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Abstract. In this paper we revise the relationship between ages
and metallicities of LMC star clusters and their integrated U BV
colors. The study stands on the catalog of UBYV colors of the
Large Magellanic Cloud (LMC) clusters by Bica et al. (1994;
BCDSP) and the photometric models of single stellar popula-
tions (SSP) calculated by Bertelli et al. (1994).

These photometric models nicely describe the color distribu-
tion of LMC clusters in the (U — B) vs. (B — V) plane together
with the observed dispersion of the colors and the existence of
a gap in a certain region of this diagram. In the case of blue
clusters, most of the dispersion in the colors can be accounted
for by the presence of stochastic effects on the mass distribu-
tion of stars, whereas for the red ones additional dispersion’s
of ~ 0.2 dex in metallicity and of ~ 0.05 mag in color excess
are needed. From comparing the observed distribution of in-
tegrated colors in the (U — B) vs. (B — V) diagram with the
theoretical models, it turns out that: 1) The data are consistent
with the presence of a gap (period of quiescence) in the history
of cluster formation. If the age-metallicity relation (AMR) for
the LMC obeys the simple model of chemical evolution, the gap
is well evident and corresponds to the age interval ~ 3 Gyr to
(12 — 15) Gyr. On the contrary, if the chemical enrichment has
been much slower than in the simple model, so that intermediate
age clusters are less metal rich, the gap is expected to occur over
amuch narrower color range and to be hidden by effects of color
dispersion. 2) The bimodal distribution of B — V colors can be
reproduced by a sequence of clusters almost evenly distributed
in the logarithm of the age, whose metallicity is governed by a
normal AMR. No need is found of the so-called phase transi-
tions in the integrated colors of a cluster taking place at suitable
ages (Renzini & Buzzoni 1986). 3) The gap noticed by BCDSP
in the (U — B) vs. (B — V) plane can be explained by the par-
ticular direction along which cluster colors are dispersed in that
part of the (U — B) vs. (B — V') diagram. Also in this case, no
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sudden changes in the integrated properties of clusters must be
invoked.

The results of this analysis are used to revise the empirical
method proposed by Elson & Fall (1985, EF85) to attribute
ages to LMC clusters according to their integrated U BV colors.
We show that the EF85 method does not provide the correct
relation between ages and colors for clusters of low metallicity
and hence its inability to date the old clusters. We propose two
modifications to the definition of the parameter .S of EF85 such
that the age sequence of red clusters is suitably described, and
the intrinsic errors on ages caused by the heavy presence of
various effects dispersing the colors are reduced to a minimum.
The age sequence is calibrated on 24 template clusters for which
ages were independently derived from recent color-magnitude
diagrams (CMD).

Finally, we attribute ages to all clusters present in BCDSP
catalog, and derive the global age distribution function (ADF)
for LMC clusters. The ADF presents new features that were not
clear in previous analyses of U BV data, but were already sug-
gested by a number of independent observational studies. The
features in question are periods of enhanced cluster formation
at ~ 100 Myr and 1 — 2 Gyr, and a gap in the cluster formation
history between ~ 3 and (12 — 15) Gyr. The peaks observed in
the distribution of B — V colors are found to be sensitive to the
presence of these periods of enhanced cluster formation and the
lack of extremely red clusters caused by the age gap between
intermediate-age and old clusters.

Key words: galaxies: Magellanic Clouds — galaxies: star clus-
ters — stars: evolution — stars: HR diagram — Galaxy: globular
clusters: general

1. Introduction

The use of the Magellanic Clouds star clusters as templates for
studies of stellar populations in other galaxies, as well as indis-
pensable tools for the calibration of stellar evolution models,
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has been stressed and explored by many authors (e.g. Renzini
& Buzzoni 1986; Bica & Alloin 1986; Chiosi et al. 1992 and
references therein). What makes these clusters so important and
different from their Galactic analogs, is the range of metallicities
spanned by the youngest ones, and in general their richness. In
addition to this, due to our external view of the Clouds, complete
samples of clusters can be easily studied.

Until recently, data for large samples of clusters existed only
in integrated photometry. Searle et al. (1980, hereafter SWB)
showed that the LMC clusters can be arranged in a single se-
quence in the Q(ugr) — Q(vgr) diagram, probably one of vary-
ing age and metallicity. Later Frenk & Fall (1982) showed that
the same sequence is present in the (U — B) vs. (B — V) dia-
gram, giving origin to what is known as the “equivalent” SWB
sequence (E-SWB).

Many efforts have been made to rank the integrated U BV
colors of the clusters as a function of their ages and metallicities
as well as to derive their ADF (e.g. EF8S5; and Chiosi et al. 1988,
hereafter CBB88). All these studies were based on the van den
Bergh (1981) catalog of integrated U BV colors, which itself
is an amalgam of observations from several authors. Particular
care was taken in obtaining a reliable age calibration by means
of cluster CMDs (eg. Elson & Fall 1988; Chiosi et al. 1985;
CBB88).

Since those early studies, a lot of new observational material
became available, in particular new CMDs from CCD data, and
a large and homogeneous set of photometric data in integrated
U BYV colors (Bicaet al. 1991; 1994, hereafter BCDSP). Unfor-
tunately, with respect to the metallicities of the LMC clusters,
the situation has not changed too much: different studies present
significantly different results for the same clusters. So far, there
is only one recent attempt to provide homogeneous metallici-
ties for a large number of LMC clusters, namely the study of
Olszewski et al. (1991).

The BCDSP data greatly improve upon the previous catalog
of van den Bergh (1981). In particular, the number of clusters
with integrated U BV photometry is multiplied by four, and the
observational procedure (choice of apertures and comparison
fields) is uniform for most of the clusters. Girardi & Bica (1993,
hereafter GB93) made a preliminary analysis of BCDSP data
based on a comparison with models of photometric evolution of
SSPs limited to the case of solar metallicity. This study stressed
the importance of stochastic effects on the distribution of U BV
colors, and of the IMF slope on the derivation of the ADF (see
also CBB88).

In this work, with the aid of new photometric models for
SSPs we revise the relationship between ages, metallicities, and
integrated U BV colors of LMC clusters. In particular, we seek
for as much homogeneity as possible among the various sources
of observational data and theoretical models. With respect to
previous studies on this subject (e.g. EF85, CBB88, GB93), the
points of major novelty are:

1) We use the new libraries of stellar tracks and isochrones of
the Padova group (Bertelli et al. 1994) to calculate the integrated
U BV colors of SSPs. These isochrones incorporate a number of
improvements with respect to previous ones. The photometric

models and their general characteristics are described in Sect. 2,
together with a preliminary comparison with BCDSP data.

2) Throughout this paper, we use the BCDSP catalog as
the database of integrated U BV colors of LMC clusters to be
compared with the predictions of photometric models.

3) We carefully examine the effects of the underlying AMR
(Sect. 3) and of different causes of dispersion in the integrated
UBYV colors, namely stochastic effects in the mass distribu-
tion of stars, variations in reddening and metallicities among
clusters (Sect. 4). Taking them into account in models of SSPs
allows us to cast light on the physical nature and characteris-
tics of two different gaps: the gap in the distribution of B — V'
colors reported by van den Bergh (1981), and the gap in the
(U — B) vs. (B — V) diagram at the E-SWB group IV reported
by Bicaet al. (1991). These are firstly presented in Sect. 5, and
later more deeply discussed at the end of Sect. 8.

4) We revise the overall method for determining the ages of
LMC clusters from their integrated colors. Firstly, we choose
a set of clusters with recent CCD-CMDs in order to provide
robust age calibrators (Sect. 6). Secondly, we revise the EF85
method for attributing ages to individual clusters according to
their integrated U BV colors. Two modifications are proposed,
aimed to more properly follow the relationship between inte-
grated UBYV colors and ages. The new method is presented in
Sect. 7.

Finally, in Sect. 8 we derive the ADF for LMC clusters.
This clearly differs from previous ones both in quality and chief
characteristics. In fact, superposed to a general decrease with
age that can be interpreted as the result of dynamical disruption
of the clusters, the ADF clearly shows two episodes of enhanced
cluster formation rate and a major gap in the cluster formation
history.

Section 9 draws a few general comments.

2. Theoretical integrated colors of star clusters

In this section we present in some detail the time evolution of
the integrated magnitudes and colors of SSPs closely mimicking
the star clusters.

2.1. Photometric evolution of SSPs

The evolutionary stellar models used in this study are from Bres-
san et al. (1993) and Fagotto et al. (1994a, 1994b), whereas the
corresponding isochrones are from Bertelli et al. (1994). We
refer to these works for all details.

The procedure to obtain colors of SSPs from theoretical
isochrones is straightforward and will not be described in detail
here (see e.g. Alongi & Chiosi 1989; GB93). Suffice it to say
that the SSP models presented here (if not stated otherwise) are
constructed assuming the Salpeter IMF, ¢,,, o m~@*D, with
x =1.35.

Figure 1 presents the time evolution of the integrated U BV
colors for SSPs with different metallicities ([Z = 0.0004,Y =
0.23], [Z = 0.001,Y = 0.23], [Z = 0.004,Y = 0.24],
[Z =0.008,Y =0.25], [Z = 0.02,Y = 0.28]), whereas Fig. 2
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Fig. 1a and b. Time evolution of (U — B)y (panel a) and (B — V)
(panel b) colors for SSPs of different metallicities. We also plot the
color-age relations of Models A and B for galactic chemical enrichment
to be described later [see Egs. (1) and (2)]. For the sake of clarity,
both models are plotted just for logt > 9; for younger ages they are
essentially identical to the SSP with Z = 0.008. These models are
indicated by heavy solid lines, along which time steps of A logt¢ = 0.1
are marked by full dots and squares

shows the same in the color-color diagram. The original curves
are smoothed over time steps 0.1 wide in log ¢ in order to elimi-
nate some sharp fluctuations, about 0.05 mag in size, along the
evolutionary lines. These fluctuations are simply due to the lim-
ited number of stellar tracks used to generate the isochrones. We
warn the reader that none of the results reported in this paper is
affected by this smoothing.

Looking at the Z = 0.02 track in Fig. 1 as an example, we
notice the same general behaviour already described by GB93.
In particular:

1) The loop toward red B — V and U — B colors (Fig. 1)
at the age of about 10 Myr is caused by the appearance in the
SSP of the red supergiant stars (RSG). At earlier ages, the SSP
has in practice no RSG stars. After that, the SSP contains a
balanced population of both red and blue supergiants (for details,
see GB93). This corresponds to the loop-like feature visible in
Fig.2at (B —V)p=0.1and (U — B)g = —0.7.

