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Abstract. The stellar mass distributions have been studied in
halo regions (radius ranging from ~ 19 to 94 arcsec) of 5 young
Large Magellanic Cloud star clusters. Effects of mass segrega-
tion have been observed in only NGC 1711. A comparison of
cluster age with its relaxation time indicates that the observed
mass segregation could have taken place at the time of star for-
mation. Absence of mass segregation in most of the clusters may
indicate that there is generally no spatial preference for the for-
mation of massive stars. Most of the clusters have similar spatial
density profiles which follow a power law with indices ~ 3.5.
This may indicate slow, but efficient process of star formation
in the young star clusters of the Large Magellanic Cloud.

Key words: LMC - star clusters — mass segregation — star for-
mation

1. Introduction

A study of the spatial distribution of stellar mass in young (age
< 100 Myr) star clusters can throw light on initial star forma-
tion processes because the time required for two-body encounter
processes to obliterate most signatures of their initial states is ~
1 Gyr which is much larger than their ages. Such studies have
been carried out in many young star clusters of our galaxy. A
number of them show mass segregation in the form of preferen-
tial concentration of more massive stars in the central regions.
This phenomenon can be understood easily in terms of dynam-
ical relaxation of a star cluster, which leads to equipartition of
kinetic energy in clusters members, with the result that low-mass
stars occupy a larger volume than the massive stars. However,
a recent study by Sagar et al. (1988) indicates that the ob-
served mass segregation in extremely young open clusters (age
< 5 Myr) might have taken place at the time of star formation,
while in open clusters older than some million years, it might
have been due to a combination of both initial star formation
conditions and dynamical evolutionary processes. It would be
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interesting to study the spatial distribution of stellar mass in the
Magellanic Cloud (MC) star clusters because the evolutionary
history of the MCs has been presumably very different from
that of our galaxy (cf. Westerlund 1990; van den Bergh 1991
and references therein), and hence we expect the star clusters in
the MCs to be different in many ways from the galactic clusters.
In this paper we analyse the spatial distribution of stellar mass
in 5 young (age < 100 Myr) Large Magellanic Cloud (LMC)
star clusters, namely NGC 1711, 2004, 2100, 2164, & 2214.

Elson et al. (1987) have studied the radial density distribu-
tions for 10 rich young LMC star clusters as a function of lim-
iting magnitude (= mass) using star counts from photographic
plates and found no indication of mass segregation except pos-
sibly for NGC 1866. Out of these ten, three clusters (NGC 2004,
2164 & 2214) are in common with the present work. In compar-
ison with photographic plates, CCD images have several well-
known advantages. A comparison of recent CCD data with older
photographic ones indicates that photographic data may not only
have systematically larger errors specially near the plate limit
(cf. Hesser 1986; Sagar et al. 1991 hereafter Paper 1); but they
may also affect the star counts (Hesser 1986; Richtler & de Boer
1989). Also in the case of CCD images, data incompleteness
factor can be estimated more reliably by using the technique of
artificially added stars (Sagar & Richtler 1991 hereafter Paper
2). Consequently, relatively more reliable results are expected
by the use of CCD data.

The observational data used in the present analysis are de-
scribed in the next section, the treatment of data incomplete-
ness and field star contamination are described in Sects. 3 and
4 respectively. Spatial distribution of stellar masses, dynamical
stage of the clusters and conclusions follow in the remaining
sections.

2. Observational data

The data used in this study are taken from Paper 1. They are
in the B and V photometric passbands for over 8,960 stars
reaching down to V ~ 21 mag. The data were obtained at the
/8.5 Cassegrain focus of the 1.54 m Danish telescope at the
European Southern Observatory, La Silla, Chile using a RCA
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Table 1. The core radius (R.) and the stellar surface density (p) for clusters under study. The values of R, are taken from Elson (1991). Errors

in the density values are standard deviation.

