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ABSTRACT

We present optical photometric and polarimetric observations of stars toward NGC 1931 with the aim of deriving
cluster parameters such as distance, reddening, age, and luminosity/mass function as well as understanding dust
properties and star formation in the region. The distance to the cluster is found to be 2.3 £ 0.3 kpc and the reddening
E(B — V) in the region is found to be variable. The stellar density contours reveal two clusters in the region. The
observations suggest a differing reddening law within the cluster region. Polarization efficiency of the dust grains
toward the direction of the cluster is found to be less than that for the general diffuse interstellar medium (ISM). The
slope of the mass function (—0.98 £ 0.22) in the southern region in the mass range of 0.8 < M /Mg < 9.8 is found
to be shallower in comparison to that in the northern region (—1.26 £ 0.23), which is comparable to the Salpeter
value (—1.35). The K-band luminosity function (KLF) of the region is found to be comparable to the average value
of the slope (~0.4) for young clusters obtained by Lada & Lada; however, the slope of the KLF is steeper in the
northern region as compared to the southern region. The region is probably ionized by two B2 main-sequence-type
stars. The mean age of the young stellar objects (YSOs) is found to be 2 &= 1 Myr, which suggests that the identified
YSOs could be younger than the ionizing sources of the region. The morphology of the region, the distribution and
ages of the YSOs, and ionizing sources indicate a triggered star formation in the region.
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1. INTRODUCTION

It is believed that the dust grains in the interstellar medium
(ISM) and intracluster medium (ICM) are aligned due to the
local magnetic field. The light passing through these mediums
becomes linearly polarized at a level of a few percent. Thus the
polarimetry is an efficient tool for studying the properties of the
dust grains, magnetic field orientation, nature of extinction law,
etc., along a line of sight. The polarimetric observations toward
young star clusters, which are still embedded in the parent
molecular cloud, are of special interest as many basic parameters
like membership, distance, age, color excess [E(B — V)], etc.,
for these regions are known with relatively better accuracy,
which helps in analyzing the polarimetric data with better
confidence. The ultraviolet (UV) radiation due to the massive
members in these regions has a strong impact on the ICM, and
the dust grains in the ICM can undergo destructive processes
due to radiation pressure, grain—grain collisions, sputtering,
or shattering, etc. Consequently, the dust grain size in the
ICM could be smaller than the mean value for the diffuse
ISM. The study of the interaction between the ICM dust
grains and the local magnetic field may provide crucial clues
in understanding the physical processes (e.g., the role of the
magnetic field in the initial cloud collapse) acting in such
environments.

The study of the star formation process and stellar evolution
is another basic problem in astrophysics. Since it is believed
that the majority of the stars in our Galaxy are formed in
groups known as star clusters, the star clusters are useful

objects for studying the star formation process. The initial
distribution of stellar masses, i.e., the initial mass function
(IMF), is one of the basic tools for understanding the formation
and evolution of stellar systems. Since the young clusters (age <
10 Myr) are assumed to be less affected by the dynamical
evolution, their mass function (MF) can be considered as the
IMF. Thus, the young clusters also serve as ideal laboratories
for studying the form of the IMF and its variation within space
and time.

This paper is a continuation of our efforts to understand the
star formation scenario (Pandey et al. 2008; Sharma et al. 2007,
2012; Jose et al. 2008, 2011; Samal et al. 2007, 2010; Chauhan
et al. 2009, 2011a, 2011b) and dust characteristics in star-
forming regions as well as to study the structure of the magnetic
field in various environments of the Galaxy (Eswaraiah et al.
2011, 2012, hereafter E11 and E12, respectively). In this paper,
we report results based on broadband optical photometric and
polarimetric observations around the cluster NGC 1931. We also
used archived near-infrared (NIR) and mid-infrared (MIR) data.

