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Abstract. Examining the available data for AGB stars
in the Large Magellanic Cloud (LMC) clusters, we ad-
dress the question about the mass interval of low- and
intermediate-mass stars which eventually evolve into car-
bon stars (C stars) during the TP-AGB phase. We com-
bine the data compiled by Frogel, Mould & Blanco (1990)
— near infrared photometry and spectral classification for
luminous AGB stars in clusters — with the ages for in-
dividual clusters derived from independent methods. The
resulting distribution of C stars in the Myo — log(age)
plane evidences that the upper and the lower limits of the
mass range for the formation of C stars cannot be derived
from cluster data. The explanation of this resides in the
presence of two different periods of quiescence in the clus-
ter formation history of the LMC, shaping the age (and
progenitor mass) distribution of C stars. The most recent
of these quiescence episodes could also explain the lack of
very luminous AGB stars (with —6 > Myo > —7) in the
clusters, contrary to what observed in the field. Finally we
compare the distribution of C stars in the My, — log(age)
diagram with synthetic models of AGB evolution which
were previously constrained to reproduce the observed lu-
minosity function of C stars in the field. These models
provide a good description of the relative frequency of M-
versus C-type stars.
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1. Introduction

C stars are not only very luminous, but their peculiar spec-
tral features make their identification in objective prism or
grism surveys quite easy. So far, they have been searched
for in several galaxies of the Local Group, and for a hand-
ful of them complete surveys are available. The same ap-
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plies to some selected areas in the Galaxy and the Mag-
ellanic Clouds. The presence of C stars is recognized as
a tracer of the existence of low- and intermediate-mass
stars, with initial masses ranging from ~ 1.2 to ~ 4 -5
Mg, and with ages from a few 108 yr up to a few Gyr.
However, the exact values of these mass and age limits are
controversial because they depend on a number of factors
— e.g. the presence of convective overshoot from stellar
cores, and the efficiency of the third dredge-up and of hot
bottom burning in the envelope of the most massive AGB
stars.

To better understand the distribution of C stars in
galaxies of the Local Group, more precise answers to the
following questions are needed: which are the exact values
of masses and metallicities that lead to the formation of
C stars, and at which luminosities does the M-C transi-
tion occur ? Answering these questions would put strin-
gent constraints on the chemical yields from intermediate
mass stars (Gustafsson & Ryde 1996), and improve upon
the interpretation of the abundance patterns observed in
planetary nebulae as well.

Star clusters in the Magellanic Clouds are the suitable
sites to explore the subject. Several clusters with a well
defined sequence of C stars are known. Frogel, Mould &
Blanco (1990; hereafter FMB) compiled the most com-
plete catalog of AGB stars belonging to Magellanic Cloud
clusters. Among the various conclusions reached by the
authors, two are especially remarkable: 1) In clusters C
stars are almost always more luminous than M stars; 2)
C stars are present only in clusters of SWB types from
IV to VI. We remind the reader that the SWB classifi-
cation (Searle, Wilkinson & Bagnuolo 1980) represents a
sequence of increasing age and decreasing metallicity.

While FMB have convincingly limited the range of
cluster ages, and hence stellar masses, in which C stars
have formed in the Clouds, they did not answer directly
the question of the initial masses of C stars, because they
made use of a mean age for each SWB group, instead of
dealing with individual ages for the host clusters. This
letter reports on what happens coupling the FMB data
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on AGB stars with ages for their parent clusters obtained
from independent methods.

2. Ages of LMC clusters

Reliable ages of star clusters can be obtained only by
means of photometry down to the turn-off magnitude. In
the case of LMC clusters, about half a hundred of them
have been recently age-dated thanks to accurate CCD
photometry. Girardi et al. (1995) selected 24 between the
best CCD color-magnitude diagrams available at the time,
and re-derived the ages of those clusters by means of the
Bertelli et al. (1994) theoretical isochrones.