Cluster R. Radiusrange p(arcmin™>) in the V magnitude bins
" ") <15 15-17 17-18 18-19 19-20
NGC1711 6.0 031-047 13.0+£59  33.5+11.1 60.1£162 106.1+24.4  69.41+24.6
0.47-0.63 282+ 8.2 48.0£11.6  64.1£149 111.04+24.1
0.63-0.82 24+£1.6 9.7+3.8 29.7+6.8 39.8489  99.0+14.9
0.82-1.02 1.8+1.3 7.9+ 3.0 41+£2.7 30.6+ 6.9 33.0+£9.1
1.02-1.25 ' 3.6+ 19 7.7+ 2.9 12.44 4.1 30.2+ 7.9
1.25-1.57 07+ 1.1 3.7+ 19 9.5+ 3.1 17.1+£ 5.2
NGC2004 45 031-047 25.6+8.6 1023+219 86.5+£23.0 209.0+40.5 240.0+46.4
0.47-0.63 52433  44.6+11.1 37.0+12.1 82.5+19.4 106.2+24.1
0.63-0.82 6.44+2.8 234+6.0 228+75  44.4+108  52.0+13.6
0.82-1.02 0.6+0.9 38+£2.6 6.9+ 4.0 15.6+£6.1  35.6+10.1
1.02-1.25 2.1+1.2 72+£25 8.6+ 3.5 7.0+ 3.9 19.24+ 6.7
NGC2100 6.7 0.31-047 13.045.1  77.7423.2 47.84+20.5  37.44205
047-0.63 11.1+4.6 17.1£7.9 47.5+145  39.2+144
0.63-0.82  12.3+3.8 30.5+7.5 198+ 64 31.5+ 8.6
0.82-1.02 0.9+0.9 15.0+4.1 143443 214+ 5.7
1.02-1.25 3.7£1.5 85+24 134432 153+ 3.7
1.25-1.57 1.1£0.8 37+ 15 8.0+22 51£22
NGC2164 5.8 0.31-047 7.8+4.6  47.1+145 383%155  942427.0 180.0+45.5
0.47 - 0.63 3.7+2.7 19.0+ 7.0 46+43  433+£13.0  79.1£19.9
0.63-0.82 4.5+2.5 1.5+£39 24.6+65 403+ 8.8  45.0£10.3
0.82-1.02 1.84+1.3 8.1+2.8 10.1£3.5 21.8+5.4 364+t 74
1.02-1.25 0.7+0.7 55+2.0 25+£25 9.843.2 20.3+£ 4.7
1.25-1.57 0.5+0.5 1.1+ 0.8 1.5£12 24+ 1.8 7.6+£2.8
NGC2214 85 0.31-047 15.6+6.6 21.9+9.5 8234224 180.1+37.6  226.61+50.3
0.47-0.63 3.74+2.7 10.7£5.1 3644104  74.6+16.7 107.8+21.9
0.63-0.82 1.1£+1.1 69+3.0 18.0+53 372+ 8.1 63.9+11.6
0.82-1.02 0.9+0.9 59+24 21+ 1.7 21.5+5.1 37.7+£ 7.3
1.02-1.25 0.6+0.6 4.1+ 1.7 3.8+ 1.7 14.6+ 3.4 26.5+ 4.8
1.25-1.57 0.54+0.5 1.3£0.9 3.5+ 1.5 38+ 19 11.0+£ 3.1

CCD chip of the 320x512 pixel in size where one pixel cor-
responds to 0.47 arcsec. Other details of observations and data
reductions are given in Paper 1.

3. Treatment of data incompleteness

The procedure used to quantify the data incompleteness in our
photometry has been described in detail in Paper 2. Briefly, us-
ing the results of the artificial star add experiments performed
on a data frame (see Table 2 in Paper 2), we derived the ra-
tios of recovered to inserted stars in different magnitude bins
in a defined spatial region which give directly the completeness
factor, CF, for that region as a function of magnitude. As the
value of CF becomes smaller with decreasing brightness and
increasing stellar crowding, we have derived a monotonic re-
lation between the value of CF and magnitude by drawing a
smooth curve through the points by eye with an accuracy of ~

10 and ~ 2 % for innermost and outermost regions respectively
(cf. Fig. 2 in Paper 2). In this way we have been able to de-
rive the completeness factors CF(B) and CF(V) for the stellar
counts derived from B and V frames respectively. However, we
require the completeness factor for the stellar counts derived
from a V, (B—V) diagram. This can be derived from the indi-
vidual values of CF(B) and CF(V) considering the fact that the
geometrical configuration of stars in both V and B frames of a
cluster or field region is exactly the same, only the magnitude
distribution is slightly modified due to the range of colours of
the stars. Therefore, the completeness factor CF(V, (B—V))ata
given magnitude in V, (B—V) diagram will be mainly controlled
by that CF value of B and V where completeness is less, i.e.,
the value of CF (V;, (B — V);) at point (V;, (B — V),;) cannot
be larger than the smaller value of the pair (CE(V;), CF(B;)).
Consequently, we have used

CF(Vi,(B = V))) = min(CF(V;), CF(By)), (D
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for the data incompleteness correction in our further analysis.
In this way the data incompleteness is little under corrected be-
cause this value of CF (V;, (B —V),) is the minimum correction.
However, we believe that most likely it is close to reality.

