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ABSTRACT

UBVRI CCD photometry in a wide field around two young open clusters, NGC 663 and 654,
has been carried out. He and polarimetric observations for the cluster NGC 654 have also
been obtained. We use the photometric data to construct colour—colour and colour—magnitude
diagrams, from which we can investigate the reddening, age, mass and evolutionary states of
the stellar contents of the these clusters. The reddening across the cluster regions is found to
be variable. There is evidence for anomalous reddening law in both clusters; however, more
infrared and polarimetric data are needed to conclude about the reddening law. Both clusters are
situated at about a distance of 2.4 kpc. Star formation in both clusters is found to be a continuous
process. In the case of NGC 663, star formation seems to have taken place sequentially, in the
sense that formation of low-mass stars precedes the formation of most massive stars. Whereas,
in the case of NGC 654, formation of low-mass stars did not cease after the formation of most
massive stars in the cluster.

Key words: stars: formation — stars: luminosity function, mass function — dust, extinction —

galaxies: star clusters.

1 INTRODUCTION

Star clusters are useful objects to study the star formation process. To
understand the star formation process, it is necessary to know how
the star formation proceeds in star clusters and whether the stellar
mass distribution that arises from the fragmentation of molecular
cloud is the same for different molecular clouds. It is also important
to study whether the star formation process depends on the local
conditions of the different parts of the Galaxy. Among various tools,
the initial mass function (IMF) is one of the most important tools to
study the above-mentioned questions. One of the major uncertainties
in the studies of the IMF is the issue whether the IMF is universal
or determined by environmental effects. Scalo (1998) cited much
evidence that does not support a universal IMF; on the other hand,
Kroupa (2001) does not find convincing evidence for a variable
IMF.

Dynamical evolution and mass segregation can have a significant
effect on the radial structure as well as on the shape of the present-
day mass function (MF) of open clusters (see, for example, Pandey
etal. 2001). Although, as per standard theory where stars in clusters
evolve rapidly towards a state of energy equipartition through stellar
encounters, consequently mass segregation — in the sense that more
massive stars tend to lie near the centre — is well accepted. However,
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observations of mass segregation in very young clusters (e.g. Pandey,
Mahara & Sagar 1992; Hillenbrand 1997) suggest that in the case
of a few young clusters the mass segregation may be the imprint of
star formation process itself.

An important study to explore the star formation history and IMF
of young open clusters was by Phelps & Janes (1994, hereafter
PJ94), who observed 23 open clusters in the Cassiopeia region and
estimated IMFs for eight young clusters (Phelps & Janes 1993).
However, most studies of open clusters, including those of Phelps
& Janes (1993) and PJ94, are based on the central region of the star
clusters. A recent study of the structure of open clusters by Nilakshi
et al. (2002) indicates that most open clusters have extended region
(known as corona). Pandey, Mahara & Sagar (1990) also support
the existence of corona around open clusters. The corona of star
clusters, which usually contains faint and low-mass stars, has not
been studied in detail because of the non-availability of photometry
of stars in that region. We have undertaken a CCD photometric
study of a large area around open clusters using the 2K x 2K CCD
mounted on the 105-cm Schmidt telescope of the Kiso Observatory,
which gives a ~50-arcmin? field, and the 1K x 1K CCD mounted
on the 104-cm telescope of the State Observatory, Nainital, which
gives a ~6-arcmin’ field. The first paper of the programme was on
the cluster NGC 7654 (Pandey et al. 2001), which indicates that a
uniform MF cannot be applied for different regions in the cluster.
In this paper, we present wide field CCD photometry carried out
around young open clusters, NGC 663 and 654.
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The open cluster NGC 663 (a0 = 01°46™09%, 85000 =
61°1406”,1 = 129246, b = —0299, Trumpler class I13r) is located
in the Cassiopeia region. The central region of the cluster NGC
663 has been studied widely by various authors. The UBV pho-
tographic/photoelectric photometries have been reported by (Hoag
et al. 1961, hereafter H61), McCuskey & Houk (1964), Moffat &
Vogt (1974) and van den Bergh & de Roux (1978), whereas Tapia
etal. (1991) carried out near-infrared and Strémgren photometry of
the central part of NGC 663. PJ94 have reported UBV CCD pho-
tometry of the cluster in a field of ~19.5 x 19.5 arcmin”. Recently,
Pigulski, Kopacki & Kolaczkowski (2001, hereafter PO1) have re-
ported a BV(RI)c Ha photometry for a 14 x 20 arcmin® field of
the cluster NGC 663.

The open cluster NGC 654 (ca000 = 01"'44™00%, 8000 =
61°53'06", 1 = 129209, b = —0235, Trumpler class I12r) is located
near NGC 663 in the Cassiopeia region. The cluster has been studied
photometrically several times (e.g. Pesch 1960, H61, McCuskey &
Houk 1964; Moftat 1972; Samson 1975; Stone 1980; Joshi & Sagar
1983, hereafter JS83). The CCD photometry of the NGC 654 in a
field of ~6.6 x 6.6 arcmin® was carried out by PJ94.

The radial density profiles for the clusters NGC 663 and 654,
derived by Nilakshi et al. (2002) using the Digitized Sky Survey
(DSS), indicate diameters of ~27 and ~20 arcmin, respectively.
None of the studies reported earlier covers the entire region of the
clusters. This present study is an effort to study the clusters NGC
663 and 654 in detail.

2 OBSERVATIONS AND DATA REDUCTION

2.1 NGC 663

The CCD UBVI data were acquired in 1999 November using the
2048 x 2048 pixel> CCD camera mounted on the 105-cm Schmidt
telescope of the Kiso Observatory. At the Schmidt focus (f/3.1)
each pixel corresponds to 1.5 arcsec and the entire chip covers a
field of ~50 x 50 arcmin® on the sky (for details, see Pandey et al.
2001). The FWHM of the star images was ~4 arcsec. The log of
observations is given in Table 1. A number of bias and dome flat
frames were also taken during the observing runs. To standardize the
observations, we generated secondary standards in the field of NGC
663 by observing SA 98 field of Landolt (1992) using the 104-cm
Sampurnanand telescope of the State Observatory, Naini Tal.

2.2 NGC 654

The CCD BVI: and Ha observations were carried out in 1993
October-November and in 1998 December, respectively, using the
1024 x 1024 pixel*> CCD camera mounted on the f/13 Cassegrain
focus of the 104-cm Sampurnanand telescope of the State Observa-
tory, Naini Tal. In this set-up, each pixel of the CCD corresponds to
0.37 arcsec and the entire chip covers a field of ~6 x 6 arcmin® on
the sky. To improve the signal-to-noise (S/N), the observations were
taken in the binning mode of 2 x 2 pixel. The FWHM of the star
images was ~2 arcsec. The log of observations is given in Table 1.
A number of bias and twilight flat-field frames were also taken
during the observing runs. The standardization of observations was
carried out using the Landolt (1992) stars.

2.3 Blank field

A common blank field (~6 x 6 arcmin?) in the VI passband at
a distance of ~40 arcmin towards the north from the centre of
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Table 1. Log of observations.

Cluster Filter Exposure No. of Date

time (s) frames (yyyy.mm.dd)

NGC 663 U 60 9 1999.11.03

U 180 9 1999.11.03

B 20 8 1999.11.03

B 60 3 1999.11.03

\% 10 8 1999.11.03

\% 60 3 1999.11.03

1 10 12 1999.11.03

1 60 8 1999.11.03

NGC 654 B 60 3 1993.10.09

North-west B 600 4 1993.10.09

Vv 30 3 1993.10.09

\% 300 3 1993.10.09

R 20 3 1993.10.09

R 150 3 1993.10.09

I 20 3 1993.10.09

1 150 3 1993.10.09

Ho 300 3 1998.12.09

Ha 1200 3 1998.12.09

NGC 654 B 60 3 1993.10.09

North-east B 600 4 1993.10.09

\%4 30 3 1993.10.09

\% 300 3 1993.10.09

R 20 3 1993.10.09

R 150 3 1993.10.09

1 20 3 1993.10.09

I 150 3 1993.10.09

Ho 300 3 1998.12.09

Ha 1200 3 1998.12.09

NGC 654 B 60 3 1993.11.10

South-east B 600 4 1993.11.10

\% 30 3 1993.11.10

Vv 300 4 1993.11.10

R 20 3 1993.11.10

R 150 3 1993.11.10

1 20 3 1993.11.10

I 150 3 1993.11.10

Ha 300 3 1998.12.09

Ha 900 3 1998.11.12

NGC 654 B 60 3 1993.11.10

South-west B 600 4 1993.11.10

Vv 30 3 1993.11.10

\% 300 4 1993.11.10

R 20 3 1993.11.10

R 150 3 1993.11.10

1 20 3 1993.11.10

1 150 3 1993.11.10

Ha 300 3 1998.12.09

Ho 900 3 1998.11.12

Blank field Vv 30 3 1993.10.16

\% 300 3 1993.10.16

1 10 3 1993.10.16

1 300 3 1993.10.16

NGC 663 and ~30 arcmin towards the east from the centre of NGC
654 was also observed. The observations were carried out on 1993
October 16 using the 1024 x 1024 pixel> CCD camera mounted on
the f/13 Cassegrain focus of the 104-cm Sampurnanand telescope
of the State Observatory, Naini Tal. The log of observations is given
in Table 1.
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Table 2. The photometric data of the stars in the field of NGC 663. X, Y
are the pixel coordinates. Radius is with respect to the centre X =934, Y =
887.

