
1
9
9
3
A
&
A
.
.
.
2
7
4
.
.
2
7
9
G

Astron. Astrophys. 274, 279-290 (1993) ASTRONOMY 
AND 

ASTROPHYSICS 

Colour evolution models and the distribution 
of LMC clusters in the integrated U BV plane 
L. Girardi and E. Bica 

Instituto de Fisica- UFRGS, Caixa Postal 15051, 91540-000 Porto Alegre RS, Brazil 

Received December 2, 1992; accepted February 23, 1993 

Abstract. We present a comparison between photometric clus
ter models, based on classical and with-overshooting stellar 
tracks, and the enlarged sample of 624 LMC clusters recently 
gathered in integrated U BV photometry by Bica et a!. Models 
based on Maeder and Meynet's tracks present two temporary 
red phases: the first at age 10 Myr, caused by a clump of red su
pergiants; the second at~ 100 Myr due to the combined effect 
of both the progressive reduction of the blue loop of core He
burning stars, and their fading relative to top-MS stars. The I 00 
Myr red phase does not occur in models without overshooting. 

Taking into account stochastic effects on the mass distribu
tion of stars, the models describe well the general distribution 
of clusters in the (U - B) vs. (B - V) diagram, except for 
the oldest, SWB types V-VII, clusters. The dispersion of cluster 
colours due to stochastic effects is found to be strongly variable 
along the ageing sequence: the general trend is a decrease with 
age due to the increasing population of post-MS phases, but the 
dispersion increases in the temporary red phases and is expected 
to increase again after the red giant branch phase transition due 
to the appearance of extended RGBs and carbon stars. We also 
study the LMC clusters age distribution function, based on the 
age frequency of clusters of equal initial masses, taking into 
account different values for the IMF slope. 

Key words: galaxies: Magellanic Clouds - stars: evolution of 
- stars: HR diagram- galaxies: star clusters 

1. Introduction 

As a stellar population ages, it becomes redder due to the loss 
of top main sequence (top-MS) stars. This simple evolutionary 
path to the lower right corner of the integrated (U - B) vs. 
(B - V) diagram is however disturbed due to changes on the 
distribution of post-MS stars. The most conspicuous features are 
the appearance of temporary red loops (Arimo to & Bica 1989), 
as well as some changes on the rates at which the colours evolve. 

This colour evolution of stellar populations has been the sub
ject of several recent works, such as Renzini & Buzzoni (1986), 
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Charlot & Bruzual (1991). A primary aim of these models is 
the reproduction of the observed integrated properties of sin
gle burst populations (i.e. clusters). Such a comparison with the 
integrated colours of LMC clusters has been the main subject 
of the works by Chiosi et a!. (1988, hereafter CBB88), who 
considered in detail the possible explanations for the bimodal 
distribution of (B - V) colours, and Alongi & Chiosi (1989), 
who studied ages and total masses of LMC clusters based on 
their integrated U BV photometry. Such photometric masses 
for a large number of clusters can be checked with direct mass 
determinations available for some clusters (e.g. Dubath et a!. 
1990; Fischer et a!. 1992a, 1992b ). Arimo to & Bica (1989) re
produced the colours of clusters with red supergiants (RSGs) 
by including tracks for massive stars and suitable time steps. 

The integrated U BV sample used in previous LMC studies 
was that of van den Bergh (1981) with 14 7 clusters, in some 
cases complemented with Mateo's ( 1988a) sample of31 clusters 
in an outlying field. Recently, Bica eta!. ( 1991, 1992a, hereafter 
BCDSP) extended the sample of LMC clusters with available 
U BV integrated photometry to a total of 624 objects. Their 
sample includes fainter clusters, being basically complete up to 
V c:::c 13.2 (Bica eta!. 1992b). 

In the present paper we discuss the BCDSP data in the light 
of simple colour evolution models. We consider both classical 
and overshooting stellar tracks, and different IMF slopes. Inte
grated models based on Castellani eta!. ( 1992, hereafter CCS92) 
and Maeder & Meynet ( 1991, hereafter MM91) isochrones are 
presented in Sect. 2, being their differences considered in detail. 
Section 3 deals with the comparison with the observational data, 
presenting the derivation of the LMC clusters age distribution 
based on BCDSP data. Stochastic effects on the IMF are tested 
as the main source of dispersion of clusters on the integrated 
(U - B) vs. (B - V) diagram. Section 4 summarizes the main 
results and presents the final considerations. 

2. Photometric models 

There are several possible approaches to the problem of evolu
tionary population synthesis, as described by Charlot & Bruzual 
(1991 ). Here we will use that adopted by these authors, deriving 
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the U BV integrated colours of clusters directly from theoretical 
isochrones. 

To clarify the notation, lowercase m refers to stellar initial 
masses, while caligraphic A will refer to cluster total masses. 
All masses are given in M0 units. The age of stars or clusters 
given in units of years is denoted by t. 