4, Field star contamination

In order to evaluate the extent of field star contamination in the
present analysis, we used the CMDs of the clusters and the field
regions published in Paper 1. Field regions are generally located
~ 4-10 arcmin away from the cluster centre. A comparison of
this with the angular diameter of the programme clusters indi-
cates that the probability of the presence of significant number
of cluster members in the field regions is very low, while the
probablity that the distribution of field stars in the cluster region
can be represented very well by the stars of the imaged field
region is very high. A comparison of the CMDs of the clusters
and the field regions indicates that field star contamination is
almost negligible for stars brighter than V ~ 16 mag. So it is
not statistically significant in the evolved parts of the cluster
sequences since the clusters are younger than a few. times 103
yr (cf. Paper 2) and consequently turn-off points in their CMDs
are brighter than V ~ 15 mag.

All clusters in their CMDs show a well defined cluster se-
quence from the main-sequence (MS) to the red supergiant
phase as well as a concentration of stars at V ~ 19.5 mag and
(B—V) ~ 0.9 mag (cf. Paper 1). These stars are intermediate-age
core helium burning stars of the LMC field forming a “clump” in
the CMDs and are not cluster members. We have therefore sep-
arated them from our further analysis by drawing a demarcation
line between them and MS stars.

5. Radial stellar surface density

For the estimation of the radial surface density of stars in clus-
ters, the cluster centre is first fixed. We have derived it iteratively
by calculating average X and Y positions of stars within 150 pix-
els from an eye estimated centre, until it converged to a constant
value. An error of a few arcsec is expected in locating the clus-
ter centre. We have divided the stars into 5 V magnitude bins
except in the case of NGC 2100, where only 4 bins could be
made. The cluster area has been divided into a central (nucleus)
and 6 annular regions, in such a way that each magnitude bin
in a region generally contains statistically significant number of
stars. The circular region with a radius of 40 pixels (= 4.7 pc)
from the cluster centre is considered as the nucleus. The radius
limits in pixels are 40 to 60, 60 to 80, 80 to 105, 105 to 130,
130 to 160 and 160 to 200 for annular region 1, 2, 3,4, 5 and 6
respectively. At the distance of LMC, one pixel corresponds to
~ 0.12 pc. For each magnitude bin, the number density of stars,

pi» in it" zone has been evaluated as

N;

— 2
Pi= €3

where N; is the number of cluster stars and A; is the area of the
zone considered. To get the value of V;, data incompleteness
and field star contamination corrections have been applied to
the observed number of stars, No, using the relation

M= eFvL B =V

—NF, 3)
where, CF(V;, (B — V);) is the completeness factor for the con-
sidered magnitude bin in the V, (B—V) diagram. The value of
NF, the field star contamination, has been derived from the ob-
served number of stars in the field region imaged for this pur-
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Table 2. The reddening E(B—V) and the observed radial stellar sur-
face density slope (vy) for different mass groups of the clusters under
study. The standard deviation of the slope is denoted by o,.

Cluster E(B-V) MassGroup Mass range yEtoy
(mag) Mp)
NGC 1711 0.09 1 88—-83 254046
2 83-6.8 2.9 +0.51
3 6.8—-53 2.54+0.54
4 53-38 2.040.20
5 3.8-2.6 1.3+045
NGC 2004 0.09 1 12.7-119 28+1.10
2 11.9-78 3.0+£0.70
3 7.8—-57 244037
4 57—-40 3240.23
5 40-26 2340.10
NGC 2100 0.19 1 13.0 - 12.3 2.0+0.87
2 123-84 2.0+0.44
3 84 —-6.3 1.6 £0.25
4 6.3—4.5 1.7+ 0.54
NGC 2164 0.10 1 6.2 —6.1 2.34+0.45
2 6.1-57 274044
3 57—-48 2.2+4+0.88
4 48 -3.7 2.74+0.49
5 37-26 234024
NGC 2214 0.07 1 74—6.8 1.8 +0.28
2 6.8 —-6.1 2.0+0.29
3 6.1-49 29+0.64
4 49-36 2.84+0.26
5 36-26 23+40.14