NGC 1931 (000 = 05"31M25%, 8r000 = +34°14'427; [ =
17329, b = (°28) is a young star cluster associated with a
gas—dust complex and the bright nebula Sh2-237 in Auriga. The
distance estimates for the cluster vary between 1.8 and 3.1 kpc
and the post-main-sequence age of the cluster is reported to be
~10 Myr (Moffat et al. 1979; Pandey & Mahra 1986; Bhatt et al.
1994; Chen et al. 2004; Bonatto & Bica 2009). Glushkov et al.
(1975) reported that Sh2-237 is excited by a star of spectral type
B0.5. Leisawitz et al. (1989) found that a portion of Sh2-237 is
obscured by a molecular cloud.
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Figure 1. Left panel: color-composite images obtained using the K (blue), 3.6 um (green), and 4.5 um (red) for an area of ~15 x 15 arcmin? around NGC 1931.

Right panel: the same as the left panel but using the Ho (green) and 3.6 pum (red).

(A color version of this figure is available in the online journal.)

Figure 1 shows color-composite images of the Sh2-237
region that was obtained using Two Micron All Sky Survey
(2MASS) K, (blue), Spitzer Infrared Array Camera (IRAC)
3.6 um (green), and 4.5 um (red) images (left panel), and Ho
(green) and 3.6 um (red) images (right panel), which suggest
that the Sh2-237 is a bright optical H 11 region with a diameter
of ~4’ and is surrounded by a dust ring that was revealed by the
MIR emission in Spitzer/IRAC channels 1 and 2 (centered at
3.6 and 4.5 um).

In Sections 2 and 3, we describe the observations, data reduc-
tion, and archived data used in the present study. In Sections 4-7,
we describe the results obtained. The star formation scenario in
the NGC 1931 (Sh2-237) region is described in Section 8. The
results are summarized in Section 9.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Optical Photometric Data

The photometric data were acquired on 2005 December 31,
2006 January 22, 23, and 2006 February 24 using the
2048 x 2048 pixel CCD camera mounted on the f/ 13 Cassegrain
focus of the 104 cm Sampurnanand Telescope at the Aryab-
hatta Research Institute of Observational Sciences (ARIES) in
Nainital, India. In this setup, the entire chip covers a field of
~13 x 13 arcmin® on the sky. The readout noise and gain of the
CCDare 5.3¢ and 10e~ ADU™!, respectively. The observations
were carried out in the binning mode of 2 x 2 pixels to improve
the signal-to-noise ratio (S/N). The FWHM of the star images
was ~2"-3". The sky flat frames and bias frames were also
taken frequently during the observing runs. A number of short
exposures in all the filters were also taken to avoid saturation of
bright stars. The observations were standardized using the stars
in the SA98 field (Landolt 1992) observed on 2006 January 23.
The log of the observations is given in Table 1. To estimate the

Table 1
Log of Observations

Date of Observation Filter Exp. (s)x No. of Frames
2005 Dec 31 B 1200 x 3,120 x 1
Vv 900 x 3,60 x 1

1. 300 x 2

R. 300 x 4

U 1800 x 4,300 x 1

2006 Jan 22 I. 300 x 4,60 x 3
2006 Jan 23 U 300 x 3
B 180 x 3,60 x 3

\% 120 x 3,30 x 3

I 60 x 4,20 x 3

R, 60 x 3,20 x 3

2006 Feb 24 Ha 900 x 2,300 x 1
Continuum 900 x 2,300 x 1

contamination due to the foreground/background field stars, a
reference field of ~13 x 13 arcmin? located at about 40’ away,
was also observed.

The CCD data frames were reduced using the computing fa-
cilities available at ARIES, Nainital. Initial processing of the
data frames was done using the IRAF (Image Reduction and
Analysis Facility)’ and ESO-MIDAS (European Southern Ob-
servatory Munich Image Data Analysis System)® data reduction
packages. The details of the data reduction can be found in our
earlier works (e.g., Pandey et al. 2007; Jose et al. 2008).