2.1. lsochrones 

The models were computed with two different sets of isochro
nes. The MM91 isochrones, obtained from stellar evolutionary 
tracks with moderate convective overshooting, mass loss and 
solar metallicity (Y = 0.28, Z = 0.02), cover the mass range 
120- 0.8M8. CCS92 isochrones were obtained from classical 
(i.e. without mass loss and overshooting) tracks with Z = 0.02 
andY= 0.27, on the range 9- 0.6M0. Additional isochrones 
for Z = 0.006 and both Y = 0.23 and Y = 0.27 were kindly 
made available by Dr. Castellani. Both sets of stellar tracks were 
obtained with the same opacity tables and nuclear reaction rates. 

For both sets of isochrones, the ZAMS was extended down 
to 0.15 M0 using VandenBerg et al. (1983) low-mass star mod
els and the empirical bolometric corrections and colours from 
Johnson (1966). 

In MM91, the evolutionary tracks for massive stars extend 
up to the pre-supernova stage, which allows one to check the 
effect of red and blue supergiants on the integrated colors. The 
intermediate masses include evolution up to the early asymptotic 
giant branch (E-AGB) end, whereas the low-mass stars stop at 
the He-flash (Maeder & Meynet 1989, hereafter MM89). As 
the contribution of termally pulsing AGB (TP-AGB) stars to 
the integrated light and optical colours of younger clusters is 
not significant (see e.g. Figs. 4 and 8 of Charlot & Bruzual 
1991), the integrated models are then essentially complete in 
evolutionary phases up to ages "' 2.5 Gyr. For older isochrones 
all the He-burning phases are lacking, and so we prefer not to 
take any conclusion from them. 

In the CCS92 isochrones the situation is quite comple
mentary: although they do not include massive stars, the low
and intermediate-mass tracks are complete until the E-AGB 
end. So, an interesting comparison is possible between with
and without-overshooting models for clusters with evolved 
intermediate-mass stars. 

Although most models presented here have solar metallic
ity, it will be shown in Sect. 2.3.2 that they are a reasonable 
approximation for ages lower than "' 2 Gyr in the LMC. For 
older ages, lower metallicity models are necessary. 

It is important to certify that the transformations from the 
theoretical (Lboh Teff) to the observed (Mv, B - V) plane are 
the same for the different stellar models used. The good agree
ment between the CCS92 and MM91 without-overshooting 
isochrones ensures that the bolometric corrections and Teff vs. 
(B- V) relations adopted by the different authors are basically 
the same. So, any difference between colours calculated from 
the two sets of isochrones should be attributed only to the dif
ferent physical inputs - mainly to the presence of overshooting 
and mass loss on MM91 models - and not to differences in the 

bolometric corrections and colour relations applied to the stellar 
model results. 

With this in mind, we applied to CCS92 isochrones the 
same (U- B) vs. (B- V) relations from Schmidt-Kaler (1982) 
which were adopted in MM91. Different relations were applied 
to dwarfs, giants and supergiants stars. Although in Maeder and 
Meynet's work the transition between giants and supergiants 
was chosen at the RGB tip, we prefered to adopt a different ap
proach: we considered all post-MS stars fainter than Mv = -4 
as giants, and all brighter than Mv = -5 as supergiants, with a 
smooth transition between these limits. So, the attributed lumi
nosity classes are in agreement with those of solar vicinity stars, 
which originated the adopted (U - B) vs. (B - V) relations. 
The MM91 isochrones were also modified accordingly. How
ever, this modification does not affect significantly the results 
presented below. 

2.2. The IMF 

The formalism of star cluster integrated models is presented in 
e.g. Alongi & Chiosi (1989). Given an isochrone of age t, the 
cluster integrated luminosities can be calculated by the simple 
integration: 

(1) 

being ¢m the IMF in terms of the number of stars in the mass 
interval [m, m+dm], and L>.tCm) the luminosity in the..\ band
pass of a star of mass m. The U, B and V integrated luminosities 
can be easily converted to colours and magnitudes. 

Here we adopted a Salpeter-like IMF, ¢m am -(x+ I), for 
the entire mass interval. IMF slopes x = 2.5 and 1.35 were 
considered. These values encompass results from recent CCD 
data for LMC clusters (Mateo 1988b and Richtler et al. 1991). 
Although there is evidence in the solar vicinity of a bimodal 
IMF slope (e.g. Miller & Scalo 1979; Scalo 1986), this effect 
is minor when we refer to the colour of a cluster. As will be 
seen, the integrated colour of a cluster depends mainly on the 
ratio between top-MS and post-MS luminosities. As the mass 
difference between stars in these stages is not large compared 
to the entire mass spectrum, the mass spectrum for these stars 
can be well represented by a single IMF slope, and the cluster 
colours marginally depend on its value. In young clusters this 
might not be totally true because the differences in mass and 
colours between top-MS and post-MS stars are larger than in 
intermediate age clusters. 

A convenient way to present the results ofEq. (1) is on the 
form of luminosities and magnitudes per unit of cluster initial 
mass. So, the IMF is normalized so that 

(2) 

While an upper limit mu = 100 M0 is a natural choice, the 
lower limit m, is critical because it will determine the mass
to-light ratios for the models. We chose m1 values in order to 
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reproduce the mean value .46/ Lv = 0.2 determined observa
tionally for MC clusters of age t :::: I 08 yr (see Fig. 4 in Battinelli 
& Capuzzo-Dolcetta 1989). These values are m 1 = 0.039 M 8 
for x = 1.35 and m 1 = 0.57 M8 for x = 2.5. Under these 
assumptions it is possible to estimate cluster masses by com
paring their observed luminosities with theoretical ones. It is 
also important to stress that the m 1 values are used only in the 
IMP normalisation (Eq. 2), whereas integrated luminosities re
fer to stars distributed over the entire 100 > m(M8) > 0.15 
interval. 