pose, after applying the appropriate data incompleteness cor-
rection. The stellar surface density derived in this way for all
the clusters is given in Table 1 along with the errors. In NGC
2004, statistically significant number of cluster members are
not present in the 6th annular region. We have therefore not
estimated the surface stellar density for this region. The log p
versus log R plots for each magnitude bin of the clusters under
discussion are given in Fig. 1. In NGC 2100, such plots can be
made only for the four brightest V magnitude bins, because reli-
able estimate of p is not possible for the faintest magnitude bin.
This is due to the fact that poor (~ 2 arcsec) seeing conditions
during the observations have resulted in large data incomplete-
ness in the stars where V is larger than 19 mag (cf. Paper 2).
The value of p has not been estimated for nuclear regions of the
clusters because the data incompleteness is very large there due
to stellar crowding. As the nucleus is a circular region with a
radius of ~ 19 arcsec from the cluster centre, its size is much
larger than the value of the core radius which is in the range of
4.5 — 8.5 arcsec for the clusters under study (cf. Table 1). Con-
sequently, Fig. 1 shows the radial stellar surface density in those
spatial regions which are well outside the core of the clusters.
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Fig. 2. The plot of v versus average mass (in solar units) in the LMC
clusters, NGC 1711, 2004, 2100, 2164 and 2214. Length of bar repre-
sents errors in -y

6. Spatial distribution of stellar masses

Elson et al. (1987) analysed aperture photometry and star counts
in 10 LMC clusters and found that King models give poor fits to
most of the surface brightness profiles at larger radii. Instead, the
observed profiles could be represented by the simple formula

R 2\ —3
o(R) o (1+ (7) ) , @
constant
which reduces to
logp(R)=a —vlogR, (5)

at larger radii, where a is a constant and -y is the power law
index. In each observed profile, this relation is fitted and the
coefficients are determined using the least squares solutions.
The slope y with its standard deviation o, are given in Table 2.
As the value of the correlation coefficient | r | of the Eq. (5) is
generally greater than 0.8, the assumption of the linear relation
for the plots in Fig. 1 may be justified.

The mass ranges for the various magnitude bins of a clus-
ter are calculated by fitting the theoretical stellar evolutionary
isochrones given by Meader & Meynet (1991) toits V, (B—V)
CMD and are listed in Table 2. We adopt a value of 18.6 mag
for the true distance modulus of the LMC and assume the in-
terstellar extinction in V as 3.1 xXE(B — V) (cf. Paper 2 ). The
E(B—V) values used for different clusters are given in Table 2.
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The value of ~ is plotted against the average mass of the
group in Fig. 2. This shows that in a cluster the values of «y
are almost the same for all mass groups except in the case of
NGC 1711 where mass segregation effect is clearly visible. We
assume normal error distribution for deriving the statistical sig-
nificance level of the differences between the slopes of different
mass groups in this cluster. The confidence levels in percentage
for the difference in slopes are 96.4 between the mass groups 1
& 5 and 98.9 between the mass groups 2 & 5.

7. Dynamical stage of the clusters

Before deriving conclusions from the studies of the last section,
it is necessary to know whether the location of stars in these
clusters is representative of their initial distribution, resulting
from the processes of star formation or not. At the time of for-
mation, if the cluster had a uniform stellar surface density, then
as the cluster evolves dynamically, the density changes and we
would find the massive stars concentrated towards the center, as
the low mass stars attained high velocity and moved away from
the cluster center. Such a cluster is said to be dynamically re-
laxed. The dynamical relaxation time, Tg, is the time in which
the individual stars exchange energies and their velocity dis-
tribution approaches a maxwellian equilibrium. The dynamical
relaxation time, Tg, is given by

8.9 x 10°(NRy?)?
Te = 05
(m)" log (0.4N)

©)

where N is the number of cluster members, Ry, is the radius
containing half of the cluster mass and (m) is the average mass
of cluster stars (cf. Spitzer & Hart 1971). We assume that Ry, is
equal to half of the cluster radius listed in Table 3. These angular
values are converted into linear values by taking 1 arcsec equal
to 0.25 pc at the distance of LMC. The average mass (m) and
the value of N are based on the stars used in the present analysis.
Finally, the dynamical relaxation time, Tg is calculated for all the
clusters. In Table 3, column-3 contains the logarithmic values
of the cluster age taken from Paper 2 and column—4 contains
the logarithmic values of the Tg. The data considered for this
work is limited to V ~ 20 mag. The effect of considering stars
fainter than this magnitude is to decrease the value of (m) and to
increase the value of N. This will result in higher values of Tg.
Hence the values of Tg given in Table 3 may be considered as the
lower limit of Tg. A comparison of the age with the relaxation
time indicates that the latter is always greater than the former
indicating that two-body relaxation has not yet taken place in
any one of these clusters.

