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ABSTRACT

In this paper we study the evolution of the core and corona of nine open clusters using the projected radial density
profiles derived from homogeneous CCD photometric data obtained with the 105 cm Kiso Schmidt telescope. The
age and galactocentric distance of the target clusters vary from 16 to 2000Myr and 9 to 10.8 kpc, respectively. Barring
Be 62, which is a young open cluster, other clusters show a uniform reddening across the cluster region. The redden-
ing in Be 62 varies from E(B� V )min ¼ 0:70 mag to E(B� V )max ¼ 1:00 mag. The coronae of six of the clusters in
the present sample are found to be elongated; however, on the basis of the present sample it is not possible to establish
any correlation between the age and shape of the core. The elongated core in the case of the young cluster Be 62
may reflect the initial conditions in the parental molecular cloud. The other results of the present study are as follows:
(1) Core radius rc and corona size rcn /cluster radius rcl are linearly correlated. (2) The rc , rcn , and rcl are linearly
correlated with the number of stars in that region. (3) In the age range 10Y1000 Myr, the core and corona shrink with
age. (4) We find that in the galactocentric distance range 9Y10 kpc, the core and corona/cluster extent of the clusters
increase with the galactocentric distance.
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1. INTRODUCTION

The study of Galactic open clusters is of great interest in sev-
eral astrophysical aspects. Young open clusters provide informa-
tion about current star formation processes and are key objects
for clarifying questions of Galactic structure, while observations
of old and intermediate-age open clusters play an important role
in studying the theories of stellar and Galactic evolution.

The nucleus and the corona (extended region of the star clus-
ter) are the two main regions in open clusters (Kholopov 1969).
The nucleus of a cluster contains relatively bright and massive
(�3M�) stars, whereas the corona, which contains a large num-
ber of faint and low-mass (�1M�) stars, has an important bear-
ing on studies related to the mass function (MF), the structure,
and the evolution of open clusters. A detailed analysis of the
structure of coronae of open clusters is needed to understand the
effects of external environments, like the Galactic tidal field and
impulsive encounters with interstellar clouds, etc., on dynamical
evolution of open clusters (Pandey et al. 1990). Extensive stud-
ies of the coronal regions of clusters have not been carried out
so far mainly because of unavailability of photometry in a large
field around open star clusters.

A 2K ; 2K CCD mounted on a Schmidt telescope (Kiso,
Japan), covering a �500 ; 500 field, can be used to get photom-
etry in a large field around open star clusters. The ability to obtain
improved photometry of thousands of stars means that large-scale
studies of open clusters can be conducted to study the spatial
structure and stability of Galactic open clusters. With the addi-
tion of photometry of a nearby field region it is possible to con-
struct luminosity functions (LFs) and MFs, which are useful for
understanding cluster-formation processes and the theory of star
formation in open clusters (Miller & Scalo 1979).

Considering the importance of low-mass stars in the coronae
of star clusters, we have generated awide-field photometric data-
base around nine open star clusters with the aim of reinvestigat-
ing the clusters’ parameters, e.g., reddening, distance, age, their
size, and their LF/MF, using a homogeneous database. The basic
parameters of the clusters, taken from WEBDA4 (Mermilliod
1995), are given in Table 1.

2. OBSERVATIONS AND DATA REDUCTIONS

The broadband CCD photometric observations of clusters
were carried out from 2001 November 19 to 25 using the 105 cm
Schmidt telescope of the Kiso Observatory. The CCD camera
used a SITe 2048 ; 2048 pixel2 TK2048E chip having a pixel
size of 24�m.At the Schmidt focus (f/3.1), each pixel of theCCD
corresponds to 1B5, and the entire chip covers a field of�500 ; 500

on the sky. The readout noise and gain of the CCD are 23.2 and
3.4 e� ADU�1, respectively.

The observations of NGC 1528, NGC 2287, NGC 2301, NGC
2323, NGC 2420, NGC 2437, and NGC 2548 were standardized
by observing standard stars in SA 95 (Landolt 1992) with bright-
ness 12:2 < V < 15:6 and color 0:45 < (B� V ) < 1:51 on four
nights from 2001November 22 to 25. To standardize the observa-
tion of Be 62 and NGC 1960 we generated a secondary standard
in the field of these two clusters by observing stars in SA 95 on
2001 November 24 and 22, respectively. A number of bias and
dome-flat frames were also taken during the observing runs. The
log of observations is given in Table 2. A number of short and
deep exposure frames have been obtained for all the clusters.

The CCD data frames were reduced using computing facilities
available at the Aryabhatta Research Institute of Observational
Sciences (ARIES), Nainital. Initial processing of the data frames
was done using the IRAF5 and ESO-MIDAS6 data reduction
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packages. Photometry of cleaned frames was carried out using
DAOPHOT-II software (Stetson 1987). The point-spread func-
tion (PSF) was obtained for each frame using several uncontam-
inated stars. The FWHM of the star images varied between 300

and 400 from night to night.When brighter stars were saturated on

deep-exposure frames their magnitudes were taken from short-
exposure frames.We used the DAOGROWprogram for the con-
struction of an aperture growth curve required for determining
the difference between aperture and profile-fitting magnitudes.
Calibration of the instrumental magnitude to the standard system

TABLE 1

Cluster Parameters from WEBDA

Cluster

Cluster No.

( IAU) Trumpler Class �2000:0 �2000:0

l

(deg)

b

(deg)

Log Age

(yr)

Distance

(pc)

E(B� V )

(mag)

Be 62.................. C0057+636 III2m 01 01 00 +63 57 00 123.98 1.10 7.2 1837 0.85