No. X Y Vv U-B B-V V-1 Radius
(arcsec)
1 932,13 886.73 17.527 - 1.051 1.490 2.834
2 92844 880.90 15.581 0.531 0.707 0.933 12.381
3 93342 876.60 18.738 - 1.194  1.700 15.624
4 94196 896.79  20.424 - 1.302 2.974 18.927
5 94592  893.09 20.378 - - 2.140 20.078

The image processing was carried out at the State Observa-
tory, Naini Tal, using the European Southern Observatory (ESO)
MIDAS software package. Different clean frames of same exposure
time and filters were co-added. The photometric measurements of
the stars were performed using the DAOPHOT Il profile fitting soft-
ware. The stellar images were well sampled and a variable point
spread function (PSF), evaluated from several uncontaminated stars
present in the frame, was applied. When brighter stars were satu-
rated on deep-exposure frames, their magnitudes were taken from
short-exposure frames. Stars brighter than V ~ 10 could not be
measured in both clusters because they were saturated even in the
short-exposure frames. The image parameters and errors provided
by DAOPHOT were used to reject poor measurements. The photo-
metric data along with position of the stars measured in the cluster
are given in Tables 2 and 3 for the clusters NGC 663 and 654, re-
spectively; these are available in electronic form only. The format
of the table is shown below. The DAOPHOT errors and the differ-
ence of input and output magnitudes of the artificial stars (gener-
ated using the ADDSTAR routine; see Section 4) were used to es-
timate the observational errors at each magnitude bin. The larger
mean value of the error at each magnitude bin obtained by us-
ing the above-mentioned methods is adopted and these are given
in Table 4.

3 COMPARISON WITH THE PREVIOUS
PHOTOMETRIES

Figs 1 and 2 display a comparison of the present CCD photometry
with the previous reported photoelectric photometry (NGC 663 and
654 by H61; NGC 654 by JS83) and CCD photometry (NGC 663
and 654 by PJ94; NGC 663 by PO1). The difference A(present data
— literature) is plotted as a function of V magnitude in Figs 1 and 2
for NGC 663 and 654, respectively, and statistical results are given
in Table 5.

In the case of NGC 663, the comparison indicates the following.

(i) The V magnitudes obtained by us are in agreement with those
given by PJ94, whereas the V magnitudes obtained by us are fainter
by ~0.1 mag in comparison to those obtained by H61. The V

Table 4. Average photometric errors (o) as a function brightness in the
cluster region.

Magnitude range oy OB oy oOR or
NGC 663 <14 0.02 0.02 0.02 0.03
14-15 0.02 0.03 0.03 0.04
15-16 0.03 0.03 0.04 0.04
16-17 0.03 0.04 0.04 0.05
17-18 0.04 0.04 0.04 0.06
18-19 0.06 0.04 0.06 0.08
19-20 0.09 0.06 0.09 0.11
NGC 654 <14 0.01 0.01 0.01 0.01
14-15 0.01 0.01 0.01 0.02
15-16 0.01 0.01 0.02 0.02
16-17 0.02 0.02 0.03 0.03
17-18 0.03 0.02 0.05 0.04
18-19 0.04 0.03 0.06 0.05
19-20 0.06 0.05 0.07 0.08
20-21 0.08 0.09 0.09

magnitudes of brighter stars (V < 15) obtained in the present work
are in agreement with those given by PO1. However, the V magni-
tudes of stars fainter than V ~ 15 show a trend with increasing V
magnitude, in the sense that present estimation becomes fainter.

(ii) The (B—V) colours given by PJ94 are in good agreement with
those obtained in the present work, whereas the (B—V') colours given
by H61 are redder by ~0.1 mag. The (B—V') colours for stars V <
14 obtained in the present work are bluer than those given by PO1.
The (B-V) colours given by PO1 show a blueward trend in A(B-V)
with increasing V magnitude.

(iii) The (U-B) colours given by H61 are reddened by
~0.04 mag in comparison to those obtained in the present work.
The (U-B) colour for stars V < 15 given by PJ94 are in good
agreement with the (U-B) colour obtained in the present work.
However, (U-B) colours for stars having V > 15, given by PJ94,
show a blueward trend in A(U-B) with increasing V magnitude.

(iv) The (V-I) colours reported by PO1 show a blueward trend
in A(V-I) with increasing V magnitude.

A comparison of various published photoelectric and photo-
graphic measurements of NGC 654 have been carried out by Hues-
tamendia, del Rio & Mermelliod (1993). A comparison of present
CCD photometry with the CCD photometry of PJ94 and photoelec-
tric photometry of JS83 indicates the following.

(i) The V magnitudes obtained in the present study are in good
agreement with those reported by PJ94, whereas the V magnitudes
(11 < V < 15) given by JS83 are fainter by ~0.08 in comparison
to the V magnitudes obtained in the present study.

(i) The (B-V) colours given by PJ94 for 11 < V < 18 and by
JS83 for stars having 11 < V < 15 are in agreement with those

Table 3. The photometric data of the stars in the field of NGC 654. X, Y are the pixel coordinates. Radius is with respect to the centre X = 425, Y = 500.

NO. X Y \% B-V V-R V-1 Ha R-Ha Radius
(arcsec)

1 416.37 497.51 17.237 1.039 0.656 1.088 16.676 —0.095 8.982
2 429.17 511.96 18.143 1.412 1.126 2.035 17.181 —0.164 12.666
3 425.62 486.56 14.272 0.903 0.402 1.059 14.268 —0.399 13.454
4 438.32 503.32 15.196 0.913 0.461 1.195 14.833 —0.098 13.728
5 440.32 492.42 12.108 0.724 0.476 1.038 11.621 0.011 17.093
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Figure 1. Comparison of the present CCD photometry of NGC 663 with
the photoelectric photometry by H61 and with the CCD photometries by
PJ94 and PO1.
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Figure2. Comparison of the present CCD photometry of NGC 654 with the
photoelectric photometry by JS83 and with the CCD photometry by PJ94.

obtained in the present work. However, (B—V') colours given by
PJ94 for stars fainter than V ~ 18 are redder in comparison to those
obtained in the present work.

4 COMPLETENESS OF THE
PHOTOMETRIC DATA

The incompleteness in the data may occur for various reasons (e.g.
crowding of the stars). A quantitative evaluation of the complete-
ness of the photometric data with respect to the brightness and the
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position on a given frame is necessary because it is necessary to con-
vert the observed luminosity function (LF) to a true LF. We used the
ADDSTAR routine of DAOPHOT II to determine the completeness factor
(CF). The procedure has been outlined in detail in our earlier work
(Pandey et al. 2001). Briefly, we randomly added artificial stars to
both V and 7 images in such a way that they have similar geomet-
rical locations but differ in / brightness according to mean (V-I)
colour of the main-sequence (MS) stars. The luminosity distribution
of artificial stars is chosen in such a way that more stars are inserted
towards the fainter magnitude bins. The frames are rereduced us-
ing the same procedure used for the original frame. The ratio of the
number of stars recovered to those added in each magnitude interval
gives the CF as a function of magnitude. The minimum value of the
CF of the pair (i.e. V- and /-band observations), given in Table 6, is
used to correct the data for incompleteness. The incompleteness of
the data increases with increasing magnitude as expected.

5 RADIAL STRUCTURE OF THE CLUSTER

The area covered by present CCD observations is sufficiently large
for studying the radial structure of the clusters. The stellar distri-
bution in a £40-pixel-wide strip around the eye estimated centre is
plotted along both X and Y directions to determine the cluster cen-
tre. The point of maximum density obtained by fitting a Gaussian
curve is considered as the centre of the cluster. The (X, Y) pixel co-
ordinates of the cluster centre are found to be (934, 887) and (425,
500) for NGC 663 and 654, respectively. An error of a few pixels is
expected in locating the cluster centre.

The cluster region is divided into a number of concentric circles
to determine the radial surface density of stars. The projected radial
stellar density in each concentric circle is obtained by dividing the
number of stars in each annulus by its area. Densities thus obtained
are plotted for different magnitude levels in the left panels of Figs 3
and 4 for the clusters NGC 663 and 654, respectively. The error
bars are derived assuming that the number of stars in a concentric
annulus follows the Poisson statistics.

The CO observations of this region indicate that both NGC 663
and 654 are in front of a molecular cloud (Leisawitz, Bash &
Thaddeus 1989). This suggests a lack of background field stars.
However, the radial density profiles shown in the left panels of
Figs 3 and 4 may be affected by the presence of foreground field
stars. The effect of field stars can be minimized by selecting a sam-
ple of probable MS stars lying in between the blue and red envelopes
of the MS, as described by Pandey et al. (2001). To select such a
sample, we defined blue and red envelopes of the MS as described
in Section 7.1. The radial density distribution of the MS sample is
also shown in the right panels of Figs 3 and 4 for NGC 663 and 654,
respectively. The horizontal dashed line in each plot indicates the
density of the blank field, as discussed in Section 2.