2.3. The behaviour of the models 

The models presented in this section correspond to the evolu
tion of "superpopulous clusters"; i.e. the isochrones are con tin-

uously populated, even in the fast evolutionary phases, which 
eliminates stochastic effects on integrated colours and magni
tudes (see Sect. 3.2). In practice, it means that these clusters 
have initial masses higher than"" 107 M8. 

In Figures 1 and 2 we present the obtained U BV colours 
and magnitudes per unit cluster mass (Eq. 2), for models based, 
respectively, on MM91 and CCS92 isochrones. Notice that the 
Mv(t) curve position depends on the m 1 choice, and with the 
present one curves with different xs intersect at log t :::: 8. 
We can see also the contribution to the integrated magnitudes 
from stars in different evolutionary phases. In young clusters the 
evolved stars were classified as blue or red supergiants (BSG 
and RSG, Fig. 1). In intermediate-age and old clusters the main 
evolved phases - namely, the subgiant branch (SGB), the red 
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giant branch (RGB), the core He-burning phase (CHeB) and the 
asymptotic giant branch (AGB)- are separated (Figs. 1 and 2). 

The integrated models we calculate correspond to instanta
neous burst populations. The assumption of a finite burst length 
(of "' 106 to 5 x 106 yr) would affect only the very young 
clusters (of ages t ::S 107 yr), smoothing the evolutionary lines 
presented in Figs. 1 and 2. After 107 yr the results would be 
essentially the same as those obtained for instantaneous bursts. 

2.3.1. MM91 integrated models 

In Figure 3 the models based on MM91 isochrones, reddened 
by the Galactic foreground E(B- V) = 0.06, are superimposed 
on the observed (U- B) vs. (B- V) diagram for LMC clusters. 

Some interesting features in the models have counterparts in the 
cluster distribution: 

1) There is an extended loop to the red at t = 107 years, 
due to the sudden clustering in the HR diagram of massive su
pergiants as RSGs. This phase is linked to two of the limiting 
masses that define different evolutionary sequences for massive 
stars (MM89). After the RSG phase, stars slightly more massive 
than mwR ~ 40 M0 lose enough mass so that they become 
blue even before ending central He-burning, going rapidly to 
the WR stage and SN explosion, while stars below this mass 
limit start burning helium as RSGs and undergo SN explosion 
still as RSGs. At the age when the turn-off mass mTo attains 
mwR, the cluster moves suddenly to the red. However, stars 
less massive than mceph ~ 12 M0 develop an extended blue 
loop in which most of helium is burned, and which intersects 
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Fig.4. The development of the RSG phase from logt = 6.9 to 7.1, shown for a synthetic cluster with initial mass . .It= 105 M0. In this 
example we have an x = 1.35 IMF slope. The synthetic HR diagrams are superimposed on the MM91 isochrones 

the Cepheid instability strip. These blue core He-burning stars 
cause the cluster to move back to the blue when mTO attains 
mceph. Figure 4 shows, with the aid of synthetic HR diagrams, 
the development of this red phase, hereafter called RSG phase. 

The RSG phase lasts for the period of time in which mwR > 
mTo > mceph· As the mwR value is highly dependent on the 
adopted mass loss rates, which are anyway still uncertain, it is 
not yet safe to derive the theoretical duration of the RSG phase. 
Otherwise, the stellar model grids do not offer enough number 
of tracks to set definite bounds on the limiting masses. In the 
present models, the RSG phase occurs between ages 8 and 13 
Myr. 

The presence of the RSG phase is well documented and can 
be clearly seen in the integrated spectra of the LMC clusters 
NGC 1805, NGC 1994, NGC 2002, NGC 2004 and NGC 2098 
(Bica et al. 1990, hereafter BAS90). These clusters (Fig. 3) are 
shifted to the blue in comparison with the model loop. This is 
certainly due to the fact that the model has a higher metallic
ity than that of the LMC clusters. Also, as compared with the 
clusters observed in the RSG phase, the extension of the loop 
clearly favours the IMF slope x ':::'. 2.5- at least for the massive 
stars, which dominate the luminosity in these young clusters. 

2) Another red loop occurs in the model at t ,..._, 108 yr. The 
reasons for this second loop are more subtle: the evolution to the 
red between log t ':::'. 7.7 and 8.0 is mostly due to the progressive 
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Fig. 5. The development of the 100 Myr red phase from log t = 7.6 to 8.6, shown for a cluster with initial mass ,jt = 105 M0 and x = 1.35 

reduction of the blue extension of the core He-burning phase. 
By 108 yr the CHeB is already concentrated in a red clump 
(the horizontal branch, HB), whose luminosity is afterwards 
progressively reduced in comparison with the blue top-MS stars. 
It causes the return of the cluster to the blue between log t ~ 8.0 
and 8.3. This sequence, hereafter called 100 Myr red phase, is 
illustrated in Fig. 5. 

