  and second dredge-up, 
priorr  to the AGB phase, are taken into account. On the AGB, thir d dredge-up is assumed to 
occurr  for  core masses above M™" . For  the LMC we derived M™* 1 = 0.58 M© (paper  I). At 
eachh thermal pulse an amount AMdredge = A AMc is added to the envelope, where AMC is the 
coree mass growth during the preceding interpulse period and A is the dredge-up efficiency. For 
thee LMC we derived A = 0.75 (paper  I) . The composition of the material dredged-up is: carbon 
(22%),, oxygen (2%) and helium (76%). 
Priorr  to the AGB, stars lose mass on the main sequence, on the Red Giant Branch (RGB; only 
importantt  for  stars below ~2.2 M 0 which experience the helium core flash) and on the Early-
AGBB (E-AGB; important for  massive stars). The total mass lost by stars with initia l masses 
<2.22 M© preceding the AGB is taken from the models of S wei gar  t et al. (1990) scaled in such 
aa way to give a mass loss of 0.22 M© for  a 0.85 M© star  (»fttGB = 0.86 in the nomenclature of 
Sect.. 2.6.1 of paper  I) . In paper  I we used the evolutionary tracks of Maeder  k Meynet (1989) to 
estimatee the mass loss rate prior  to the AGB for  massive stars. With the new tracks of Schaller  et 
al.. (1992) and Schaerer  et al. (1993) it is possible to include a metallicity dependence. Equation 
211 in paper  I is replaced by: 

*M*M EAGBEAGB = VEAGB 0.116 ^ — J ^ T J M©. (1) 

Schallerr  et al. (1992) find a mass loss rate at the start of the thermal-pulsing AGB of 6.1 10~8 

andd 3.1 10~7 M©/yr  for  a 3 and a 5 M© solar  metallicity star. In order  to let the mass loss 
ratee prior  to the AGB be in better  agreement with that predicted by us at the start of the AGB 
wee adopt rjEAGB = 3. This choice does not affect any of our  results since AMEAG B is always 
muchh smaller  than the envelope mass at the start of the TP-AGB. Unfortunately, observationally 
determinedd mass loss rates of massive E-AGB stars are unavailable to estimate Ï/EAGB-
Inn paper  I mass loss on the AGB was described by a Reimers (1975) law with a scaling factor 
»7AGB.. For  the LMC we derived tfAGB = 5 in paper  I. In paper  m (Groenewegen k de Jong 
1993c)) we showed that with the mass loss rate law proposed by Blocker  k Schönberner  (1993; 
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BS)) an equally good fit to the observational constraints in the LM C can be obtained. In paper 
IVV (Groenewegen &  de Jong 1993d) we showed that with the latter  mass loss rate the slope 
inn the observed relation between the mass loss rate and pulsation period is reproduced. In the 
presentt  paper  both mass loss laws are considered. The Reimers mass loss law is: 

MM  = VAGB 4.0 HP13 £~ MQ/yr. (2) 

wit hh L, R and M in solar  units. The mass loss rate law proposed by BS is: 

MM  = rjBs U.S 10-9 ^ \ (4.0 10-13 ^ ) M 0 / y r  (3) 

i.e.. a Reimers law with an additional (L 2 7/M 2 1) dependence. We include a scaling factor  17ns-
BSS derived this law by fittin g the mass loss rates listed by Bowen (1988) for  his standard model 
basedd on dynamical calculations for  long-period variables. Direct comparison of Eqs. (2) and 
(3)) shows that the mass loss rate adopted by BS is equivalent to high Reimers coefficients. For 
representativee values of L = 3000 L 0 , M = 1 M© or  L = 20 000 L 0 , M = 5 M 0 the equivalent 
valuee of ?7AGB «re 12 and 67, respectively. Repeating the analysis of papers I and II  (Groenewegen 
&&  de Jong 1993b) we found that all constraints in the LM C can be fitted with »7BS = 0.1 (paper 

m). . 
AA major  improvement to the model are the estimates of the main sequence abundances. In paper 
II  (Sect. 2.9.1) we estimated the main sequence helium abundance from the primordia l helium 
valuee and a simple AY/A Z = 2.5 scaling law and assumed that the decomposition of Z (the sum 
off  all metals) in carbon, oxygen and nitrogen is constant in time and equal to the solar  value. 
I nn the present paper  we use separate age-metallicity relations for  Z, He, C, N and 0 derived for 
thee solar  neighbourhood by van den Hoek et al. (1993). The star  formation rate and slope of 
thee initia l mass function are also taken from this paper  (see Fig. 1). 
Thee tracks of Schaller  et al. (1992) have been used to calculate the total lifetim e prior  to the 
AGB.. Thi s lifetim e is needed to estimate the metallicity of a star  on the main sequence from the 
adoptedd age-metallicity relation and the star  formation rate at the time of birt h of a star. The 
neww pre-AGB lifetimes are longer  than those used in paper  I (that were based on a fit by Iben 
&&  Laughlin 1989). The age of the Galaxy is taken as 14 Gyr, indicating that the lower  mass 
limi tt  of stars that can reach the AGB is Mi ower = 0.966 M 0 (from Schaller  et al. 1992). The 
upperr  mass limi t is taken as M upper = 8 M 0 . Mor e massive stars are assumed to evolve into 
supernovae. . 