NGC 1528.......... C0411+511 II2m 04 15 23 +51 12 54 152.06 0.26 8.6 776 0.26

NGC 1960.......... C0532+341 I3r 05 36 18 +34 08 24 174.52 1.07 7.5 1318 0.22

NGC 2287.......... C0644�206 I3r 06 46 01 �20 45 24 231.02 �10.44 8.4 693 0.03

NGC 2301.......... C0649+005 I3r 06 51 45 +00 27 36 212.56 0.28 8.2 872 0.03

NGC 2323.......... C0700�082 II3r 07 02 42 �08 23 00 221.67 �1.33 8.1 929 0.21

NGC 2420.......... C0735+216 I1r 07 38 23 +21 34 24 198.11 19.63 9.1 3085 0.03

NGC 2437.......... C0739�147 II2r 07 41 46 �14 48 36 231.86 4.06 8.4 1375 0.15

NGC 2548.......... C0811�056 I3r 08 13 43 �05 45 00 227.87 15.39 8.6 769 0.03

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

TABLE 2

Log of Observations

Field Filter Exposure (in Seconds) ; No. of Frames Date

Be 62.......................... U 180 ; 11; 60 ; 3 2001 Nov 20

B 90 ; 9; 30 ; 2; 20 ; 5 2001 Nov 20

V 90 ; 9; 20 ; 6 2001 Nov 20

R 60 ; 12; 10 ; 8 2001 Nov 21

I 60 ; 9; 20 ; 1; 10 ; 6 2001 Nov 21

NGC 1528.................. B 60 ; 7; 10 ; 7 2001 Nov 23

V 60 ; 7; 10 ; 7 2001 Nov 23

R 60 ; 7; 10 ; 7; 5 ; 9 2001 Nov 23

I 60 ; 7; 10 ; 7; 5 ; 9 2001 Nov 23

NGC 1960.................. U 180 ; 8; 30 ; 6 2001 Nov 21

B 60 ; 6; 20 ; 6; 10 ; 3 2001 Nov 21

V 60 ; 6; 30 ; 3; 10 ; 2 2001 Nov 21

R 30 ; 9; 10 ; 6 2001 Nov 21

I 30 ; 9; 10 ; 6; 5 ; 2 2001 Nov 21

NGC 2287.................. B 60 ; 4; 10 ; 4; 5 ; 3 2001 Nov 25

V 60 ; 4; 10 ; 4; 5 ; 3 2001 Nov 25

I 60 ; 1; 30 ; 3; 10 ; 4; 5 ; 5 2001 Nov 25

NGC 2301.................. U 180 ; 8; 60 ; 8 2001 Nov 22

B 60 ; 8; 20 ; 1; 10 ; 7 2001 Nov 22

V 60 ; 9; 10 ; 7 2001 Nov 22

I 60 ; 8; 10 ; 7 2001 Nov 22

NGC 2323.................. U 180 ; 9; 60 ; 9 2001 Nov 19

U 180 ; 3 2001 Nov 24

B 60 ; 4; 10 ; 12 2001 Nov 19

B 60 ; 2 2001 Nov 24

V 60 ; 3; 10 ; 9 2001 Nov 20

V 60 ; 2 2001 Nov 24

I 30 ; 6; 10 ; 9 2001 Nov 20

I 10 ; 1 2001 Nov 24

NGC 2420.................. B 60 ; 2; 10 ; 1 2001 Nov 24

V 60 ; 9; 20 ; 6; 10 ; 3 2001 Nov 24

I 60 ; 9; 10 ; 9 2001 Nov 24

NGC 2437.................. B 60 ; 9; 20 ; 6 2001 Nov 24

B 60 ; 1; 20 ; 1 2001 Nov 25

V 60 ; 9; 20 ; 6; 10 ; 3 2001 Nov 24

V 60 ; 1; 20 ; 1 2001 Nov 25

I 60 ; 6; 30 ; 3; 10 ; 3 2001 Nov 25

NGC 2548.................. V 60 ; 6; 10 ; 6 2001 Nov 25

I 60 ; 4; 10 ; 4; 5 ; 2 2001 Nov 25
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was done using the procedure outlined by Stetson (1992). The
photometric calibration equations used were

u ¼ U þ c1 þ m1(U � B)þ ku X;

b ¼ Bþ c2 þ m2(B� V )þ kb X;

v ¼ V þ c3 þ m3(V � I )þ k vX;

r ¼ Rþ c4 þ m4(V � R)þ kr X;

i ¼ I þ c5 þ m5(V � I )þ ki X;

whereU, B, V, R, and I are the standard magnitudes; u, b, v, r, and
i are the instrumental magnitudes normalized for 1 s of exposure

time; X is the air mass; c1, c2, c3, c4, and c5 and m1, m2, m3, m4,
and m5 are zero-point constants and color coefficients, respec-
tively; and ku; kb; kv, kr, and ki are extinction coefficients in the
U, B, V, R and I bands, respectively. The values of the zero-point
constants, color coefficients, and extinction coefficients in vari-
ous bands on different nights are given in Table 3. Figure 1 shows
the standardization residual,�, between standard and transformed
V magnitude and (U � B); (B� V ); (V � R), and (V � I ) col-
ors of standard stars. The standard deviations in�V ; �(U � B);
�(B� V ); �(V � R), and �(V � I ) are 0.017, 0.060, 0.028,
0.023, and 0.020 mag respectively. The typical DAOPHOTerrors
inmagnitude and colors alongwith parameter� and sharpness as
a function of Vmagnitude in the case of clusters Be 62 and NGC
1960 are shown in Figure 2. It can be seen that the errors become

TABLE 3

The Zero-Point Constants, Color Coefficients, and Extinction Coefficients on Different Nights

Date

Parameters 2001 Nov 22 2001 Nov 23 2001 Nov 24 2001 Nov 25

Zero-point constant:

c1 .................................. 6:305� 0:005 . . . 6:189� 0:011 . . .

c2 .................................. 2:553� 0:005 2:562� 0:003 2:488� 0:003 2:920� 0:006
c3 .................................. 2:882� 0:005 2:893� 0:004 2:841� 0:004 3:198� 0:008

c4 .................................. 2:564� 0:006 2:567� 0:004 2:531� 0:005 . . .

c5 .................................. 3:545� 0:007 3:532� 0:007 3:491� 0:005 3:762� 0:010

Color coefficient:

m1 ................................. �0:045� 0:008 . . . �0:014� 0:010 . . .

m2 ................................. �0:116� 0:004 �0:125� 0:003 �0:112� 0:003 �0:136� 0:006

m3 ................................. 0:068� 0:005 0:068� 0:004 0:070� 0:003 0:067� 0:006
m4 ................................. 0:031� 0:009 0:040� 0:007 0:047� 0:007 . . .

m5 ................................. �0:076� 0:006 �0:076� 0:006 �0:061� 0:004 �0:083� 0:008

Extinction coefficient:

ku .................................. 0:661� 0:028 . . . 0:683� 0:028 . . .
kb .................................. 0:261� 0:012 0:352� 0:007 0:295� 0:007 0:211� 0:012

kv .................................. 0:176� 0:010 0:218� 0:012 0:183� 0:008 0:133� 0:015

kr .................................. 0:150� 0:009 0:181� 0:012 0:128� 0:010 . . .

ki ................................... 0:047� 0:009 0:140� 0:021 0:096� 0:010 0:037� 0:020

Fig. 1.—Residuals between standard and transformed magnitudes and colors of standard stars plotted against standard magnitude.
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larger (�0.1 mag) for stars fainter than V ¼ 20 mag; therefore,
measurements below this magnitude are not reliable.

3. COMPARISON WITH PREVIOUS STUDIES

We have carried out a comparison of the present data with
those available in the literature. The difference� ( literatureminus
present data) as a function of V magnitude is shown in Figure 3,
and the statistical results are given in Table 4. The comparison
indicates rather a large scatter in� for photographic data as com-
pared to the �-values for CCD photometry. Comparison of the
photometry in the case of each cluster is discussed below.

Be 62.—CCD V magnitude and (B� V ) colors obtained by
Phelps & Janes (1994) are in good agreement with those ob-
tained in the present work. However, the photoelectric Vmagni-
tudes in the range 13Y14 obtained by Forbes (1981) are brighter

by �0.13 mag than that obtained in the present work. The (U �
B) colors obtained in the present work for stars having V � 13Y
16 mag are redder than those reported by Phelps & Janes (1994).
For stars with V > 17 mag, the (U � B) colors obtained by
Phelps & Janes (1994) show a strong variation with V magni-
tude and become redder by �1.2 mag at V � 18Y19 mag. Our
(U � B) colors for stars with V ¼ 13Y14 mag are in agreement
with the photoelectric observations by Forbes (1981).
NGC 1528.—The V magnitude and (B� V ) colors obtained

in the present work are in agreement with those reported byHoag
et al. (1961, hereafter H61).
NGC 1960.—The comparison of the present CCD photom-

etry with the available photoelectric (Johnson & Morgan 1953)
and photographic (Barkhatova et al. 1984, p. 118) photometry indi-
cates a fair agreement between the different measurements. The

Fig. 2.—DAOPHOT errors, image parameter �, and sharpness as a function of V magnitude for the measurements of Be 62 and NGC 1960.
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V magnitude and (B� V ) colors obtained by us for stars with
V � 15 mag are in good agreement with those given by Sanner
et al. (2000; CCD photometry), whereas the V magnitudes ob-
tained by us for stars fainter than V ¼ 15 mag are systematically
fainter by�0.06 mag, and the (B� V ) color shows a trend with
increasing V magnitude in the sense that colors obtained by us
become redder.

NGC 2287.—Photoelectric V magnitudes by Eggen (1974)
are in agreement with the present observations, whereas photo-
electric V magnitudes given by Harris et al. (1993), Ianna et al.
(1987), and H61 are systematically fainter by �0.05 mag. The
(B� V ) colors obtained in the present work are in agreement
with those reported by Harris et al. (1993), Eggen (1974), and
Ianna et al. (1987). The (B� V ) colors obtained by H61 are sys-
tematically bluer by�0.06mag than the (B� V ) colors reported
in the present work.

NGC 2301.—The V magnitude and (B� V ) colors obtained
in the present work are in agreement with those reported in the
literature. The (U � B) colors for stars with V � 16 mag by Kim
et al. (2001) are in agreement with the present results, whereas
stars withV > 16mag show a trend in (U � B) color in the sense

that the present colors become bluer with increasing V magni-
tude. The (U � B) photographic colors reported by Mohan &
Sagar (1988) at V � 10Y13 mag are systematically redder by
�0.12 mag and become redder with increasing V magnitude,
whereas the photographic (U � B) colors for stars with V ¼ 13Y
15 mag by H61 are systematically redder by �0.12 mag.