A similar red phase was observed in the integrated spectra 
ofNGC 1866, NGC 2031 and NGC 2134 (BAS90). It was pre
viously suggested as being due to the presence of intermediate
mass AGB stars, as denoted by the M giants observed in 
NGC 1866 (LMC) and NGC 2516 (Galactic), which appear to 
be responsible for the strong TiO bands in the integrated spectra. 
The present models suggest that an additional effect envolving 
slightly hotter stars contributes to this colour change: the reduc
tion of the blue excursion of CHeB stars, accompanied by their 
fading relative to the top-MS. 

As the MM91 isochrones lack the He-burning phases for 
low-mass stars, they are not appropriate for describing the evo
lution of clusters older than log t = 9.4 (2.5 Gyr). 

2.3.2. CCS92 integrated models 

The most striking difference between MM91 and CCS92 inte
grated models is exactly the lack of the 100 Myrred phase in the 
latter (Fig. 6). In both sets of stellar models the ratio between the 

time spent in Hand He burning, tHe/tH, is almost the same for 
intermediate-mass stars,"" 0.25. However, there are three main 
differences on the CHeB morphology that can be responsible 
for this different behaviour: 

i) As the CHeB starts at higher He core masses in overshooting 
models, it also occurs at higher luminosities. 

ii) In overshooting models the blue extension of the CHeB 
phase is shorter than in classical models. In this case, this 
difference amounts to fllog Teff "" 0.08, or as much as 
fl(B - V) "" 0.4 (partly due to the use of different Teff vs. 
(B - V) relations). However, this difference occurs only 
for intermediate-mass stars, whereas for low-mass stars the 
CHeBs have similar TeffS. 

iii) The transition of the CHeB loop to a red HB clump occurs 
later and more gradually for classical models. 
These points have been discussed by Bertelli et al. (1985). 

The main physical parameter determining the CHeB morphol
ogy, as well as its time evolution, is the dependence of the helium 
core mass at He-ignition on the initial stellar mass. Items i) and 
iii), which are apparent in the comparison of Figs. 1 and 2, are 
determinant for the appearance of the 100 Myr red phase, while 
item ii) concerns mostly to its colour extension. We point out that 
the 100 Myr red phase occurs only in models with overshoot
ing. It would be important to further discuss this age interval, 
investigating in detail the roles of overshooting and mass loss. 
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As the observational evidence of red phases is stronger in the 
near infrared spectra (BAS90), a full discussion would better 
include the calculation of synthetic colours as V - K, V-I, 
etc. 

We recall that CBB88 integrated models, which used a 
prescription for convective overshooting different from that of 
MM89, also do not show the 100 Myr red phase. The proba
ble reason for this difference is that in Chiosi et al. tracks the 
blue extension of the CHeB occurs at much lower temperatures 
than in MM89 ones (see Fig. 21 of MM89 for a comparison), 
and so the time evolution of the CHeB does not cause a rapid 
change in the integrated colours of their cluster models. In addi
tion, CBB88 stellar models present a significantly lower tHe/tH 
ratio, "' 0.1 for intermediate-mass stars. MM89 adjusted their 
overshooting scale in order to reproduce, among other obser
vational constraints, also the blue extension of the CHeB for 
Galactic clusters; so their tracks reproduce more satisfactorily 
the features responsible for the occurrence of the 100 Myr red 
phase (see, however, Alongi et al. 1991 ). 

The CCS92 integrated models are not suitable to describe 
the hook at (B - V) c:::c 0.8 of older clusters. The hook would 
be well reproduced only by models with metallicity as low as 
Z c:::c 10-3 (see Alongi & Chiosi 1989): these low metallicity 
stars not only develop a blue horizontal branch, but are also 
intrinsically bluer than solar metallicity stars due to their lower 
atmospheric opacities. However, we can see in Fig. 6 that the 
Z = 0.006 older models already show a clumping at (B- V) c:::c 

0.8, which is a first step for the development of the hook. 
The small difference between the CCS92 integrated models 

for Z = 0.02 and Z = 0.006 (Fig. 6) suggests that the com
parison of LMC young clusters with solar metallicity models 
is reasonable. We note that the same (B - V) vs. (U - B) re-