To translate the instrumental magnitudes to the standard mag-
nitudes, the following calibration equations, derived using a

7 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

8 ESO-MIDAS is developed and maintained by the European Southern
Observatory.
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Table 2
UBYV(RI). Photometric Data
Star ID R.A. (J2000) Decl. (J2000) U toy Btop V toy R £ og, I. £ oy,
(hms) (G (mag) (mag) (mag) (mag) (mag)

(1) (2) 3) 4) ) (6) (7 ®

1 53059.954 341531.95 13.085 £ 0.007 12.063 +£ 0.005 10.759 £ 0.006 10.050 + 0.008 9.398 + 0.013
2 53157.547 34104745 11.520 +£ 0.007 11.449 £ 0.008 10.872 £ 0.009 10.520 £ 0.002 10.161 £ 0.009
3 53126.307 34119.94 11.036 £ 0.005 11.411 £ 0.009 11.136 £ 0.010 10.918 £ 0.005 10.643 £ 0.005
4 53140.582 3410 52.00 11.694 + 0.006 11.599 + 0.009 11.193 £ 0.011 10.948 £ 0.005 10.676 £ 0.007
5 53140.243 3414 26.25 11.966 £ 0.008 11.643 £ 0.006 11.252 £0.012 11.017 £ 0.006 10.718 £ 0.010

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

least-squares linear regression, were used:

u=U +(6.670 £0.011) + (0.044 £ 0.008)(U — B)

+(0.582 £ 0.013)X,

b = B +(4.519 £ 0.006) + (—0.026 + 0.004)(B — V)
+(0.332 £ 0.006)X,

v =V +(4.096 £ 0.004) + (—0.029 & 0.003)(V — I)
+(0.224 + 0.004) X,

r = R, +(4.018 £ 0.006) + (—0.012 % 0.007)(V — R)
+(0.165 £ 0.006)X,

i = I +(4.559 £ 0.006) + (—0.055 & 0.003)(V — I)
+(0.117 £ 0.006) X,

where U, B, V, R., and I. are the standard magnitudes, u,
b, v, r, and i are the instrumental aperture magnitudes nor-
malized for 1 s of exposure time, and X is the airmass.
The second-order color correction terms were ignored as they
are generally small in comparison to other errors present in
the photometric data reduction. The standard deviations of
the standardization residuals, A, between standard and trans-
formed V magnitude and (U — B), (B — V), (V — R), and
(V — I) colors of the standard stars are 0.02, 0.04, 0.02,
0.02, and 0.01 mag, respectively. The typical DAOPHOT er-
rors in magnitude as a function of corresponding magnitude
in different passbands are found to increase with the mag-
nitude and become large (>0.1 mag) for stars fainter than
V =~ 21 mag. The measurements beyond this magnitude limit
were not considered in the analysis. The photometric data along
with positions of the stars are given in Table 2. A sample and
the format of the table is shown here. The complete table is
available only in the online journal.

2.1.1. Completeness of the Data

The study of the luminosity functions (LFs)/MFs requires
necessary corrections in the data sample to take into account
incompleteness that may occur for various reasons (e.g., crowd-
ing of the stars). We used the ADDSTAR routine of DAOPHOT
II to determine the completeness factor (CF). The procedures
have been outlined in detail in our earlier works (Pandey et al.
2001, 2005). The CF as a function of V magnitude is given in
Table 3, which indicates that present optical data have ~90%
completeness at V ~ 20 mag. As expected, the incompleteness
increases with the magnitude.

Table 3
Completeness Factor (CF) of the Optical Photometric Data in the
Cluster and Field Regions

V Range Cluster Region Field Region
(mag) r <35

10-11 1.00 1.00
11-12 1.00 1.00
12-13 1.00 1.00
13-14 1.00 1.00
14-15 1.00 1.00
15-16 1.00 1.00
16-17 1.00 0.98
17-18 0.97 0.97
18-19 0.94 0.96
19-20 0.92 0.92
20-21 0.88 0.86

2.1.2. Comparison with Previous Studies

A comparison of the present photometric data with those
available in the literature has been carried out and the difference
A (literature — present data) as a function of V magnitude is
plotted in Figure 2. The comparison indicates that the present
V mag and colors are in good agreement with the CCD and
photoelectric photometry by Pandey & Mahra (1986) and Bhatt
et al. (1994), respectively.