NGC 2323.—The comparison indicates that the Vmagnitudes
obtained by us are in general in agreement with those given in the
literature, barring the magnitudes given by H61. The V magni-
tudes reported by H61 are fainter by �0.06 mag. The (B� V )
colors also show a fair agreement with the values reported in the
literature excepting (B� V ) colors for V � 13:0 mag given by
H61, which are bluer by�0.07mag. The (U � B) colors given in
the literature also show a fair agreement with those obtained in
the present study.

NGC 2420.—The comparison of the present CCD observations
indicates a good agreement with those reported in the literature.

NGC 2437.—The comparison of the present CCD photometry
with the available photographic, photoelectric, and CCD pho-
tometry indicates a good agreement between various reported
observations.

Fig. 3.—Comparison of the present CCD photometry with the data available in the literature. The difference � ( literature minus present data) as a function of V
magnitude for all the target clusters is shown. In the figure, pe, pg, and ccd indicate photoelectric, photographic, and CCD photometry, respectively.
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Fig. 3.—Continued

TABLE 4

Comparison of the Present Photometry with the Available Photometry in the Literature

Cluster Name Reference V Range

�(V )

(Mean � �) N

�(B� V )

(Mean � �) N

�(U � B)

(Mean � �) N

Be 62.................... Phelps & Janes (1994; ccd) 13Y14 0:010� 0:033 9 0:022� 0:023 9 �0:112� 0:123 9

14Y15 0:021� 0:066 30 �0:021� 0:068 30 �0:073� 0:106 27

15Y16 0:002� 0:053 65 �0:005� 0:057 65 �0:129� 0:126 57

16Y17 �0:002� 0:063 92 �0:017� 0:052 92 �0:023� 0:223 74

17Y18 �0:002� 0:057 165 �0:045� 0:060 165 0:394� 0:321 64

18Y19 0:007� 0:070 239 �0:064� 0:087 239 1:227� 0:420 30

19Y20 0:010� 0:089 328 �0:022� 0:193 315 1:480� 0:000 1

20Y21 0:043� 0:149 285 0:267� 0:318 199 . . . . . .

Be 62.................... Forbes (1981; pe) 13Y14 �0:129� 0:024 4 0:062� 0:030 4 �0:014� 0:122 4

NGC 1528............ Hoag et al. (1961; pe) <11 0:024� 0:031 6 0:001� 0:014 5 . . . . . .

11Y12 0:011� 0:008 4 �0:006� 0:006 4 . . . . . .
12Y13 �0:001� 0:015 5 �0:006� 0:008 5 . . . . . .

Notes.—The difference � ( literature minus present data) is in magnitudes. Mean and � are based on N stars in a V-magnitude bin. Table 4 is published in its
entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.



NGC 2548.—The photoelectricVmagnitudes by Pesch (1961)
and Oja7 are systematically fainter by about 0.05 mag.

4. ANALYSIS

4.1. Radial Stellar Surface Density and Cluster Radius

As the area of present CCD observations is quite large, it can
be used to study the radial extent, structure (core and corona re-
gion), and evolutionary aspects of clusters. Since the projected
distribution of stars in a cluster follows a systematic distribution
from the center to the outer region, the center of the cluster was
estimated by convolving a Gaussian kernel with the stellar distri-
bution and taking the point of maximum density as the center.
This was performed for both axes to get the center coordinates of
the clusters. To determine the radial surface density the cluster
was divided into a number of concentric rings. The projected
radial stellar density in each concentric circle was obtained by
dividing the number of stars in each annulus by its area, and the
same is plotted in Figure 4 for various magnitude levels. The
error bars are derived assuming that the number of stars in each

annulus follows Poisson statistics. The extent of the cluster rcl is
defined as the point at which the radial density becomes constant.
The horizontal dashed line in the plots indicates the density of
contaminating field stars, which is obtained from the region out-
side (about 1.5 cluster radii) the cluster area.

To check whether the density distributions shown in Figure 4
(left panels) are affected by contamination due to field stars, we
selected a sample of stars near awell-definedmain sequence (MS)
in the color-magnitude diagram (CMD), as mentioned by Pandey
et al. (2001). The radial density distribution of the MS sample is
shown in Figure 4 (right panels). Both samples in general show
almost similar radial density profiles.

The observed radial density profile of the clusters was param-
eterized following the approach by Kaluzny&Udalski (1992) in
which the projected radial density �(r) is described as

�(r) / f0

1þ r=rcð Þ2
;

where the cluster’s core radius rc is the radial distance at which
the value of �(r) becomes half of the central density f0. The best

Fig. 4.—Radial density profiles of clusters Be 62, NGC 1528, NGC 1960, NGC 2287, NGC 2301, NGC 2323, NGC 2420, NGC 2437, and NGC 2548 for different
magnitude levels using the present optical and 2MASS data. The solid curve shows a least-squares fit of the King (1962) profile to the observed data points (see text).
The error bars represent 1/

ffiffiffiffi
N

p
errors. The dashed line indicates the density of field stars.

7 See http://www.univie.ac.at /webda /cgi-bin /frame_detail.cgi?ngc2548.
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fit obtained by a�2 minimization technique is shown in Figure 4.
Within uncertainties the King model (King 1962) reproduces
well the radial density profiles of the clusters studied in the pres-
ent work. Structural parameters obtained byfitting theKingmodel
surface density profile to the observed radial density profile of
MS stars with V < 18 mag are given in Table 5.

The majority of the clusters indicate an increase in core radius
when fainter clustermembers are included in the radial density pro-
file; however, two clusters, namely, NGC 1960 (log age �7.4)
and NGC 2437 (log age �8.4), yield a smaller rc toward fainter
magnitude, whereas clusters NGC 2301 ( log age �8.2) and
NGC 2420 ( log age� 9.3) do not show any significant change in

Fig. 4.—Continued
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core radius as a function of brightness of the cluster stars. The
radial stellar surface density profiles displayed in Figure 4 in-
dicate that field star contamination is not significant up to V �
18 mag; however, it increases significantly at V ¼ 20 mag. We
expect that for the sample brighter than V � 18 mag field star
contamination is not strong enough to smear the cluster prop-
erties and hence will have an insignificant effect in the results
derived below. The poor radial surface density profile in the case
of NGC 2287 is due to a lack of clustering in the object.

Recently, various authors have used TwoMicron All Sky Sur-
vey (2MASS) data to study the radial structures of open clusters
(Chen et al. 2004, hereafter C04; Bonatto & Bica 2005, hereafter
BB05). We also used 2MASS data to obtain the radial density
profile curve of the clusters studied in the present work, and the
same are shown in Figure 4 (bottom panels). The core radius rc
and extent of the cluster rcl of the target open clusters estimated
from the projected radial density profile for MS-band stars are
given in Table 5. Table 5 indicates that the rc and rcl obtained us-
ing the 2MASS data are larger, in some cases, than those ob-
tained from optical data. The error in rc obtained from 2MASS
data is also relatively large in comparison to that for optical data.
Various recent estimates of radii of target clusters are given in
Table 6, which indicates a fair agreement between the present
optical estimates and those by Nilakshi et al. (2002, hereafter
N02). To study various parameters, e.g., interstellar reddening,
age, or distance, in detail, we considered only those stars that are
inside the cluster extent as determined from the radial density
profile.