For those clusters for which no good quality color-
magnitude diagrams are available, reasonable age esti-
mates can be derived from their integrated U BV colors.
The traditional method is due to Elson & Fall (1985) who
introduced the S parameter which is found to correlate lin-
early with the logarithm of the age. Elson & Fall’s (1985)
method has been refined by Girardi et al. (1995) who took
into account the effect of dispersion in the U BV colors on
the age estimate.

Table 1 lists the ages ts obtained by Girardi et al.
(1995) limited to those clusters of the FMB sample con-
taining AGB stars with assessed-membership. Many of
these clusters have ages determined directly from the
CMD that were used by Girardi et al. (1995) to derive
the age calibration. In these cases, both age estimates are
presented, and the reader can notice that age differences
amount to 0.2 dex in log(age) at most.

One of the most important results of Girardi et al.
(1995) relevant to the present study is the age distribution
function for the whole sample of LMC clusters of the Bica
et al. (1996) catalogue. Convincing evidence was given for
the occurrence of recurrent periods of enhanced cluster
formation followed by quiescence during the history of the
LMC. In brief, after an initial burst of activity followed by
a major period of quiescence (Vallenari et al. 1996) up to
about 3 — 5 Gyr ago, two more recent peaks of activity
seem to have occurred at about 1 —2 Gyr and 108 yr ago,
respectively. These last two episodes of cluster formation
bear very much on the discussion below.

8. The My, — log(age) diagram

From the FMB data (their Table 1) we select those stars
which were considered probable members of LMC clusters.
The apparent bolometric magnitudes are translated into
the absolute ones by using the distance modulus to the
LMC of (m — M) = 18.5 mag (Panagia et al. 1991). It is
worth recalling that the FMB survey is fairly complete for
AGB stars brighter that My, = —3.8.

With the aid of the ages of the parent clusters listed
in Table 1, we get the My, — log(age) diagram of Fig. 1.
Stars of type M, C, and uncertain spectral classification
are shown with different symbols. On the top axis of Fig. 1,

Table 1. Ages for LMC star clusters

Cluster . Cluster :

(NGC) log = log 5y5; (NGC) log 7 log %,f—
1651 - 9.00 2058 - 8.05
1652 - 9.22 2107 8.37 8.56
1751 - 9.15 2108 8.77 8.85
1783 - 8.93 2121 - 9.58
1806 — 9.00 2136 - 8.05
1841 “old” 10.17 2154 - 9.00
1846 - 9.07 2173 9.06 9.22
1850 7.90 7.91 2209 8.96 8.78
1854 - 7.83 2213 - 9.00
1866 8.14 8.27 2214 7.92 7.91
1978 - 9.22 2231 — 9.00
1987 8.76 8.78

we show the age-S-parameter relationship and an approxi-
mate correspondence between the SWB type and the age!.
On the bottom axis we show the initial mass - lifetime rela-
tionship of the stellar models in usage here (Fagotto et al.
1994). Finally, the results of theoretical TP-AGB models
(solid and dashed lines), to be described in the following
section, are superimposed to the observational data.

A remarkable feature of Fig. 1 is the narrowness of
the area populated by C stars, which is bounded to
the left by a region virtually void of clusters with ages
8.3 < log(t/yr) < 8.8, and to the right by a gap in the age
range 9.6 < log(t/yr) < 10.1. The left boundary coincides
with one of the recent quiescence periods pointed out by
Girardi et al. (1995), whereas the right boundary corre-
sponds to the major gap in the distribution of cluster ages
indicated by several authors (e.g. van den Bergh 1991, Da
Costa 1991, Girardi et al. 1995). Futhermore, the absence
of C stars at the right side of Fig. 1 simply reflects the
well known fact that old star clusters, both in the Galaxy
and in the LMC, are known not to contain C stars?. If the
gaps in the past history of cluster formation in the LMC
are responsible for the right and the left boundaries of the
distribution of C stars in Fig. 1, we will face the embar-
rassing situation that both the upper and lower transition
masses for the formation of C stars cannot be inferred
from the present observational data.

! Strictly speaking, the SWB type does not increase linearly

with the S parameter, according to the work of Girardi et al.
(1995).