33 Th e constraints 

I nn this section we discuss five constraints to the synthetic evolution model. Four  of these, the 
abundancess of PNe, the birt h rate of carbon stars, the number  rati o of M-, S- and C-stars on 
thee AGB, and the initial-fina l mass relation, are similar  to those used for  the LM C in paper  I, 
andd are briefl y discussed in Sect. 3.2. The last constraint, the mass range from which carbon 
andd S-stars form, is discussed in detail below. 

3.11 Th e mass range fro m which carbon stars and S-stars for m 

Thee most reliable informatio n on the mass of C-stars (and S-stars) can be obtained from stars in 
binariess and open clusters. In a classical paper  Gordon (1968) listed 10 candidates for  binaries 
containingg a carbon star  and a less evolved star. Later  work includes Barbaro &  Dallaporta 
(1974),, Olson k. Richer  (1975) who added some new candidates, Reimers &  Grootte (1983) and 
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Figur ee 1: The star  formation rate (solid line; left-hand scale) and age-metallicity relation (dashed line, 
right-handd scale) adopted in this study for  the solar  neighbourhood (van den Hoek et al. 1993). 

Lee Bertr e (1990). Carbon stars in clusters are discussed by Gordon (1968), Barbar o &  Dallaport a 
(1974),, Bouchet &  Thé (1983), J0rgensen (1988) and most recently by Eggen &  Iben (1991). 
I nn Table 1 all suspected binaries containing a carbon star  wit h spectral type N (indicatin g the 
starr  is cool and therefore on the AGB ) and a main sequence companion, and all N-type carbon 
starss which may be in open clusters are collected. Possible carbon stars wit h giant companions 
orr  companions of which the luminosity class is unknown or  uncertain are not considered since 
noo reliable masses can be estimated in these cases. I n Table 1 the number  in the Stephenson's 
catalogg (1989), the IRAS-name1, the variable star  name, the 12 fi m flux-density, the C2i color 
(definedd as 2.5 l og (S2 5/S1 2) ) , the cluster  name, the age of the cluster, the spectral type of the 
companionn and the est imated main sequence mass of the carbon star  are listed. The spectral type 
off  the companion is transformed int o a mass using the spectral type-mass conversion of Straizys 
&&  Kurilien e (1981) and Schmidt-Kaler  (1982). Thi s is a lower  limi t to the main sequence mass of 
thee carbon star. An uncertainty of one spectral sub-class corresponds to an uncertainty of ~0 .06 
M 00 at spectral type F2V, and of ~2 M 0 at B2V. For  the carbon stars in clusters the mass 
off  the carbon star  is est imated using the turn-of f age and the tracks of Schaller  et al. (1992). 
Fromm Table 1 we derive that carbon stars are formed fro m stars above 1.8 M 0 (fro m the cluster 
data),, although the data on carbon stars in binaries allows masses of £ 1 .2 M 0 for  carbon star 
formation .. The upper  mass limi t is more uncertain but is at least 5 M 0 and may be higher. 
Thee informatio n on S-stars in binaries and clusters is scarce (see Scalo fc Mille r  1979). An 
additionall  complication is that S-stars are observed wit h and without the radioactive s-process 
elementt  technetium (Tc). Only S-stars wit h Tc are believed to be on the AGB (see Chapter  4). 
Thee S-stars wit h Tc in binaries are TT Gr u and the lithium-ric h star  T Sgr. The former  has a 
GOVV companion implyin g an initia l mass for  TT Gru of £ 1 .1 M 0 . On the other  hand, ir  Gr u is 
normall yy associated wit h the Hyades implyin g a mass of 1.9-2.5 M 0 (see Table 1). The star  T 
Sgrr  has an F3rV companion implyin g an initia l mass of >1.5 M 0 . S-stars possibly in clusters 

'Al ll  stars turned out to be detected by IRAS. This was not a selection criterion . 
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Tablee 1: Carbon stars in binaries and open clusters 

c c 

471 1 
789 9 
853 3 
911 1 

1263 3 
1264 4 
1478 8 
1549 9 
1565 5 
1859 9 
1910 0 
2063 3 
2315 5 
2685 5 
3526 6 
3875 5 
4111 1 
4653 3 
4716 6 
5570 0 
5987 7 

IRAS-name e 

03112-5730 0 
04476+4335 5 
05028+0106 6 
05185+3227 7 
06217-2702 2 
06225+1445 5 
06528-4218 8 
07045-0728 8 
07057-1150 0 
07427-2816 6 
07487-3839 9 
08050-2939 9 
08408-4701 1 
09582-5958 8 
14417-6129 9 
17419-1838 8 
18448+0523 3 
20028+2030 0 
20085+3547 7 
22036+3315 5 
00020+4316 6 

GCVS S 

T WW Hor 
HNN Aui 

WOr i i 
UVAu r r 

BLL  Ori 
NPP Pup 
RYMo n n 
W C M a a 

QTT Pup 

GVV Vel 
SZZ Car 

SZSgr r 
DRSei i 

XSge e 
RYCy g g 
RZPeg g 
SUU And 

(Jy) ) 
94.0 0 
2.78 8 
184. . 
69.4 4 
20.5 5 
44.5 5 
35.9 9 
58.8 8 
39.0 0 
1.47 7 
3.61 1 
4.61 1 
3.36 6 
24.7 7 
4.73 3 
18.6 6 
16.0 0 
16.8 8 
9.1 1 