4.2. Isodensity Contours

It is well known that the internal interaction of two-body re-
laxation due to encounters among member stars and external
tidal forces due to the Galactic disk or giant molecular clouds in-
fluence the morphology of clusters. To study the effects of exter-
nal forces on the morphology of clusters, we obtained isodensity
contours for the sample of MS stars (V � 18 mag); the contours
are shown in Figure 5. The isodensity contours are least-squares
fitted with an ellipse to obtain the elongation of the corona of
the clusters. The elongation parameter ep is defined as ep ¼ b/a,
where a and b are the semimajor and semiminor axes of the
ellipse, respectively. The parameter ep for each cluster is given in
Figure 5; ep ¼ 1 indicates a spherical cluster. The fitting could
not be done in the case of Be 62 and NGC 1960. However, a
visual inspection of the density contours of these two clusters in-
dicates an elongated corona of the clusters. C04 have also reported
an elongated corona in the case of NGC 1960.

Figure 5 indicates that the outer regions (coronae) of six clus-
ters are found to be elongated. The elongated morphology in the
case of NGC 2287, NGC 2548 (Bergond et al. 2001, hereafter
B01), NGC 1893, Be 17, and NGC 2420 (C04) have already
been reported in the literature. The present results further support
the elongated morphology of the coronal regions of the clusters.

4.3. Interstellar Extinction

The extinction toward the clusters Be 62, NGC 1960, NGC
2301, and NGC 2323 was estimated using the (U � B; B� V )
two-color diagram (TCD) shown in Figure 6. We compared the
observed MS in the cluster region with the intrinsic MS to esti-
mate the value of reddening, E(B� V ). In Figure 6 we show the
intrinsicMS for Z ¼ 0:02 by Schmidt-Kaler (1982) shifted along
the reddening vectorwith a normal slope ofE(U � B)/E(B� V ) ¼
0:72. The interstellar extinction in the case of the other five clus-
ters (NGC 1528, NGC 2287, NGC 2420, NGC 2437, and NGC
2548) was estimated using the V /(B� V ) or V /(V � I ) CMDs
(cf. x 4.4). The estimated values of the E(B� V ) are given in
Table 7, which are in good agreement with those given in the
literature. Barring the cluster Be 62, all other clusters show a
uniform reddening across the cluster region. The reddening in
Be 62 varies from E(B� V )min ¼ 0:70 mag to E(B� V )max ¼
1:00 mag. The reddening for individual stars (Verror � 0:1 mag)
with spectral type earlier than A0 has also been derived using the
Q-method (Johnson & Morgan 1953).

To study the nature of the extinction law in the cluster region,
we used TCDs as described by Pandey et al. (2001, 2003). TCDs

TABLE 5

Structural Parameters of the Target Open Clusters, Estimated from the Projected Radial Density Profile of Main-Sequence Stars with V � 18 mag

Optical 2MASS

Cluster �2000:0 �2000:0 Core Radiusa Cluster Extenta Core Radiusa Cluster Extenta

Be 62...................................................... 01 01 15.5 63 56 17 2.2 (1.5) 10.0 (6.8) 2.5 (1.7) 12 (8.1)

NGC 1528.............................................. 04 15 24.2 51 15 23 8.3 (2.6) 15.0 (4.8) 18.5 (5.9) 24 (7.6)

NGC 1960.............................................. 05 36 20.8 34 08 31 3.2 (1.2) 14.0 (5.4) 3.8 (1.5) 21 (8.1)

NGC 2287.............................................. 06 45 58.7 �20 44 09 1.4 (0.3) 12.0 (2.5) 12.7 (2.6) 16 (3.3)

NGC 2301.............................................. 06 51 46.4 00 27 30 1.9 (0.5) 9.0 (2.3) 4.5 (1.1) 20 (5.1)

NGC 2323.............................................. 07 02 47.4 �08 20 43 6.5 (1.8) 17.0 (4.7) 6.7 (1.9) 22 (6.1)

NGC 2420.............................................. 07 38 24.8 21 34 30 1.4 (1.0) 10.0 (7.2) 1.3 (0.9) 9 (6.5)

NGC 2437.............................................. 07 41 58.1 �14 49 28 6.8 (3.0) 20.0 (8.8) 9.6 (4.2) 25 (11.0)

NGC 2548.............................................. 08 13 42.9 �05 46 37 1.5 (0.3) 8.0 (1.8) 2.4 (0.5) 8.0 (1.8)

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Values given in arcminutes, with values in parentheses in parsecs.

TABLE 6

Recent Estimates of Sizes of Target Clusters Available

in the Literature

K05 N02 C04 BB05

Name rc rcl rc rcl r1=3 rout Rcore Rlim

NGC 1528....... 8.4 26.4

NGC 1960....... 5.4 16.2 3.2 15.4 5.7 7.6

NGC 2287....... 9.6 30.0 4.7 30.1

NGC 2301....... 4.8 15.0 1.9 12.0

NGC 2323....... 6.0 22.2 2.6 16.7

NGC 2420....... 1.5 13.2 3.7 11.6

NGC 2437....... 7.2 22.8 5.2 26.6

NGC 2548....... 15.0 43.8 3.9 37.8

Note.—Sizes are in arcminutes.
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of the form (k� V ) versus (B� V ), where (k� V ) is one
of the wavelengths of the broadband filters (R, I, J,H,K, L), pro-
vide an effective method for separating the influence of the nor-
mal extinction produced by the diffuse interstellar medium from
that of the abnormal extinction arising within regions having a
peculiar distribution of dust sizes (e.g., Chini & Wargau 1990;
Pandey et al. 2000). The near-infrared (NIR) data have been
taken from 2MASS. For illustration, the TCDs for the clusters
Be 62, NGC 2420, and NGC 1960 are shown in Figure 7, and
slopes of the distribution,mcluster, in the cases of these three clus-
ters are given in Table 8.

The E(k� V )/E(B� V ) values in the cluster region are es-
timated using the following approximate relation

E(k� V )

E(B� V )
¼ mcluster

mnormal

E(k� V )

E(B� V )

� �
normal

;

as described by Pandey et al. (2003), where mcluster and mnormal

are the slope of the distribution in the cluster region and the slope
of the theoretical MS, respectively. The slopes of the theoreti-
calMS,mnormal , obtained from the stellar models by Bertelli et al.

Fig. 5.—Isodensity contours drawn for the target clusters. The x- and y-axes are in pixels. The inner and outer circles represent the core and cluster radius as obtained
in the present study. The dashed curve shows the least-squares fitted curve to the outer region of the clusters, and ep is the elongation parameter (see text).
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(1994), are also given in Table 8. The obtained slope mcluster

indicates that, barring Be 62 and NGC 2420, all other clus-
ters show a normal reddening law toward the cluster region. The
color excess ratios E(k� V )/E(B� V ) for Be 62 and NGC
2420 are smaller than the normal ones, which indicates that there

may be an anomalous reddening law toward these cluster re-
gions. Since Be 62 shows a differential extinction indicating that
the stars are still embedded in the parent molecular gas and dust,
an anomalous reddening law is expected in the cluster region.
The value of R toward the cluster Be 62 region is estimated to be
2:95� 0:12. However, anomalous reddening is quite surprising
in the case of NGC 2420, which is an old cluster having a uni-
form reddening across it. Keeping the large error in mind we
use a normal value of R for all the cluster regions in the ensuing
discussions.

4.4. Color-Magnitude Diagrams, Distances,
and Ages of the Clusters

CMDs for stars lying within a cluster region, as mentioned in
Table 5, are shown in Figure 8. The CMDs show a well-defined
MS. Barring Be 62, other clusters manifest a uniform redden-
ing in the cluster region, and the error in magnitude estimation is
�0.05 mag for stars with V � 18:0 mag. Therefore, we can con-
clude that the presence of probable binaries and field stars should
be the main cause for broadening of the MS in these clusters. In
the case of Be 62, variable reddening in the cluster region, along
with the presence of probable binaries and field stars, should be

Fig. 6.—(U � B; B� V ) color-color diagram for the stars within the region r � rcl of clusters Be 62, NGC 1960, NGC 2301, and NGC 2323. The solid curve
represents the intrinsic MS for Z ¼ 0:02 by Schmidt-Kaler (1982) shifted along the reddening vector of 0.72.