2) The second excursion to the red at the age of 100 Myr
found by GB93 does not occur. The reason for the lack
of this feature resides in the different ratio between the He
and H-burning lifetimes for intermediate-mass stars. This was

Fig. 2. The evolution in the (U — B) vs. (B — V) diagram of SSPs
with different metallicities. All the symbols have the same meaning
as in Fig. 1. The ticks along the path of the Z=0.02 SSP denote age
intervals spaced by Alogt = 0.1

the /ta ~ 0.25 with the stellar models used by GB93 (Maeder
& Meynet 1989), whereas with the present models it amounts
to about 0.1. As a consequence of this, at the age interval in
question (around 100 Myr) the present models of color evolu-
tion agree better with the distribution of integrated U BV colors
of LMC clusters than those presented by GB93 (see Fig. 4 and
compare with Fig. 3 in GB93).

Two other important characteristics of the SSP with Z =
0.02 are: a) The evolution in the (U — B) vs. (B — V') diagram
proceeds at an almost constant rate of change in color by logt
interval, as shown by the ticks spaced by A logt = 0.1 in Fig. 2.
b) Two major changes of slope in the (U — B) vs. (B — V)
plane (Fig. 2) at (B — V) ~ 0.3 and (B — V) ~ 0.7 that
roughly correspond to the ages of logt ~ 8.7 and logt ~ 9.2,
respectively (see Fig. 1).

Both points bear very much on problems to be discussed
in this paper. In particular, point (1) sets the fundamentals of
the relation between the parameter S and age first introduced
by EF85 (see Sect. 7), while (2) is important with respect to
the bimodality in the B — V color distribution of LMC clusters
(Sect. 5.3). We emphasize that, although the present models in-
clude all the relevant stellar evolutionary phases, this behaviour
is mainly determined by the color evolution of the stars in the
upper main sequence (MS) and in the stage of core He-burning
(CHeB) (see e.g. GB93).
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How does the evolutionary path of a SSP change going to
lower metallicities?

For young SSPs (clusters), the RSG phase becomes progres-
sively less pronounced, and an increasingly large jump in the
(B — V) color occurs at the age of ~ 100 Myr (Fig. 1) due to
the first appearance of AGB stars (see Bertelli et al. 1994; Bres-
san et al. 1994). Both features are not relevant to the discussion
of the colors of LMC clusters. Firstly, because they do not give
rise to large changes in the two-color plane, and secondly, be-
cause all the young clusters are found to possess metallicities
higher than [Fe/H] = —0.7 (see Olszewski et al. 1991). How-
ever, it is worth noticing that the general behaviour of the SSPs
with Z = 0.004 and Z = 0.001 correspond to the trend observed
in the colors of the SMC clusters. This is shown by Fig. 1 of
EF85, where SMC clusters with U — B S —04 have B -V
colors ~ 0.15 mag bluer than LMC clusters, whereas young
SMC clusters in the range —0.4 < U — B < 0.1 have B -V
colors equal-to or ~ 0.1 mag redder than LMC clusters.

On the contrary, the most conspicuous and important
changes in the colors of SSPs with low metallicity occur for
old ages (red clusters). Figure 3 details the red part of the
(U — B) vs. (B — V) diagram, showing how the locus of the
oldest SSPs (about ~ 15 Gyr) runs progressively to bluer
B — V and U — B colors with decreasing metallicity.

3. Simple chemical models for the LMC

Considering that clusters in the LMC do not possess the same
metallicity and that old clusters are likely more metal-poor
than the young ones as expected from any reasonable law of
metal enrichment, the above behaviour of the SSP with dif-
ferent metallicity gives rise to a hook in the red part of the
(U — B) vs. (B — V) plane.

In order to illustrate better this point, we plot in Fig. 3 the
locus drawn in the (U — B) vs. (B — V) plane by SSPs whose
metallicity varies with the age (old SSPs being less metal-rich
than young SSPs).

Two simple AMRSs are considered: in the first the metal
content Z, in the second the metallicity [Fe/H] = log(Z/0.02)
decrease linearly as we go back in time, or equivalently as the
age of the SSPs gets older. The AMRs are expressed by

Model A: Z = 0.008 (1 — /15 x 10° yr) (1)

Model B: [Fe/H] = —0.4 — 1.6(t/15 x 10° yr) 2)
where ¢ is the SSP age in years (and not the galactic age).

Models A and B will be used for a series of considerations
throughout this paper. They correspond to two simple schemes
for the chemical evolution of the LMC. The linear enrichment
law of Model A [Eq. (1)] corresponds to the simple model of
chemical evolution (Searle & Sargent 1972) for a galaxy with a
final metal content Z = 0.008 at the galactic age of 15 Gyr. The
alternative Model B mimics a slower metal enrichment during
the early epochs of galactic evolution.
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Fig. 3. Same as in Fig. 2, but detailing the region of red clusters. Mod-
els A and B are plotted only for logt > 9.1; for younger ages they
are similar to the SSP with Z = 0.008. A shift in the zero-point of
A(B — V) =-0.05and A(U — B) = +0.03 is applied to all the mod-
els of Fig. 2 in order to reproduce the sequence of colors for Galactic
globular clusters from Racine (1976; see text). The position of a few
Galactic globular clusters with known integrated colors and metallici-
ties is also shown (open squares). The metallicities are [Fe/H] = —0.71
for 47 Tuc, —1.40 for NGC 288, —1.29 for NGC 1851, —1.69 for
M79, —2.24 forM 92, and —2.13 for NGC 7099 (Djorgovski & Mey-
lan 1993)

We would like to call the attention on the fact that both
models satisfactorily agree with the present-day observational
AMRs for LMC clusters (e.g. Fig. 11 in Olszewski et al. 1991).
In fact, the lack of clusters in the age interval 3 — 12 Gyr (see
Sect. 5.2) does not allow us to contrive the AMR in this age
range. Such an uncertainty did not occur with the old data used
by Cohen (1982) and Smith et al. (1988), because of the poor
estimates of cluster ages.

Plotting the evolutionary paths of the SSP in Fig. 3 a little
correction to their colors has been applied. Specifically, they
have been shifted by A(B —V) = —0.05 and A(U — B) =
+0.03 in order to make the colors of the SSP with Z = 0.004
and logt = 10.2 agree with those of 47 Tuc [(B — V'), = 0.84,
(U — B)o = 0.34, and [Fe/H] = —0.71, according to the data
of Djorgovski & Meylan (1993)]. With such a shift a perfect
agreement between the colors of the oldest SSPs and the ob-
servational colors (solid thick line in Fig. 3) of the Galactic
globular clusters given by Racine (1976) is achieved all over
a wide range of metallicities. This is demonstrated by plotting
on Fig. 3 the position of a few Galactic globular clusters (open
squares) with metallicity going from [Fe/H] = —0.7 (47 Tuc)
to [Fe/H] = —2.2 (M 92).

The reason of this marginal discrepancy between theoretical
and observed colors for old clusters is not easy to understand.
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Fig. 4. Observed color-color diagram for BCDSP data (open circles).
The evolutionary lines presented in Fig. 2 are superimposed, reddened
by the foreground color excess E(B — V) = 0.07. The circles are sized
according to the integrated V' magnitude of the corresponding cluster

We tentatively explored various modifications to the theory of
SSPs in order to reproduce the Racine relation without shifting
the colors. We tried an increase in the Reimers (1975) mass-
loss parameter, 71, along the RGB and AGB stages from the
canonical value of 0.35 up to 1.0, and a decrease in the slope
of the IMF. Changing 7 from 0.35 to 1.0 varies the colors by at
most 0.03 mag and only in case of the low metallicity clusters
(Z ~ 0.0004), whereas changing the IMF slope upto z = 0
produces a variation ~ 0.02 mag. Therefore, both are unable to
shift the theoretical colors by as much as 0.05 mag in equally
effective fashion for different metallicities. We conclude that
the shift in the zero point probably mirrors some residual inad-
equacy either in the transformation from effective temperatures
and luminosities to magnitudes and colors (which stands on the
new grids of model atmospheres of Kurucz 1992) or in the cali-
bration of the mixing length on the Sun (see Bertelli et al. 1994
for details). Throughout this paper we apply the correction only
when comparing old SSPs with the observational data.

Figure 4 shows the color evolution of SSPs with different
metallicities superimposed to the data from BCDSP. It can be
seen that the SSPs agree with the general distribution of points,
in particular for the brightest clusters. It is also clear that the old
clusters must have metallicities lower than Z = 0.004, otherwise
they would be much redder than observed. The reasons for the
scatter in the observational data will be discussed in Sect. 4.
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Fig. 5. The same as Fig. 4, but detailing the region of red clusters.
The shift in zero-point we have discussed in the text is applied to all
theoretical colors. In addition to this, we mark with big asterisks along
each sequence the stage at which the RGB stars appear for the first
time (approximately log ¢ = 9.05) in the SSP. The strip illustrates the
gap in the distribution of clusters defined by Bica et al. (1991). Finally,
Models A and B are displayed

Figure 5 details the observed (U — B) vs. (B — V) dia-
gram for the red clusters. It can be seen that Models A and
B reproduce the hook of the red clusters (with SWB types V, VI
and VII). However, while Model B runs through the mean locus
of the data, Model A extends more to the red than the bulk of
clusters. This point will be extensively commented in Sect. 5.2.

4. Possible causes of color dispersion
4.1. Stochastic effects

Previous evaluations of the amount of dispersion caused by
stochastic effects in the IMF of real clusters are by CBB88 and
more recently GB93 who called attention on a few important
aspects of this problem. Firstly, stochastic effects could pro-
duce large dispersion’s in the integrated colors of very young
clusters, especially those in the RSG phase of their evolution.
Secondly, the amount of dispersion varies widely along the age
sequence. Thirdly, the dispersion runs along a direction that is
roughly similar to that of reddening. It became also clear that in
a sample with such low-luminosity clusters as that of BCDSP
the inclusion of these effects is important for the interpretation
of integrated colors (GB93).

To cast light on this topic, we calculate the amount of color
dispersion in ensembles of clusters of same age and metallicity,
and fixed integrated magnitude My . The procedure is similar to
that adopted by CBB88 and GB93: a single theoretical cluster is
generated by simulating a random distribution of stars along an
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isochrone. The probability of occurrence of a given stellar mass
is given by the IMF ¢,,,. Stars are added up to the cluster till its
integrated magnitude reaches a certain value My . This allows
us to compare the theoretical color distributions with that of
magnitude-limited samples of data. We assume My = —6 for
the integrated absolute magnitude, which approximately corre-
sponds to the limit magnitude V' = 13 of the BCDSP sample.