The radial density distribution of stars having V < 16.0, in the
case of NGC 663, indicates that the extent of NGC 663 is about
17.5 arcmin with a core radius, defined as the radius at which the
surface density drops to half of its central value, of about 3.9 arcmin.
The radial density distribution of stars having V < 19 and V < 20
indicates a presence of extended corona, which is completely absent
in the radial density distribution of stars with V < 16.0. The excess
of faint stars (V > 19), showing almost same density distribution in
both the samples, indicates an extent of the cluster up to 30 arcmin.
The density of stars in the coronal region increases as we go towards
the fainter end. Stars having V ~ 19 (i.e. My ~ 4.6) will have mass
~1 Mg and should not have reached the MS. They will lie towards
the red side of the MS. Because the sample of probable MS stars also
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Table 5. Comparison of the present CCD photometry with the available photometries in the literature. The difference A(present — literature) is in magnitude.

Mean and o are based on N stars in a V-magnitude bin.

V range AV A(B-V) A(U-B) A(V-I)
Mean + o N Mean + o N Mean + o N Mean £ o N
NGC 663
H61
11.0-12.0 0.120 £ 0.256 3 —0.085 + 0.088 3 —0.053 + 0.009 2
12.0-13.0 0.077 £ 0.054 2 —0.087 + 0.087 2 —0.032 £+ 0.064 2
13.0-14.0 0.074 £ 0.036 6 —0.087 + 0.037 6 —0.009 % 0.060 6
14.0-15.0 0.101 £ 0.098 2 —0.125 + 0.053 2 —0.080 + 0.000 1
15.0-16.0 —0.329 + 0.000 1 0.067 £ 0.000 1 0.021 £ 0.000 1
PJo4
11.0-12.0 0.025 £0.113 7 0.231 £ 0.408 6 0.204 £ 0.650 5
12.0-13.0 0.070 £ 0.259 42 —0.030 + 0.142 42 —0.009 % 0.089 31
13.0-14.0 —0.108 + 0.984 52 0.004 £ 0.385 52 —0.040 £+ 0.480 31
14.0-15.0 —0.032 + 0.544 97 0.006 £ 0.163 97 0.019 £ 0.137 72
15.0-16.0 0.020 £ 0.299 171 0.026 £ 0.207 169 0.083 £ 0.184 118
16.0-17.0 —0.014 £ 0.343 200 0.024 £ 0.149 197 0.101 £ 0.133 132
17.0-18.0 —0.003 + 0.349 201 —0.002 + 0.153 199 0.043 £ 0.135 26
18.0-19.0 —0.053 £ 0.238 272 —0.017 £ 0.164 264
19.0-20.0 0.057 £ 0.277 317 —0.081 + 0.227 180
PO1
11.0-12.0 0.104 £0.124 7 —0.134 + 0.100 6 —0.022 + 0.242 7
12.0-13.0 0.031 £0.329 45 —0.058 £ 0.112 44 0.021 £0.179 45
13.0-14.0 0.091 £ 0.200 57 —0.014 £ 0.185 52 0.065 £ 0.111 57
14.0-15.0 0.012 £ 0.385 110 —0.008 + 0.163 103 0.062 + 0.070 110
15.0-16.0 0.105 £ 0.579 177 0.013 £ 0.211 153 0.062 £+ 0.169 177
16.0-17.0 0.152 £ 0.404 217 0.095 £ 0.207 105 0.112 £ 0.241 217
17.0-18.0 0.189 £ 0.333 161 0.147 £ 0.218 8 0.124 £ 0.217 161
NGC 654
JS83
11.0-12.0 —0.035 £ 0.067 3 0.011 £0.043 3
12.0-13.0 —0.135 £ 0.083 —0.030 + 0.037 7
13.0-14.0 —0.098 + 0.097 11 —0.026 + 0.087 11
14.0-15.0 —0.037 £ 0.131 11 0.012 £0.112 11
15.0-16.0 0.413 £ 0.356 —0.406 + 0.460
PJ94
11.0-12.0 —0.055 £ 0.050 3 0.037 £ 0.048 3
12.0-13.0 —0.031 £ 0.037 10 —0.018 + 0.029 10
13.0-14.0 —0.071 £ 0.069 15 0.001 £ 0.057 15
14.0-15.0 —0.123 £ 0.356 30 —0.015 £ 0.094 29
15.0-16.0 —0.034 + 0.070 45 —0.023 + 0.089 44
16.0-17.0 —0.055 £+ 0.223 63 —0.049 + 0.119 63
17.0-18.0 —0.035 £ 0.097 81 —0.002 + 0.180 76
18.0-19.0 —0.001 + 0.094 116 —0.061 + 0.140 109
19.0-20.0 —0.015 £ 0.093 99 —0.089 + 0.213 95
20.0-21.0 —0.073 £ 0.151 41 —0.043 + 0.259 22

shows an excess of faint stars, it poses an interesting question for
the age spread in the cluster. Although the width of the MS strip is
~0.8 in (V-I) colour (see Fig. 13) it seems unlikely that the sample
of stars having V < 19.0 is mainly comprised of pre-main-sequence
(PMS) stars.

For the cluster NGC 654, Fig. 4 indicates almost the same radial
distribution for different magnitudes bin levels. The density distri-
bution of stars does not show any excess of low-mass stars in the
outer region, as in the case of NGC 663.

To parametrize the radial density profiles at different limiting
magnitude levels, we follow the approach by Kaluzny & Udalski
(1992). Because of low S/N ratio in the star counts of open clusters,
itis not an easy task to constrain the tidal radius of cluster using the

empirical model of King (1962). We describe radial density p(R)
as

fo
Lt (r/ro?

where r. is the core radius (the radius at which the surface density
falls to half of the central density f,). In the case of NGC 663, we
fit the above function to the observed radial density profile of stars
having V < 16. The fit was performed for the data that lie within
radii 17.5 and 30 arcmin. These two limits were selected because
the first (i.e. » = 17.5 arcmin) represents cluster extent for brighter
stars, whereas the other value of radius (30 arcmin) represents the
extent of distribution of faint coronal stars (V > 19). Both data sets

P(R) o
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Figure 3. The radial variation of the projected stellar density of NGC 663
for different magnitude levels. Dashed lines show the density of field stars.
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Figure 4. Same as Fig. 3, but for NGC 654.

give identical radial density profile with . ~ 3.9 arcmin. The value
of core radius obtained in the present work is in agreement with
that obtained by Nilakshi et al. (r, = 3.75 arcmin) using the DSS.
Because the radial density distribution of stars having V > 19/20
shows an excess of stars in the coronal region of the cluster (r >
17.5 arcmin), we performed the fit for the data having r <
17.5 arcmin. The best fit obtained by the x> minimization tech-
nique is shown in Fig. 3. The value of r. is found to be ~4.2 £+
0.5 arcmin. This indicates that core size of the cluster NGC 663
does not change for the distribution of faint (i.e. low-mass) stars.
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For the cluster NGC 663, P]94 estimated the outer radius R, = 4.4
arcmin with Rywyy = 2.7 arcmin, which are significantly smaller
than the values obtained in the present work.

To study the cluster properties in detail we divided the cluster
NGC 663 into three subregions as the core (r < 4.2 arcmin) and
outer region (4.2 < r < 17.5 arcmin). A subsample of the data
having r < 10 arcmin was also studied to compare our results with
those obtained by PJ94.

The function (equation 1) was fitted to the observed radial density
profile of NGC 654. The best fit obtained by the x> minimization
technique is shown in Fig. 4. The value of core radius r. is found to
be 0.9 £ 0.1 arcmin and the extent of the cluster NGC 654 is esti-
mated to ~3.7 arcmin. For the cluster NGC 654, PJ94 have obtained
Ry = 3.3 arcmin and Rywpwm = 1.4 arcmin, which are comparable
to the values obtained in the present work. However, Stone (1980)
obtained the extent of the core and corona of the cluster as 4 and
16 arcmin, respectively, which are significantly larger than the values
obtained in the present work and in PJ94. The core radius obtained
by Nilakshi et al. (2002) is in good agreement with that obtained
here, whereas the cluster extent obtained by them (~10 arcmin)
is greater than the value obtained in the present work. The clus-
ter properties are studied in detail in two subregions having r <
0.9 arcmin (core) and 0.9 < r < 3.7 arcmin (outer region).

6 INTERSTELLAR EXTINCTION

6.1 Reddening

The CO observations of this region indicate that the clusters NGC
663 and 654 are in front of a molecular cloud (see Leisawitz et al.
1989; PJ94). In the literature, the reported values of E(B-V') range
from 0.70 to 1.00 mag (Leisawitz et al. 1989; PJ94; PO1) and 0.70
to 1.20 mag (PJ94) for the clusters NGC 663 and 654, respectively.

The (U-B)/(B-V) two-colour diagram (TCD), for the three sub-
regions of NGC 663 mentioned in Section 5, is shown in Fig. 5,
where we plot the data only for those stars which have Vo <
0.05. This figure is used to estimate the reddening E(B-V) in the
three regions. In Fig. 5, an unreddened MS for z = 0.02 by Bertelli
et al. (1994) is shifted along a normal reddening vector [i.e. E(U—-
B)/E(B-V) = 0.72] to match the observations and a mean red-
dening of E(B-V) ~ 0.75 is estimated in the cluster region. In the
cluster region, reddening E(B-V) varies from 0.62 to 0.95, indicat-
ing a variable reddening in the cluster region. This indicates that the
cluster has emerged from its parent clouds in the recent past.

The reddening in the cluster NGC 654 varies from E(B=V )y, ~
0.75 mag to E(B=V ) ~ 1.15 mag (JS83; PJ94). In the case of
NGC 654, Samson (1975) claimed that the stars within the radius
~3 arcmin were less reddened than those located outside this radius.
Huestamendia et al. (1993) confirmed the trend found by Samson
(1975).