15.8 8 
10.4 4 

C21 1 

-1.028 8 
-1.390 0 
-1.377 7 
-1.317 7 
-1.293 3 
-1.258 8 
-1.120 0 
-1.352 2 

1 1 
-1.310 0 
-1.280 0 
-1.383 3 
-1.183 3 
-1.087 7 
-1.411 1 
-0.674 4 
-0.948 8 
-1.144 4 
-1.325 5 
-0.874 4 
-1.219 9 

cltuteii  name 

Hyades s 
NGCC 1664 

Pleiades s 

Pleiades s 
Hyades s 

Haffnerr  14 
NGCC 2447 
NGCC 2533 
NGCC 2660 
NGCC 3114 

Lodenn 1409 

NGCC 6883 

agee cluster 
(1077 yis) 

60-150 0 
1.0-3.2 2 

1.3 3 

1.3 3 
60-150 0 

16 6 
160-200 0 

16 6 
160-200 0 

10 0 
16 6 

3.2-6.5 5 

Sp.. type 
companion n 

B9V V 
A5V V 

F3IV V 
B2V V 

A7V V 
A6I V V 
F2V V 

F9V V 
F0V V 

masss C-
starr  (M 0) 
1.9-2.5 5 
3.5-5.1 1 
15 5 
£3.5 5 
£2.2 2 
15 5 
1.9-2.5 5 
£1-5 5 
£10.4 4 
4.3 3 
1.8-1.9 9 
4.3 3 
1.8-1.9 9 
5.1 1 
4.3 3 
£1.8 8 
£2.1 1 
£1.5 5 
6.1-8.6 6 
£1.2 2 
£1-7 7 

aree the lithium-ric h star  TT9 (in N 3372, M £10 M 0, no data on Tc), TT10 (in N 3372, M £10 
M 0,, no data on Tc), TT12 (in N 3572b, M £10 M 0, no data on Tc) and R And (in the Wolf 
6300 group, M » 1.7 M@, contains Tc). 
Additionall  information about the typical mass of S-stars and C-stars comes from kinematical data 
andd from some binaries containing a White Dwarf (WD). Dean (1976) finds that the majorit y of 
carbonn stars kinematically behave like F5 stars, although his figure 4 suggest that the spectral 
typee is closer  to F3, corresponding to a mass of about 1.5 M 0. 
Thee S-stars without technetium, the barium-stars and the CH-stars are in binary systems which 
consistt  of a WD and a star  with enhanced (relative to normal giants) s-process elements and C/O 
ratio .. These chemical peculiarities are believed to be due to a previous phase of mass transfer 
whenn the WD was on the AGB (see Chapter  1). The presence of such systems places a lower 
limi tt  to the mass at which thir d dredge-up occurs. 
Thee mass function (Q = M WD / (M + MWD) 3) of the barium- and the S(no-Tc) stars is Q = 
0.04-0.055 (Jorissen k Mayor  1992). Since the WD must have a core mass high enough for  thir d 
dredge-upp to have occurred on the AGB (MW D > M™11) and experienced some core-growth 
duringg its AGB evolution, this implies a lower  limi t to the current mass of the secondary of 1.4 
M 00 (for  Q = 0.05 and M W D = 0.57 M®) and a probable mass of 1.5 M@ (for  Q = 0.044 and 
MW DD = 0.58 M 0). Since the secondary is probably on the RGB now, its main sequence mass 
mayy have been a littl e higher  (by a few 10~2 M 0) due to mass loss on the RGB. On the other 
hand,, if mass transfer  from the former  AGB star  was very effective (due to Roche-lobe overflow) 
thee secondary may now be more massive than on the main sequence. Jorissen &  Boffin (1992) 
argue,, however, that a wind accretion model can explain the observed chemical peculiarities of 



4.4. Results of the synthetic evolution model calculations 201 1 

Ba-stars. . 
Consideringg all observational evidence we conclude that the lowest initia l mass at which thir d 
dredge-upp produces S-stars and C-stars occurs close to 1.5 M 0 (withi n 0.1 M©). 

3.22 Th e other  constraints 

Thee second constraint is the observed rati o of the number of carbon-, S- and M-stars on the 
AGB.. This number is taken from Herman (1988) and Jura &  Kleinmann (1992a, b). Herman 
(1988)) finds a rati o C/M = 0.18 and S/C = 0.28. Jura &  Kleinmann (1992a, b) investigate the 
numberr  densities and scaleheights of M-, S- and G-rich Mira s and semi-regulars (SRs). Although 
itt  is unclear  if AGB stars are LP Vs (long period variables) during their  entire AGB lif e (in the 
LM CC this is not the case, see e.g. paper IV and references therein), the C/M-rati o of LPVs 
mayy be indicative for  the AGB as a whole. The C-stars, S-stars and the oxygen-rich Mira s with 
periodss between 300-400 days and the SR's with periods between 100-150 and 300-400 days all 
havee about the same scaleheight and therefore presumably evolved from the same population. 
Forr  this data set the ratios of stars are C/M = 0.21 and S/C = 0.30, in good agreement with 
thee earlier  estimate. 
Thee thir d constraint is the observed abundance ratios in planetary nebulae (PNe). In paper I I 
wee showed that these can constrain the duration of the AGB phase. The abundances are taken 
fromm a variety of sources but mainly from Aller  &  Cryzack (1983), Zuckerman &  Aller  (1986), 
Allerr  k Keyes (1987) and Kaler  et al. (1990). The few Halo PNe are not included, since the 
presentt  calculations concentrate on the galactic disk. The errors in the observed abundances are 
typicall yy 0.015 in He/H and about 0.2 dex in all other  ratios. In the model the abundances of 
PNee are estimated by averaging the abundances in the ejecta over  the final 5 104 yrs on the AGB. 
Thi ss should be representative of the abundances determined in PNe. The predicted abundances 
doo not change significantly if a lifetim e of 2 104 is adopted. We do not claim that all our  model 
starss wil l become PNe. Some stars may evolve so slowly in the post-AGB phase that the material 
ejectedd durin g the AGB phase is dispersed before the central star  is hot enough to ionize the 
material. . 