For each assigned value of age and metallicity, we perform
50 simulations of clusters. Then we estimate the mean col-
ors (B — V) and (U — B), and the average deviations around
the mean o(B — V)= {(|B-V — (B —-V)|)and o(U — B) =
(IU-B—(U-B)|).

The results for the SSP with Z = 0.008 are shown in Fig. 6
which displays o(U — B) (top panel) and o(B — V') (central
panel) as a function of the age. We also present the mean slope
at which the dispersion occurs in the (U — B) vs. (B —-V)
plane, defined as o = A(U — B)/A(B — V) (bottom panel).
The slope and associated error bars are derived from the linear
least-squares fit to the color distribution at each age.

The effects of stochastic fluctuations in the star mass distri-
bution on the integrated colors of a SSP can be summarized as
follows:

— For logt < 6.8 the dispersion is low, and occurs almost
uniquely in the U — B direction. This mirrors the lack of
evolved red stars. Indeed, what changes from cluster to clus-
ter is the distribution of stars in the upper MS, with little
effect on the B — V colors.

— For 6.8 < logt < 7.4 the dispersion is high, and does not
occur along a well-defined direction. This behaviour is due
to the appearance of a small number of RSG stars, whose
colors are very different from those of the bright MS stars.
Therefore, large differences in integrated colors arise from
cluster to cluster depending on the number and magnitude
of RSG stars.

— For logt = 7.4 the amount of dispersion decreases dramat-
ically with age, due to the increasing population of post-MS
stars, and the gradual decrease in the color difference be-
tween the MS-termination (TAMS) and red giant stars. The
dispersion sets to a well-defined direction after logt ~ 8.2,
with a mean slope A(U — B)/A(B — V) = 0.45.

— For logt > 9.1, with the appearance of the RGB stars, the
dispersion gets very low and slightly decreasing with age,
while the mean slope of the dispersion gradually increases
up to A(U — B)/A(B — V) ~ 0.9. This is due to the in-
crease in the luminosity difference between the RGB-tip and
TAMS stars.

To a good approximation we can express the amount of color
dispersion as a function of My by means of the relation

o(B = Vi) = 0B = Vi =—g x 0.7Mv9, 3)

The range of applicability is —5 > My > —9. This relation
also applies to the U — B color.

Repeating the analysis for lower metallicities, we get similar
results, the only significant difference being that for young SSPs
the dispersion is smaller because the RSG stars do not develop.
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Fig. 6. The time dependence of the average deviations around the mean
colors due to stochastic effects, o(B — V) and (U — B), for a set
of models with Z = 0.008 and My = —6 (crosses and continuous
line). The bottom panel presents the slope of the dispersion in the
(U — B) vs. (B — V)diagram, A(U — B)/A(B — V), together with
the corresponding error bars. The dotted line in each panel shows the
mean differences in colors for models with metallicities differing by
+0.2 dex from that of the reference case Z = 0.008

e
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4.2. Other causes of color dispersion

Possible variations of the metallicity and reddening from cluster
to cluster, and photometric errors in the magnitudes and colors
of individual clusters, concur to scatter the integrated colors.

Dispersion in metallicity among coeval clusters. The young and
intermediate-age clusters in the Olszewski et al. (1991) catalog
have metallicities ranging from [Fe/H] = 0 £ 0.2 to [Fe/H] =
—0.7 £ 0.2 thus suggesting an intrinsic dispersion of at least
o([Fe/H]) ~ 0.2 dex. Similar estimate was derived by Frogel
et al. (1990) from the color distribution of M stars in clusters
with age of ~ 1 Gyr.

The effect of the metallicity dispersion on the integrated
UBYV colors can be easily evaluated by comparing the colors of
SSPs with different metallicity. This is shown by the dotted lines
in the three panels of Fig. 6 displaying (B — V), (U — B)
anda = A(U — B)/A(B — V') for SSPs with metallicity varied
by 0.2 dex with respect to the reference value Z = 0.008.
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It turns out that for ages younger than log ¢ = 8.0, a disper-
sion in metallicity has little effect on the colors as compared to
those by stochastic effects (at least for My = —6). On the con-
trary, at ages older than logt = 8.4 for U.— B and logt = 8.8
for B — V, the color dispersion caused by the metallicity dis-
persion overwhelms that caused by the stochastic effects. As a
consequence of this, in the red part of the (U — B) vs. (B — V)
diagram the mean slope of the dispersion gets steeper than in
the case with the sole effects of stochastic nature in the IMF.

Dispersion in reddening among coeval clusters. The E(B — V')
data by Persson et al. (1983) indicate the existence of an intrin-
sic dispersion of about o[ E(B — V)] ~ 0.05 in the reddening
across the LMC. This is an important source of color dispersion
only for ages older than logt ~ 8.5. The slope of the reddening
vector is A(U — B)/A(B — V) =0.72.

Photometric errors. Figure 2 in Bica et al. (1992) indicates that
in BCDSP data the mean internal photometric errors are lower
than ~ 0.05 mag in B — V and U — B colors for clusters with
V' =~ 13. For clusters brighter than V' = 12, the uncertainties
in the colors caused by photometric errors are negligible with
respect to those induced by the other effects discussed above.
Another source of uncertainty is related to the contamination
of the cluster colors by the surrounding field stars. This kind
of uncertainty is, however, difficult to evaluate. Probably it is
negligible for the majority of clusters, being significant only for
those lying in regions with highly non-uniform background. As
far as the possibility of bad sampling of cluster stars is concerned
—i.e. some bright stars belonging to a cluster falling outside the
diaphragm used in the photometric survey —, this is less of a
problem because its effect likely mimics that of stochastic fluc-
tuations in the IMF. Therefore, photometric errors are expected
to concur with the other sources of color dispersion only in
the case of the faintest clusters (V 2 13) with age older than
logt ~ 8.0.

To summarize the above discussion, in magnitude limited
samples of UBYV data, stochastic effects dominate the color
dispersion of the young clusters, whereas those by redden-
ing+metallicity (and perhaps photometric errors) probably dom-
inate the color dispersion of the clusters older than logt ~ 8.5.

5. Analysis of the observational data

Before comparing the theoretical colors with the U BV data, we
shortly describe the BCDSP catalog, as its final version is not
yet published. The catalog contains 624 objects, a few of which
with previous precise photometry by other authors. The clusters
observed by BCDSP (the bulk of the catalog) are selected one-
by-one by means of a careful analysis of the ESO/SERC Survey
plates, together with the measurement of their aperture size and
the choice of the comparison field. Arguments are given in Bica
et al. (1992) showing that the sample is complete down to the
integrated magnitude V' = 13.2, as indicated by the fall-off
occurring at this magnitude in the luminosity function (LF) of
the clusters in the LMC Bar.

The catalog contains more than 100 observations of stellar
aggregates inside HII regions. Many of these objects cannot be
clearly classified as clusters (i.e. gravitationally bound systems).
Moreover, the contamination by gas emission makes uncertain
the interpretation of their U BV colors in terms of the evolution
of the component stars. Fortunately, most of these objects are lo-
cated in a distinct region of the (U — B) vs. (B — V') diagram:
indeed they all fall in the area of the E-SWB group 0 defined
by BCDSP, namely the region bounded by B — V' < 0.0 and
U— B 5 —0.7. We prefer to keep these data in our list, but
care will be paid when interpreting their U BV colors.

5.1. Analysis of the (U — B) vs. (B — V) plane: effects of color
dispersion

The data of BCDSP has been already presented in the two-
color planes of Figs. 4 and 5, together with the color evolution
of SSPs. Although the agreement between the gross features of
the SSPs and observational data is remarkably good, the detailed
comparison requires that both the history of metal enrichment in
the LMC and scatter in the colors induced by the various causes
previously discussed are taken into account.

To this aim, we plot in the theoretical (U — B) vs. (B — V)
plane of Fig. 7 both the color evolution of Models A and B of
chemical enrichment and the simulations of individual clusters
of different age and metallicity.

The cluster simulations obey the same law of metal en-
richment as Model A and B and include the effects of color
dispersion due to stochastic effects. 50 synthetic clusters are
calculated at ages spaced by Alogt = 0.1, and for total magni-
tudes My = —6 for logt > 8.0 and My = —7 for logt < 8.0.
This age dependence for the total magnitude My, approximately
mimics the trend shown by the faintest clusters in BCDSP sam-
ple, whose total magnitudes are seen to increase with the age
(see also the data displayed in Fig. 13 below).

In addition to this, for each value of the age, Models A and
B are also calculated with metallicities differing by +0.3 dex
from the nominal values given by equations (1) and (2). This
gives an idea of the maximum color dispersion induced by a
scatter in metallicity among coeval clusters.

The (U — B) vs. (B — V) plane of Fig. 7 clearly illustrates
the effects induced on the colors by the law of metal enrichment
and, separately, the amounts of dispersion induced by stochastic
effects and metallicity variations. Finally, we introduce two ar-
rows in the figure that schematically illustrate the total effect of
color dispersion for clusters with ages ~ 108 and 10° yr, when
all the sources of color dispersion are added together. It is clear
that the total effect of color dispersion occurs along well-defined
directions according to the positionin the (U — B) vs. (B — V)
diagram. We refer to this direction as the mean dispersion vec-
tor.

For the young clusters, i.e. bluer than B — V' = 0.4, the
amount of spread due to stochastic effects well reproduces the
scatter observed in Fig. 4. In addition to this, the very young
clusters seem to present a bimodal distribution of colors (see
Fig. 7): a first group bluer than B — V' = —0.1 and a second
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Fig. 7. (Panel a): The color evolution of Model A with the nominal
AMR of Eq. (1) and similar models in which at any age the metallicity
differs by 0.3 dex (solid lines). They show the effects of dispersion
in metallicity. Superimposed are the colors of synthetic clusters (dots)
obeying the age-metallicity relation of Model A. At each value of the
age (spaced by Alogt = 0.1) 50 simulations are shown, clearly show-
ing the effect of stochastic fluctuations in the IMF. See the text for
more details. The shaded arrows schematically illustrate the total ef-
fect of dispersion, at ages ~ 10® and 10° yr, when all the factors are
added together. The area in the box corresponds to the gap identified
by BCDSP (see Fig. 5). Notice how the upper part of the area is not
filled by clusters. (Panel b): The same as in (Panel a) but for the AMR
of Model B

group stretching up to B — V' = 0.7. The dichotomy arises from
the very small number of RSG stars present in each cluster
with My = —7 (typically O to 2 RSGs) that induces a large
separation in color between clusters with and without RSGs
(see GB93). The simulations of Fig. 7 seem to overestimate
this effect with respect to the observed distribution of Fig. 4.
However we notice that the bulk of the very young clusters
in the BCDSP sample are brighter than My = —7, and thus
have a number of RSGs per cluster high enough to make them
populate the region comprised between these two extreme cases.
Moreover, differential reddening probably scatters the clump of
young, very blue clusters (those without RSGs) towards redder
colors.