6.2 Spatial variation of reddening

The spatial distribution of interstellar matter within the clusters can
be studied with the help of the (U-B)/(B-V) TCD. Fig. 5 indicates
a variable reddening in the NGC 663 region. Reddening E(B-V)
varies in the inner region from 0.65 to 0.85 mag, whereas in the
outer regions the reddening varies from 0.62 to 0.95 mag. Thus,
the differential reddening AE(B-V) = E(B—=V)max — E(B=V)min
varies from 0.20 mag in the inner region to 0.33 mag in the outer
region.
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Figure 6. The radial variation of the reddening £(B-V') (lower panel) and
the cumulative distribution of two subgroups of stars (upper panel) in the
NGC 663 cluster region. The error bars represent standard errors.

The reddening for individual stars (V ¢y < 0.05), having spec-
tral type earlier than AO, has been derived using the Q-method
(Johnson & Morgan 1953). Because we do not have U-band ob-
servations for NGC 654, we used the U-band observations given by
PJ94. The distribution of reddening as a function of radial distance
is shown in lower panel of Figs 6 and 7 for NGC 663 and 654,
respectively, which indicates a deficiency of reddening material in
the central region of both clusters.

We divided the sample of NGC 663 into two groups: one for
stars having E(B-V) < 0.80 and the other having E(B-V) > 0.80.
Similarly, two subgroups, E(B-V) < 1.0 and E(B-V) > 1.0, were
made for the cluster NGC 654. The cumulative distribution of these
subsamples as a function of radial distance is plotted in upper panel
of Figs 6 and 7 for the clusters NGC 663 and 654, respectively. A
Kolmogorov—Smirnov test confirms the trend in both clusters at a
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Figure 7. Same as Fig. 6, but for NGC 654.

confidence level better than 99 per cent that the stars close to the
centre are less reddened than those located in the coronal region of
the cluster.

6.3 Reddening law

6.3.1 NGC 663

Using the colour excess E(V-K) and E(B-V), Tapia et al. (1991)
have found weak evidence for an anomalous reddening law with a
value of Rjuseer (total to selective extinction in the cluster region) =
2.73 £ 0.20, which is marginally lower than the normal value
of 3.1, although the scatter in their data is too large to conclude
about the value of R ;. Yadav & Sagar (2001) reported values for
E(A-V)/E(B-V), which are significantly smaller than the normal
ones.
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In a detailed analysis (Pandey et al. 2003) using the E(A -V)/E
(B-V) and (A-V)/(B-V) diagrams, we have studied the reddening
law in the NGC 663 cluster region and found a marginally higher
than normal value for R jyger (=3.38 £ 0.34). We have also found that
the V /(U-B) colour-magnitude diagram (CMD) does not support
anormal value for the reddening vector X = 0.72. Because the error
in the estimation of Ry 1S quite large, we prefer a normal value
of R juser in the NGC 663 region for further analysis.

6.3.2 NGC 654

Using the variable extinction analysis, Turner (1976) and Stone
(1980) found values of R e of (2.9 & 0.2) and (2.9 + 0.6), re-
spectively. Sagar & Yu (1989) concluded that at wavelengths greater
than 5500 A, the extinction is normal. The presence of unusually
well-aligned interstellar grains indicated by the polarization mea-
surements seems to increase the extinction in U and B slightly.
Sagar & Yu (1989) found a colour-excess ratio E(V-K)/E(B-V)=
2.53£0.28, whichyields Repseer [1.1 X E(V-K)/E(B-V)=2.78 +
0.31]. In a recent work, Pandey et al. (2003) found a value of R jser
(2.98 £ 0.15), which, within the error, is close to the normal value
of 3.1. Most of the reported values indicate a lower value of R jyser
in the NGC 654 region, although the reported errors are quite large
to conclude the reddening law in this region.

The dust causing the reddening is also a source of polarization.
Interstellar polarization has long been attributed to the partial align-
ment of non-spherical grains by the galactic magnetic field (Davis &
Greenstein 1951). Observations of polarization give information
on both the size and the composition of the grains. Serkowski,
Mathewson & Ford (1975) have shown that the wavelength of max-
imum linear polarization, Any,y, 1S a characteristic grain size pa-
rameter. As the value of A, is expected to vary with mean grain
radius, a correlation with the ratio of total-to-selective extinction,
R = Ay/E(B-V), is implied. Serkowski et al. (1975) obtained a
dependence of X, on R as R = 5.5A mux (Amax in pm). Whittet &
van Breda (1978) further refined the dependence as R = (5.6 £0.3)
)"max~

Photographic polarimetric measurements of NGC 654 were first
made by Samson (1976), who found the cluster stars to be polar-
ized parallel to the galactic plane. To study the behaviour of dust
grains and extinction law in the cluster region, we have carried
out multiwavelength polarimetric observations of seven stars in the
BVRI bands (A, = 0.44 um, Ay, = 0.53 um, Ag, = 0.70 um,
Az = 0.83 um). The observations were carried out between 1992
October and 1993 January, with a fast star and sky chopping po-
larimeter (Jain & Srinivasulu 1991) at the Cassegrain focus of the
1.02-m telescope at the Vainu Bappu Observatory (VBO), Kavalur,
of the Indian Institute of Astrophysics. The instrumental polariza-
tion was determined by observing unpolarized reference stars from
Serkowski (1974) and its average was found to be ~0.1 per cent.

Table 6. CF of photometric data in the clusters NGC 663 and 654, and the
field region.

V range NGC 663 NGC 654 Field region
13-14 1.00 1.00 100
14-15 0.99 1.00 100
15-16 0.98 1.00 100
16-17 0.95 1.00 100
17-18 0.91 0.99 0.99
18-19 0.84 0.97 0.97
19-20 0.68 0.96 0.96
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It was subtracted vectorally from the measured polarization of the
programme stars. The zero of the polarization position angle was
determined by observing the polarized standard stars (Hsu & Berger
1982).

Table 7 lists the percentage of polarization (P} ), the position an-
gle of the electric vector (6;) in the equatorial coordinate system
and their respective mean errors for each filter. Star identifications
are taken from JS83. The membership determination was made on
the basis of JS83 and Sagar & Yu (1989), and these are indicated in
Table 7. Non-member stars 57 and 137 both have relatively lower
values of polarization (Py ~ 2 per cent). Star 161 also shows a
similarly low polarization (Py ~ 2 per cent). Its cluster member-
ship probability is also low (48 per cent). It is also characterized
by a relatively low value of reddening [E(B-V) = 0.28]. This star
is likely to be a non-member star in the foreground. The cluster-
member stars (9, 68, 109, 111) show relatively larger polarization
(>3 per cent). The polarization position angle is nearly the same
(6y =~ 94°) for all the member stars, while the percentage polariza-
tion shows considerable variation (Py ranges from 3.03 to 4.47 per
cent). This differential polarization may be related to the differential
extinction across the cluster. It is also to be noted that the mean po-
larization position angle (8 =~ 94°) for the cluster-member stars is
systematically different from the mean position angle (6, ~ 104°)
for the non-members. These position angles may be representa-
tive of the magnetic field directions in the spiral arms in the galactic
disc, the non-cluster member stars being polarized by the interstellar

Table 7. Polarimetric observations of stars in NGC 654.

Star \% Membership Filter P; 65
mag probability (per cent)
9 933 92 B 2.00 £ 0.47 98 £7
\% 3.03+£0.16 92+2
R 2.68 £0.11 94 +1
I 231+£0.17 98 £2
57 947 90 B 216+036  97+5
1% 203+£0.15 102+2
R 148 £0.14 98+3
1 125+£026 97+6
68  9.56 84 B 4.18 £0.70 85+5
Vv 447 +0.19 95+1
R 3.78 £0.11 94 +1
1 3.4240.18 95+2
109 10.62 90 B 386+£022 9242
Vv 382+£006 96+1
R 3.23 £0.05 96 + 1
1 3.00 £ 0.07 95+1
111 7.32 86 B 337+£026 93+2
\% 3.76 £ 0.09 93+1
R 3324+006 93+1
1 2.78 £0.08 93+1
137 10.86 0 Vv 2534+£032 106 +4
R 203+£0.18 114+3
I 1.51+£029 111+6
161 9.87 48 14 200£021 104+3
R 1.94£0.17 110+2
1 1.81+£029 103+5

“Non-members (see Sagar & Yu 1989).
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Table 8. Polarization results in NGC 654.

Star® Pnax Mmax E(B-V)®b E(V-K)*
no. per cent (pm) (mag) (mag)
9 2.94 +0.30 0.53 4+ 0.05 0.75 2.26

57¢ 2.234+0.16 0.39 + 0.02 0.31 0.78
68 436 +0.30 0.50 & 0.03 0.93 -
109 3.77 £0.27 0.50 £ 0.03 1.05 2.29
111 3.73+£0.10 0.50 + 0.02 0.93 233

137¢ 276 £0.10 0.41 +0.01 1.26 -
161 2.02 +0.07 0.59 + 0.02 0.28 0.64

“Sagar & Yu (1989). bJS83. “Non-member.

dust in the local Orion arm, and the cluster-member stars being po-
larized by dust primarily in the Perseus arm about 2 kpc away.