Thee fourt h constraint is the observed initial-fina l mass relation based on WDs in the solar  neigh-
bourhoodd (for  detailed references see paper I) . 
Thee fifth  constraint is the birt h rate of PNe and the death rate of main sequence stars. Pottasch 
(1992)) quotes a birt h rate of PNe of 0.5-2 yr _1 in the Galaxy. The fraction of carbon-rich PNe 
(inn the solar  neighbourhood) is ~0.6 (Zuckerman &  Aller  1986). Extrapolatin g to the Galaxy 
givess a birt h rate of C-rich PNe of 0.3-1.2 yr _ 1. 
Fromm the SFR model of van den Hoek et al. (1993) for  the Galaxy we derive a (present-day) 
birt hh rate of carbon stars (initia l mass range 1.5-8 M @) of 0.36 y r - 1, calculated from the death 
ratee of main sequence stars a pre-AGB lifetim e ago. For  masses above 1.5 M@ (lifetimes <Z Gyr) 
thee SFR is nearly constant (cf. Fig. 1) and the main uncertainty (less than a factor  of 2 ) in the 
derivedd birthrat e is the observed present-day SFR. 

44 Results of the synthetic evolut ion model calculations 

Thee parameter  space in M£" n, A and T/AGB (c.q. IJBS) i« investigated. The models that best fit 
alll  constraints simultaneously have the following parameters: M^ n = 0.58 M 0 , A = 0.75 (as 
derivedd for  the LM C in paper  I ) and »;AGB = 4, c.q. »JBS = 0.08. 

Forr  the Reimers mass loss, there is only a small range in the parameters which can fulfil l the 
constraints.. Values for  »7AGB smaller  than 4 are not possible since then the initial-fina l mass 
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Figuree 2: The initial-final mass relation for Reimers and the BS mass loss. The best-fitting models are 
representedd by the circles, while the minimum and maximum mass allowed for by the observations are 
indicatedd by the two lines. For the Reimers law a model with M™ln — 0.58 MQ, A = 0.75 and JJAGB — 
22 is also shown (dots); for the BS law a model with M" 
shownn (dots). 

0.599 M 0, A = 0.65 and 773s = 0.03 is also 

constraintt is no longer fulfilled (see Fig. 2). Larger values for 77AGB result in the formation of 
fewerr carbon stars and lower values of the maximum predicted C/O ratio in PNe. In principle, 
thiss can be compensated for by decreasing M™ln or increasing A. However, values of M™m below 
0.577 M 0 can be excluded since then nearly all stars go through a carbon star phase, for any 
reasonablee choice of the other parameters. This violates the observed lower limi t of ~1.5 M 0 

forr carbon star formation. For M™n = 0.575 MQ and A = 0.90, a model with 77AGB = 5 fits the 
constraintss about equally well as the best-fitting model. Models with J7ACB > 7 can be excluded 
sincee then e.g. the maximum predicted C/O ratio in PNe is only ~3 instead of the observed 
valuee of 4 (see Fig. 3) and the ratio of C/M stars is only 0.11. 
Thee BS mass loss law, allows for a wider range of possible parameters. The value of T;BS can be 
ass low as 0.03 and still fulfil l the observed initial-final mass relation (Fig. 2). A model with 77BS 
== 0.03, Mfm = 0.59 M 0 , A = 0.65 can fulfil l most constraints. However, the average lifetime 
off  the carbon star phase then becomes so long (35% longer then for the best-fitting model) that 
thee constraint on the birth rate of carbon stars is not fulfilled. 
Forr M™in = 0.573 M 0 and A = 0.90, a model with T/BS = 0.16 can fit all constraints. However, 
forr A = 0.90 the increase in the C/O ratio at every thermal pulse is so large that the C/O ratio 
off  ~1.5 M 0 stars when they turn into carbon stars is larger than 2. However, the largest C/O 
ratioo observed in optical carbon stars is ~1.8 and most have a C/O ratio near 1.2 (Lambert et 
al.. 1986, see the discussion in Sect. 5.2). The best constraint to determine M™n and A is the 
observedd luminosity function of carbon stars (paper I), which unfortunately is not available in 
thee Galaxy due to the lack of reliable distances. The sensitivity of the M-, S- and C-star LFs to 
M™nn and A is illustrated in Fig. 4. 
Thee best-fitting Reimers and BS model are now discussed in detail. In Fig. 2 the predicted 
andd observed initial-final mass relation are compared for the Reimers and the BS law. Both fit 
thee observations about equally well. Because the BS mass loss law has a stronger luminosity 
dependence,, the mass loss rate for the massive stars is larger than for the Reimers case and vice 
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Figuree 3: The predicted (the solid line) and observed abundance ratios in galactic planetary nebulae 
(PNe).. In the C/O-He/H diagram the observed type I PNe (with N/O>0.5) are indicated by a o and the 
non-typee I PNe by a . Some initial masses are indicated. 