?  Exceptions are known for the oldest SMC star clusters
NGC 121 and 339, and for the galactic globular cluster w Cen
(see FMB); they contain a few low-luminosity C stars whose
origin is not yet understood.
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Fig. 1. Absolute bolometric magnitudes of LMC AGB stars
as a function of the age of the parent cluster. The data are
from Frogel et al. (1990). The distance modulus to the LMC of
18.5 mag is adopted (Panagia et al. 1991). The ages are taken
from Girardi et al. (1995; see Table 1). Open circles refer to
M stars; filled circles correspond to C stars, open and filled
triangles indicate stars which are presumably M and C stars;
open squares refer to stars whose spectral type is not assigned.
The lines represent the theoretical models by Marigo et al.
(1996).

4. The M - C star transition

In order to check whether the observed distribution of M
and C stars in the diagram of Fig. 1 can be interpreted by
current theoretical models we make use of the recent re-
sults by Marigo et al. (1996) for TP-AGB stars, to whom
the reader should refer for all details. Suffice it to recall
what follows. The starting models for the TP-AGB phase
were extracted from the complete evolutionary calcula-
tions by Fagotto et al. (1994), which include the effect
of overshoot from convective cores. This has the effect of
lowering the upper mass limit for stars developing degen-
erate CO cores, from the values 8 — 9 M typical of clas-
sical models to 5 — 6 M. Mass loss along the AGB was
accounted for according to the semi-empirical formalism
of Vassiliadis & Wood (1993). The two parameters de-
scribing the third dredge-up — the efficiency A, and the
minimum core mass for dredge-up to occur M™® — were
calibrated to reproduce the observed luminosity function
of field C stars in the LMC (see also Groenewegen & de
Jong 1993). A complete envelope model was used to eval-
uate the changes in the surface chemical composition due
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to envelope burning. This was found to occur only in stars
with initial mass M > (3 — 4) Mg.

The models of Marigo et al. (1996) for the case with
chemical composition (Y = 0.25, Z = 0.008) are compared
in Fig. 1 with the observational data. The set of the four
solid lines plotted in the diagram refer, from the fainter
to the brighter magnitudes, to the starting of the E-AGB,
the onset of the thermal-pulse cycle, the transition from
oxygen-rich stars (M-type) to the carbon-rich stars (C-
type), and the end of the AGB evolution, respectively.
The solid curves correspond to the range of initial masses
(0.7< M/Mg < 4).

In the mass range from 5 to 9 Mg the dashed lines show
the stage at which the stars reach the Hayashi track for
the second time during their evolution (bottom line), and
the level at which carbon ignition occurs (top line). It is
worth noticing that, in the framework of stellar models
with convective overshoot, the stars observed in this part

“of the diagram are in the stage of double-shell burning

of H and He around non-degenerate cores, and do not
correspond to AGB stars.

In the central strip of the diagram, vertically delim-
ited in age by the youngest and the oldest clusters where
C stars are present, moving from the fainter to the brighter
magnitudes, we notice that the AGB sample is firstly com-
posed only by M-type stars, then by a certain admixture
of M- and C-type stars, and finally is dominated by C-
type stars. This trend is well reproduced by the models.
While evolving along the AGB, a star is expected to be-
long to the M-class, possibly to undergo the transition to
the C-class after the onset of thermal pulses, and finally to
ascend in luminosity as a C star afterwards. The probabil-
ity of transition and the range of luminosity spanned as a
C star depend on whether the third dredge-up occurs, and
on the number of dredge-up episodes experienced before
the envelope is removed by stellar winds.