lations, obtained from solar metallicity stars, were applied to 
all the isochrones. We tried to estimate the error introduced 
in the integrated colours by this approach by comparing the 
Buser & Kurucz's (1978) theoretical bolometric corrections 
and Teff vs. colours relations obtained for model atmospheres 
with solar (log A = 0) and l/10 solar (log A = -1) metallici
ties. For the same values of Ten and surface gravity g, models 
with Terf > 8000 K (B - V < 0.1) essentially do not dif
fer in their colours. In the interval 8000 > Ten(K) > 5500 
(0.1 < B- V < 0.7), log A= -I models are bluer by, at 
most, "' 0.06 in (B - V) and "' 0.2 in (U - B). The bolo
metric corrections are typically 0.04 mag larger in log A = -1 
models, being this difference almost independent of the Teff and 
g values. Considering that young LMC clusters present typical 
abundances from I /2 solar to solar. we estimate that the errors 
in the integrated colours for our young models cannot exceed 
rv 0.03 in (B - V) and rv 0.1 in (U - B), in the sense that the 
models are redder. For intermediate-age clusters, as well as for 
young clusters in the RSG phase, in which cooler stars have an 
important contribution to the integrated colours, we compared 
the position of the features in CM diagrams for clusters of dif
ferent metallicities. For instance, the Sandage ( 1988) composite 
CM diagrams for low ([Fe/H]rv -0.6) and high ([Fe/H]rv 0) 
metallicity Galactic intermediate-age clusters differ of"' 0.05 
in (B - V) for the MSs, and of"' 0.1 for the ROBs and HB 
clumps. With respect to RSGs, in Mermilliod's (1981) compos
ite CM diagrams for Galactic young clusters the RSG clumps 
are separated from the upper-MS by 6.(B- V) c:::c 1.90- 2.05, 
whereas this difference amounts to "' 1.85 for the LMC clus
ter NGC 2004 (see Sagar et al. 1992). As an extreme case, in 
the low metallicity ([Fe/H]rv -1.3) SMC cluster NGC 330 this 
difference is "' 1.5 (see Carney et a!. 1985). All these differ
ences for individual stellar types would imply, in the integrated 
models, in a shift 6.(B - V) ;S 0.1 in all cases. 

2.3.3. Comparison with Bruzual & Charlot models 

Bruzual & Charlot (1993) computed integrated models based 
on the same MM89 tracks, and complementing the low-mass 
stellar tracks with the He-burning phases. Figure 7 compares 
their model with ours, for the same x = 1.35 IMF. Essentially 
the same features are seen in both models, in particular the RSG 
and 100 Myr red phase are clearly present. However, Bruzual 
& Charlot models are slightly bluer, which could be attributed 
to the use of different interpolation algorithms in the isochrone 
construction, and/or different empirical bolometric corrections 
and colour relations. Their models extend to (B - V) c:::c 1.0 
because they computed old clusters. 

3. Comparison with BCDSP observations 

In the present section the discussion is based on the MM91 
integrated models, because they include the evolution of very 
young clusters. The presence of the 100 Myr red phase will also 
be important for the reproduction of the observed dispersion of 
clusters seen in Fig. 3. 
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(1992) integrated models, both based on MM89 tracks 

3.1. Age distribution of LMC clusters 

We can associate an age t to each cluster, according to its po
sition on the (U- B) vs. (B- V) diagram. The scale is given 
by the few clusters with age determined by their HR diagrams 
(Elson & Fall1985). Bica et al. (1991) followed this procedure, 
classifying the LMC clusters into age bins, in a classification 
scheme equivalent to the SWB (Searle et al. 1980). The former 
classification differs from that of SWB by the inclusion of a 
"SWB 0" group (clusters younger than 10 Myr) and by split
ting group IV into IVa and IVb. So, to each cluster we attribute 
the mean age of its age bin. Then the BCDSP data can be used 
to derive the age distribution function (ADF) of LMC clusters, 
providing statistically more significant ADFs with respect to 
previous attempts based on smaller samples. 

In order to derive the cluster ADF, we must isolate the clus
ters with the same initial total masses. The initial "photometric" 
mass .~ of a cluster of age t is given by: 

A= 100.4[Mv(t)-V+(m-M)] , (3) 

being V the observed visual magnitude, Mv(t) the theoretical 
fading line for each M 8 of the initial cluster mass, and (m
M) = 18.7 the distance modulus of the LMC. This photometric 
mass depends on the m1 value adopted for calculating Mv(t). 
Assuming that the clusters have the same IMF, Eq. (3) provides 
a relative scale of cluster initial masses. 

In Figure 8 a set of theoretical fading lines for ,/It; = 103 

to 105 M0, and x = 1.35 and 2.5, are superimposed on the 
data in the plane V vs. log t. The revised SWB types divide the 
age sequence in age bins, while the fading lines for different 
.~ define strips of equal initial masses. The figure provides 
some interesting clues on the mass of LMC clusters. As an ex
ample, if x = 1.35, the most luminous young clusters would 
have initial masses of the same order as the faintest observed 
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Fig. 8. Theoretical fading lines for initial mas~~s 103 , 104 and 105 M 8 , 
superimposed on the observed plane V vs. log t. The horizontal line in
dicates the magnitude V = 13 above which the sample is basically com
plete. Vertical lines are the limits to the age bins adopted by BCDSP, 
with the corresponding SWB types indicated 

old clusters, from 104 to 105 M 8 . In this scenario, luminous 
young clusters like NGC 2070, NGC 1850 and NGC 1866 (re
spectively the brightest clusters in SWB groups 0, II and III) 
would be the precursors of moderately luminous old clusters as 
NGC 2257. Luminous classical globular clusters as NGC 1786 
and NGC 2210 would have initial masses A "' 106 M 8 , with
out similar in the recently formed clusters. On the other hand, 
if x = 2.5 the 104 < A(M8) < 105 young clusters would be 
the direct precursors of the observed old clusters, except for the 
brightest globulars (e.g. NGC 1835). 