versaa for the low mass stars. That is the reason why the final masses for the massive stars in the 
BSS model are lower than in the Reimers model and vice versa for the low mass stars. 
Thee predicted average mass of the central stars of PNe (CSPNe), c.q. WDs, is 0.578 M 0 for 
bothh the Reimers and the BS mass loss law. This is in good agreement with observations. Prom 
Bergeronn (1992) we calculate for 112 WDs with masses between 0.45 and 1 M 0 (the WDs with 
lowerr masses are thought to have originated from binary evolution) that the average mass is 
0.5833 M 0 . The mass estimate of CSPNe is hampered by uncertainties in the determination of 
effectivee temperature and luminosity but generally most CSPNe have masses between 0.55 and 
0.66 M 0 (Weidemann 1990). 
Inn Fig. 3 the observed and predicted abundances in PNe for the two best models are compared. 
Wee expect to find three distinct groups of stars. The first group consists of stars with initial 
massess less than about 1.5 M 0 . These stars do not experience the second dredge-up and have 
coree masses too low for the third dredge-up to occur. In these stars we expect to see the main 
sequencee abundances changed by the first dredge-up process only. The second group consists 
off  stars in the initial mass range 1.5 M 0 < M £4 M Q. After the first dredge-up (and maybe 
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Figuree 3: Continued. In the C/O-C/N diagram the observed type I PNe (with N/O>0.5) are indicated 
byy a o and the non-type I PNe by a D. In the log (N/0)-log (N/H) panel the 0.96 M0 model is outside 
thee plot at -1.13, -6.08. 

secondd dredge-up for the massive ones) these stars dredge-up carbon, helium and some oxygen 
onn the AGB during thermal pulses (third dredge-up). We expect the C/O and He/H ratios to 
bee enhanced. The third group consists of stars initiall y more massive than about 4 MQ. In 
thesee stars, the carbon dredged-up during thermal pulses is largely converted to nitrogen by hot 
bottomm burning (HBB; see paper I) . 
Inn the N/O-He/H panel the main difference between the Reimers and the BS model is in the 
predictedd N/O ratio for masses above 4.5 M 0 . Both models fail to predict He/H ratios larger 
thann 0.2. This may be due to the adopted parameterization of HBB. In the C/O-He/H panel 
thee main difference is in the C/O ratio of the most massive stars. The Reimers model predicts 
C/OO £1 while the few observations (the o's near He/H = 0.16) seem to favor the BS model. 
Inn the C/O-C/N panel the differences are small. Both models predict too small C/N ratios for 
aa given C/O ratio in the mass range 1.5-3 M Q. In the N/O-N/H panel differences are small. 
Mostt interestingly, for M <,1.5 M@ the relation between N/O and N/H is determined by the 
age-metallicityy relation of N and 0 for main sequence stars. Stars in this mass range do not 
experiencee a third dredge-up and the effects of the first dredge-up are not very mass dependent. 
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Thee predicted position of the 0.96 M 0 model is off the plot at log (N/O) = -1.13, log (N/H) 
== -6.08. The lowest observed log (N/H) rati o is -5.0. There are several explanations for  this 
discrepancy::  (1) The age-metallicity relation for  N and/or  O for  M <1 M 0 (>10 Gyr) is in-
correct,, (2) stars below £0.98 M 0 do not reach the AGB either  because mass loss prior  to the 
AGBB has ended their  lif e prematurely or  because the age of the Galaxy (c.q. the Galactic disk) 
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iss less than 14 Gyr (M|ower « 0.98 M 0 instead of 0.96 M©). Alternatively, (3) stars do reach 
thee AGB but do not form a PN (evolution too slow), or (4) have so far not been observed (due 
too their expected low surface brightnesses). A combination of the last two arguments seems the 
mostt plausible. 
Thee predicted ratio of stars for both mass loss models is C/M = 0.15 and S/C = 0.13. Both 
ratioss are somewhat below the observed values. The C/M ratio is sensitive to the SFR during 
thee first 10 Gyr. A lower SFR during this time wil l result in a higher C/M ratio. The S/C ratio 
iss sensitive to the adopted C/O ratio where the M to S transition occurs. 
Inn Table 2 the results for individual masses are listed for the two best models. With the BS law 
carbonn stars are predicted above 1.55 M©, for the Reimers law this is 1.45 M 0 . This is in good 
agreementt with observations. The model predicts that stars in the range 1.5 M©<,M £1.6 M© 
becomee carbon stars at their last thermal pulse (TP) on the AGB and live only a few 104 yrs as 
carbonn stars. More massive stars experience additional TPs as carbon stars and live up to 106 