2.2. Polarimetric Data

Polarimetric observations were carried out on two nights
(2010 November 12 and December 13) using the ARIES
Imaging Polarimeter (AIMPOL,; Rautela et al. 2004) mounted
on the Cassegrain focus of the 104 cm Sampurnanand Telescope
at ARIES in Nainital, India. The details of the AIMPOL are
given in our earlier works (E11; E12). The observations were
carried out in the V, R., and /. photometric bands. The detailed
procedures used to estimate the polarization and position angles
for the program stars are given in E11 and E12.

The instrumental polarization of the AIMPOL is estimated to
be less than 0.1% in all the bands (E11; E12). The polarization
measurements were corrected for both the null polarization
(~0.1%), which is independent of the passbands, and the zero-
point polarization angle by observing several unpolarized and
polarized standard stars from Schmidt et al. (1992, hereafter
S92). The results for the polarized standard stars are given
in Table 4. The values of 6 are in an equatorial coordinate
system measured eastward from the north. Both the observed
degree of polarization (P (%)) and the polarization angle (6(°))
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Figure 2. Comparison between the present photometric data with those available
in the literature, i.e., A (literature—present data) as a function of V magnitude.
The squares and circles represent the comparison of present data with those by
Pandey & Mahra (1986) and Bhatt et al. (1994), respectively.

for the polarized standards are in good agreement with those
given by S92.

3. ARCHIVAL DATA
3.1. 2MASS Near-infrared Data

NIR JHK; data for point sources in the NGC 1931 region
have been obtained from 2MASS (Cutri et al. 2003). The
2MASS data reported to be 99% complete up to ~15.7, 15.1,
and 14.3 mag in J, H, and K; bands, respectively.9 To ensure
photometric accuracy, we used only those photometric data that
have quality flag ph-qual = AAA, which endorses an S/N > 10
and photometric uncertainty <0.10 mag. The NIR data are used
to identify the classical T Tauri stars (CTTSs) and weak line
T Tauri stars (WTTSs).

3.2. Spitzer/IRAC Data

The archived MIR data observed with the Spitzer/IRAC have
also been used in the present study. We obtained basic calibrated
data (BCD) using the software Leopard. The exposure time of
each BCD was 10.4 s and for each mosaic, 169 and 139 BCDs,
respectively, in Chl (3.6 um) and Ch2 (4.5 um) have been
used. Mosaicking was performed using the MOPEX software
provided by the Spitzer Science Center (SSC). All of the mosaics
were built at the native instrument resolution of 172 pixel ! with
the standard BCDs. In order to avoid source confusion due to
crowding, point-spread function (PSF) photometry for all the
sources was carried out using the DAOPHOT package available
with the IRAF photometry routine. The detections are also
examined visually in each band to remove non-stellar objects

9 See http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6_5al html.
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Table 4
Observed Polarized Standard Stars
P +ep(%) 0+ €p(°) P £ ep(%) 0 +e€p(°)
Our Work Schmidt et al. (1992)
Polarized Standard Stars
2010 Nov 12
HD 19820
B 454 +0.11 116.3 £ 0.7 470 £ 0.04 1157+£0.2
\%4 4.74 + 0.10 115.1 £ 0.6 4.79 +0.03 1149 £ 0.2
R, 4.57 +0.07 1144+ 04 4.53 +£0.03 1145+£0.2
1. 397 £0.07 1154 + 0.5 4.08 + 0.02 1145+ 0.2
HD 204827
B 5.75+0.14 57.6 +£0.7 5.65 £ 0.02 58.2+0.1
\% 547 +£0.10 63.3+0.5 5.32 +0.01 58.7 £ 0.1
R, 4.93 +0.09 59.2+0.5 4.89 +0.03 59.1+0.2
1. 4.07 + 0.09 59.1 £ 0.6 4.19 £ 0.03 59.9+0.2
2010 Dec 13
HD 19820
B 447 +0.11 1153+ 0.7 4.70 £+ 0.04 1157 £ 0.2
Vv 4.78 + 0.09 1156 £ 0.5 4.79 £ 0.03 1149+ 0.2
R, 4.60 + 0.07 1142+ 04 4.53 +0.03 1145+ 0.2
I. 3.99 +£0.07 1143+ 0.5 4.08 £ 0.02 1145+£0.2
HD 25443
B 5.17 £0.11 134.7 £ 0.6 5.23 +0.09 1343 £ 0.5
\%4 5.24 +0.09 1347 £0.5 5.13 +£0.06 1342 +£0.3
R, 497 +0.09 1343 £ 0.5 4.73 £ 0.05 133.6 £ 0.3
1. 4.27 +£0.10 134.6 £ 0.6 4.25 +0.04 1342 +£0.3