In order to check if the present models can consistently re
produce the mass of young and old clusters, Table 1 presents 
masses and mass-to-light ratios for NGC 1866 (Fischer et al. 
1992a; assuming rotational component), NGC 1978 (Meylan 
et al. 1991; Fischer et al. 1992b) and NGC 1835 (Dubath et 
al. 1990), based on velocity dispersion measurements. The last 
two columns of the table give our models' mass-to-light ra
tios .~,{, / Lv. Here .~6 refers to the present cluster mass -
i.e., the mass in alive stars and stellar remnants (see Alongi 
& Chiosi 1989), since a fraction of the initial cluster mass (less 
than 30%) was expelled by stellar winds and supernovae. For 
the 108 yr model cluster, v#6 / Lv is by definition equal to that 
of NGC 1866 (Sect. 2.2). For 1010 yr clusters, A/ Lv comes 
from models based on CCS92 isochrones, which include the 
He-burning phases. We see that for both xs the models give val
ues encompassing that observed for NGC 1835. For NGC 1978 
the x = 1.35 model agrees with the Meylan et al. A/ Lv de
termination, while the x = 2.5 model is closer to that of Fischer 
et al. More clusters with measured velocity dispersion are nee-
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Table 1. Observed masses and mass-to-light ratios compared to the model values . 

Cluster t (yr) source ,/#{; (M0) 

NGC 1866 "' 108 Fischer et a!. 1992a 1.25 ± 0.25 X 105 

NGC 1978 "-' 2 X 109 Meylan et a!. 1991 0.36- 1.44 X 106 

Fischer et a!. 1992b 1.3 ± 0.6 X 105 

NGC 1835 > 1010 Dubath et a!. 1990 1.0 ± 0.3 X 106 

essary to give statistical significance to conclusions about the 
IMP slope. 

Quantitative information about the rate at which clusters in a 
certain mass range were created and destroyed can, in principle, 
be obtained from Fig. 8. We calculated the cluster ADF dNc~/dt 
as a function of log t in two different ways: 

1) The clusters were counted in age bins in mass limited strips 
as shown in Fig. 8. This could be performed up to log t = 8. 7 
for x = 1.35, and log t = 9.3 for x = 2.5, owing to the 
magnitude cutoff at V c::: 13. The resulting Nc1 values were 
divided by the age bin width. 

2) All clusters above the V = 13 cutoff in Fig. 8 were counted, 
and corrections were applied to estimate the number of clus
ters below the cutoff which should be encompassed by a fad
ing line starting at V = 13 for the youngest age bin. So, the 
distribution of the younger clusters is used to estimate the 
number of unseen clusters for each age bin. It improves the 
cluster statistics, but may introduce uncertainties because 
the corrections are increasingly larger for older age bins. 

The resulting ADFs, shown in Fig. 9, are essentially the 
same in the regions not affected by the magnitude cutoff. The 
last age bin computed with method (1) is already affected by 
it. As we can see, for x = 2.5 the curve dNc~/dt seems to 
decrease monotonically for older ages, while for x = 1.35 the 
curve flattens after ages 108·5 yr. In interpreting this behaviour, 
we have to consider that two factors determine the ADF: the 
cluster formation rate and the cluster evaporation/dissolution 
rate. 

Taking the ADFs at face values, we can conclude that the 
cluster formation rate would have increased by about a factor 
10 in the last "' 20 Myr. However, part of this increase can 
be attributed to the presence of unbound young clusters (i.e. 
associations) in the sample. Also, there is still a great uncertainty 
in the models for massive stellar evolution, concerning mainly 
the mass loss rates and their possible dependence on metallicity, 
which could affect the shape of the fading lines for these younger 
ages. Otherwise, we can be confident on the shape of the curves 
in the interval 7. 7 < log t < 9 .4. 

The older clusters may have already lost a significant frac
tion of their luminosity due to dynamical effects, such as evap
oration of stars and/or tidal disruption (Wielen 1988). These 
effects are certainly important for t ;;:; 109 yr, and they might 
affect considerably the behaviour of dNcJ/dt for these older 
ages. However, the ADF decline after log t = 8.3 (SWB IV and 
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Fig. 9. The cluster age distribution function dNc~/dt, obtained for the 
IMF slopes x = 1.35 and 2.5, by the two methods described in the text. 
The curves are normalized at the value for the youngest age bin. Error 
bars represent the uncertainties due to the counting of clusters 

later) may indicate that dynamical effects are already acting in 
shorter timescales. As pointed out by Wielen, it would imply in 
a high density of objects as massive black holes or giant molec
ular clouds in the LMC. Alternatively, this decline can represent 
a real decrease in the cluster formation rate for this age interval. 

An important point is thatthe derived cluster ADF is strongly 
dependent on the adopted IMP slope. Present day observations 
are not conclusive for its value. Mateo (1988b) derived the value 
x = 2.52 ± 0.16 in the interval 10.5 > m(M8) > 0.9 from 
a group of 6 LMC clusters, a result that was later revised by 
Richtler et al. (1991), who found x c::: 1.3. Other works (see 
Conti 1992) found x values from 1.0 to 1.8 for LMC associa
tions. There seems to be a trend for lower x values, "' 1.35, and 
indications of cluster-to-cluster variations that can not be ne
glected. Consequently, these IMP results do not constrain much 
the ADF scenario. 