yrs.. For both mass loss models S-stars originate from slightly more massive stars (M £2 M 0 ) . 
AA similar results was found for the LMC (paper I) in agreement with observations of S-stars in 
LM CC clusters. For the Galaxy one might argue (Sect. 2) that S- and C-stars originate from 
roughlyy the same population. If future observations would confirm this, this could mean that A 
increasess with core- and/or initial mass. For smaller A the increase in the C/O ratio at every 
thermall  pulse is less, increasing the probability that the star wil l go through an S-star phase. 
Thee mean carbon star lifetime, averaged over the probability to find a star of a given mass in 
thee carbon star phase, is 3.0 105 yrs for the Reimers mass loss law and 4.4 10s yrs for the BS 
law.. The carbon star lifetime we derive is much longer than the estimate in Groenewegen et al. 
(1992).. This is due the assumption in Groenewegen et al. (1992) that the thermal pulse that 
formss the carbon star is also the last thermal pulse on the AGB. We now show that carbon stars 
cann have additional thermal pulses. 
Thee observed surface density in the galactic plane of carbon stars in the solar neighbourhood 
dependss on the assumed mean luminosity. For a value of 7050 L© the local surface density is 85 
kpc- 22 (Groenewegen et al. 1992). The main contribution to the surface density comes from opti-
call  carbon stars with a 60 fim excess (Groenewegen et al. 1992). As the lifetime of the detached 
shelll  causing the 60 fim excess is <,2 104 yrs, these stars could well have a luminosity below the 
mean,, since they still could be in the luminosity dip of the thermal pulse cycle. If the luminosity 
off  the optical carbon stars with a 60 pm excess were 5000 L 0 then the total surface density of 
carbonn stars would be 130 kpc- 2 (Groenewegen et al. 1992). Thronson et al. (1987) and Jura et 
al.. (1989) found no gradient of carbon stars along the galactocentric axis on a scale of at least 
44 kpc. If the surface density of carbon stars is constant throughout the Galaxy we estimate a 
totall  number of 9 104 carbon stars in the Galaxy (if tr = 130 kpc- 2) . Using the mean lifetime 
derivedd above, we estimate a birth rate of carbon stars of 0.31 and 0.21 carbon stars y r - 1 in the 
Galaxyy for the Reimers and the BS law, respectively. Both values agree with the observed rate 
(0.3-1.22 y r - 1 ) considering the uncertainty in both the predictions and observations (see Sect. 3.2). 

55 Discussion 

5.11 Th e predicted luminosi t y function of A G B stars 

Inn Fig. 4 the predicted luminosity functions (LFs) of M-, S- and C-stars are given for the two 
best-fittingg models (solid lines) and some additional models (dotted and dashed lines). There 
aree no major differences between using the BS and the Reimers mass loss law. The peak of the 
carbonn star LF occurs at the same luminosity as in the LM C (see paper I) , providing support 
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F igu ree 4: The predicted luminosity functions of M-, S- and C-stars for the best-fitting BS and Reimers 
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forr  the assumption in Groenewegen et al. (1992) and Groenewegen (1993) of a mean luminosity 
off  7050 L 0 for  Galactic carbon stars. The peak of the oxygen-rich TP-AGB stars occurs at 
34000 L©. This is in good agreement with the value of 4000 L 0 determined by Habing (1988) by 
modellingg the space distributio n of AGB stars. The luminosity of a typical Galactic AGB star 
iss in any case less than the 104 L 0 often assumed (e.g. Jura &  Kleinmann 1989). 
Thee M- and S-star LFs are relatively insensitive to changes in the dredge-up parameters M™n 

andd A. As shown in paper  I , the carbon star  LF is sensitive to those parameters, in the sense that 
M™ nn mainly influences the low-luminosity tail of the LF, and A mainly the location of the peak 
off  the LF. When distances to AGB stars become available as a result of the Hipparcos mission, 
thee predicted LFs can be tested. If an observed luminosity function of a volume complete sample 
off  carbon stars is available then the values of M£" n and A can be determined. 