L. Girardi et al.: Age distribution of LMC clusters

As far as red clusters are concerned, the history of metal
enrichment plays the key role in determining their distribution
in the two-color plane, as shown by the evolution of Models
A and B. Stochastic effects are not enough to account for the
observed scatter in the colors, and the additional contributions
due to the dispersion in reddening (~ 0.05 mag in B — V') and
metallicity seem to be required.

5.2.Is there any evidence of an age gap from the
(U—-B)vs. (B—-V)plane ?

The study by Olszewski et al. (1991) shows that a dichotomy
in the distribution of metallicities and ages for LMC clus-
ters is likely to exist. In fact, young and intermediate-age
clusters (E-SWB types I—VI) have metallicities in the range
0.0 > [Fe/H] > —0.7, while old clusters (E-SWB type VII)
have —1.7 > [Fe/H] > —2.2. Furthermore, all the E-SWB VII
clusters with observed CMDs are older than 12 Gyr, while
young and intermediate-age clusters evenly span the age range
from a few Myr to ~ 3 Gyr. No clusters, with the exception of
ESO 121SC03, are found to have ages in the 3 — 12 Gyr interval
(Da Costa 1991).

In order to check whether any evidence of the above di-
chotomy can be found in the (U — B) vs. (B — V') diagram, let
us examine the color evolution of Models A and B in Fig. 5. To
this aim, it must be récalled that Models A and B describe the
locus along which ideal clusters of different age and metallicity
would exist.

If chemical enrichment in the LMC obeys Model A, the
observational age gap corresponds to the portion of the evo-
lutionary path red-ward of B —V = 0.8, where indeed very
few (and faint) clusters are seen. It follows that the age gap is
not at variance with the observed distribution of clusters in the
(U — B) vs. (B — V) plane. This is even more true considering
that the various causes of color dispersion would blur the path
of Model A in this region (see panel a of Fig. 7) and give rise
to even redder clusters that are not observed.

On the contrary, if chemical enrichment obeys Model B the
theoretical path would run across the data over the entire age
interval. This could be considered at variance with the obser-
vational gap. However, it must be noticed that the age inter-
val 3 < t < 12 Gyr (gap) corresponds to the portion of the
Model B curve with B — V' ~ 0.77 and from U — B =0.21 to
U — B = 0.12, partially overlapping the range of U — B colors
of the very old clusters (U — B < 0.18). Therefore the age gap
translates into a color gap of about A(U — B) = 0.03, which is
very difficult to detect also considering the natural dispersion of
the colors. Also in this case, the age gap is not in contrast with
the observed distribution of clustersinthe (U — B) vs. (B — V)
plane.

5.3. The van den Bergh gap in the B — V histogram

Since the early study by van den Bergh (1981) showing the
presence of a gap, approximately 0.3 mag wide and centered at
about B —V ~ 0.5 in the B — V histogram, the subject has
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been addressed by several authors with contrasting conclusions.
Among others we recall the following explanations:

1) The so-called phase transitions, which stand on the notion
that fast changes in the integrated colors occur at the ages in
which both AGB and RGB stars develop in a SSP for the first
time (Renzini & Buzzoni 1986). However, the study of Bressan
et al. (1994) on the theory of population synthesis clarifies that
neither the appearance of the AGB nor of the RGB stars can
generate appreciable changes in U BV colors. In particular, they
show that the effects on colors caused by the appearance of RGB
stars in a SSP are always masked by the already existing AGB
stars, so that no variation in the integrated colours is produced
(see also CBB88). On the observational side, the works by Corsi
et al. (1994) and Ferraro et al. (1994) indicate that the change
in B —V colors is not driven by RGB or AGB stars. These
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considerations seem to rule out the possibility that these features
were responsible for the gap.

2) An effect of the varying extension of the blue loop of
CHeB stars, which progressively shifts to the red and eventu-
ally merges the red clump near the Hayashi line as the clusters
get old. Battinelli & Capuzzo-Dolcetta (1989) suggested that
this feature of the stellar models, together with the RGB phase
transition, provide the most plausible explanation of the gap.
This is at variance with the observation showing that clusters
with integrated colors B — V' ~ 0.4 exist which have the CHeB
phase already concentrated in ared clump. As examples we have
NGC 1831, NGC 1868 and NGC 2249 (see CMDs from Corsi
et al. 1994).

3) An idea subtly introduced by Frenk & Fall (1982) ac-
cording to which the gap simply results from color degeneracy.
More precisely, the concentration of clusters bluer than the gap
is caused by the relatively small range of B — V colors spanned
by these, whereas the concentration of clusters redder than the
gap is caused by the fact that the intermediate age clusters of
normal metallicity and the old, low-metallicity ones have sim-
ilar B — V colors. Therefore, when they are projected onto a
B — V histogram, a bimodal distribution of colors results, even
if the clusters equally populate the evolutionary sequence.

4) The suggestion advanced by CBB88 that the gap in the
B — V histogram results from the combined action of a normal
sequence of cluster colors incorporating an age-metallicity re-
lation and a particular ADF. While the former sets the position
of the gap, the latter determines the number ratio between blue
and red clusters.

In Fig. 8 we present the histogram of the B — V' colors from
the BCDSP sample. It can be noticed that the gap is not as
pronounced as in van den Bergh (1981). The main reason for
it is that the BCDSP sample includes a significant number of
faint clusters, for which there was not previous photometry,
that now fall into the color gap. In this context, we would like
to remark that the seven young clusters with B —V > 0.4
and U — B < —0.3 (see Fig. 4) have not been included in the
histogram.

In order to single out the physical cause of the color gap,
we derive the theoretical distribution of B — V' colors using
the method outlined by Battinelli & Capuzzo-Dolcetta (1988).

Fig. 8. Observed B — V histogram from the BCDSP data, showing ei-
ther all clusters or only those with V' < 13. It is worth recalling that for
B — V < 0 the sample contains a significant number of associations

With any model of color evolution, (B — V')(¢), the distribution
of clusters in the B — V color f(B — V) is given by
FB=V)=f@®) |d(B - V)/dt|™" )
where f(t) is the ADF for the clusters in the sample. Equa-
tion (4) does not include effects of color dispersion caused by
the finite number of stars per cluster.

As the color derivative d(B — V')/dt can present a series
of near-zero and negative values (e.g. during the loop of the
RSG phase), synthetic B — V histograms are generated by in-
tegrating f(B — V') overequally spaced intervalsof B — V', and
summing up all the contributions to each interval from different
parts of the evolutionary curve under consideration.

Defined this procedure, in order to check the effect of differ-
ent ADFs, we calculate a series of synthetic B — V' histograms
for several functions f(t), using the color evolution (B — V')(t)
of Models A and B. Three typical cases are considered: (a)
a sample of clusters with constant ADF, f(t) = constant; (b)
a sample of clusters with ages evenly distributed in logt, i.e.
f(t) o t™"; (c) a sample of clusters with the ADF of Galactic
open clusters given by Wielen (1971). The results are shown in
Fig. 9.

A bimodal distribution of colors is obtained in all cases, how-
ever the amplitudes of blue and red peaks depend very much on
the assumed f(t). Specifically, cases (a) and (c) predict too many
red and blue clusters, respectively, whereas case (b) roughly
produces the number ratio of red to blue clusters observed in
the LMC (see CBB88 for a similar conclusion). The discussion
below will mainly refer to this paradigmatic case.

The results shown in Fig. 9 lend support to the interpre-
tations of Frenk & Fall (1982) and CBB88 at the same time.
Indeed, the bimodal distribution of B — V' colors is produced
by the existence of two major changes in the slope of the U BV
evolutionary path of an ensemble of clusters whose metallicity
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Fig. 9a—c. Synthetic B — V histograms for three different f(t) distri-
butions and the (B — V')(t) curves of Models A and B. The following
cases are shown: (Panel a) a sample of clusters with constant distri-
bution of ages, f(t) = constant, (Panel b) a sample of clusters evenly
distributed in log ¢, i.e. f(t) t~!, (Panel ¢) a sample with the same
age distribution as that of Galactic open clusters given by Wielen (1971)

increases toward the present (for instance like Models A and
B). The changes in question are:

1) The firstat (B — V)o ~ 0.3, which occurs when the upper
MS is populated by AO stars. It turns the B — V' color evolu-
tion from almost-constant to linearly-increasing with log ¢ (see
Sect. 2.1), and causes an increase in the d(B — V) /dt derivative
and hence a minimum in f(B —V)at B -V ~ 0.5.

2) The second at B — V' ~ 0.8, which bends the evolution-
ary path to bluer colors. This happens when the metallicity is low
enough to generate the hook-like feature described in Sect. 3. It
causes a degeneracy in B — V colors between intermediate-age
metal-rich clusters and old metal-poor ones, at B — V' 2 0.6.

Furthermore, the detailed shape of the B — V histogram de-
pends very much on the adopted f(t) as clearly demonstrated by
the results shown in panels (a), (b), and (c) of Fig. 9. Limiting
the discussion to case of panel (b) which goes closer to the ob-
servational B — V histogram (see Fig. 8), even if the theoretical
distribution matches the color of the minimum (B — V ~ 0.5),
it cannot reproduce the details of the observational one. In par-
ticular we notice two differences: a) On the side of the blue

(U — B) vs. (B — V) diagram, approximately 0.1 mag wide in
both colors, centered at U — B ~ 0.19 and B -V ~ 0.47.
It is represented in Fig. 5 as a strip in which only two clus-
ters (SL 276 and NGC 1861) are contained. It was firstly inter-
preted as being produced by the RGB phase transition predicted
by Renzini & Buzzoni (1986). Once again, this explanation in
terms of the RGB phase transition disagrees with the results of
theoretical models of SSPs (see Sect. 5.3).

We recall that the arguments in favour of this interpre-
tation (Bica et al. 1991) stand on the analysis by Buonanno
et al. (1988), which reported the possible presence of the RGB
in the CMD of NGC 1987, a cluster located exactly at the bot-
tom red border of the gap. However, in a more recent paper,
Corsi et al. (1994) conclude that the RGB seen in the CMD of
NGC 1987 in reality belongs to the crowded field surrounding
the cluster. Moreover, two additional clusters located at the red
of the gap, NGC 2209 and NGC 2108, according to the latter
authors do not show evidence of an extended RGB!. It makes
very improbable that the gap could be interpreted in terms of
the appearance of the RGB in the clusters.

