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Abstract. Mass segregation in the form of preferential concentration of
more massive stars in the central regions of a number of open star clusters
has been known for some time. In this paper, integrated UBV colours in
concentric zones have been estimated for 12 nearby open clusters using the
observations of individual cluster members. It is found that the clusters
showing pronounced mass segregation also show significant radial vari-
ations in the integrated colours. However, the effects of stochastic fluctu-
ations around the massive portion of the mass distribution function on the
integrated colours should be taken into consideration, if they are present.
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1. Introduction

Star clusters in a galaxy are valuable tools for studying the, star formation histories,
structure and evolution of the galaxy. These studies can be done in a relatively greater
detail if the individual members of a star cluster are observed. For example, in nearby
galactic open star clusters as well as in the star clusters of Magellanic Clouds,
individual member stars are resolved and a number of studies are possible and have
been done (c¢f. Sagar et al. 1986; Janes, Tilley & Lynga 1988; Mateo 1988 and references
therein). Effects such as mass segregation have been observed in a number of galactic
open clusters (Sagar et al. 1988 and references therein). Unfortunately, in distant star
clusters of our galaxy as well as of external galaxies, observations of individual
members are impractical even with the largest size ground-based optical telescopes.
Although the Hubble Space Telescope whose resolution is expected to be at least 10
times better than the best that can be achieved on the earth, will push the distance limit
approximately 10 times farther from the resolution point of view, but still cannot
resolve the individual members of star clusters in M 31 and M 33 galaxies. On the
other hand, observations of their integrated light can be made. One then needs to
devise procedures to interpret such observations.

Here we show, how by performing multiple aperture surface photometric observa-
tions of distant star clusters where individual stars are unresolved, we can get
information on the effect of mass segregation in such objects which otherwise is not
possible.

Mass segregation in the form of a preferential concentration of more massive and
hence the brighter member stars towards the inner regions of the cluster has been
known for a number of clusters (e.g. see Sagar et al. 1988). In young open star clusters
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(age< 107 yr), they are early-type main-sequence and/or blue supergiants, and cones
quently have relatively bluer colours. The effect of mass segregation on the radial
distribution of integrated colours is to provide relatively bluer colours for the inner
cluster regions compared to the outer regions. However, contrary effect will be
observed in relatively older open clusters because in such cases, massive and hence
brightest stars are giants and/or late-type supergiants, depending upon the cluster age.

We have taken UBV photometric observations of those 12 nearby galactic open star
clusters where the effect of mass segregation has generally been observed (Mathieu
1984; Sagar et al. 1988). By integrating the light of cluster members located in a circular
region in each photometric passband, we have studied its radial distribution and have
also tried to understand them in terms of the cluster age and stellar distribution in the
colour-magnitude diagram which are known from the observations of individual
cluster members.

The observational materials used in the study have been described in the next
section. Estimation of integrated photometric colour from the observations of
individual cluster members and study of its variation with radial distance are the
topics of the remaining sections of the paper.

2. Observational data

The sources of the UBV photometric data as well as other general information about
the star clusters included in the present study are given in Table 1. Photoelectric and
homogeneous UBV data for nine of them namely IC 1805, NGC 581, 654, 2264, 6530,
6611, 6823, 6913 and Tr 1 have been taken earlier by us. In these clusters, membership
is based on proper motion studies carried out by other investigators. The UBV data, for
NGC 869 and 884; and BV data for NGC 6705 are photographic and are of relatively
poor accuracy (0.05-0.08 mag) compared to the photoelectric ones (0.02—0.03 mag).
However, this accuracy is sufficient for the present work. In these clusters membership
has been determined using both the proper motion and photometric data.

3. Estimation of the radial distribution of integrated colours

For this, the point of maximum stellar density has been considered as the cluster centre
which has been determined with an accuracy of ~ 1 arcsec (cf. Sagar et al. 1988). The
cluster region is then divided into two or three concentric regions, depending upon the
total number of stars in the cluster so that each region has generally more than 20 stars.
Integrated colours /(B — V) and /(U — B) in a region have been estimated from the

integrated U,B and V' magnitudes which are evaluated as

N
I(mj)=-2.5 iog( Y 10‘°"""1),
i=1

where m; are the observed magnitudes of a cluster member in j photometric passband
and N is the total number of observed stars in the region. Contribution from
unobserved faint cluster members to the integrated magnitude has been estimated by
extrapolating the observed I(m;) against m; curve (cf. Sagar, Joshi & Sinvhal 1983;
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Spassova & Baev 1985). Fortunately, these corrections are very small and also
statistically insignificant for the clusters under discussion.
The integrated photometric colours are

I(B—V)=I(B)—1(V),
and

I(U—B)=I(U)—I(B),

where /(U ), I(B) and I(V)) are the integrated magnitudes in U, B and V photometric
passbands respectively. Table 2 lists the integrated (B-V) and (U-B) colours
alongwith the average radii for the different regions of the clusters studied here. The
various factors which can affect the accuracy of the integrated colours of clusters have
been discussed in detail elsewhere (Sagar, Joshi & Sinvhal 1983). The accuracy of the
integrated colours in a cluster region is ~0.05 mag and ~0.1 mag for photoelectric
and photographic observations respectively.