From the observation of amount polarization in several passbands,
we can compute the wavelength at which maximum polarization oc-
curs. This wavelength A ., is a function of the optical properties and
characteristic particle size distribution of aligned grains (McMillan
1978). Amax (in pm) at which P .« (in per cent) occurs have been
calculated by fitting the observed polarization in the BVRI bands to
the standard Serkowski polarization law

P)\/Pmax = eXP[—k lnz()‘max/)‘)]’

and adopting k = 1.15. Table 8 lists P ,x and A, for seven stars.
Colour excess E(B-V) and E(V-K) values have been taken from
Sagar & Yu (1989). The mean X, value for member stars is found
to be 0.50 £ 0.03, which is smaller than the usual value (0.545 +
0.04 pm). As Ay is proportional to grain radius (Greenberg 1968),
Amax indicates that the grains associated with NGC 654 are smaller
than those in the general interstellar medium.

It is well known (Hiltner 1956) that for the diffuse interstellar
medium the polarization efficiency (ratio of the maximum amount
of polarization to visual extinction) cannot exceed the empirical
limit
Puax < 3Ay 23R E(B-V).

The ratio P ./ E(B-V) depends mainly on the alignment effi-
ciency, the magnetic field strength and the amount of depolarization
due to the radiation traversing more than one cloud with different
field directions. As can be seen in Fig. 8, where P, values for
the observed stars are plotted as a function of E(B-V), none of the
stars lies to the left of the interstellar maximum line. This situation
indicates that the observed polarization is most likely due to the dif-
fuse interstellar material. In the lower part of the plot, non-members
stars 57 and 161 lie close to the limiting line, indicating a maximum
polarization efficiency. The observations of the stars of NGC 654
in Fig. 8 are well bounded by the line P ,,/E(B-V) ~ 5 per cent
mag~' drawn in the figure as a dotted line. This indicates a relatively
low polarization efficiency. The mean polarization of member stars
of NGC 654 is found to be P, = 3.73 = 0.17 per cent, whereas
mean polarization for field stars is estimated as 2.26 4= 0.09 per cent.
Fosalba et al. (2002) have studied the galactic interstellar polariza-
tion and found that polarization degree P per cent depends on the
galactic longitude and can be represented by the following relation:
P percent~ 1.3 0.9 sin (2] 4+ 180°). For the position of NGC 654
(I = 129209), the polarization degree is found to be ~2.2 per cent,
which is in good agreement with the value (2.26 + 0.09 per cent)
obtained in the present work for the field stars towards the direction
of NGC 654.

The parameters Ay, and Ry are related to the mean size of the
particles responsible for polarization and extinction, respectively,
at visible wavelengths. If the extinction is dominated by aligned

5.0~ , ]

40F , —

3.0 T .
L / 0137 i

Pmax
N

2.0~

0o — ‘0‘4‘ ‘ ‘0?8‘ ‘ ‘1?2‘ ‘ ‘1?6‘ ‘
E(B-V)
Figure 8. Polarization efficiency diagram for stars in the NGC 654 clus-
ter region. Member stars shown by filled circles. The solid line represents
optimum efficiency (9.3 per cent mag~!) in the general interstellar medium
assuming Ry = 3.1. The dashed line represents an efficiency of ~5 per cent
mag~!.

component of grains whose size distribution is correlated with the
environment that of the polarizing grains, then A, and Ry or
E(V-K)/E(B-V) are correlated. In Fig. 9 we plot A, as a func-
tion of E(V-K)/E(B-V)for five stars. The dashed lines display the
boundaries of the distribution of stars given by (Whittet & van Breda
1978, see their fig. 1). The member stars of NGC 654 are well inside
the boundaries of the distribution by Whittet & van Breda (1978),
whereas the non-members do not follow the relation. This indicates
that the grains in NGC 654 that produce optical polarization con-
tribute significantly to the optical extinction. Whittet & van Breda
(1978) deduced that the ratio of total-to-selective extinction Ry and
the wavelength of maximum polarization A, are correlated by the
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Figure 9. Plot of A, versus Ry for five stars in the NGC 654 region.
Member stars are shown by filled circles. The dashed lines represent the
boundaries of the distribution of stars given by Whittet & van Breda (1978).
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equation Ry = (5.6 £ 0.03)X . Following the above relation, Ry
for the cluster is found to be 2.80 % 0.15. The colour-excess ratio
by Sagar & Yu (1989) gives E(V-K)/E(B-V) = 2.53 + 0.28.
Following the relation Ry 1.1 E(V-K)/E(B-V) (Whittet &
van Breda 1978), the value of Ry for NGC 654 region is found
to be 2.78 4+ 0.31. Pandey et al. (2003) have found a value of
2.97 £+ 0.30 for Ry in the NGC 654 region. The value of mean A«
(0.50 = 0.03), and consequently the value of Ry obtained in the
present work and those obtained by Sagar & Yu (1989) and Pandey
et al. (2003), indicate that the dust grains associated with NGC
654 are smaller than those associated with the general interstellar
medium.

7 COLOUR-MAGNITUDE DIAGRAMS

7.1 NGC 663

The stars in the NGC 663 region show a well-defined but broad MS
in the CMDs, displayed in Fig. 10. The effect of foreground field
stars is seen as we move towards the outer region. The absence of
background stars (i.e. blueward of the MS) supports the CO obser-
vations that NGC 663 is located in front of a molecular cloud. As
we have discussed earlier (see Section 4), the fact that the cluster
region shows a variable reddening, apart from the photometric er-
rors, presence of field stars and binaries should be a main cause of
broadening of the MS.

Inner region

Intermediate

Stellar contents of NGC 663 and 654 1299

7.2 NGC 654

Fig. 11 shows a well-defined MS in the CMDs of two subregions of
NGC 654 as defined in Section 5. The presence of foreground field
stars is clearly visible in the outer region of the cluster. There are no
background field stars seen in the CMDs, which indicates that the
cluster NGC 654 may be located in front of a molecular cloud. This
conclusion is consistent with radio observations by Leisawitz et al.
(1989).

7.3 Blank field

The V, (V-I) CMD for the blank field covering an area of ~6 x
6 arcmin? is shown in Fig. 12, which indicates that the CMDs of
NGC 663 and 654 cluster regions have significant contamination
towards the fainter end due to field stars.

7.4 Cluster membership

To study the LF/MEF, it is necessary to remove field star contami-
nation from the sample of stars in the cluster region. Membership
determination is also crucial for assessing the presence of PMS
stars, because PMS stars and dwarf foreground stars both occupy
similar positions above the zero-age main sequence (ZAMS) in the
CMD. In the absence of a proper motion study, we used the statis-
tical criterion to estimate the number of stars in the cluster region.
The contamination due to field stars is greatly reduced if we select
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Figure 10. The CMDs in the three subregions of the cluster NGC 663. The isochrone by Bertelli et al. (1994) for solar metallicity and log age = 7.4 is also

shown.
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Figure 11. The CMDs in the two subregions of the cluster NGC 654. The isochrone for log age = 7.0 and PMS isochrones for 1 and 10 Myr are also shown.

a sample of stars which are located near the well-defined MS. We
define blue and red envelopes for the MS on the V /(V-I) CMD
for stars lying within the cluster boundary, and these are shown in
Fig. 13 for both the clusters. The same envelopes were used for the
blank field region V /(V-I) CMD to estimate contamination in the
cluster region due to the presence of field stars. After normalizing
the area, we can find the number of field stars present per unit area
in each magnitude bin. The number of probable cluster members in
the subregions of the cluster was obtained by subtracting the contri-
bution of field stars (corrected for data incompleteness) from each
magnitude bin of the contaminated sample of MS stars (also cor-
rected for data incompleteness). The statistics is given in Table 9. As
expected, field star contamination increases from the inner region
to the outer region.

7.5 Age and distance
7.5.1 NGC 663

Because most of the bright stars are saturated even on our short-
exposure frames, we are unable to derive from our observations the
turn-off age for the cluster. Using the photoelectric photometry by
H61 for bright stars, PJ94 reported an age spread of ~13—15 Myr in
star formation, with some stars having been formed as recently as
~10-12 Myr ago. Data compiled by Leisawitz (1988) give a median

age of ~20 Myr for NGC 663. Recently, PO1 have also reported the
age of the cluster in the range 20-25 Myr. We have overplotted an
isochrone for Z = 0.02 and log age = 7.4 by Bertelli et al. (1994) for
E(B-V)min = 0.65 in Fig. 10 and found a distance modulus (m —
My) = 14.40 £ 0.10. While fitting the isochrones, the colour-excess
ratio E(U-B)/E(B-V) = 0.60 was used (for details, see Pandey
et al. 2003), whereas a normal value of E(V-I)/E(B-V) = 1.25
was used.

In Fig. 14 we have plotted the dereddened CMD for the cluster
stars in the region having r < 4.2 arcmin to reduce the contamination
due to field stars. The dereddened magnitude V, = (V — Ay) has
been obtained for a normal extinction law (i.e. R = 3.1). The data
for bright stars have been taken from H61. Post-main-sequence stars
indicate an age spread in star formation of ~10-15 Myr with a
mean age ~13 Myr. It is interesting to mention that the statistics
about probable MS cluster members given in Table 9 indicates that
~1-M; stars are on the MS. The time required by ~1 M, to reach
the MS is ~50 Myr. If the statistics is true, the cluster NGC 663 may
have even larger age spread with low stars formed much earlier.