5.22 The evolut ion in t im e of the C/O rati o in AG B stars 

Sincee PNe evolve from AGB stars, it is interesting to compare the rati o of their  C and 0 
abundances.. For  the Galaxy they have been compared by Smith &  Lambert (1990). They note 
thatt  while the C/O rati o in (disk-) PNe ranges up to about 4 (cf. Fig. 3), the maximum observed 
C/OO rati o in carbon stars is only about 1.5 (Lambert et al. 1986). Smith &  Lambert suggest 
thatt  systematic errors, the obscuration of more carbon-rich stars by dust and the possibility 
thatt  C-rich PNe receive their  enrichment just before the superwind strips the AGB star  of its 
envelope,, as possible explanations. 
Dustt  obscuration seems not very likely. In paper  I we showed, based on the observed number  of 
IRA SS sources in the LMC , that dust obscuration cannot be very important in the LMC . For  the 
Galaxy,, Groenewegen &  de Jong (1993f) showed that in a sample of fourteen infrared carbon 
stars,, eight in fact have optical counterparts. 
Inn Fig. 5 we show the evolution of the C/O rati o on the AGB for  the best-fitting Reimers and BS 
modelss for  stars of 1.5 M 0 (Reimers law, upper  left panel), 1.55 M 0 (BS law, upper  right panel), 
22 M 0 (Reimers law, middle left; BS law, middle right panel) and 4 M 0 (Reimers law, lower  left; 
BSS law, lower  right panel). The 1.5 and 1.55 M 0 star  skip the S-star  phase and become carbon 
starss at their  last thermal pulse on the AGB. The C/O rati o after  the star  turn s into a carbon 
starss is 2.4 for  the Reimers 1.5 M 0 model and 1.6 for  the BS 1.55 M 0 model. A C/O rati o of 
2.44 is in disagreement with observations. The largest C/O rati o in the Lambert et al. sample is 
1.76.. The BS 1.55 M 0 model represents the upper  range of the observed parameter  space. If A 
wouldd be smaller  than 0.75 at small core masses (see the argument in the previous section) then 
thee C/O rati o would be smaller  when the star  becomes a carbon star. 
Thee 2 M 0 model stars evolve through the S-star  phase before becoming carbon stars. They 
experiencee three additional thermal pulses increasing their  C/O ratio . Wit h the Reimers law it 
experiencess a late thermal pulse at low envelope mass which increases the C/O rati o significantly. 
Thi ss shows that the suggestion by Smith &  Lambert that C-rich PNe receive their  enrichment 
att  the very end of the AGB can play a role in some cases. The 4 M 0 models behave in a similar 
wayy as the 2 M 0 models except that the interpulse period is shorter  and therefore the stars 
experiencee a larger  number  of pulses. 
AA comparison of the observed range in the C/O (1.0-1.76) and 12C/13C rati o (20-100; excluding 
thee J-type stars) in the Lambert et al. sample with the predicted C/O and 12C/13C ratios in 
Tablee 2 suggest that only carbon stars during their  firstl y few pulses (depending on initia l mass) 
aree represented in the Lambert et al. sample. 
Willem ss &  de Jong (1988) and Groenewegen et al. (1992) have classified carbon stars in groups 
I II  to V. Group II  C-stars have a 60 pm excess indicating a phase of high mass loss in the past, 
groupp II I  stars have a moderate present-day mass loss and groups IV and V are infrared carbon 
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Figuree 5: The predicted evolution of the C/O ratio for the best-fitting BS and Reimers mass loss 
models.. Indicated are the evolution of a 1.5 (upper left), 1.55 (upper right), 2 M0 (middle panels) and 4 
MQQ models (lower panels). The M-, S- and C-star phase are represented by the solid, dashed and dotted 
linee respectively. 

starss with a high present-day mass loss rate. Group I consists of carbon stars with a peculiar 
evolutionaryy history (e.g. Barnbaum et al. 1991). Groenewegen et al. (1992) assumed that 
mostt Galactic carbon stars have a similar initial mass, loop only once in the IRAS color-color 
diagram,, and that groups II-V represent an evolutionary sequence. This working hypothesis 
needss refinement. 
Off the 30 stars with a C/O ratio determined by Lambert et al., 90% belong to group II and the 
remainingg 10% to group HI. Yet, PNe are known with C/O ratios up to about 4. This implies 
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firstt that carbon stars with C/O £1.5 are to be found among groups III , IV and V, and secondly 
thatt stars with C/O £1.5 do not make loops through the IRAS color-color diagram. Only for 
onee infrared carbon star is a C/O ratio determined. For IRC 10216 (a group IV star) a ratio C/O 
«« 2.5 has been inferred based on its molecular emission lines (Morris 1975, Mitchell & Robinson 
1980).. The carbon stars with C/O ratios £1.5 are predicted to show 1 2C/1 3C ratios in excess of 
thee 30-80 which are observed in the Lambert et al. sample for C-stars with C/O less than ~1.5. 
Fromm our model we find that there is a 29% probabilityy for carbon stars to have a C/O ratio of 
£1.55 (based on Table 2). The observed ratio of the surface density of groups HI, IV and V to all 
carbonn stars is 14-21%, depending on the assumed luminosity (Groenewegen et al. 1992). This 
iss roughly consistent with the proposition that groups HI, FV and V represent the population 
off  carbon stars with C/O £1.5. On average, carbon stars with C/O £1.5 (group HI, rV and V 
stars)) represent a more massive population than carbon stars with C/O £1.5 (group II stars). 
Thee scale height of the different groups (Groenewegen et al. 1992) and the fact that at least 
somee infrared carbon stars have luminosities above the mean (Groenewegen 1993) substantiate 
this. . 
Starss with C/O £1.5 apparently do not become optical carbon stars with a 60 fim excess. Based 
onn theoretical radiative transfer models (e.g. Chan & Kwok 1988) this requires that the mass 
losss rates during and after the thermal pulse do not differ by a large factor (for group II stars 
thee mass loss rate during and after a thermal pulse are on the order of 10~5 and 1 0- 7 MQ/YT, 
respectively)) and that the time for a phase of new significant mass loss to start is rather short 
(forr group II stars this is about 1-2 104 years). Since both the duration of the thermal pulse 
(identifiedd with the phase of high mass loss), the increase in surface luminosity during the thermal 
pulse,, and the duration of the subsequent luminosity dip (identified with the phase of low mass 
loss)) decrease with increasing core mass (i.e. initial mass) it may be possible that massive stars 
doo not show significant loops after a thermal pulse and would therefore not reach the location of 
thee group II stars. Alternatively, the variation in the mass loss rate at the thermal pulse where 
thee oxygen- to carbon-star transition occurs may be larger than at other thermal pulses due to 
thee dramatic change in opacity in the stellar atmosphere (Willems & de Jong 1988). 