4. Dependence of integrated colours on radial distances

Integrated (B — V) and (U — B) colours of all the clusters’ regions have been plotted
against their average radii in Fig. 1. Based on the differences between the integrated
colours (B — V), (U - B) and (U — V) of outer and inner regions of the clusters given in
Table 2 and the radial variations shown in Fig. 1, clusters can be classified into the
following three groups:

(a) For the clusters namely IC 1805, NGC 884, 6823, 6705, Tr 1 and NGC 6530
belonging to this group, integrated colours of inner regions are bluer (A(U — V)
> 0.15 mag) than that of outer regions. Integrated colours seem to become sys-
tematically redder as one moves from inner regions to outer regions.

(b) No significant radial variation (— 0.15 mag < A (U — V) < 0.15 mag) of integra-
ted colours is observed in the clusters namely NGC 581, 869, 6611 and 6913 of this
group.

(c) Integrated colours are relatively redder (A(U — V)< — 0.15 mag) for the inner
cluster region compared to its outer region. Only two clusters (NGC 654 and 2264)
belong to this group.

4.1 Effects of Stochastic Fluctuations in the Mass Function of a Cluster Region on
Integrated Colours

As most of the clusters under study are young and also are generally not very rich (see
Table 1), stochastic fluctuations around the massive portion of the mass distribution
function of a cluster region can sometimes produce a large change in the integrated
colours of the cluster members of that particular region. This is mainly because of large
changes in effective temperature and consequently, in (B—F) and (U-B) colours of a
star during its post-main sequence evolution. Effect of such factors on the integrated
magnitude and colours have been discussed earlier in detail by Barbaro & Bertelli
(1977), Sagar, Joshi & Sinvhal (1983), Chiosi, Bertelli & Bressan (1988) and more
recently by Pandey et al. (1989). In order to see whether such effects are present in this
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Figure 1. Radial variation of integrated (B—¥) and (U—B) colours for all the clusters under
study. R,, represents the average radius for the region in arcminutes.

analysis or not, the distribution of cluster members with respect to /' magnitude is
studied. For illustration, the distribution of members of NGC 581,2264,654 and 869 is
shown in Fig. 2. The histograms for the different regions of NGC 869 can be
considered as representative for the distribution of members in the remaining clusters
discussed here. It can be clearly seen that in one of the regions of NGC 581, 654 and
2264, the differences between the V' magnitudes of brightest and next brightest stars are
large, more than 2 mag. In the case of NGC 654 and 2264, their colours also differ
appreciably. In such situation, the integrated photometric parameters of that particu-
lar region are strongly affected by the brightest member, as it has been shown
numerically in our earlier work (Sagar, Joshi & Sinvhal 1983) as well as in the analysis
to follow.

The integrated colours, when the brightest stars in both the inner and outer regions
are excluded, have been estimated in the way described in Section 3 and are listed in
Table 3. By excluding the contribution of the brightest star to the integrated light, one
can avoid or reduce considerably the effects of stochastic fluctuations around the
massive portion of the mass distribution function of a cluster region on the integrated
colours because the brightest star not only dominates the integrated light of poor
clusters but also is the one most likely to be somewhat evolved, with unpredicted
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Figure 2. Distribution of stars with respect to ¥ magnitude in different regions of NGC 654,
2264,581 and 869. N is the number of stars in a magnitude bin. Arrow denotes the amount off-set
for the upper histogram.

colours. A comparison of A (U — V) values listed in Table 3 with those given in Table 2,
clearly indicates that the effect of stochastic nature of the brightest stars has been
minimum on massive clusters like NGC 869, 6705 and 6823. In others, the values of
A(U — V) have generally increased indicating relatively much more uniform radial
variations in integrated colours.

When the brightest stars are excluded, the clusters NGC 581, 6611 and 6913 join
group ‘a’ while NGC 2264 joins group ‘b’ clusters whereas NGC 654 still belongs to
group ‘c’ but the variation in integrated colours are reduced significantly. Therefore,
when the effects due to stochastic fluctuations in the mass function of a cluster region
are taken into consideration, then nine clusters namely IC 1805, NGC 581, 884, 6530,
6611,6705,6823,6913 and Tr 1 belong to group ‘a’; two clusters (NGC 869 and 2264)
populate group ‘b’; and only NGC 654 remains in group ‘c’.