TABLE 7

The Estimated Parameters of the Target Clusters Obtained in the Present

Work Using Color-Color Diagrams and Color-Magnitude Diagrams

Cluster

E(B� V )

(mag)

Log Age

(yr)

Distance

(V �MV )

Distance

(kpc)

RG

(kpc)

Be 62................ 0.70Y1.00 7.2 14.0 2.32 9.98

NGC 1528........ 0.26 8.6 11.0 1.09 9.48

NGC 1960........ 0.22 7.4 11.3 1.33 9.82

NGC 2287........ 0.01 8.4 9.3 0.71 8.96

NGC 2301........ 0.03 8.2 9.8 0.87 9.25

NGC 2323........ 0.20 8.0 10.5 0.95 9.23

NGC 2420........ 0.04 9.3 12.1 2.48 10.76

NGC 2437........ 0.10 8.4 11.2 1.51 9.51

NGC 2548........ 0.03 8.6 9.5 0.77 9.02

Note.—To determine the galactocentric distances (RG) to the clusters, a value
of 8.5 kpc has been assumed for the galactocentric distance of the Sun.
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the cause of the broad MS. It is difficult to separate field stars
from the cluster stars; however, we can reduce the contamination
due to field stars if we restrict the sample to the central portion of
the cluster only.

We supplemented the present CCD data for some clusters with
the photoelectric photometry for bright stars available in the lit-
erature, as these bright stars were saturated even in the present
short-exposure frames. The distances and ages of the clusters
were obtained by visual fitting of isochrones by Bertelli et al.
(1994) for Z ¼ 0:02 to the blue envelope of the observed MS
except in the case of NGC 2420, for which we used isochrones
for Z ¼ 0:008, as Lee et al. (2002) have reported Z ¼ 0:009 for
the cluster NGC 2420. The fitted isochrones are shown in Figure 8.
Since extinction is uniform in the clusters under study except

Be 62, we used a mean value of E(B� V ) and the relations
E(U � B)/E(B� V ) ¼ 0:72, AV ¼ 3:1E(B� V ), E(V � R) ¼
0:60E(B� V ), and E(V � I ) ¼ 1:25E(B� V ) to fit the theo-
retical isochrones to the observations. In the case of Be 62 indi-
vidual reddening for stars earlier than A0 was obtained using the
Q-method, and the same was applied to get the intrinsic mag-
nitude and colors, whereas for other stars the mean reddening of
the nearby stars was applied to get the intrinsic magnitude and
colors. The unreddened CMDs, along with the fitted isochrones
in the case of Be 62, are shown in Figure 9. The ages and dis-
tances obtained for the target clusters are given in Table 8. The
(K; J � K ) CMDs for the clusters obtained from 2MASS data
are shown in Figure 10. The theoretical isochrones by Bertelli
et al. (1994) using the parameters obtained from the optical data

Fig. 7.—(I � V ), (J � V ); (H � V ), and (K � V ) vs. (B� V ) TCDs, within the cluster region (r � rcl), for the clusters Be 62, NGC 2420, and NGC 1960. The
dashed line shows a least-squares fit to the data.

TABLE 8

Slopes of TCDs for Clusters Be 62, NGC 2420, and NGC 1960

Cluster

Radius

(arcmin) (I � V )/(B� V ) (J � V )/(B� V ) (H � V )/(B� V ) (K � V )/(B� V )

Be 62.......................... <10 �0:99� 0:01 �1:78� 0:02 �2:29� 0:03 �2:49� 0:03

NGC 2420.................. <10 �0:97� 0:01 �1:69� 0:02 �2:32� 0:03 �2:40� 0:05
NGC 1960.................. <14 �1:13� 0:01 �1:97� 0:01 �2:44� 0:01 �2:56� 0:01

Normal valuea ............ . . . �1:10 �1:96 �2:42 �2.60

a See text.
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(cf. Table 7) are also plotted in Figure 10, which nicely follow the
observations. A comparison of previous estimates available in
the literature with the present estimates is given in Table 9.

5. RESULTS

We have determined the basic parameters of nine open clusters
by analyzing the color-color diagrams and CMDs of the clus-
ters. We assumed solar abundance for all the clusters except
NGC 2420, for which the metallicity is reported to be Z ¼ 0:009
by Lee et al. (2002). A discussion on individual clusters follows,
in which we have compared the radii of the clusters obtained in
the present study with those reported by N02, BB05, C04, and
Kharchenko et al. (2005, hereafter K05). The morphological pa-
rameters of the open clusters derived by N02 and K05 are based

on optical observations, whereas C04 and BB05 have used
2MASS data. In the subsequent sections we use the core radius rc
and cluster extent rcl obtained from the present optical, photo-
metric, and 2MASS data.

5.1. Be 62

The reddening E(B� V ), distance, and age for this cluster
have been estimated as 0.86 mag, 2:05� 0:24 kpc, and 10 Myr
by Forbes (1981) using photoelectric photometry, whereas Phelps
& Janes (1994), using CCD observations, reported E(B� V ) ¼
0:82 mag, a distance of 2.7 kpc, and an age of �10 Myr for this
cluster.

In Figure 8 (V ; B� V ), (V ; V � R), and (V ; V � I ) CMDs
for stars within the cluster region, i.e., rcl ¼ 10A0 (6.8 pc), are

Fig. 8.—V vs. (B� V ), (V � R), and (V � I ) CMDs for clusters Be 62, NGC 1528, NGC 1960, NGC 2323, NGC 2301, NGC 2287, NGC 2420, NGC 2437, and
NGC 2548. The isochrones by Bertelli et al. (1994) for solar metallicity and the indicated logarithmic age are also shown. The open circles represent photoelectric data
taken from the literature.
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presented. The CMDs of Be 62 show a broad MS that should be
due to variable reddening in the cluster region. To get unred-
dened CMDs, the reddening E(B� V ) for stars with spectral
type A0 or earlier has been calculated using the Q-method, and
these stars were dereddened individually. For the remaining stars
the average reddening of nearby stars was applied. The unred-
dened CMDs are shown in Figure 9. To calculate V0, a value of
R ¼ 3:1 is assumed. The distance and age of the cluster come out
to be 2.32 kpc and 16Myr ( log age = 7.2). The distance obtained
in the present work is in between the values of 2.05 and 2.70 kpc
reported by Forbes (1981) andPhelps& Janes (1994), respectively.

The core of the cluster, using the optical MS data, is estimated
to be�2A2� 0A3 (1:5� 0:2 pc). The 2MASS data give the value
for the core as�2A5� 1A0 (1:7� 0:7 pc). The optical and 2MASS
data yield the extents of the clusters as �100 (6.8 pc) and �120

(8.1 pc), respectively. The core and the coronal region of the
cluster are found to be elongated.

5.2. NGC 1528

The radial density profile of this cluster yields an extent rcl �
150 (4.8 pc) with a core radius rc � 8A3� 1A5 (2:6� 0:5 pc),
which is in agreement with the value (8A4) from K05; however,
the rcl obtained in the present work (�150) is significantly smaller
than the value (26A4) from K05. The radial density profile ob-
tained using the 2MASS data is quite noisy, and it yields a sig-
nificantly different value of rc (�18A5� 7A4; 5:9� 2:4 pc).
The CMDs of the cluster within rcl � 150 show a well-defined

but broad MS. Since the cluster has uniform reddening, the pres-
ence of binary stars is a probable reason for the broadening of the
MS. The CMDs show the turnoff of the MS, which can be fitted

Fig. 8.—Continued
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Fig. 8.—Continued

Fig. 9.—Unreddened CMDs for the cluster Be 62. The isochrone by Bertelli et al. (1994) for solar metallicity and log age = 7.2 is also shown.



nicely with isochrones of log age = 8.6 (400Myr) and Z ¼ 0:02.
The distance to the cluster comes out to be 1.09 kpc, which is
in agreement with those distances reported in the literature. The
isodensity curves shown in Figure 5 indicate that both the core
and the corona have elongated morphology.