The apparent distance modulus (m — My) = 14.40 & 0.10 and
E(B-V)mean = 0.80, for a normal reddening law (i.e. Ry = 3.1),
corresponds to a distance of 2.42 £ 0.12 kpc. The age and distance
obtained in the present work are in good agreement with those re-
ported in previous studies.
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Figure 12. The V, (V-I) CMD of the blank field region. The isochrone for log age = 7.0, shifted for (m — M) = 14.7 mag (solid curve) and 14.4 mag (dashed
curve) is also shown.
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Figure 13. The V, (V-I) CMD for stars lying within the cluster boundary with blue and red envelopes delimiting the MS stars (see text).
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Table 9. LF for the subregions of clusters NGC 663 and 654. n. and n¢ are the number of stars (corrected for the data incompleteness) in the subregions of
the clusters and the number of expected field stars, respectively, and n,, is number of probable cluster member. The intermediate region, in the case of NGC
663, also includes the inner region (see text).

Cluster Range Inner region Intermediate region Outer region ‘Whole region
V mag ne ng np Ne ng np Ne ng np ne ng np
NGC 663 10-11 2.0 0.0 2.0 3.0 0.0 3.0 2.0 0.0 2.0 4.0 0.0 4.0
11-12 4.0 0.0 4.0 8.0 0.0 8.0 13.0 0.0 13.0 17.0 0.0 17.0
12-13 22.0 00 220 420 0.0 42.0 49.0 0.0 49.0 71.0 0.0 71.0
13-14 24.0 3.1 20.9 60.0 17.4 42.6 84.0 50.3 33.7 108.0 535 54.5
14-15 37.4 4.7 32.7 104.0 26.2 77.8 189.9 75.4 114.5 227.3 80.2 147.1
15-16 66.3 14.2 52.1 183.0 78.5 104.5 327.6 226.3 101.3 393.9 240.5 153.4
16-17 76.8 17.3 59.5 246.0 78.5 167.5 603.2 276.6 326.6 680.0 294.0 386.0
17-18 84.6 60.4 24.1 393.0 322.7 70.9 1094.5 965.6 128.9 1179.0 1026.2 152.9
18-19 1179 796 383 5140  436.1 77.9 17476 1269.9 4777 1865.5  1349.5 516.0
19-20 142.6 93.6 49.0 796.0 505.9 290.1 2720.6 1493.7 1226.9 2863.2 1587.4 1275.8
NGC 654 11-12 1.0 0.0 1.0 3.0 0.0 3.0 4.0 0.0 4.0
12-13 4.0 0.0 4.0 5.0 0.0 5.0 9.0 0.0 9.0
13-14 6.0 0.1 59 9.0 2.3 6.7 15.0 2.4 12.6
14-15 8.0 0.3 7.7 21.0 4.6 16.4 29.0 4.9 24.1
15-16 8.0 0.6 7.4 41.0 10.4 30.6 49.0 11.0 38.0
16-17 11.0 0.7 10.3 56.0 12.8 432 67.0 13.5 53.5
17-18 8.1 2.5 5.6 79.1 43.4 35.7 87.2 45.9 413
18-19 21.7 34 18.3 105.5 58.6 46.9 1272 61.9 65.3
membership probability of 0.92 is considered. The compilation of
4 - N Leisawitz (1988) gives an age ranging between 15 and 40 Myr.
L . An isochrone of log age = 7.0 having solar metallicity is over-
| | plotted on the CMDs shown in Fig. 11. We find a good fit for the
blue envelope of the MS for E(B-V )i, = 0.82 and distance mod-
| | ulus (m — M) = 14.7 £ 0.1. A normal value for colour-excess ratio
8 7 E(V-I)/E(B-V) = 1.25 was used. The CMDs indicate that stars
F 1 having V ~ 17.0 mag (My ~ 2.3, mass ~1.7 M) have already
L i reached the MS, whereas stars having V > 17.0 mag can be seen
. | | on the PMS. The statistics of stars, having V > 18.0, in the cluster
. as well as field region, is shown in Fig. 15, which manifests a sig-
12 - N nificant number of cluster members on the PMS stage. Here, it is
r ] interesting to mention that the stars brighter than V ~ 15 in the cen-
H . tral region are away from the isochrones, whereas in the outer region
| ) the brighter stars nicely follow the isochrone of 10 Myr. Keeping in
mind that the stars in the central region are less reddened (Section
16 — - . .1 . .
6.2), Fig. 11 indicates that the stars in the central region are older
[ )l than those in the outer region.
F 1 The spectra of PMS stars often show emission in the Balmer lines,
L | ] particularly in Ho. The PMS stars in the young open clusters can
R be detected using the (R-Hea)/(V-I) and V /(R-He) diagrams as

V(B—V)D

Figure 14. The dereddened V ,, (B—V), CMD for the stars within the clus-
ter region (r < 4.2 arcmin) of NGC 663. The isochrones for solar metallicity
by Bertelli et al. (1994) for various ages have also been plotted. The data for
bright stars have been taken from H61 (open circles). A correction of A =
0.1 and A(B-V) = —0.09 was applied to H61 data (see Table 5).

7.5.2 NGC 654

The bright stars could not be observed also in the case of NGC 654.
Supplementing their CCD data with the photoelectric observation
of bright stars by JS83, PJ94 reported a time spread of star forma-
tion in NGC 654 of at least ~20 Myr with a mean age of about
15 Myr. Star formation time may be longer if another star having

suggested by Sung, Bessel & Lee (1998). We have carried out Ho
photometry of NGC 654, and the V /(R-Ho) and (R-Ha)/(V-I)
diagrams are shown in Figs 16 and 17, respectively. Those stars that
we identify as having He emission and may be PMS stars are shown
by filled circles and are listed in Table 10. The solid line in Fig. 17
represents the reddened [applying E(V—I)mpean = 1.13] MS relation
for NGC 2264 (Sung et al. 1998). Assuming no reddening effect
on the (R-Ho) colour, we adjusted the curve for (R—How) visually
because our Hoe magnitudes are not calibrated. The probable PMS
stars are marked as open circles and open triangles in the CMDs
shown in Fig. 11. The stars shown by open triangles are located
outside the boundary of the cluster (i.e. r > 3.7 arcmin).
Supplementing present data with the photoelectric photometry of
bright stars by JS83, we have plotted the dereddened V,/(B-V),
CMD for the stars in the cluster region in Fig. 18. The photometric

© 2005 RAS, MNRAS 358, 1290-1308
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Figure 15. The statistics of stars in the NGC 654 cluster region (numerator) and in the field region (denominator). The box represents the locations of

statistically significant number of probable PMS stars.

12.0 -

18.0 [~

21.0 -

Figure 16. V, (R-Ha) diagram for the stars in the NGC 654 clus-
ter region. The filled circles represent probable PMS stars with Ho
emission.
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Figure 17. (R-Hw), (V-I) diagram for the stars in the NGC 654 cluster
region. The filled circles represent probable PMS stars with Ho emission.
The solid line represents the reddened normal MS relation for NGC 2264
(see text).
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Table 10. Probable Ho emission stars in NGC 654.

No. X Y \% (B-V) (V-I) (R-Ha) Radius
(arcsec)
17 414.09 473.00 20.651 2.058 0.517 29.121

72 36494 50897 18457 1.288  1.807 0.254 60.726
84 487.17 521.61 19.186 1.612  1.881 0.495 65.819

157 398.14 40079 20673 - 2511 0414 102782
210 31171 45095 18361 1.723 2265 0267  123.453
213 308.89 45643 20746 - 2231 0785  124.016
262 32393 39882 18315 1575 2005 0263  143.012
290 275.33 464.68 20552 - 258 0511 153781
325 377.05 657.68 19315 1530 2115 0262  164.810
363 29278 379.51 19718 - 1657 0333  178.885
432 50229 309.07 20352 - 2379  0.540 205981
442 28132 34941 19.089 1270 1816 0262  208.138
507 544.05 30195 18.838 1.602 1943 0268  231.077
568 301.59 27427 20.138 - 2061 0366  257.263
667 20030 31094 20352 - 2349 0438  293.656
755 38295 17634 20639 - 2218 0401 326380
812 178.33 74560 18522 1271 1.600 0250  348.088
830 550.03 17144 18.630 1877 2381 0268  351.545
1253 183.18 10503 20.840 1.806 2205  0.564  463.118
1321 22695 5547 20991 - 3.039 0259  486.653
1420 72.96 90239 19.932 1944 2294 0268  534.649
1484 857 91517 19.807 2.041 2372 0.609  600.291
1490 858.06 92571 20.654 - 2367 0316  607.264

4.0 5.54(0.86) -

F 660(0.92)/ 555(0.84 7.0 1

8.0 758(0.80) . 5 _

i % B T ]

8 R 688(0.93) —

>C> - 4

12.0 —

16.0 — —

I | I | I | I

-0.5 0 0.5 1 1.5 2
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Figure 18. The dereddened V , (B-V), CMD for the stars in the NGC 654
cluster region. The photometric observations, shown by open circles and tri-
angles, were individually dereddened, whereas a mean value of E(B-V) =
0.90 was applied for present observations. The star numbers are taken from
WEBDA. The isochrones for solar metallicity by Bertelli et al. (1994) for
various ages have also been plotted. The numbers in parentheses represent
membership probability. Filled and open triangles represent probable mem-
ber stars and non-members, respectively, having polarization measurements.

observations, shown by open circles, were individually dered-
dened, whereas a mean value of E(B-V) = 0.90 was applied for
present observations. Only the stars numbered (as per WEBDA;
Mermilliod 1995) 554 and 555 lie within the boundary of the clus-
ter (i.e. r > 3.7 arcmin), indicating a range of 10-32 Myr for the

age of the cluster. We do not consider stars 688, 730 and 758 for age
determination, although they have membership probability greater
than 0.76 but they lie outside the boundary of the cluster obtained
in the present work (i.e. r > 3.7 arcmin). If stars 688, 730 and 758,
having membership probabilities 0.93, 0.76 and 0.80 respectively,
are also cluster members, the cluster may have an even larger age
spread. A distance modulus of 14.7 4+ 0.10 was obtained. For a
normal reddening law, this corresponds to 2.41 £ 0.11 kpc. The
distance obtained in the present work is in good agreement with the
distance (2.4 kpc) obtained by Stone (1980) and JS83 and slightly
shorter than that obtained by P94 (2.69 kpc).