4.2 The Observed Radial Variation of Integrated Colours

Most of the brightest and hence massive stars in group ‘a’ clusters are of early type
because of their young age (see Table 1). Mass segregation has also generally been
observed in them (Mathieu 1984; Sagar et al. 1988). Consequently, for group ‘a’
clusters, relatively bluer integrated colours observed for the inner regions compared to
the outer regions can be due to the presence of mass segregation in them. Similarly, the
observed variation of integrated colours for the only group ‘c’ cluster can also be
understood because its massive stars are either late type super giants or red giants
(Joshi & Sagar 1983a) and Sagar et al. (1988) indicate the possibility of the presence of
mass segregation in the cluster. We, therefore, observe in group ‘a’ and ‘c’ what one
expects. On the other hand, absence of significant radial variation of integrated colours
in the group ‘b’ cluster NGC 869 is contrary to expectation. However, it may be noted
that the mass segregation effect in this cluster is not very pronounced (Sagar et al.
1988). NGC 2264 has two cluster centres (Sagar ef al. 1988) and this could vitiate the
search for colour gradients.
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Mass segregation in clusters that produces the observed colour gradients could
either be of primordial origin from the time of star formation in the cluster (Sagar et al.
1988) or be due to dynamical evolution. While the observed mass segregation in young
clusters (<a few 107 yr)must necessarily be of primordial origin, in the relatively older
ones it could be either due to dynamical effects or a combination of both. A plot of the
colour difference D (U — V) (computed after excluding the brightest stars to remove
stochastic fluctuation effects) given in Table 3 against the cluster age is shown in Fig. 3,
where a weak correlation can be seen. The cluster NGC 6705 (not shown in Fig. 3) is
relatively old, but the colour gradient(D (B — V)) found in the cluster indicates that it
belongs to group ‘a’. This could be due to the fact that the number of evolved massive
red stars in the cluster is low (Mathieu 1984). Such things can be observed if star
formation in the cluster was not coeval and more massive stars were formed towards
the end in the central region.

The effect of mass segregation is to flatten the slope of stellar mass function in the
inner regions as compared to the outer regions. Also a consequence of this is that the
upper mass limit of the mass spectrum is higher in the inner regions compared to the
outer regions. Theoretical calculations indicate that a change in the slope of mass
function affects the integrated colours very little (Searle, Sargent & Bagnuolo 1973).
Contrary to this, the increased upper mass limit of the mass spectrum affects
significantly the integrated colours as observed here.

5. Conclusions

Following useful conclusions can be drawn from the present analysis:

(1) In the absence, or after removal or reduction of stochastic fluctuations towards
the massive portion of the mass distribution function of a cluster region, the presence
of mass segregation in star clusters generally produces a radial variation of integrated
colours.

Table 3. Integrated (B — V) and (U — B) colours when the brightest stars in both inner and
outer regions are excluded. Their differences in the same sense as given in Table 2 are also
listed.

Inner region Outer region

Cluster I(B—V) I(U-B) I(B—V) I(U-B) A(B—V) A(U-B) A(U-V)

name (mag) (mag) (mag) (mag) (mag) (mag) (mag)

NGC 581 0.59 —0.32 0.44 002 -0.15 0.34 0.19
Tr 1 0.32 —0.35 0.44 —0.05 0.12 0.30 0.42
NGC 654 0.79 0.04 0.57 -002 -022 —006 —0.28
NGC 869 0.37 —044 0.36 —045 —001 —0.01 —0.02
NGC 884 045 —0.49 0.76 -029 0.31 0.20 0.51
IC 1805 0.52 —-0.44 0.81 0.10 0.29 0.54 0.83
NGC 2264 —0.01 —048 —0.05 —-047 —004 001  —003
NGC 6530  0.12 —0.65 0.64 ~0.12 0.52 0.53 1.05
NGC 6611 0.53 ~0.60 0.58 —0.36 0.05 0.24 0.29
NGC 6705 047 = 0.75 - 0.28 — —

NGC 6823 0.56 —046 0.94 —0.06 0.38 0.40 0.78

NGC 6913 0.73 —0.14 0.67 008 —0.06 0.22 0.16
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Figure 3.  Plot of (U — V) versus log of age.

(2) The effects of stochastic nature of the brightest stars are very small on the
intergrated colours of massive clusters. This is important because observations of
integrated light of star clusters in other galaxies will be mainly restricted to the most
massive ones, where it may be possible in some cases to remove the effects of one or two
brightest stars even though the cluster is not fully resolved. Consequently, by
performing multiple aperture surface photometry in such clusters, one can learn
something about mass segregation.

(3) The differences between the integrated colours of outer and inner regions of the
clusters listed in Table 2, indicate that the variation is generally more in I(U-V)
compared to either /(B—V) or I(U-B). In fact, it generally increases in a systematic
manner if /(¥) in the difference ({((U)-I(V)), is replaced by I(R), I(1), I(J), I(H) and
I(K) respectively (c¢f: Tarrab 1982). This implies that wider the separation between the
effective wavelengths of the photometric passbands used for the estimation of
integrated colour, more pronounced is the effect of mass segregation on its radial
variation. Consequently, from the point of view of observations, a study of mass
segregation in terms of /(U—K) will be more useful compared to /(U-V) or I(V-R),
etc. However, one should account for the effects of stochastic fluctuations before
drawing any conclusion about mass segregation from such observations as they will
also increase with the increase of colour baseline.
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