What could be the cause of the gap in the
(U — B) vs. (B — V) diagram, if not an evolutionary effect at
a particular age?

' The bluest cluster clearly showing the RGB is NGC 2190. It has
B —V = 0.63, which coincides with the color at which the RGB
is expected to appear according to our models (see Fig. 5, and the
photometric data from Table 3)
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In the following we suggest that the gap originates from the
subtle combination of the effects of color dispersion superposed
to the natural age-metallicity evolution involved in a sample of
clusters of any age.

The hint comes from the comparison of Fig. 5 with Fig. 7.
We call attention to the following: First of all, in Fig. 5 the
evolutionary paths of Models A and B (which in a simple fashion
take the AMR of the LMC into account) cross the region of the
gap in a single point coincident with the position of SL 276 and
NGC 1861, and in general go beneath and around the region
of the gap which is actually void of clusters. Second, the color
dispersion illustrated in Fig. 7 acts in different fashions along
the evolutionary path. For clusters in the same range of B — V/
color as that of the gap, the mean dispersion vector is parallel
to the evolutionary path, so that no (or very small) scatter of the
colors occurs. At bluer and redder B — V colors the slope of
the mean dispersion vector differs from that of the evolutionary
path, so that a significant scatter of the colors is produced. The
result is a region of the color-color diagram which is void of
clusters, which corresponds to upper corner of the BCDSP gap
(see Fig. 7).

Accordingly, the interpretation follows that the young clus-
ters scattered toward the red define the blue side of the gap,
whereas the intermediate-age and old clusters scattered toward
the blue define the red side of it. The gap is nothing else but a
region of the (U — B) vs. (B — V) plane confined between the
maximum red-ward scatter of the blue clusters and the maxi-
mum blue-ward scatter of the red ones belonging to the hook
caused by the age-metallicity relation. Were this missing, the
formation of the gap would not have been possible. No peculiar
properties of the stellar models are needed to explain this feature
of the (U — B) vs. (B — V) diagram.

However, the reader can also notice in Fig. 5 that the gap
region is also characterized by having a small density of clusters
along the evolutionary sequence. We will return to this point in
Sect. 8.4.

6. Age calibration

The full understanding of the information contained in the color
distribution of our sample of clusters requires the correct deter-
mination of the age distribution f(¢), and in turn the calibration
of the cluster ages by means of an independent method. This
will be the subject of this section, where we derive the ages for
a group of template clusters.

Instead of searching for ages in the literature, we prefer to
collect a sample of good quality CMDs, for which we re-derive
the ages using the library of isochrones of Bertelli et al. (1994).
In this way we can avoid a problem present in several previous
studies, i.e. that of heterogeneity in the way cluster ages are
determined.

6.1. The color-magnitude diagrams and metallicities

The criteria for the selection of CMDs are:

— CCD data only (which limits the search in the literature to
the last ~ 10 years).

— Calibrated data in Johnson’s BV pass-bands.

-~ Good photometric quality, i.e. evaluation of crowding and
field contamination.

Table 1 presents the collected data, in order of increasing
TAMS magnitude.

From the CMDs we derive three characteristic loci (magni-
tudes) to be used as age-indicators: the MS-termination, Vams;
the faintest limit of the red giant stars, Vggy, supposed to be at
the stage of CHeB; and the brightest red giants (most likely
AGB stars), Vrgp (see Table 1). In the case of the clusters with
a red clump, for which the contamination by field red giants is
considerable, the mean magnitude of the clump is used instead
of that of the faintest red stars.

All relevant data are presented in Table 1, together with pre-
vious determinations for the reddening and metallicity. In those
cases for which no reference for E(B — V) is found, the mean
value across the LMC E(B — V) = 0.07 from the Burstein &
Heiles (1984) maps is used. Throughout this work, the LMC
distance modulus is assumed to be (m — M) = 18.5 (Panagia
et al. 1991; Bertelli et al. 1993).

While the determinations of the color excess by different au-
thors are in satisfactory mutual agreement, those for the metal-
licity greatly differ. This can be seen looking at the data com-
piled by Elson (1986) and Seggewiss & Richtler (1989), who
collected from the literature metallicity determinations obtained
from different methods (e.g. Walraven, Washington and DDO
photometry, spectroscopy, previous CMDs, etc).

There is just one homogeneous and recent compilation of
metallicities for a significant number of LMC clusters, namely
the list of Olszewski et al. (1991), which contains data for 70
red clusters whose [Fe/H] determinations have a 0.2 dex accu-
racy. However, their metallicities for young and intermediate-
age clusters are systematically larger than previous spectro-
scopic determinations of Cohen (1982) and Cowley & Hartwick
(1982). Given the quality and internal consistency of Olszewski
et al.’s analysis, we prefer to use their [Fe/H] values for the clus-
ters in their list, and adopt the value —0.4 (Z = 0.008) for all
the others but for two exceptions in which the metallicity was
taken from the source of the CMD.

Due to this particular selection of the metallicities, only half
of the clusters have individual [Fe/H] determinations (mainly
the red ones). Fortunately the chief age indicators used in this
work — namely, the magnitudes of the TAMS and red CHeB
stars — do not depend very much on the metallicity.

6.2. The isochrones and age calibration

Bertelli et al.’s (1994) library of isochrones provides the age-
calibrations for the magnitudes of the TAMS My tams, the mean
locus of red CHeB stars My cpep (just at the start of central He-
burning), and the AGB-tip My ag. A few comments are worth:

The first two age indicators weakly depend on metallicity.
My tams is a useful age-indicator over a large range of ages,
from logt = 6.6 to 10.2 (ages are in years). The slope of the
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Table 1. The sample of template clusters with published CMDs

Cluster Viavs B —=V)mams Vwer Vwew FE(B —V) [Fe/H] References Comments
NGC 1850A 13.0 -0.1 — — 0.18 -04 12,12,12 a
NGC 1858 13.2 —-0.25 - - 0.15 -0.4 12,12,12 a
NGC 2004 13.5 —0.15 13.5 12.8  0.09 - 9,1,n0 c
NGC 2100 14.3 0.0 14.0 13.0  0.19 - 9,1,n0 e
NGC 1711 15.7 —0.12 15.0 134 0.14 — 9,1,n0 c,d
NGC 2164 16.0 -0.1 16.5 150 0.09 -0.7 10,10,10

NGC 2214 16.2 -0.07 15.0 144  0.07 — 9,1,n0 f
NGC 1850 16.2 -0.1 15.7 143 018 -0.4 12,12,12 b
NGC 1866 16.6 0.0 16.7 15.5  0.07 ~0.0 2,2,2 h
NGC 2010 16.9 —0.02 16.7 153  0.07 - 4,n0,no g
NGC 2134 17.1 0.06 17.5 155 025 -04 13,13,13

NGC 1756 17.6 0.02 17.3 16.5 0.07 - 3,n0,n0

NGC 2107 18.0 0.15 17.5 172 0.19 - 3,8,n0

NGC 1831 18.2 0.05 18.4 16.5 0.05 +0.01 11,11,7 i
NGC 2249 18.5 0.24 19.0 174 025 -0.4 13,13,13 i
NGC 1987 18.8 0.18 19.2 162  0.12 - 3,1,n0 i
NGC 2108 19.1 0.20 19.3 164  0.18 — 3,8,n0 i
NGC 1868 19.3 0.15 19.3 16.8  0.07 —-0.50 3,8,7 i
NGC 2190 19.5 0.20 19.5 17.0  0.07 -0.12  3,no0,7 i
NGC 2209 19.5 0.25 19.7 16.6  0.07 - 3,8,n0 i
NGC 2162 19.6 0.25 19.2 162  0.07 -023 38,7 i,j
NGC 2173 20.0 0.40 19.1 16.3  0.07 -024 38,7 i,
LW 79 20.3 0.43 19.4 16.8  0.08 -0.50 5,57 i,j
H 4 20.5 0.42 19.0 177 0.07 -0.15  6,6,7 i,j

References column refer to the source of CMD, E(B — V) and [Fe/H] data respectively: 1) Cassatella et al. (1987); 2) Chiosi et al. (1989);
3) Corsi et al. (1994); 4) Mateo (1988a); 5) Mateo & Hodge (1987a); 6) Mateo ‘& Hodge (1987b); 7) Olszewski et al. (1991); 8) Pers-
son et al. (1983); 9) Sagar et al. (1991a); 10) Vallenari et al. (1991); 11) Vallenari et al. (1992); 12) Vallenari et al. (1994b); 13) Vallenari
et al. (1994a). A “no” means that the default values E(B — V) = 0.07 and [Fe/H] = —0.4 are adopted.

Comments: a) No RSG is present in this cluster. b) Do not include very young MS of NGC 1850A. c) The TAMS is not clearly separated from
blue giants. d) V'rgs is defined by a single red star; the brightest blue giants are at V' =~ 14.0. e) The blue stars are distributed atop the MS up
to V = 12.0, but certainly these bright stars are core He-burners, as the RSGs are at 13.0 < V' < 14.6. The TAMS ought to be between 13.5
and 15.0, and the value 14.3 was assumed. f) This cluster apparently has a double loop of evolved stars. The value Vrgr has been taken at what
seems to be the lowest envelope of the brighter loop. g) The Vrgyp is defined by a single red star. The brightest blue giants are clumped between
16.7 and 15.9. h) According to Chiosi et al. (1989), the brightest red giants, at V' = 15.0, are probably field population. i) Cluster with the CHeB

stars in a red clump. j) Cluster with a developed RGB.

curve My rams(logt) is ~ 0.33, and thus an uncertainty in the
observed TAMS magnitude of about 0.3 mag (a reasonable es-
timate for most of the CMD:s for old clusters) would reflect into
an uncertainty of 0.1 in log ¢. This is a considerable source of er-
ror, but less of a problem when compared to other uncertainties
to be discussed below. Furthermore, uncertainties in metallicity
give rise to uncertainties in the age not exceeding 0.1 in log¢.

My cuep uniquely determines the age up to logt = 8.5.
In older clusters, the CHeB phase proceeds at almost constant
magnitude, and My cyep is no longer a useful age-indicator.
Nevertheless, it can be applied up to ages of log ¢ = 8.9, provided
that the TAMS magnitude ensures that the cluster is younger
than this limit. For ages logt < 6.8, severe mass loss by stellar
wind prevents the appearance of evolved red stars, and in this
case the only available age-indicator is My tams.-

For clusters older than logt ~ 8.0, My acs is a good age
indicator, however very sensitive to metallicity. Another prob-

lem is that even in a rich cluster, the number of stars expected at
the AGB-tip is very small, so that the luminosity of the bright-
est objects provides only a lower limit to the real AGB-tip and
therefore older ages could be erroneously assigned.