Our ADFs are smoother than that by Alongi & Chiosi 
(1991), in which spikes in the derived ADF were associated 
to periods of enhanced cluster and star formation. The better 
statistics provided by the larger sample and/or the lower age 
resolution by the use of SWB groups may be responsible for 
this difference. 
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Fig. lOa and b. Dispersion of cluster colours (dots and xs) caused by stochastic effects on the mass distribution of evolved stars. For x = 2.5, 
the results are presented for photometric masses 103·5 , 104 and 104·5 M 0 , and for ages: a 107 yr (maximum ofRSG phase), 108 yr (maximum 

of 100 Myr red phase) and 109 yr; and b 106·5 yr (in which the evolved stars do not develop red loops), 107·5 yr and 108·5 yr. The circles present 
the colour dispersion expected for 104 ·5 M 0 , 4 Gyr model clusters based on CCS92 isochrones 

3.2. Stochastic effects on the IMF 

The small number of evolved red stars in less populous clusters 
can cause significant and fast changes in their integrated colours. 
Works as Barbaro & Bertelli (1977) and CBB88 investigated 
the magnitude of the dispersion in U BV colours due to these 
stochastic effects on the stellar mass distribution. Most of the 
dispersion of points on the (U- B) vs. (B- V) diagram (Fig. 3) 
can be attributed to it, specially for clusters older than rv 50 Myr, 
for which the internal reddening is expected to be negligible. 
As the dispersion seen in Fig. 3 is clearly variable along the 
ageing sequence, and as the BCDSP data sample includes fainter 
clusters than previous ones, we decided to investigate further 
this point. 

3.2.1. The simulations 

The following procedure has been followed to simulate the 
stochastic effects on the IMF. The range of stellar masses in 
a synthetic cluster was divided into two intervals: 

i) The unevolved stars are the stars on the ZAMS, or with a neg
ligible deviation from it. In this mass range, m < mzAMs, 
the mass spectrum can be considered continuous, because 
it is far better populated than the subsequent evolutionary 
stages, and the star colours have a smooth and continuous 
distribution. The integrated luminosities by unit cluster ini
tial mass were calculated with Eq. (1), and then multiplied 
by the desired cluster initial mass A. 

ii) The evolved stars are the stars in all the subsequent evolu
tionary stages, covering the range mzAMS < m < mu. It 
includes sparsely populated stages and with colours and lu
minosities very deviant from those of the main sequence. So, 

the presence or not of stars in each evolutionary stage can 
cause significant changes in the cluster integrated colours. 
In this mass range, the mass distribution of stars is simu
lated by a Monte-Carlo integration, in which stellar masses 
are added one-by-one to the cluster. The probability of oc
currence of a given stellar mass is given by the IMF, and 
the integrated cluster luminosities are increased by the cor
responding stellar luminosities. The integration stops when 
the mass in evolved stars attains the value expected for a 
cluster with initial mass A. 

The only input in the previous procedure are the isochrones 
and a cluster initial mass A. The latter is chosen such as to 
cover the range of integrated Mv magnitudes observed (Fig. 
8), from rv -11 to -4 for LMC clusters. Examples of synthetic 
clusters obtained this way can be seen in Figs. 4 and 5. 

The effect is illustrated in Fig. 10, in which we present the 
dispersion in cluster colours for coeval clusters of photometric 
masses between 103·5 and 104·5 M0 for some particular ages. 
For the sake of conciseness, the results are presented only for 
x = 2.5. A conspicuous effect occurs for very young clusters: 
those that have no RSG are clumped at very blue colours (B -
V < -0.1), and those with a small number disperse widely over 
the (U - B) vs. (B - V) diagram (Fig. lOa). The dispersion 
increases for lower IMF slopes. After the RSG phase the colour 
dispersion decreases and becomes almost independent on x. 
A temporary increase occurs at the 100 Myr red phase. For 
older clusters, the dispersion occurs along a narrow line, with 
an inclination 6.(U- B) = 0.56 6.(B- V) (differing somewhat 
from that of the reddening vector). 

For clusters of equal initial masses, Fig. 10 shows that the 
general trend is a reduction of the colour dispersion with age, 
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Fig.ll. Simulated (U - B) vs. (B - V) diagram for a set of clusters 
with the same age and photometric mass distributions as the observed 
one (Fig. 8) 

due to the increasing population of evolved stars. However, 
the dispersion increases temporarily during the phases with 
an enhanced population of red stars at 10 and 100 Myr. The 
same occurs immediately after the RGB phase transition (at 
log t = 9.4 ), when the RGBs are extended. For the case based 
on CCS92 4 Gyr isochrone, Fig. 10 shows the colour disper
sion for 104·5 M8 clusters, which is the mass comparable to 
the observed old clusters in the sample. Probably the inclusion 
of TP-AGBs in the model will further increase this dispersion. 
Indeed luminous carbon stars are observed at the AGB-tip for 
SWB types V-VI clusters (Frogel et al. 1990). 