or false detections. The sources with photometric uncertainties
<0.2 mag in each band were considered as good detections. A
total of 3950 and 2793 sources were detected in the 3.6 and
4.5 pm bands. Aperture photometry for well-isolated sources
was done using an aperture radius of 3”6 with a concentric sky
annulus of the inner and outer radii of 3”6 and 874, respectively.
For a standard aperture radius (12”) and background annulus
of 12”-22"4, we adopted zero-point magnitude as 19.670 and
18.921 for the 3.6 and 4.5 um bands, respectively. Aperture
corrections were also made using the values described in the
IRAC Data Handbook (Reach et al. 2006). The necessary
aperture correction for the PSF photometry was then calculated
from the selected isolated sources and was applied to the
PSF magnitudes of all the sources.

4. STRUCTURE OF THE CLUSTER

Chen et al. (2004) and Sharma et al. (2006) have found that
the initial stellar distribution in star clusters may be governed by
the structure of the parental molecular cloud as well as how star
formation proceeds in the cloud. Later evolution of the cluster
may be governed by internal gravitational interaction among
member stars and by external tidal forces due to the Galactic
disk or giant molecular clouds.

The isodensity contours shown in Figure 3, obtained using
the stars detected in the 2MASS K; band (ox, < 0.1 mag),
are used to study the morphology of the cluster. The con-
tours are plotted above the 1o level. The surface density dis-
tribution reveals two prominent structures distributed around
«(2000) = 05"31M24:781, §(2000) = +34°14'28705 and
«(2000) = 05"31Mm225034, §(2000) = +34°10/'43799, suggest-
ing the presence of a double cluster in the region. In fact, the
radial density profile (RDP) of the region by Bonatto & Bica


http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6_5a1.html

THE ASTROPHYSICAL JOURNAL, 764:172 (24pp), 2013 February 20

34.35

L i R B
.

34305

e

34.25

34.20

& (J2000) ()

B PRI N G [P e s VST

34.15

34.10

-

SRR g SRR, (o G PN St g M SR A 1 iy
83.0 82.9 82.8 82.7
a (42000) ()

Figure 3. Isodensity contours (thick black curves) generated from the 2MASS

K,-band data (with ok, < 0.1 mag) using a grid size of ~35 x 35 arcsec?.

The contours are plotted above 1o level. The contours have a step size of
2 stars arcmin~2> with the lowest contour representing 5 stars arcmin™2.
Isodensity contours manifest two prominent clusterings. The dashed line
demarcates the northern and southern parts of the region. The thick white
contours represent the Midcourse Space Experiment (MSX) A-band (8.3 um)
intensity distribution. The minimum and maximum contour levels of the MSX
A-band intensity are 1.78 x 1076 and 3.35 x 107> W m~2 sr™!, respectively.
The area marked with the continuous line represents the region covered by
optical photometry. The circle represents the estimated boundary of the region.
The plus sign represents the center of the clusters.

(2009) also reveals a density enhancement around the radial
distance of ~3/-5’.

We used the star count technique to estimate the radial extent
of the two clusters. The points of maximum densities in Figure 3
were considered as the center of the clusters. The RDP is derived
using the 2MASS K;-band data (og, < 0.1 mag) by dividing
star counts inside the concentric annulus of 30” width around the
cluster center by the respective area. The densities thus obtained
are plotted as a function of radius in Figure 4, where 1" at the
distance of the cluster (2.3 kpc, cf. Section 6.1) corresponds
to ~0.67 pc. The upper and lower panels show the RDPs for
the northern and southern clusters, respectively. The error bars
are derived assuming that the number of stars in each annulus
follows Poisson statistics.