We use these relations in order to assign ages to the clus-
ters listed in Table 1. The results are given in Table 2; for
each cluster we present the three age estimates log t(My tams),
log t(My cue) and log t(My ags), the adopted mean age Hg—i,
and the adopted values for [Fe/H]. The entries marked with a
colon (:) are those for which the adopted [Fe/H], and conse-
quently log t(My ag), are uncertain.

6.3. Comments on individual clusters

NGC 1711 (Sagar et al. 1991a) presents a RSG clump at V =
15.0, much more evident than the MS-termination (there are
blue stars up to V' = 14.0). However, the number of blue
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Table 2. Ages for the sample of template clusters of Table 1

log ¢ from My of

Cluster TAMS CHeB AGB mean [Fe/H]
NGC 1850A  6.82 - - 6.82 —0.4:
NGC 1858 6.88 - - 6.88 -0.4:
NGC 2004 6.99 7.66 - 7.33 -0.4:
NGC 2100 7.10 7.71 - 740 04
NGC 1711 7.58 7.99 - 779  —04:
NGC 2164 7.72 8.27 795 799 0.7

NGC 2214 7.81 8.03 775 792 04
NGC 1850 7.70 8.09 7.59: 790 —04:
NGC 1866 7.96 8.32 7.96: 814 —04:
NGC 2010 8.07 8.32 8.09: 819 04
NGC 2134 7.94 8.36 796 8.15 —-04

NGC 1756 8.33 8.42 8.73: 838 —04:
NGC 2107 8.34 8.39 8.85: 837 04
NGC 1831 8.61 8.59 823 860 +0.01
NGC 2249 8.50 8.58 882 854 04

NGC 1987 8.68 8.84 839: 876 —04:
NGC 2108 8.72 8.81 8.40: 877 04
NGC 1868 8.87 - 898 887 050
NGC 2190 8.91 - 8.63 891 —0.12
NGC 2209 8.96 - 9.15. 896 —04:
NGC 2162 8.95 - 833 895 -0.23
NGC 2173 9.06 - 838 9.06 024
LW 79 9.16 - 893 916 05

H4 9.15 - 9.12 915 0.5

stars clearly drops for V' < 15.7, which is taken as the MS-
termination.

NGC 2004 (Sagar et al. 1991a) shows a well-defined RSG
clump at 13.0 < V < 13.5, and a sequence of blue stars ter-
minating abruptly at V' = 13.5. If Vrams = 13.5 is taken as the
MS-termination, a huge difference arises between the ages from
the TAMS and the RSG stars (Alogt ~ 0.6). Most of the age
discrepancy would be removed if the TAMS is taken at V' = 14.3
(where there are two MS stars slightly shifted to the red); but in
this case it would be difficult to interpret the brightest blue stars
as stars in the Cepheid loop, just because they are fainter than
the RSGs.

NGC 2100 (Sagar et al. 1991a) is similar to NGC 2004 in the
sense that there is a RSG clump and the MS-termination is not
well defined (could be anywhere between V' = 13.5 and 15.0).
Therefore, the choice of Vtams = 14.3 is uncertain. Indepen-
dently of the exact location of the TAMS, there seems to be a
too large number of BSGs, some as bright as V' = 12. Although
there are two RSGs fainter than V' = 14.0, the RSG stars crowd
the region between V' = 13.4 and 14.0. The same problem as
for NGC 2004 occurs. There is a large difference between the
age estimated from the red and the blue stars.

NGC 2164 (Vallenari et al. 1991; Sagar et al. 1991a) has both
the MS-termination and the RSG clump sharply defined.

NGC 2214 (Sagar et al. 1991a) is a double cluster containing
two sequences of RSGs. It is interpreted as being formed by the
merger of two clusters with different ages (Sagar et al. 1991b).
The age assignment is less of a problem because the younger
RSG clump is clearly defined by 5 stars at (V' ~ 15.5,B — V ~
1.3). Although there is a single red star at V' = 13.3, the brightest
red stars are concentrated up to V' = 14.4. The TAMS is also
clearly defined.

NGC 1858 (Vallenari et al. 1994b) does not contain evolved red
stars, and thus the TAMS is the only available age indicator.

NGC 1850 (Vallenari et al. 1994b) is made of two main groups
of stars: a very young generation of massive stars (NGC 1850A;
notice that in the Vallenari et al. paper it is indicated as Re-
gion B), which appears as a thin MS departing from the bulk
MS at V ~ 16.5 and extending up to V' = 13.0 (see Fig. 3 in
Vallenari et al. 1994b), and the older main body (Region A in
Vallenari et al. 1994b). In the CMD of this latter, the magnitudes
of the TAMS and RSG clump are clearly defined.

NGC 1866 (Chiosi et al. 1989), NGC 2010 (Mateo 1988a),
NGC 2134 (Vallenari et al. 1994a). In these clusters there is
no difficulty in defining the MS-terminations, the faintest and
the brightest red stars, because the contamination by field stars,
which is already important at these magnitudes, is properly
taken into account. However, there is the systematic discrepancy
between the ages derived from Vggs and those from Vrams. The
former are about Alogt = 0.3 older than the latter. In order
to rule out this discrepancy, the magnitude difference between
the red giant stars and the TAMS should be lowered by about
~ 1.0 mag. Clearly, photometric errors cannot be responsible
for this difference, as they do not exceed ~ 0.25 mag in each
case.

Remaining clusters. The majority of these clusters is from the
sample studied by Corsi et al. (1994), so that the data are highly
homogeneous. The CHeB phase is concentrated in a red clump,
whose magnitude is easily determined. For the clusters younger
than NGC 1868, the corresponding CHeB magnitude contains
already some dependence on the age, and age estimates from the
CHeB magnitude agree with those from the TAMS. For clusters
older than NGC 2190 the ages are based only on the TAMS, and
are affected by a slightly larger uncertainty due to photometric
errors and field contamination.

6.4. Other comments on ages

Looking at the entries of Table 2, we see that the ages deter-
mined from the faintest red giants in general agree with those
obtained from the TAMS. However, as the clusters get old, the
age from red giants is systematically older by a quantity that
varies from 0.6 to 0.1 in log ¢t with respect to the age from the
TAMS. This means that either the magnitude difference between
the TAMS and CHeB stars has been overestimated by the theo-
retical isochrones, or, alternatively, that this difference has been
underestimated in the observed data. There are several possible
ways in which this may occur. Among others we recall: 1) The
presence of binary stars that brighten the true position of the
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TAMS by as much as 0.6 mag (Maeder 1974). The inclusion
of binary stars would reduce the age-discrepancy by as much
as 0.2 in logt. 2) The conversion from the theoretical My, to
the observed magnitude My, which could be affected by some
subtle temperature-dependent error difficult to assess.

As far as the ages determined from the brightest red stars
under the assumption that they are at the AGB-tip, these are
loosely correlated with the previous two age estimates. Given
the strong metallicity dependence of the relation My agg(logt),
we think that much of the difference can be attributed to uncer-
tainties in the adopted [Fe/H] values for each cluster. Moreover,
there is no guarantee that the observed brightest red giants ac-
tually correspond to the AGB-tip because 1) the AGB-tip is not
well-populated even in the richest clusters, 2) the RGB stars oc-
cupy a nearby region of the CMDs, and 3) precise corrections
by field contamination are not always possible.

Considering the uncertainties in the ages obtained from the
AGB stars, compared to those derived from the TAMS and
CHeB stars, we prefer to adopt for the age the simple mean of
the logarithmic values between these latter two determinations.
The adopted values of the age logt are presented in Table 2.

The age range is reasonably well covered up to ages logt =
9.2. We have already reported that no clusters with ages between
3 and 10 Gyr have been observed in the LMC (Sect. 5.2).

This sample of clusters with known ages can be completed
with the six classical globular clusters of the LMC, namely
NGC 1466, NGC 1786, NGC 1841, NGC 2210, NGC 2257
and H 11 (see e.g. van den Bergh 1991). As the age determina-
tion of these clusters is a topic complicated in itself, no attempt
is made to date them; a typical age of 15 Gyr is assumed when
necessary.

7. Ages from integrated colors

Elson & Fall (1985a), in a well known study, devised an em-
pirical method for attributing ages to individual clusters from
their integrated U BV colots. As already shown in the previous
sections, real clusters are affected by a series of effects scatter-
ing their integrated U BV colors. Consequently, age does not
simply determine cluster colors, and the EF85 method is, by its
own nature, subject to a great deal of uncertainty.

In this section we propose two modifications aimed at im-
proving EF85’s method and extending its applicability to data
sets that go significantly deeper in magnitude.

7.1. Revising the Elson & Fall method

As already commented in Sect. 2.1, the color evolution of SSPs
inthe (U — B) vs. (B — V) diagram proceeds at an almost con-
stantrate of change of colors by Alog t interval. This is specially
true for near-solar metallicity SSPs, in which the only (and not
important) deviation from this general rule occurs during the
short-lived RSG phase at 107 yr. Therefore, the success of the
empirical procedure of EF8S5 is not a surprise. If we divide the
(U — B) vs. (B — V) diagram in equally spaced intervals (the
parameter .S) along the locus of the most rich LMC clusters,

L. Girardi et al.: Age distribution of LMC clusters

there will be a simple linear relationship between the parameter
S and the logarithm of cluster ages.

However, there is a main drawback in the EF85 method,
when we consider that clusters of different age may have differ-
ent metallicity mirroring the underlying chemical history of the
LMC. For the very old clusters the linear relation between the
parameter S and logt no longer exists. This is clearly shown
by the color evolution of Models A and B displayed in Figs. 1
and 3: the sequence of old clusters spans a quite large range in
colors, but a very small range in logt. Indeed, considering the
intrinsic dispersion in colors, we could even say that all clusters
along this sequence are coeval. Therefore, drawing the sequence
of the S-parameter through the locus of old clusters, would re-
flect more a sequence of decreasing metallicity at constant age
than a sequence of increasing age at constant metallicity. Con-
sequently, the S-method cannot be reliably used in this range
of ages in which the metallicity greatly varies.

It should also be noted that the S-sequence defined by EF85
cannot reveal the age gap between 3 and 12 Gyr, simply because
their sequence is drawn along the line defined by the most pop-
ulous LMC clusters. In fact, it was shown in Sect. 5.2 that the
age gap is notexpected to be visible inthe (U — B) vs. (B — V)
diagram. This explains why Elson & Fall (1988) concluded that
no gaps or bursts in the cluster formation history of the LMC
are evident in the van den Bergh (1981) sample.