5.33 Th e locat ion of the ca rbon stars w i t h known masses in t he IRA S color-color 
diagram m 

Thee stars in Table 1 are plotted in the IRAS color-color diagram in Fig. 6. We do not wish 
too comment on some of the high masses (W Ori, BL Ori) and divide the sample in three about 
equallyy large subgroups (M < 1.9 M 0 (X), 1.9 M 0 < M <4.2 M 0 (*) and M > 4.3 M 0 (0.)). 
Starss without high-quality 60 fim flux-density are plotted at C32 = -2.4. There is no obvious 
relationn between mass and infrared colors. Of the 13 stars with reliable flux-densities in all three 
bands,, 8 have an excess at 60 fim. Figure 6 shows that probably carbon stars of all masses go 
throughh a phase of 60 fim excess and an optical carbon star phase at least once. 
Off  the stars in Table 1 three (W Ori, BL Ori and W CMa) are in the sample of Lambert et al.. 
Al ll  three are massive, even above the classical upperlimit of 8 M© for AGB stars if the mass 
estimatess in Table 1 are to be believed, and have C/O ratios of 1.16,1.04 and 1.05 respectively. 
Thiss shows that massive carbon stars are only to be found in the optical carbon star phase when 
theirr C/O ratio is relatively small. 

5.44 Ar e th e detached shells around carbon stars carbon-rich ? 

Thee chemical composition of the shells around the carbon stars with 60 fim excess is an open 
question.. We have suggested that sub-mm observations may resolve the question whether the 
shellss are carbon-rich or oxygen-rich (Groenewegen & de Jong 1993e). In a recent paper, Zuck-
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Figur ee 6: The IRAS color-color  diagram for  carbon sta» with main sequence companions and carbon 
starss in clusters (C2i = 2.51og(S25/Si2) and C32 = 2.51og(SQO/S25))- Stars without 60 y,m flux-density 
aree plotted at C32 = -2.4. The stars are divided in M < 1.9M0 (X), 1.9 M 0< M <,4.2 M 0 (*) and M 
>> 4.3 M@ (O). Stars in the upperleft part (to the left of the dashed line) have a 60 fim excess. The 
blackbodyy point of stellar  photospheres is located at C2[ — -1.56, C32 = -1.88. 

ermann (1993) has claimed that the detection of HCN around some carbon stars with 60 /im 
excesss indicates that the detached shells are carbon-rich. This argument is flawed. From the 
calculationss of Olofsson et al. (1990), and of Bergman et al. (1993) for  S Set, it follows that 
HCNN is destroyed at radii corresponding to time scales of <, 103 yrs. The inner  radii of the dust 
shellss which cause the 60 fim excesses are located at distances corresponding to timescales of 
~~ 104 yrs. The presence of HCN in these stars is due to present-day carbon-rich mass loss and 
nott  related to the detached shell. 
Zuckermann continues to point out that the Willems &  de Jong (1988) scenario predicts that 
whenn the 12 and 25 (im fluxes are entirely photospheric, the 60/25 rati o decreases as the dust 
shelll  moves further  out. This is true. However, this is also the case if the detached dust shell 
weree carbon-rich, as is Zuckerman's preferred model. The fact that the double-peaked CO line 
profiless are found in a few stars with moderate 60/25 ratios, but not in carbon stars with lower 
60/255 ratios, therefore is not an indication of the incorrectness of the Willems &  de Jong model, 
ass claimed by Zuckerman, but must be due to some mechanism which prevents the occurrence 
off  double-peaked CO profiles in stars with moderate 60/25 ratios, independent of the chemical 
compositionn of the detached shell. 
Thiss mechanism is photodissociation. The calculations of Bergman et al. (1993) for  S Set show 
thatt  the detached CO shell wil l survive for  only another  few thousand years. As the evolution 
towardss lower  60/25 ratios is very slow, it is not clear  that stars with a small 60 (im excess 
shouldd still show a double-peaked CO line profile. The time scale a detached CO shell can avoid 
photodissociationn depends on the product of the mass loss rate in, and the duration of the phase 
off  high mass loss rate, and on the interstellar  radiation field. For  S Set, an UV field twice the 
standardd value reduces the lifetim e of the CO shell from ~1.2 104 to <104 yrs (Bergman et al. 
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1993).. As the mass loss rate that caused the detached shell in S Set is probably higher  than in 
otherr  carbon stars with 60 /jm excess, the lifetim e of the CO shell in most carbon stars wil l be 
shorterr  than that of S Set. We conclude that double-peaked CO line profiles are very unlikely 
inn carbon stars with a moderate or  small 60 fim excess. If they ever  would be discovered this 
wouldd imply a very high mass loss rate in the past. 
Fromm Table 2 one can estimate the probabilit y to find a star  just after  the thermal pulse that 
turnedd the star  carbon-rich. For  some stars (1.5 M Q < , M £1.6 M©) this is also the last thermal 
pulsee on the AGB. Mor e massive stars wil l experience additional thermal pulses. For  both the 
Reimerss and the BS mass loss law we find that the probabilit y to observe a carbon star  after  the 
thermall  pulse that made the star  carbon-rich is 45%. Since we argue that the mass loss history 
off  the stars with C/O ratios £1.5 (a 29% probability ) is such that they do not have detached 
shellss this means that at least 63% (45/(100-29)) of the detached shells around optical carbon 
starss wit h a 60 fim excess are expected to have oxygen-rich shells. 
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