Figure 11 shows the same kind of simulations, but assuming 
the same age and photometric mass distributions suggested by 
Fig. 8. A close comparison of Figs. 11 and 3 shows that: 

i) The stochastic effects account well for the observed dis
persion for ages 7.5 < log t < 8.8. We can notice that the 
presence of the 100 M yr red phase is responsible for the clus
ter dispersion at colours (B- V) ~ 0.45, (U- B) ~ 0.0. 
Models based on classical evolutionary tracks, lacking the 
100 Myr red phase, would present a significantly narrower 
distribution of cluster colours in this age interval. 

ii) The dispersion is strongly reduced in the range 8.8 < 
log t < 9 .4, because these clusters are already very pop
ulous in post-MS stars. It suggests that older clusters, with 
(B- V) > 0.6, would be even less dispersed in the diagram, 
but they are not (Fig. 3). As already commented, the disper
sion is expected to increase after the RGB phase transition 
due to the presence of extended RGBs and luminous carbon 
stars at the AGB-tip. 

iii) The young clusters observed around the theoretical RSG 
phase loop are clearly clusters with RSG stars. Simulations 

for several IMF slopes again show that the observed cluster 
dispersion is better accounted by x ~ 2.5. 

iv) The simulations do not show clusters dispersed on the upper 
left corner of Fig. 11, while they are seen in Fig. 3 at colours 
(B- V) ~ 0.1, (U -B)~ -0.9.However, variable internal 
reddenings in the very blue clusters (those without RSGs) 
of the order E(B - V) ~ 0.2 can explain the cluster dis
tribution in this region. Also, the presence of gas emission 
lines contributes to the dispersion of very young clusters: 
BCDSP found evidence for the occurrence of a loop in the 
direction of lower (U -B) values for the clusters associated 
with bright HII regions. 

v) On the other side, the simulations provide a significant num
ber of young clusters with extreme red colours, (B - V) > 
0.6. They are low luminosity (V > 12) SWB types 0 or I 
clusters with one or two RSG stars, and no BSGs. The RSG 
luminosity can even exceed the integrated luminosity due 
to the other stars. Such extremely red young clusters are not 
included in BCDSP data. Moreover, many of these smaJl 
clusters can remain uncatalogued due to selection effects. 
They can, for example, be confused with single RSGs, as 
these stars can be 2 or 3 magnitudes brighter than the blue 
top-MS stars (Fig. 4). Indeed, CCD photometry of bright 
LMC stars normally reveals the presence of small clusters. 
Alternatively, RSGs might be considered as non-member 
stars and excluded from integrated photometries. 

3.2.2. The RGB phase transition 

Bica et al. (1991) found a gap in the LMC cluster colour distri
bution at (B- V) = 0.5, (U- B) = 0.1 (Fig. 3), and interpreted 
it as being the colour gap caused by the RGB phase transition 
(Renzini & Buzzoni 1986). In the present models, however, the 
RGB phase transition occurs at (B- V) = 0.7, (U- B)= 0.2. 
This difference is probably due to the different metallicity of 
the models. 

The models provide an interesting possibility: some clusters 
at the 100 Myr red phase, dispersed by stochastic effects, might 
enhance the blue side of the gap. Isochrones with a very small 
age step would be necessary to explore the gap region. 

4. Conclusions 

The main conclusions of this work are: 

1) The presence of the RSG phase at 10 Myr is a well docu
mented observational fact. On the theoretical side, the mas
sive stellar evolution predicts red loops, which however still 
need further studies as a function of mass loss and metallic
ity in order to reproduce in detail the observations. 

2) Integrated colours are little sensitive to the IMF slope, ex
cept for clusters with massive stars. The comparison of the 
theoretical RSG phase loop in the (U - B) vs. (B - V) 
diagram with both the distribution of massive clusters ob
served in the RSG phase by BAS90 (Sect. 2.3.1) and the 
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observed dispersion of clusters (Sect. 3.2.1) favours steeper 
IMF slopes (x "' 2.0 to 2.5) for massive stars. 

3) Model clusters younger than logt ~ 6.7 do not have RSGs, 
so they are clumped at very blue colours. For observed clus
ters in this age range, internal reddening and the presence 
of emission lines from the surrounding gas are probably the 
main sources of colour dispersion. However, small clusters 
in the RSG phase and later may occupy the same locus owing 
to the lack of RSGs by stochastic effects. 

4) Overshooting tracks provide a temporary red phase at 100 
Myr owing to the luminosity and colour evolution of core 
He-burning stars. An additional colour effect due to cooler 
stars appears to occur at similar ages (BAS90). Further stud
ies with theoretical colours in the near-IR are necessary to 
better distinguish these effects. 

5) The 100 Myr red phase model clusters, dispersed in inte
grated colours due to stochastic effects on their IMPs, pro
duce a distribution closely resembling the observed one. 
Some clusters dispersed to redder colours may reach the blue 
side of the gap observed at (B - V) = 0.5, (U- B) = 0.1. 

6) The colour evolution of older clusters requires lower metal
licity models for a better description of the observations. The 
colour dispersion due to stochastic effects is expected to in
crease after the RGB phase transition due to the presence of 
extended RGBs and carbon stars. 

Many aspects of theoretical models are still to be explored 
to better explain the observations: the inclusion of lower metal
licity stellar models, the use of empirical bolometric corrections 
and colour relations for lower metallicities, a full exploration of 
the role of overshooting on the occurrence of the 100 Myr red 
phase, the effect of bimodal IMPs and better age determinations 
on the cluster ADF derivation. 
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