Stars having V > 17.0 (My ~ 2.3, mass ~1.7 M) are on
the PMS stage. The isochrones of 1- and 10-Myr PMS stars (V/
(B-V) from Iben 1965 and V /(V-I) from Herbig & Dahm 2002)
are also shown in Fig. 11. The distribution of PMS stars in Fig. 11
indicates an age spread of about 10 Myr. The overall scenario, i.e.
the length of the MS up to V ~ 17 (M ~ 2.3) and the stars fainter
than V ~ 17 mag, which require ~10 Myr to reach the MS, are
on the PMS stage, is consistent with the youngest component of
the post-main-sequence stars having an age of ~10 Myr. However,
the evolutionary stage of the fainter stars is not consistent with the
post-main-sequence stars having an age of >30 Myr.

8 MASS FUNCTION

The distribution of stellar masses at the time of birth of the cluster is
known as the IMF. Studies of the IMF of star clusters are important
to constrain star formation theories and also to understand the early
stages of evolution of star clusters. The fundamental question about
the IMF, whether the shape of the IMF is universal in time or space, is
still open in spite of several detailed studies (see Scalo 1986, 1998).
The most important contribution to the studies of the IMF is the
advent of CCDs. CCDs combined with a moderate size telescope
are giving deeper insights into low-mass stars, which can change
the scenario of the IMF studies. One of the important studies was
by Phelps & Janes (1993) who estimated the IMF for eight clusters
with ages 10-70 x10°. The slope of the MF they obtained varies
from 0.4 to 1.8. However, some of the clusters in their sample (e.g.
NGC 663), as pointed out by Scalo (1998), do not cover the entire
cluster area. Pandey et al. (1992) have found that the nature of the
MF does not remain the same over the entire region of the cluster
and the slope of the MF steepens as the radial distances increase. In
the present observations, we have imaged a sufficiently large area
that covers the cluster including its coronal region where most of
the low-mass stars are expected to be present.

With the help of CMDs, we can derive the observed LF of the
probable MS cluster members and then the MF using the theoreti-
cal evolutionary model of Bertelli et al. (1994). As the IMF is the
frequency distribution of stellar masses in an ensemble of newly
formed stars in a stellar system or region, it is assumed safe to say
that the IMF can be estimated for the young star clusters as they
contain a nearly coeval set of stars formed from a parental cloud.
However, the star formation in the present case as well as in the
case of some other clusters (e.g. Pandey et al. 1990; Pandey, Ogura
& Sekiguchi 2000; Pandey et al. 2001) is found to be a continuous
process. Therefore, the term IMF cannot be strictly applicable in
the case of NGC 663 and 654 and we can estimate only the present-
day MF.

The MF is often expressed by the power law, N (log m) ~ m" and
the slope of the MF is given as

I' =dlog N(logm)/dlogm

© 2005 RAS, MNRAS 358, 1290-1308
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Table 11. The MF of the clusters NGC 663 and 654. The numbers of probable cluster members (N) have been obtained after subtracting the expected
contribution of field stars in each magnitude range. log ¢ represents log N(log m).

Cluster Range Mass Mean Inner region Intermediate region Outer region Whole region
V (mag) Mp) log Mg N log ¢ N log ¢ N log ¢ N log ¢
NGC 663 11-12 11.1-9.0 1.002 4.0 1.643 8.0 1.944 13.0 2.155 17.0 2.271
12-13 9.0-6.6 0.892 22.0 2213 42.0 2.494 49.0 2.561 71.0 2.722
13-14 6.6-4.6 0.748 20.9 2.125 42.6 2.434 33.7 2.332 54.5 2.541
14-15 4.6-3.1 0.586 327 2.281 77.8 2.657 1145 2.825 147.1 2.934
15-16 3.1-2.2 0.423 52.1 2.544 104.5 2.846 101.3 2.833 153.4 3.013
16-17 2.2-1.6 0.279 59.5 2.634 167.5 3.083 326.6 3.373 386.0 3.446
17-18 1.6-1.3 0.161 24.1 2.427 70.3 2.892 128.9 3.155 151.9 3.229
18-19 1.3-1.1 0.079 38.3 2.723 779 3.031 471.1 3.819 516.0 3.852
NGC 654 11-12 11.5-9.7 1.025 1.0 1.131 3.0 1.609 4.0 1.733
12-13 9.7-1.3 0.929 4.0 1.510 5.0 1.607 9.0 1.863
13-14 7.3-5.1 0.792 59 1.576 6.7 1.633 12.6 1.906
14-15 5.1-3.5 0.633 7.7 1.675 16.4 2.000 24.1 2.168
15-16 3.5-2.4 0.470 74 1.655 30.6 2.270 38.0 2.365
16-17 24-1.7 0.312 10.3 1.836 43.2 2.460 535 2.553
17-18 1.7-1.4 0.190 5.6 1.822 35.7 2.627 41.4 2.690
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Figure 19. A plot of the MF in the various subregions of the cluster
NGC 663. The error bars represent 1/+/N errors.

where N (logm) is the number of stars per unit logarithmic mass in-
terval. The classical value derived by Salpeter (1955) for the slope
of IMF is I' = —1.35. The LFs of the clusters NGC 663 and 654
(given in Table 9) have been converted to the MFs using the theo-
retical model of Bertelli et al. (1994) and the resultant MF data are
given in Table 11. Figs 19 and 20 show plots of log N (log m) versus
log m for NGC 663 and 654, respectively. Figs 19 and 20 manifest
that the MF is not uniform in the whole cluster region, although it
can be represented by a single power law for each subregion. The
slopes of the MF for the subregions are given in Table 12, which
indicates that the slope I becomes steeper as the radial distance

© 2005 RAS, MNRAS 358, 1290-1308

Figure 20. Same as Fig. 19, but for NGC 654.

increases. There is no indication for a truncation of the slope of the
MF at the low-mass end (~1 M) as observed in the outer region
of the cluster NGC 7654 (Pandey et al. 2001). However, the slope
of the MF, T, for the entire cluster region of NGC 663 is —1.38 £+
0.22, which is similar to the Salpeter IMF (I' = —1.35). For NGC
663, PJ94 and Kao, Chen & Hu (1998) have reported a shallower
MF having I' = —1.06 £ 0.05 and I" = —0.77 £ 0.20, respectively.
The MF slopes reported by PJ94 and Kao et al. (1998) are based on
the observations of ~20 x 20 arcmin® and ~16 x 16 arcmin? field
only. As we have discussed in Section 5, that the minimum extent of
the cluster NGC 663 is r ~ 17.5 arcmin, the MF reported by PJ94
and Kao et al. (1998) does not represent the MF of the entire region
of the cluster NGC 663. In the case of NGC 654, the slope of the
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Table 12. The MF slope I in various subregions of the clusters NGC 663
and 654.

Cluster Region Mass range (M) 'to
NGC 663 Inner 1.1-11.1 —0.89 +0.20
Inner 0.9-11.1 —0.87 £0.16
Intermediate 1.1-11.1 —1.10 £0.18
Outer 1.1-11.1 —1.50+0.25
Outer 0.9-11.1 —1.71+0.25
Whole 1.1-11.1 —1.38+£0.22
NGC 654 Inner 1.4-8.8 —0.67 £0.16
Outer 1.4-8.8 —1.34+£0.12
Whole 1.4-8.8 —1.16 £ 0.05

MF for the entire cluster region is —1.16 £ 0.05, which is slightly
shallower than the Salpeter value.

9 MASS SEGREGATION

Mass segregation, in the sense that higher-mass stars are prefer-
entially found towards the centre of the cluster, has been reported
in many galactic star clusters as well as star clusters in the Large
Magellanic Cloud (see, for example, Pandey et al. 1992, 2001; Fis-
cher et al. 1998, and references therein). To characterize the degree
of mass segregation in NGC 663, we subdivided the sample into
three mass groups (9.12 > Mg > 4.24, 424 > M > 1.59 and
1.59 > Mg 2 0.95), whereas for NGC 654 we subdivided the sam-
ple into the following three mass groups (11.5 > Mg > 7.3,7.3 >
M@ >2.4and2.4 > Mg > 1.2). Figs 21 and 22 show the cumulative
distribution as a function of radius in the three different mass groups
of both the clusters. These normalized cumulative distributions are
corrected for the incompleteness and the probable contamination
due to the fact that field stars have also been removed. Figs 21 and
22 clearly indicate an effect of mass segregation in the cumulative
distribution in the sense that most massive stars tend to lie near the
cluster centre. The Kolmogorov—Smirnov test confirms the state-
ment that the cumulative distribution of most massive stars in both
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Figure 21. Cumulative distribution function for different mass intervals in
the cluster NGC 663.
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Figure 22. Same as Fig. 21, but for NGC 654.

clusters is different at a confidence level better than 99 per cent from
that of relatively less massive stars.