8. Discussion and conclusions

The present analysis demonstrates that effects of mass segrega-
tion are present in the halo region of only one of the LMC star
clusters studied here, namely, NGC 1711. Elson et al. (1987)
also found that only one, namely NGC 1866, out of the 10

A. Subramaniam et al.: LMC star clusters

Table 3. Cluster age (T) and relaxation time (Tg). The cluster radii
are taken from Shapley & Lindsay (1963).

Cluster Radius LogT LogTe
(arcsec)

NGC 1711 103 75 8.4

NGC 2004 60 72 7.9

NGC 2100 68 72 79

NGC 2164 65 7.8 8.2

NGC 2214 93 7.8 8.4
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Fig. 3. The histogram of -y values for the star clusters in LMC

N

young LMC star clusters, showed evidence for mass segrega-
tion. The present day observed stellar distribution in the halo
regions of the clusters younger than ~ 100 Myr can be regarded
as nearly the distribution of stars at the time of star formation,
since they are not yet dynamically relaxed (cf. Table 3 and El-
son et al. 1987) and the voilent relaxation and/or dissipation
processes will modify only their core structure, if at all they are
active. Hence the observed mass segregation in the halo regions
of NGC 1711 and 1866 might have taken place at the time of
star formation. Similar conclusions have been drawn by Larson
(1982) and Sagar et al. (1988) from the studies of the spatial
stellar distribution in some extremely young (age less than few
Myrs) open star clusters of our galaxy. Absence of mass segre-
gation observed in the halo regions of most of the young LMC
star clusters may indicate that massive stars generally do not
form with any spatial preference. From these discussions, one
can conclude that star formation processes may not be the same
in all star clusters of the LMC.

Surface brightness profiles of the rich young LMC star clus-
ters have been studied by Elson et al. (1987) and Elson (1991).
The former study is based on star counts derived from photo-
graphic plates while the latter one uses CCD images taken in B
and V photometric passbands and includes all the clusters inves-
tigated by former. In order to compare the slopes of the surface
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brightness profiles in the halo regions for the clusters under dis-
cussion, we studied the radial variation of stellar surface density
in them. We plotted the radial stellar surface density in the 6 an-
nular regions for a limiting magnitude of V = 20 against the
cluster radii. The value of -y obtained from these plots are given
in Table 4. Considering the uncertainties present in the v val-
ues derived from different sources, one can conclude that the
various estimates of -y for a cluster are in good agreement (see
Table 4). From the surface brightness profiles given by Elson
(1991), we estimated ~y values for all the clusters. They are in
the same range as found by Elson et al. (1987). Figure 3 shows
their frequency distribution. The values of « for most of the
clusters are in the range 2.2 — 2.8 with a mean value of 2.5 4
0.4. Present work thus confirms the earlier findings by Elson
et al. (1987) that spatial density profiles for most of the young
LMC star clusters fall off as power laws with indices v + 1 =~
3.5 in the halo regions of the clusters.

Table 4. Comparison of the slope (vy) of radial stellar surface density
for the clusters under study. A typical uncertainty in the -y values esti-
mated from the surface brightness profiles given by Elson (1991) is ~
0.4.

Cluster ~ value obtained from

Elson et al. (1987) Elson (1991) Present work
NGC 1711 2.2 1.8 4+0.2
NGC 2004 22402 2.0 244+0.1
NGC 2100 22 1.54+0.3
NGC 2164 2.84+0.3 2.8 25403
NGC 2214 24402 2.3 24 +0.1

Crossing times for the rich young LMC star clusters are
typically ~ 6 Myr (Elson et al. 1987) and the time scale for
forming stars and shedding unused material in such systems is
< 10 Myr (cf. Sagar 1987; Elson et al. 1987; Pandey et al. 1990
and references therein). These as well as the similarity of the
observed stellar surface profiles in a number of rich and young
star clusters located in different parts of the LMC may indicate
slow but efficient star formation processes in them (Elson et al.
1987).
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