5.3. NGC 1960 (M36)

This cluster situated in the constellation Auriga is reported
to have a diameter of 100 (Lynga & Palous 1987). Sanner et al.
(2000) reported a distancemodulus (m�M )0 ¼ 10:6� 0:2mag
(1318�120 pc), reddeningE(B�V ) ¼ 0:25� 0:02mag, age ¼
16þ10

�5 Myr, and metallicity Z ¼ 0:02 for the cluster.
The CMDs of NGC 1960 show awell-defined narrowMS. By

fitting the isochrones for log age ¼ 7:4 (25 Myr) to the stellar

distribution in the CMDs using E(B� V ) ¼ 0:22 mag, we ob-
tained a distancemodulus (m�M )V ¼ 11:3mag, corresponding
to a true distance modulus (m�M )0 ¼ 10:62 mag, or a distance
of 1.33 kpc. The estimated age, distance, and reddening in the clus-
ter region are in good agreement with the values obtained in ear-
lier studies (e.g., Sanner et al. 2000).
The core radius (rc � 3A2� 0A5; 1:2� 0:1 pc) and cluster ex-

tent (rcl � 140; 5.4 pc) obtained in the present study are in good
agreement with the values obtained by N02 (rc � 3A2; rcl �
15A4). The core radius (rc � 5A4) obtained by K05 is larger than
the present value. The cluster extent (rcl � 140) obtained in the
present work is in agreement with the value (�16A2) from K05,
whereas it is larger than that (�7A6) reported by C04. From
2MASS data, we obtained rc � 3A8� 0A6 (1:5� 0:2 pc) and

Fig. 10.—K vs. (J � K ) CMDs for target clusters obtained from 2MASS data. The isochrones by Bertelli et al. (1994) for the age obtained in the present work (cf.
Table 8) are also shown. The values of E(B� V ) and the distance modulus for the clusters have been adopted from Table 8.
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rcl � 210 (8.1 pc). The core of the cluster is rather spherically
symmetric, whereas the outer region of the cluster clearly shows
the effect of external forces.

5.4. NGC 2287 (M41)

Despite being a bright cluster, no CCD photometry is avail-
able for this cluster. This cluster has been studied for proper
motion (Ianna et al. 1987), radial velocity (Amieux 1988), and
spectroscopic properties (Harris et al. 1993). Battinelli et al.
(1994) and B01 have reported Rlim ¼ 4:0 pc (190) and Rtidal ¼
4:1 pc (20A3), respectively, for the cluster. K05 have reported
rc � 9A6 and rcl � 300. BB05 have estimated Rcore ¼ 1:1 pc (4A7)
and Rlim ¼ 7:0 pc (30A1). In the present study we found that
optical data for brighter limiting visual magnitudes (V � 14 mag)
and fainter limitingmagnitudes (V � 18mag)were yielding quite

different values for the morphology of the cluster. For the
brighter sample we obtained rc � 5A5� 0A9 (1:1� 0:2 pc) and
rcl � 170 (3.5 pc), whereas for the sample with V � 18 mag
these values were estimated as �1A4� 0A3 (0:3� 0:2 pc) and
�120 (2.5 pc), respectively. The radial density profile for 2MASS
data is quite noisy, with rc � 12A7� 3A8 (2:6� 0:8 pc) and
rcl � 160 (3.3 pc). For further study of the cluster, we assumed
rcl � 120 (2.5 pc). The morphology of the cluster indicates that
both the central region and outer region are elongated. The
center coordinates for the cluster reported by B01 are shifted
150 southwest of the ‘‘classical’’ coordinates given inWEBDA.
However, BB05 found the same coordinates for the center as
given in WEBDA, whereas in the present work we find a center
for the cluster shifted toward the north of the center as given in
WEBDA.

TABLE 9

Comparison of Estimates Available in the Literature with the Present Estimates

Cluster Observationsa
E(B� V )

(mag)

Distance

(pc)

Age

(yr) Reference

Be 62...................................... pe 0.86 2050� 240 107 Forbes (1981)

CCD 0.82 2704 107 Phelps & Janes (1994)

CCD 0.70 2320 1:6 ; 107 Present work

NGC 1528.............................. pg 0.28 603 4 ; 108 Francic (1989)

CCD 0.26 1090 4 ; 108 Present work

NGC 1960.............................. CCD 0:25� 0:02 1318� 120 16þ6
�5 ; 10

6 Sanner et al. (2000)

CCD 0.22 1330 2:5 ; 107 Present work

NGC 2287.............................. pg 0.00 661 2 ; 108 H61

1:7 ; 108 Barbaro et al. (1967)

pe 0.03 758 Eggen (1974)

pe 8 ; 107 Eggen (1975)

pe 0:01� 0:03 630 6:0� 107 Feinstein et al. (1978)

pe 740 108 Eggen (1981)

DDO 0:07� 0:02 752 (1:1� 0:4) ; 108 Pastoriza & Ropke (1983)

pe 0.00 675 Ianna et al. (1987)

pe 0:064� 0:042 700 2 ; 108 Harris et al. (1993)

CCD 0.01 710 2:5 ; 108 Present work

NGC 2301.............................. pe 0.04 840 Nissen (1988)

pg 0.04 794 Mohan & Sagar (1988)

0.05 692 2 ; 108 Napiwotzki et al. (1991)

DDO 0.04 855 Twarog et al. (1997)

CCD 0.05 832 2:5 ; 108 Kim et al. (2001)

CCD 0.03 870 1:6 ; 108 Present work

NGC 2323.............................. pg 780Y860 Trumpler (1930)

pg 500Y800 Shapley (1930)

pg 675 Collinder (1931)

pg 520 Rieke (1935)

pg 0.30 1210 Cuffey (1941)

pe 0.20Y0.26 1170 H61

pg 6 ; 107 Barbaro et al. (1969)

pg 0.33 995 1:4 ; 108 Mostafa et al. (1983)

0.04 750 (1� 1:4) ; 108 Lynga (1984)

pe 0.25 931 108 Claria et al. (1998)

CCD 0.22 1000 1:3 ; 108 Kalirai et al. (2003)

CCD 0.20 950 108 Present work

NGC 2420.............................. pe and pg 2900 1:2 ; 109 Sarma & Walker (1962)

pg 0.01 2400 West (1967)

pg 109 Cannon & Lloyd (1970)

pg and pe 0.02 1905� 11 (3:3� 0:5) ; 109 McClure et al. (1974)

pg 0.02 1900 4 ; 109 McClure et al. (1978)

CCD 0.05 2450 (3:4� 0:6) ; 109 Anthony-Twarog et al. (1990)

CCD 0.05 2450 2 ; 109 Lee et al. (2002)

CCD 0.04 2480 2 ; 109 Present work

NGC 2548.............................. pe 0.04 630 Pesch (1961)

CCD 0.03 770 4 ; 108 Present work

a Detector used: (pe) photoelectric; ( pg) photographic; (CCD) charge-coupled device; (DDO) David Dunlop Observatory photometric system.
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The CMDs of the clusters show a very well defined MS along
with a red giant clump. The distance and age for the cluster are
estimated to be 0.71 kpc and 250 Myr ( log age = 8.4), which are
in agreement with recent findings.

5.5. NGC 2301

A comparison of the theoretical isochrones with the obser-
vations yields a distance modulus (m�M )V ¼ 9:8 mag, which
corresponds to a true distance modulus (m�M )0 ¼ 9:71 mag,
or a distance of 0.87 kpc, and an age of 160 Myr ( log age = 8.2)
for the cluster. The age, distance, and reddening toward the clus-
ter region obtained in the present work are in good agreement
with those reported in the literature.

The estimated core radius (rc � 1A9� 0A3; 0:5� 0:1 pc) is in
good agreement with the value (rc � 1A9; 0.5 pc) from N02,
whereas it is significantly smaller than the rc � 4A8 by K05. The
extent of the cluster (�90; 2.3 pc) obtained in the present work is
smaller than that reported by N02 (120; 3.0 pc) and K05 (�150).
Here it is worthwhile to mention that the core radius (rc � 4A5�
1A0; 1:1� 0:2 pc) and cluster extent (rcl � 200; 5.1 pc) obtained
from the 2MASS data are almost double those values obtained
from the optical observations. The core and coronal region of the
cluster NGC 2301 are found to be highly elongated, indicating a
strong effect of external forces on the cluster.