7.2. The definition of the parameter S

In view of the previous discussion, we prefer to redefine the S-
sequence basing on our results for the color evolution of SSPs.
Differently from EF85, we decided not to apply the S method to
date the old clusters, namely those with E-SWB type VII. In this
group, all the clusters with observed CMD can be classified as
classical globulars (see van den Bergh 1991). To these clusters,
we attribute a common age of logt = 10.2 (15 Gyr). Although
it is not clear whether all the clusters of type VII are indeed
so old, their low metallicities (Olszewski et al. 1991; Suntzeff
1992) support this idea.

To derive the S-sequence we proceed as follows. First we
compare the empirical S-curve of EF85 (dashed line in Fig. 10)
with the locus of the SSP with Z = 0.008 (see Fig. 4). A close
comparison of the two sequences reveals that they coincide
(apart from the short-lived RSG phase) for B — V < 0.5. For
B — V > 0.5 there is a significant difference between the color
evolution of the SSP with Z = 0.008 and the EF85 S-sequence.
This can be understood by considering that their S-sequence was
drawn along the lowest boundary of the E-SWB type V clusters,
where some populous clusters like NGC 2190, NGC 2162 and
NGC 1806 are located. On the contrary, the SSP with Z = 0.008
passes through the mean region of E-SWB type V, where other
populous clusters like NGC 1783, NGC 1644 and NGC 2154
are observed (see Fig. 5). As discussed in Sect. 5.4, the clusters
of E-SWB type V (and VI) are expected to scatter from this line
along the direction A(U — B)/A(B — V) ~ 1.0. Accordingly,
we prefer to interpret the distribution of clusters of E-SWB types
V and VI as scatter from the Z = 0.008 sequence, and lean on

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...298...87G

FTOO5ACA 7298 ~. 875

L. Girardi et al.: Age distribution of LMC clusters

rrrrrrrrrrryy v r vy r T r T e o

-1.2 9

U-B

s by o by by oy by boeoe g by 1y

0.2

04

LA L L LU B L L L L AL I O L N S B NN L B Y ML B L B LB

0.6 L1 JJ;J -] l i1l I 11 1 I Lt 1 14 " ' i1 1
04 -02 0 02 04 06 08 1
B-V

Fig. 10. The adopted sequence of the S-parameter. Superimposed are
the clusters used in the age calibration (crosses; see Table 3). Clusters
in the area labelled SWB VII are the very old globulars (~ 15 Gyr).
They are not ranked in the S-sequence. The dotted line shows the
S-sequence of EF85

this up to B — V = 0.8. Beyond this color, the Z = 0.008 se-
quence continues toward increasing U — B. However, the pre-
cise form of the S-curve is less of a problem there, because very
few clusters with such red colors are observed.

Finally, the S-curve we have adopted is the one of EF85 up
to B—V = 0.5 and of the Z = 0.008 SSP for redder colors
up to B — V = 0.8. The composite line is shown in Figure 10
together with the equally spaced intervals of AS = 1 along it.

To assign the S-parameter, EF85 projected each cluster per-
pendicularly onto the S-curve. Our analysis of the color disper-
sion by various causes shows that this procedure may not be
correct. Therefore, we prefer to project the clusters on the S-
curve moving them along the mean dispersion vectors, whose
slope varies with the position in the (U — B) vs. (B — V)
plane. The slope of the mean dispersion vectors is about
AU - B)/A(B — V) = 0.45 for the blue clusters, and 1.0
for the red ones (see Fig. 6). Therefore, we divide the region
of the (U — B) vs. (B — V) plane occupied by the clusters in
strips of constant .S, whose slope continuously varies from 0.45
(blue side of the plane) to 1.0 (red side of the plane) as shown in
Fig. 10. The portion of the S-curve in the interval 30 < S < 36
deserves special care, because it is the region where the mean
dispersion vector runs almost parallel to the S-sequence so that
assigning the .S’ parameter is intrinsically more uncertain than
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Table 3. Photometric data and parameter S for the clusters of Table 1
and the six LMC classical globulars

Cluster |4 U-B B-V S Sg
NGC 1850A 1123 —-0.89 -0.14 10 -
NGC 1858 9.88 —0.90 —-0.12 9 5
NGC 2004 9.60 —-0.71 0.13 12 15
NGC 2100 9.60 —0.56 0.16 16 17
NGC 1711 10.11 —0.37 0.12 21 20
NGC 2164 10.34  —-0.24 0.10 24 23
NGC 2214 1093 —-0.27 0.11 23 22
NGC 1850 9.57 -0.27 0.15 23 21
NGC 1866 9.73 -0.02 025 29 27
NGC 2010 11.72  —-0.07 0.24 27 -
NGC 2134 11.05 -0.02 0.26 28 28
NGC 1756 12.24  0.09 0.40 30 32
NGC 2107 11.51 0.13 0.38 32 32
NGC 1831 11.18 0.13 0.34 32 31
NGC 2249 1194 0.20 0.42 33 34
NGC 1987 12.08 0.23 0.54 35 35
NGC 2108 1232 022 0.58 36 36
NGC 1868 11.57 0.15 0.45 33 33
NGC 2190 1294 0.29 0.63 36 -—
NGC 2209 13.15 0.20 0.53 35 35
NGC 2162 12.70  0.31 0.68 36 39
NGC 2173 11.88 0.28 0.82 41 42
LW 79 13.99 0.27 0.59 35 -
H4 13.33 0.16 0.66 40 -
NGC 1466 11.59 0.13 0.68 — 48
NGC 1786 10.88 0.10 0.74 — 48
NGC 1841 1143 0.15 0.80 - 42
NGC 2210 1094 0.12 0.70 — 48
NGC 2257 12.62 0.01 0.62 — 51
H 11 11.93 0.01 0.64 — 51

in other intervals. Similar remark ought to be made for the very
blue and hence young (~ 107 yr) clusters, for which the stochas-
tic dispersion is very large.

Neglecting the effect of this color dispersion along direc-
tions not perpendicular to the S-sequence, we would probably
overestimate the age of the clusters scattered to the red and
underestimate that of the clusters scattered to the blue. When
applied to the van den Bergh (1981) data, the revised S-method
may give ages similar to those from the old one. This because
the van den Bergh (1981) sample has little dispersion in the col-
ors. In contrast, it leads to sizable differences when applied to
the BCDSP data.

7.3. The Age — S calibration

The clusters with ages determined from the CMD (Table 2)
are ranked according to the S-sequence. The values of the S-
parameter assigned to them are listed in Table 3, together with
the previous determinations by EF85, and the photometric data
(integrated magnitudes and colors) by BCDSP.
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Fig. 11. The S vs. logt relation for all the clusters with ages de-
rived from the CMD (Sect. 6). The straight line is the unweighted
least-squares fit to the data

Figure 11 presents a plot of the age (log t) against the .S pa-
rameter. A linear least-squares fit to the data yields the relation:

logt = (6.227 £+ 0.096) + (0.0733 4+ 0.0032) S 5)
with a rms dispersion of 0.137 (in logt) along the line. This
relationship has a slope comprised between those of CBB88
and EF85. The rms dispersion is half of that found by EF8S,
probably because our ages are determined from better data and
following a homogeneous procedure.

7.4. The age histogram

With the aid of relation (5) we attribute the ages to all the clus-
~ters in the BCDSP catalog. Figure 12 presents the histogram
of number of clusters vs. S and logt. The clusters of E-SWB
type VII are added to the histogram for the constant age of
logt = 10.2, or equivalently S = 54.2.

The age histogram of Fig. 12 clearly shows a gap in the
number of clusters in the range 44 < S < 54 or equivalently
9.4 < logt < 10.1, and two major peaks approximately cen-
tered at at S ~ 23 and S ~ 39, to which ages of 10% and 10° yr
correspond, respectively. We provisionally interpret these peaks
as periods of enhanced cluster formation. There is another peak
at about S = 10, age of a few 107 yr, which cannot be safely
interpreted in a similar way, because at these ages the sam-
ple contains many objects that probably are not clusters (see
Sect. 5).

This age histogram remarkably resembles the one presented
by van den Bergh (1991) that was derived from the age compi-
lation of Sagar & Pandey (1989).

n(S)
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Fig. 12. Histogram of number of clusters vs. S and log ¢ for the whole
BCDSP data sample (solid line). The dashed line shows the same but
limited to clusters with V' < 13.0, which represents the completeness
limit

8. The corrected ADF
8.1. The fading lines

The distribution of cluster ages shown in Fig. 12 reflects not
only the global history of cluster formation and destruction in
the LMC, but also the fading of the cluster luminosities with the
age caused by the evolution of the component stars. In order to
single out and correct for this effect, we need to compute the
ADF for a sample of clusters with the same initial luminosities.

Figure 13 presents the distribution of ages and magnitudes
for the BCDSP data, known to be reasonably complete down to
V' = 13.0. Superimposed are the fading lines My (t) obtained
from the Z = 0.008 SSP (see Sect. 2). They delimit the regions
in which clusters have the same initial masses and hence the
same initial luminosities (assuming that the decrease in the lu-
minosity is due only to the natural evolution of the component
stars). Two choices for the slope of the IMF, i.e. x = 1.35 and
2.5, are considered in order to investigate the effect of different
IMF:s on the final ADF.

With z = 2.5 it is possible to sample a group of clus-
ters which remain brighter than V' = 13.0 all over the entire
age range. This is no longer possible with z = 1.35, because
any significant sample of clusters becomes incomplete at ages
logt = 8.5. In such a case, an estimate of the incompleteness
in the data is required also for clusters fainter than V' = 13.0.
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Fig. 13. Distribution of ages and magnitudes for the BCDSP sample
(crosses). Superimposed are the fading lines foran SSP with Z = 0.008
and different initial total mass (10°, 10* and 10° Mg from bottom to
top, according to the normalization adopted by GB93) with a distance
modulus (m — M)y = 18.5 to the LMC. Solid lines are for an IMF
with ¢ = 1.35, whereas the dotted lines are the same but with z =2.5

8.2. Correction for incompleteness

Figure 14 shows the histogram of number of clusters vs. the V
magnitude for several intervals of parameter S and hence age.
The LF is clearly different for the different samples. The one for
the older clusters, in particular, closely follows a power law with
the number of clusters increasing with magnitude up to V'~ 13.
Beyond this, the LF drops, indicating that the incompleteness
limit of the sample has been reached.

In the case of the IMF with slope z = 1.35, the correction for

incompleteness is required already for clusters in the range 34 < .