The solid line showing the transition from M- to C-
type stars, refers to the quiescent luminosity predicted by
the standard core mass-luminosity relation. Considering
that the real light-curve of a low-mass TP-AGB star un-
dergoes a series of fall-offs induced by the powering-down
of the helium-shell flash following each pulse (Boothroyd
& Sackmann 1988a; Vassiliadis & Wood 1993), we expect
a low mass star to spend as much as about 20 — 30% of
its interpulse period at a luminosity a factor two fainter
than the value given by the standard core mass-luminosity
relation. As a consequence of this, there is a certain prob-
ability of detecting C stars below the transition line, down
to about 1 mag. This limit is illustrated by the dotted line
connecting the stage above which the 1.2 and 3 M, stars,
soon after becoming C stars, have 90% detection probabil-
ity (see also Boothroyd & Sackmann 1988a). This agrees
with the luminosity interval in which both M and C-type
stars are observed. Note also that the maximum theoret-
ical luminosity of the C stars as a function of the cluster
age is confirmed by observations, as no stars but two ex-
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ceptions are detected above the line corresponding to the
end of the AGB evolution.

5. Discussion and concluding remarks

Our analysis points out first that the information on C
stars in LMC clusters is not complete over the whole mass
range of progenitors because of the particular history of
cluster formation in this galaxy, second that existing data
can be interpreted by theoretical models for the formation
of C stars via the third dredge-up mechanism. However,
we remind the reader that we have been able to reproduce
the luminosity function of field C stars by tuning two im-
portant parameters of the TP-AGB models (cf. § 4 and
Marigo et al. 1996), a kind of difficulty encountered by
almost all complete evolutionary calculations in literature
(Boothroyd & Sackmann 1988b).

The lack of information on the upper mass limit for
the C star progenitors is particularly frustrating. Stars
more massive than 3 — 4 M are expected to experi-
ence envelope burning with distinct predictions as far
as the surface chemical abundances are concerned (e.g.
Marigo et al. 1996). Futhermore, these stars might sig-
nificantly deviate from the standard core mass-luminosity
relation (Blocker & Schonberner 1991; Boothroyd & Sack-
mann 1992). Their observational counterparts are proba-
bly bright (—6 > Mpo > —7) long period variables de-
tected in fields of the Magellanic Clouds (cf. Wood et al.
1983), which show strong spectral lines of lithium (Smith
& Lambert 1990). Observations of these stars in clusters
would put stringent constraints on the range of initial
masses in which envelope burning can occur.

Westerlund et al. (1991) already noticed that bright
AGB stars with —6 > My, > —7 are detected in fields,
but not in clusters of the LMC. For this reason, they stress
that cluster AGB stars do not offer a complete coverage of
the types of AGB stars existing in the Clouds, contrarily
to what expressed in FMB’s work. With respect to this
point, we observe that the results shown in Fig. 1 strongly
suggest that a period of reduced cluster formation between
~ 2 x 108 and 6 x 108 yr could simply ezplain the absence
of cluster AGB stars as luminous as those observed in the
field.

We notice, however, that a few LMC clusters, such as
NGC 2107, 1831, 2249, and 1868 (Girardi et al. 1995),
fall in this age interval. In any case, first the clusters in
question are less populous than the brightest clusters of
younger and older ages, second overluminous AGB stars
are expected to be very short-lived (the rapid increase in
luminosity probably triggers very high mass-loss rates).
Therefore, detecting bright AGB stars in these clusters is
highly improbable, if not impossible. Despite the above
intrinsic difficulty, careful scrutiny of the brightest red gi-
ant stars in and around these clustersis a primary target
to seek for possible signatures of envelope burning.

With respect to C stars in the SMC, the situation is
even more complicated. Several factors indeed make it dif-
ficult to explain the distribution of C stars in the clusters
of this galaxy. First of all, the ages of SMC clusters are
much more poorly determined than in the LMC. In addi-
tion to this, the method of age ranking with the aid of in-
tegrated U BV colours has not yet been properly tested in
the case of SMC. Second, SMC (both in clusters and fields)
possesses a kind of low-luminosity C stars that likely orig-
inate from a mechanism different from that leading to the
formation of the very luminous C stars (Westerlund et al.
1995). The possibility that the history of cluster forma-
tion in the SMC may significantly differ from that in the
LMC (van den Bergh 1991), together with the observa-
tional evidence that field C- and super-Li rich AGB stars
are by far more numerous in SMC than in LMC, spur to
dedicated studies of the SMC.
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