5.6. NGC 2323 (M50)

The distribution of MS stars with V � 18 mag yields rc �
6A5� 1A5 (1:8� 0:4 pc) and rcl � 170 (4.7 pc). The core radius
obtained in the present study is larger than that obtained by N02
(2A6) but in agreement with that obtained by K05 (60). The extent
of the cluster is in agreement with that reported by N02 (16A7);
however, it is smaller than that reported by K05 (�22A2). The
2MASS data yield rc � 6A7� 1A3 (1:9� 0:4 pc) and rcl � 220

(6.1 pc). The radial density profile derived from optical and
2MASS data thus gives a comparable core radius. The core and
the coronal region of the cluster are found to be spherical.

The cluster NGC 2323 shows a well-defined MS toward the
brighter end (V � 15 mag). The effect of photometric error be-
comes significant toward the fainter end. A comparison of the
observations with the theoretical isochrones yields a distance of
0.95 kpc and an age of�100 Myr ( log age = 8.0) for the cluster.

5.7. NGC 2420

The BV and VI CCD photometry for the cluster NGC 2420
were carried out by Anthony-Twarog et al. (1990) and Lee et al.
(2002), respectively. Leonard (1988), using the star counts from
the Palomar Sky Survey, reported a quite large extent of �200

for the cluster. In the present work we find that optical data and
2MASS data indicate a radial extent of the cluster of�100 (7.2 pc)
and �90 (6.5 pc), respectively, which are in fair agreement with
those reported by C04 (�11A6) but smaller than those reported
by N02 (�13A2). The core radius is estimated to be 1A4� 0A1
(1:0� 0:1 pc), which is in agreement with that obtained by N02
(1A5). 2MASS data also yield nearly the same core radius,�1A3�
0A2 (0:9� 0:1 pc). The isodensity curves indicate a rather spher-
ical core and coronal regions of the cluster. C04 have obtained a
spherical core with an elongated coronal region of the cluster.

The CMDs within the cluster region displayed in Figure 8
show a well-defined MS. As can be seen in the CMDs, the con-
tamination due to field stars is almost negligible. TheCMDsmani-
fest a sequence of evolved stars that is nicely reproduced by the
theoretical isochrones for Z ¼ 0:008 and log age = 9.3 (2 Gyr).

The distance to the cluster is estimated to be 2.48 kpc, which is
in good agreement with the values reported by Anthony-Twarog

et al. (1990), Lee et al. (2002), and West (1967), whereas the
distance reported by McClure et al. (1974) is 1.9 kpc. Because
of its age and metallicity, NGC 2420 is an important object for
testing theoretical stellar evolution models.

5.8. NGC 2437 (M46)

The star-count peak obtained in the present work is shifted
by �30 east and �10 south from the center coordinates given in
WEBDA. The radial density profile obtained for optical, as well
as 2MASS, data shows a well-defined distribution of stellar den-
sity around the center of the cluster. However, the extent of the
cluster obtained for the two distributions differs. The rcl was es-
timated to be �200 (8.8 pc) and 250 (11.0 pc) for the optical and
2MASS data, while the corresponding values of rc are 6A8� 1A0
(3:0� 0:4 pc) and 9A6� 0A6 (4:2� 0:3 pc), respectively. The
values of rc reported by K05 and N02 are 7A2 and 5A2, respec-
tively. The corresponding rcl values are 22A8 and 26A6, respec-
tively. The core of the cluster is elongated, whereas the corona of
the cluster is found to have spherical symmetry.
The (V ; B� V ) and (V ; V � I ) CMDs for the cluster indi-

cate a broad andwell-definedMS. The effect offield star contam-
ination and errors is clearly visible toward the fainter end (V >
15 mag). A few stars in the red giant clump region can also be
noticed. Using E(B� V ) ¼ 0:10 mag we obtain a distance of
�1.51 kpc and an age of �250 Myr ( log age = 8.4) for the clus-
ter. Since the cluster is of intermediate age and there is no indi-
cation of parental molecular gas and dust, the broad MS may be
due to the presence of binary stars.

5.9. NGC 2548 (M48)

The point of maximum stellar density, i.e., the adopted cen-
ter of the cluster, is found south (�1A6) of the center given in
WEBDA. The center reported by BB05 is in excellent agreement
with that obtained in the present work. However, B01 obtained
the center of this cluster farther south (�1A4) than the coordinates
obtained in the present work. The extent of the cluster is reported
to be 4.8 pc (21A5) and 8.8 pc (37A8) by B01 and BB05, respec-
tively. K05 have reported a significantly larger value (43A8) for
the cluster extent. The core radius rc is reported as 3A9� 0A9
(0:9� 0:2 pc) by BB05, whereas K05 reported a significantly
larger value for the core, rc � 150. In the present work we found
rc � 1A5� 0A2 (0:3� 0:1 pc) and�2A4� 1A5 (0:5� 0:3 pc) for
the optical and 2MASS data respectively, whereas the extent
of the cluster for both of the samples is found to be�80 (1.8 pc).
The elongated morphology of the coronal region of the cluster

TABLE 10

Parameters for Target Clusters for a Mass-limited Sample

with MV � 7 mag

Name Corea Clustera f0
b

Be 62c .............................. 2.8 (1.9) 14.0 (9.5) 3.0 (6.6)

NGC 1528........................ 8.3 (2.6) 15.0 (4.8) 1.7 (16.9)

NGC 1960........................ 3.5 (1.4) 14.0 (5.4) 2.8 (18.7)

NGC 2287........................ 1.0 (0.2) 12.0 (2.5) 2.2 (51.6)

NGC 2301........................ 1.7 (0.4) 9.0 (2.3) 3.9 (60.9)

NGC 2323........................ 7.2 (2.0) 17.0 (4.7) 2.5 (32.7)

NGC 2420........................ 1.4 (1.0) 10.0 (7.2) 19.8 (38.1)

NGC 2437........................ 8.3 (3.6) 20.0 (8.8) 3.5 (18.1)

NGC 2548........................ 1.7 (0.4) 8.0 (1.8) 1.4 (27.9)

a Values given in arcminutes, with values in parentheses in parsecs.
b Central density of clusters, given in stars arcmin�2, with values in pa-

rentheses in stars pc�2.
c This sample is for MV � 6 mag.
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indicates that the cluster structure has been affected by a signif-
icant amount of external forces.

The cluster shows a well-defined narrow MS in the (V ; V �
I ) CMDwith a few evolved stars on the giant branch. The shape
of the turnoff point is that of a typical intermediate-age open
cluster and can be nicely explained by an isochrone with Z ¼
0:02 and age�400Myr ( log age = 8.6). The distance to the clus-
ter is estimated to be 0.77 kpc.

6. DISCUSSION AND SUMMARY

6.1. The Evolution of the Cores and Coronae of Clusters

The isodensity curves shown in Figure 5 indicate that the co-
ronal regions of the six clusters show an elongated morphology.
The youngest cluster of the present sample, Be 62 (log age = 7.2),
has an elongated core, whereas NGC 1960 ( log age = 7.4) has a
somewhat spherical core. On the other hand, the core of the clus-
ter NGC 2548 (log age = 8.6) shows an elongated morphology,
whereas the core of NGC 2420, the oldest cluster in the present

sample ( log age = 9.3) shows rather a spherical symmetry. C04
have also reported a spherical core in the case of NGC 2420. On
the basis of the present small homogeneous data sample it is not
possible to establish any correlation between age and shape of
the core. However, C04 found that the core tends to circularize as
a star cluster ages. It seems that initial morphology of the open
cluster at the time of formation of the cluster is governed by the
initial conditions in the parent molecular clouds (C04), because
the observed shapes of molecular cloud cores also show highly
elongatedmorphology (Curry 2002; Gutermuth et al. 2005). C04
suggested that the later evolution of the cluster may be governed
by both internal gravitational interaction and external tidal forces.