‘We have estimated the relaxation time to decide whether the mass
segregation discussed above is primordial or due to dynamical re-
laxation. Because of the dynamical relaxation, low-mass stars in a
cluster may possess the largest random velocities, and consequently
these will try to occupy a larger volume than high-mass stars (see
Mathieu 1985; McNamara & Sekiguchi 1986; Mathieu & Latham
1986). The dynamical relaxation time, Tg, of the clusters can be
estimated using the relation

8.9 x 10°(NR} /i)'
B log(0.4N)

where N is the number of cluster members, R}, is the radius con-
taining half of the cluster mass and 7z is the average mass of cluster
stars (see Spitzer & Hart 1971). The estimated total number of MS
stars and the total mass of the MS stars in the given mass range
(1.1 < Mg < 11.1 for NGC 663; 1.4 < Mg < 8.8 for NGC 664)
are obtained with the help of the LF. This mass should be considered
as a lower limit to the total mass of the cluster. For the half-mass
radius, we used half of the cluster extent. Various parameters used
to estimate the dynamical relaxation time Ty for both clusters are
given in Table 13. Using these numbers, the relaxation time Tg ob-
tained is also given in Table 13. In the case of NGC 663, the obtained
relaxation time T'g is greater than the age of the cluster; therefore,
we can conclude that the observed mass segregation is due to the
star formation process itself. However, in the case of NGC 654,
the estimated relaxation time is less than the age of the cluster, so
the dynamical relaxation may also be a reason for the observed mass
segregation in the cluster NGC 654.

)

Table 13. The dynamical relaxation time 7'g and parameter used to estimate
T for the clusters NGC 663 and 654.

Parameter NGC 663 NGC 654
N 1498 305
Ry 6.15 pc 1.3 pc
m 24 Mg 24 Mg
Te 120 Myr 7 Myr
Age 13 Myr 20 Myr

© 2005 RAS, MNRAS 358, 1290-1308



10 DISCUSSION

The distribution of interstellar matter inside the clusters NGC 663
and 654 (see Section 6.2) indicates a slight lack of interstellar matter
at the centre. In the case of very young clusters (e.g. NGC 3603 and
30 Dor), Pandey et al. (2000) and Brandl et al. (1996), respectively,
have also found that the stars in the cores of these clusters show
almost no reddening. A similar trend was also observed in the case of
an intermediate-age cluster NGC 7654 (Pandey et al. 2001). Stellar
winds or supernova explosions have been considered as a probable
explanation for the lack of dust (and gas) at the centre of these
clusters.

Photometric, spectroscopic and polarimetric observations indi-
cate an anomalous reddening law in both clusters. However, the
errors in the data are large and more infrared and polarimetric ob-
servations are needed to conclude about the size and behaviour of
the dust grains present in these cluster regions.

Both clusters show an age spread of ~15-20 Myr on the ba-
sis of post-main-sequence stars. The CMDs of NGC 663 show
that the low-mass stars (~1 M), which have a contraction time
~50 Myr, are on the MS despite the fact that the cluster has a
post-main-sequence age ~13 Myr. On the other hand, NGC 654
shows a large number of stars on PMS stage with an age spread of
~10 Myr. The star formation history in the cluster NGC 663 seems to
support the conventional picture of star formation in clusters where
‘low-mass stars’ form first and that star formation continues over
a long period of time. It is interesting to mention that the above
scenario of star formation is in contradiction with that indicated
by CMDs of the cluster NGC 654, which is situated at about the
same distance as NGC 663 and about 35 pc away from NGC 663.
The post-main-sequence stars in NGC 654 reveal an age of ~10—
32 Myr for the cluster, whereas PMS stars indicate an age of about
1-10 Myr; this suggests that the formation of low-mass stars does
not cease after the formation of most massive stars. This scenario
has been supported by recent observations of, for example, NGC
6611 (Hillenbrand et al. 1993), Tr14, Tr16 (DeGioia et al. 2001),
several young clusters and OB associations (Massey, Johnson & De
Giola-Eastwood 1995) and NGC 3603 (Pandey et al. 2000). The
CMDs of NGC 654 also indicate that the post-main-sequence age
of stars in the central region is greater than that of those in the outer
region, which indicates that the star formation might have initiated
in the central region of NGC 654.

In the NGC 654 region, we detected 22 stars showing Ho emis-
sion. Here, we have to keep in mind that, using the (R—Ho)/(V-1I)
diagram, only stars with strong Hoe emission could be detected, as
most of the PMS stars show weak Ho emission. making their detec-
tion much harder (Preibisch & Zinnecker 1999). It is interesting to
mention that out of 22 stars showing Ho emission, only three stars
are located in the core of the cluster, nine are located in the outer
region and the remaining 11 are located outside the boundary of the
cluster (i.e. r < 3.7 arcmin). The statistics given (not corrected for
incompleteness of the data) in Fig. 15 gives ~20 and ~70 proba-
ble PMS stars in the core and the outer region, respectively. This
indicates that ~15 and ~13 per cent of the PMS stars in the core
and the outer region, respectively, show evidence of Ha emission.
All the PMS stars, in accordance with theory, should be surrounded
by dusty circumstellar disc and usually produce Ho emission. What
could be the reason for the absence of Ho emission in probable PMS
stars? The following may be the possible explanation.

(i) They could be field stars. The MS MF of NGC 654 does not
show truncation at the lower-mass end (~1.4 M). The extrapola-
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tion of the MF for 1.4-1.0 M, as well as statistics given in Fig. 15
indicate a significant number of member stars in the mass range
1.4-1.0 M. Therefore, we exclude this possibility.

(i1) All the material surrounding PMS stars could be swept away
by stellar winds from massive stars or supernova explosions. Such a
possibility has been suggested to explain the lack of emission stars
in NGC 6231 (Sung et al. 1998) and in the Upper Scorpius OB
Associations (Preibisch & Zinnecker 1999). In such a scenario, the
lack of reddening material near the cluster centre, as in the case of
NGC 6231, is expected. In the case of NGC 654, it is found that
the stars close to the centre are less reddened than those located
in the outer region. Stellar winds or supernova explosions may
be possible explanations for the lack of reddening material near
the centre of NGC 654. If stellar winds or supernova explosions
cause the removal of the surrounding material of PMS stars, then
there should be fewer (percentage) Ho emission stars in the central
region in comparison with the outer region. This is because the stars
in the central region should be more affected by the stellar winds
or supernova explosions, as most massive stars are found to be situ-
ated near the cluster centre. We do not observe such a type of spatial
distribution of Ha emission stars. Therefore, we conclude that the
stellar winds or supernova explosions may not be the reason for the
absence of Ho emission in the PMS stars of NGC 654.

(iii) The large number of PMS stars identified by Hillenbrand
et al. (1993) in NGC 6611, which showed no evidence of circum-
stellar material, led them to suggest that only 5 per cent of PMS stars
(2 < M@ < 95) are active and show Ha emission. They concluded
that disc survival times are much shorter than 1 Myr for intermediate-
and high-mass stars. In the case of NGC 654, we found that
~13 per cent PMS stars (M < 1.7 M) show evidence of a circum-
stellar disc. A few stars having a PMS age ~10 Myr show evidence
of a circumstellar disc, which is in agreement with solar-type stars
for which the disc lifetime is ~10 Myr.

The MF of both clusters is not uniform over the entire region of
the cluster. The slope of the MF becomes steeper in the outer region
of the clusters. However, the MF in both clusters can be represented
by a single power law without any evidence of truncation at the
lower-mass end. The slope of the MF of the entire region of NGC
663 is similar to that of the Salpeter value, whereas in the case of
NGC 654 it is shallower than the Salpeter value.

The above discussion indicates that star formation in star clusters
is a continuous process that is highly localized and it depends on
the prevailing conditions in different parts of the cloud/cluster.

11 SUMMARY AND CONCLUSION

The current paper is the continuation of the series in which we plan to
carry out wide field CCD photometry around open clusters using the
telescopes available at Kiso (Japan) and Nainital (India), to study in
detail the structure, star formation history and MF of open clusters.
A detailed study of two young open clusters, NGC 663 and 654,
reveals the following.

(i) Supernovae explosion or stellar winds from massive stars may
be a probable explanation for the lack of interstellar matter near the
centre of both clusters.

(i1) There are indication for anomalous reddening law in both
the clusters. More infrared/polarimetric observations are needed to
conclude about the nature of the reddening law.

(iii) Both clusters are situated at about same distance (~2.4 kpc).

(iv) In NGC 663, the star formation history indicates that the
low-mass stars formed first and star formation continued over a
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long period. Whereas the star formation history of NGC 654 reveals
that formation of low-mass stars in the cluster does not cease after
the formation of most massive stars. In the case of NGC 654, there
is an indication that initial star formation might have started from
the central region of the cluster.

(v) The MFs in both clusters can be represented by a single power
law. There is no indication of truncation of the MF at the low-mass
end. The MFs in both clusters become steeper in the outer region of
the clusters. The slope of the MF, in the case of NGC 663, is similar
to that given by Salpeter (1955), whereas, in the case of NGC 654,
the MF slope is shallower than the Salpeter value.

(vi) Of the PMS stars with masses M < 1.7 M), only about
13 per cent show evidence for Ho emission due to circumstellar
material.
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