S < 50. To this purpose, we fit with a power law the luminosity
function for the clusters in the interval 11.0 < V' < 13.25, and
get the reference LF from which we derive the incompleteness
correction in the intervals of fainter magnitudes. The analytical
LF is expressed by logn(V) = —5.2 + 0.48 V (dashed line in
Fig. 14). It corresponds to a LF of the form n(L) o< L™% with
index o ~ 2.2. Our index « is greater than the o = 1.5 derived
by Elson & Fall (1985b) from complete samples of clusters in
two areas of the LMC. As pointed out by the latter authors,
a > 2 implies that the total luminosity of the cluster sample
diverges, which of course is not real. Despite this difficulty, we
assume our power law to be representative of the true LF down to
V = 14.0 for the clusters in the interval 34 < S < 50. Defining
the incompleteness factors as the ratio between expected and
observed number of clusters, we get 1.1 at V = 13.5, 2.8 at
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Fig. 14. Luminosity functions for LMC clusters in different S (age)
intervals. For the clusters in the range 34 < S < 50, we plot also the
power law logn(V) = —5.2 + 0.48 V fitted to the number of clusters
in the interval 11.0 < V' < 13.25. This power law is used to estimate
the incompleteness factors up to V' = 14.0

V =13.75, and 8.3 at V' = 14.0. The value for V = 14.0 is
however highly uncertain due to the small number of clusters
observed at this magnitude.

For the old clusters (the E-SWB VII ones), the estimate of
incompleteness is problematic. In order to calculate the ADF at
these ages for the case = 1.35, we should suppose that the
above power law can be extended up to V' ~ 16.0 mag. Since
such an assumption is obviously risky, we prefer not to apply
incompleteness corrections to clusters with V' > 14.

8.3. The corrected ADF

Cluster counts in the mass-limited strips over age bins corre-
sponding to AS = 2 are performed and corrected for incom-
pleteness in order to derive the ADF — number of clusters by
age interval, d N /dt — shown in Fig. 15, both for z = 1.35 and
2.5.

Two distinct bumps can be noticed in the ADF, one for
logt ~ 8.0, the other for logt ~ 9.1, similarly to what has
already been seen in Fig. 12, and the age gap is seen in the
range 9.6 < logt < 10.1. Remarkably, the bump at log¢ ~ 9.1
is present even before correcting for incompleteness. The bump
atlogt ~ 7.0 is caused by the presence of a significant number
of young associations in the BCDSP sample, whose detailed
discussion is beyond the scope of this paper. Finally, the ADF
obtained for the old clusters likely constitutes a lower limit to
the real one, because the incompleteness factors are probably
largely underestimated for these clusters.

The ADFs shown in Fig. 15 now represent the result of the
history of cluster formation and destruction in the LMC. The
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Fig. 15. ADFs calculated for the case z = 1.35 (thick solid line) and
the case z = 2.5 (dotted line). For the case z = 1.35 we plot also
the ADF corrected for incompleteness (thick dashed line). The error
bars indicate the statistical uncertainty of the counts (v/d N /dt). The
thin solid line is the Wielen (1971) ADF for the solar neighbourhood,
vertically shifted by an arbitrary constant

destruction processes alone, acting on a sample of clusters with
constant formation rate, are expected to generate smooth ADFs,
justlike that derived by Wielen (1971) for the sample of Galactic
clusters in the solar neighbourhood. Since the dynamical pro-
cesses of dissolution-disruption of clusters (see Wielen 1991)
are likely the same in the Galactic Disk and in the LMC (al-
though differing in their intensities and time-scales), the bumps
and gaps in the ADF of the LMC clusters can only be interpreted
as genuine episodes of enhanced and reduced cluster formation.

Noteworthy, no arbitrary shift has been applied to the ADFs
of the LMC clusters shown in Fig. 15. For young clusters up
to ages 108 yr, which are probably not yet affected by the dy-
namical effects of dissolution-disruption, the value of dN;/dt
represents a lower limit to the present global cluster formation
rate of the LMC. At 10® yr we have dN/dt ~ 107 clus-
ters yr~! for both choices of z. Values at least 4 times larger
would be obtained with the inclusion of all the clusters with
V' < 13 at this approximate age. These values agree with the
cluster formation rate of 2.7 x 107 yr~! estimated by Hodge
(1988) from studies of complete samples of clusters in 12 fields
of the LMC.

Concerning the mean slope of the ADF, it has been suggested
that slopes flatter than in the Galactic case should probably in-
dicate a slower destruction rate resulting from the lower tidal
field of the LMC. We believe that this conclusion is premature
for two reasons. Firstly, the slope of the ADF is very sensitive to
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the slope of the IMF. Indeed if z & 2.5 we can obtain ADFs that
are even steeper than the Galactic ADF (Wielen 1971). This is
a point of high uncertainty because the slope of the IMF is not
firmly established and there are also observational hints sug-
gesting that the slope can vary from cluster to cluster (Mateo
1990). Secondly, the ADF probably suffers from the discon-
tinuous history of cluster formation in the LMC, and therefore
arguing about dynamical effects on the base of a mean slope
may be hazardous.

The epochs of the bumps noticed in the ADF are in good
agreement with the episodes of enhanced cluster and star for-
mation found by different authors using different data. Specifi-
cally, studying the CMD of 31 clusters in external regions of the
LMC, Mateo (1988b) suggested that a burst of cluster forma-
tion occurred in the age interval 2 to 4 Gyr. Frogel et al. (1990)
reported two peaks in the color distribution of M stars in LMC
clusters, corresponding to ages ~ 100 Myr and & 1 Gyr; both
peaks were also present in a sample of M stars in the LMC
bar (Frogel & Blanco 1983). Wood et al. (1985) found similar
evidence of epochs of enhanced star formation in the distribu-
tion of periods and luminosities of field long-period variables
and Cepheids. Analysing the CMD of field stars in selected re-
gions of the LMC, Bertelli et al. (1992) concluded that a major
episode of star formation started ~ 4 Gyr ago.

Our results differ from the previous ones by EF85, Elson &
Fall (1988), and CBB88, who basing on U BV data did not find
convincing evidence for epochs of enhanced or reduced cluster
formation rate?. Part of the difference can be attributed to the
better statistics provided by BCDSP sample with respect to the
old one by van den Bergh (1981) and part to having considered
the mean slope of the dispersion vector in the derivation of the
parameter S. However, the major reason resides in the different
method we have adopted to attribute ages to the red clusters.

8.4. The effect of the ADF on the color gaps

In Sects. 5.3 and 5.4 we concluded that the gross characteristics
of both the gaps in the distribution of B — V colors and the gap
inthe (U — B) vs. (B — V) diagram can be naturally explained
by a continuous distribution of clusters along the evolutionary
sequences determined by the general law of metal enrichment
of the LMC. However, some marginal disagreement between
theoretical predictions and observational data suggests that we
were not using the right ADF. In the following we check whether
the ADF we have derived can improve upon those points of
disagreement.

With respect to the bimodal distribution of B — V colors, we
note that the two peaks noticed in the ADF at ages of 107 and
108 yr occur when the integrated colors are (B — V)y =~ 0.2
and 0.7, respectively. It coincides with the position at which
the peaks in the B — V histogram occur, suggesting that the
particular form of the ADF contributes to enhance the bimodal
distribution of the B — V colors. In order to test it and to keep the

2 An exception worth of notice is the ADF obtained by Alongi &

Chiosi (1991), which shows both the 100 Myr and 2 Gyr bumps.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...298...87G

FTOO5ACA 7298 ~. 875

L. Girardi et al.: Age distribution of LMC clusters

0.15 _| LI ) I L) T I T lr-l-| L} T I L} T L] I LI lj T T l—
: —— Model A j

oa k1 Model B
£ o]
1 i
a - .
- | - |
0.05 -

1 11 l I | I 111 I 1.1 1 I 1 11 l J1 1 ‘ Il Ll
-0.2 0 0.2 04 0.6 0.8 1
(B-V)o

04

Fig. 16. Simulated histogram of B — V' colors, assuming an age dis-
tribution f(t) which includes the gaps and bumps of the observed one
(Fig. 12)

analysis simple, we make a simulation of the B — V histogram
in which we suitably modify the analytical ADF f(t) < t~! by
adding the peaks and gaps suggested in the age histogram of
Fig. 12.

The results of the simulation are shown in Fig. 16. Com-
pared to the case with f(t) o t~! of Fig. 9b, the follow-
ing differences are evident: 1) The peak at the reddest col-
ors [(B — V)¢ =~ 0.8] is decreased by the introduction of the
gap in the age range 9.3 < logt < 10.1. 2) The bumps at
8.0 < logt < 8.5 and 9.0 < logt < 9.3 somewhat enhance
the peaks at the positions (B — V) =0.2 and (B — V) = 0.7,
respectively. Assuming a mean reddening of E(B — V) = 0.07,
the colors of the peaks exactly agree with the observed ones.

The presence of a pronounced peak at (B — V) = 0.1 inthe
simulations requires some explanation. This peak is generated
by the near-zero d(B — V')/dt derivative [see eq. (4)] at ages of
about logt ~ 7.1. However, as at these ages stochastic effects
are expected to be very severe and to scatter the colors of the
clusters, the peak itself should spread over a much larger range
of colors and hence decrease if not disappear.

With respect to the gap in the (U — B) vs. (B — V) diagram
(Sect. 5.4), we notice that it occurs at S ~ 34, corresponding
to an age of ~ 500 Myr. It strongly suggests that in the gap
region the scarcity of clusters along the mean evolutionary se-
quence owns its origin to the period of reduced cluster formation
between the 100 Myr and 1-2 Gyr bursts suggested by the anal-
ysis of the ADF. This corresponds to the lower end of the box
showing in Fig. 5 the BCDSP gap. The absence of clusters in
the upper end of the box is determined by the natural dispersion
of the colors, as concluded in Sect. 5.4. This interpretation of
the BCDSP gap is confirmed by theoretical simulations of the
(U — B) vs. (B — V) plane calculated assuming the same total
number of clusters as in the observational sample, a reasonable
AMR, all possible causes of color dispersion (Sect. 5.1), and
the age distribution function f(t) inferred from the observation.
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9. Concluding remarks

The main results of this work are schematically presented in the
abstract.

We present just a final consideration: This paper clarifies
that a set of evolutionary models of SSPs that smoothly evolve
in the (U — B) vs. (B — V) diagram (in agreement with the
linear relationship S vs. logt found in the data) can lead to
a good description of the features observed in the distribution
of UBV colors of LMC clusters, provided that we consider:
1) a reasonable AMR, 2) the natural dispersion induced in the
observed colors by different causes. The detailed distribution
of the colors, however, can only be explained by the presence
of gaps and peaks in the history of cluster formation, which
in turn have been already indicated by a series of independent
observational data. There is no need of invoking rapid changes
in the integrated colors of SSPs in order to explain the apparent
gaps in the colors.
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