Danilov & Seleznev (1994) showed that the parameters
� (=R1 /R2) and � (=N1 /N2) follow the relationship � / �0:35,
where R1 and R2 are the radii of the cluster core and halo and N1

andN2 are the number of stars in the core and halo. This relation-
shipmay be caused by an approximate equality between the rates
of transfer of stars from the core to the corona and vice versa as a
result of stellar encounters (Danilov 1997). In order to study the

TABLE 11

Parameters of Previously Studied Clusters

Name

Log Age

(yr)

Distance

(kpc)

RG

( kpc) Core Radiusa Cluster Radiusa Limiting Magnitudeb Reference

NGC 663.............................. 7.2 2.4 10.19 3.9 (2.7) 17.5 (12.2) 4.6 1

NGC 1912............................ 8.5 1.4 9.89 4.5 (1.8) 14.0 (5.7) 6.5 2

NGC 7654............................ 8.2 1.4 9.12 3.8 (1.6) 11.7 (4.8) 4.5 3

NGC 654.............................. 7.3 2.4 10.18 0.9 (0.6) 3.7 (2.6) 5.3 1

NGC 1907............................ 8.5 1.8 10.33 2.0 (1.1) 6.0 (3.1) 5.0 2

King 5 .................................. 9.0 1.9 10.09 0.8 (0.4) 2.8 (1.6) 5.0 4

King 7 .................................. 8.8 2.2 10.46 1.1 (0.7) 2.9 (1.9) 3.4 4

Be 20.................................... 9.7 9.0 17.11 0.6 (1.6) 2.5 (6.6) 3.9 4

a Values given in arcminutes, with values in parentheses in parsecs.
b Upper limit for MV.
References.— (1) Pandey et al. 2005; (2) Pandey et al. 2006; (3) Pandey et al. 2001; (4) Durgapal & Pandey 2001.

Fig. 11.—(a) The rc /rcn vs. nc /ncn diagram and (b) the rc /rcl vs. nc /ncl diagram for the clusters. The circles and triangles represent data taken from the present study
and previous studies, respectively. The values rc; rcn (= rcl � rc), and rcl represent core radius, corona size, and cluster extent, respectively, and nc , ncn, and ncl represent
the number of stars in the core, corona, and entire cluster, respectively. The solid curve represents the relation rc /rcn / (nc /ncn)

0:35 (cf. x 6). The arrow indicates the
revised location of NGC 1528 (see text).
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core-corona structure we selected a mass-limited sample, since
the evolution of clusters, their stability, and their parameters de-
pend on the mass of the cluster (e.g., Pandey et al. 1991; BB05).
We estimated various parameters for the target clusters for a
mass-limited sample with MV � 7 mag, and these are given in
Table 10. In the case of Be 62, it is not possible to estimate the
parameters forMV � 7 mag (V � 21 mag); we used parameters
obtained for V � 20 mag (MV � 6 mag) for further analysis.
Data for a few clusters studied earlier by us have been taken from
the literature, and relevant parameters for the clusters are given in
Table 11. In Figure 11 we plot rc /rcn versus nc /ncn and rc /rcl ver-
sus nc /ncl diagrams for the target clusters, where rc, rcn (=rcl �
rc), and rcl represent the core radius, the size of the corona, and
the cluster extent, respectively, and nc, ncn, and ncl represent the
number of stars in the core, corona, and cluster, respectively. Fig-
ure 11a indicates that the clusters under study except NGC 1528
follow the relation rc /rcn / nc /ncnð Þ0:35, as suggested by Danilov
& Seleznev (1994). The anomalous location of NGC 1528 in Fig-

ure 11 is probably due to the large error in estimating the core
radius because of the noisy radial density profile. If we take the
core radius obtained from all star radial density profiles as shown
in Figure 4, the cluster follows the expected relation shown in Fig-
ure 11. Danilov & Seleznev (1994) carried out simulations of iso-
lated cluster dynamics and found that the parameters � and �
obtained from simulations also follow the relation � / �0:35. They
concluded that the evolution of the core and corona of the clusters
are mainly controlled by internal relaxation processes.
In Figure 12 we plot various structural parameters of the clus-

ters, given in Tables 10 and 11, that indicate that rc has a good
correlationwith rcn and rcl. Similarly, rc, rcn, and rcl indicate a lin-
ear correlation with the number of stars in the core, corona, and
entire cluster in the sense that a larger core and corona can accom-
modate a larger number of stars. The central density f0 decreases
exponentially with an increase in core radius. In Figure 13 var-
ious structural parameters from Tables 10 and 11 are plotted as a
function of age that indicate that in the age range 10Y1000 Myr,

Fig. 12.—Correlation between various structural parameters of the clusters. The symbols are the same as in Fig. 11.
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the core and extent of the cluster seem to shrink with age. In the
case of less-massive clusters, the work of BB05 (their Fig. 7g)
also indicates a similar correlation between age and core radius
for clusters with age �1000 Myr. Because of the above corre-
lation between age and core/corona radius, the projected surface
densities in the core (�c) and corona (�cn) are higher for inter-
mediate-age and old (100Y1000 Myr) clusters as compared to
younger clusters. The same trend can be noticed in Figures 7i and
7l of BB05 for less massive clusters. The concentration param-
eter rcl /rc is plotted as a function of age in Figure 13, indicating
no trend with age. N02 have also concluded the same.

Figure 13 also indicates that the core and corona of the two
oldest open clusters in the present sample (age >109 yr), namely,
NGC 2420 (rc ¼ 1:0 pc, rcl ¼ 10 pc) and Be 20 (rc ¼ 1:6 pc,
rcl ¼ 6:6 pc), are found to be relatively larger than the expected
value of rc (�0.5 pc) and rcl (�2 pc) at age �109 yr. These
clusters are located at large distances (NGC 2420: z ¼ 844 pc;
Be 20: z ¼ �2700 pc) from the Galactic plane. The large coro-
nae of NGC 2420 and Be 20 probably indicate that these

clusters may be in the process of disintegration, as suggested by
C04.

The dependence of cluster sizes on galactocentric distances
RG is displayed in Figure 14. A vertical dashed line is drawn to
delineate the sample of clusters with RG < 10 kpc and RG >
10 kpc. The figure indicates that in the range 9 kpc < RG <
10 kpc, the core, corona, and total cluster size increase with the
galactocentric distance. The study of N02 also indicates a similar
correlation between cluster size and RG for RG > 9 kpc.

6.2. Summary

This paper analyzes homogeneous wide-field CCD data of
nine open clusters (ages in the range of 16 Myr to 2 Gyr) taken
from the Kiso Schmidt telescope. Based on the well-defined
(U � B; B� V ) TCD and CMDs, we estimated the reddening
toward the cluster region, distance, and age of the target clusters.
The structural parameters for the target clusters were obtained
using the projected radial density profile. Most of the clusters
show an increase in core radius when faint cluster members are

Fig. 13.—Various structural parameters of clusters as a function of age. The symbols are the same as in Fig. 11.

WIDE-FIELD CCD PHOTOMETRY AROUND OPEN CLUSTERS 1689No. 4, 2006



included in the sample. The radial structure of all clusters can be
well explained byKing’s (1962) empirical model. The target clus-
ter sample indicates an elongated core for young (Be 62, log age =
7.2), as well as for intermediate-age, open clusters (NGC 2548,
log age = 8.6). C04 mentioned that the clusters have a tendency
toward spherical shapes away from the disk, particularly in the
case of old systems, due to internal dynamical relaxation. How-
ever,wefind that the relatively young clusterNGC1960 (log age=
7.4, z ¼ 24 pc) has a rather spherical core.

The present sample of clusters follows the relation rc /rcn /
nc /ncnð Þ0:35, as suggested by Danilov & Seleznev (1994). It is
found that the core radius and corona size/cluster radius are

linearly correlated. It is also found that in the age range 10Y
1000 Myr, the core and corona of the cluster shrink with age. In
the galactocentric distance range 9Y10 kpc, the core and corona/
cluster extent of the clusters increase with galactocentric distance.
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structive comments. This work is partly supported by the Depart-
ment of Science and Technology, India, and the Japan Society for
the Promotion of Science, Japan. A. K. P. is thankful to the staff
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