The radial extent of the clusters (r) is defined as the point
where the cluster stellar density merges with the field stellar
density. Within the errors, the observed RDPs for both the
clusters seem to merge with the background field at a radial
distance of ~2’. Hence, we assume a radius of 2’ for both the
clusters.

5. ANALYSIS OF THE POLARIMETRIC DATA

5.1. Polarization Vector Map and Distribution
of Pysry1 (%) and Oy gy (°)

Table 6 lists the polarization measurements for 62 stars toward
the cluster region. The star identification numbers for 59 stars are
taken from Column 1 of Table 2, whereas three stars, 2001, 2002,
and 2003, do not have optical data. The degree of polarization
P (in percent), polarization angles 6 (in degrees) measured in

PANDEY ET AL.

Density (stars/arcminz)

Radius (arcmin)

Figure 4. Radial density profile (RDP) is derived using the 2MASS K;-band
data (using o, < 0.1) by dividing star counts inside the concentric annulus of
30” width around the cluster center by the respective area. The densities thus
obtained are plotted as a function of radius. The upper and lower panels show
the RDPs for the northern and southern clusters, respectively.

V, (R, I). bands, and their corresponding standard errors are
given in Columns 4-9. The black vectors (Figure 5) show the sky
projection of the V-band polarization measurements. In the case
of a few stars for which the V-band polarization measurements
are not available, we plotted the polarization measurements of
either the R, band (red) or the /. band (magenta). The length
of each polarization vector is proportional to the degree of
polarization. The dash-dotted line represents the orientation
of the projection of the Galactic plane (GP) at b = 0230,
which corresponds to a position angle of 142°. Interestingly,
all the polarization vectors except those near the cluster center
(enclosed by a square box) are roughly parallel to the GP. The
enlarged view of the central region is shown in a separate panel
at the top right part of the figure. The polarization measurements
of stars 7 and 11 could be affected by their close companions as
well as by nebulosity. Hence, the polarization measurements of
these stars could be less reliable.

The distribution of P and 6 in the V and (R, I). bands is
shown in Figure 6. A Gaussian fit to each distribution yields
a mean and a standard deviation of Py = 2.4% +0.6%,
Pr = 22%+0.5%, and P; = 2.0%+0.6%, and 6y =
155°+7°, 0 = 154° +£6°, and 6; = 156° £ 12°. The values
of Py(2.4% £ 0.6%) and 0y (155° & 7°) toward NGC 1931 are
comparable to those (Py = 2.3% £0.1% and 6y = 160° & 3°;
E11) for Stock 8 (I = 173237, b = —0°18, and distance =
2.05 kpc), which is spatially located near the NGC 1931.

5.2. Member Identification

The identification of probable cluster members and the
foreground/background stars toward the direction of the cluster
is necessary to study the nature of the dust properties of the
ICM/ISM and the magnetic field associated with the foreground
and the ICM. Our earlier studies (E11; E12) have shown that the
polarimetry in combination with the (U — B)— (B — V) two-color
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Figure 5. Polarization measurements of the stars in NGC 1931 are superimposed on the 2MASS K;-band image. The stars with V-band polarimetric measurements
are shown with black vectors. The red and magenta vectors represent polarimetric measurements in R, and /. bands. The dash-dotted line represents the orientation
of the projection of the GP at b = 0230, which corresponds to a position angle of 142°. A vector with 2% of polarization at a position angle of 90° is drawn for a
reference. Barring a few vectors near the cluster center (shown in a square box), the majority of the vectors are closely aligned with GP indicating an ordered magnetic
field toward NGC 1931. The vectors in the nebulous region of the cluster show a scattered distribution. Two stars, 139 and 236, show a high degree of polarization as
well as different polarization angles from the rest of the stars. These stars are identified as probable YSOs (cf. Section 6.2.3). The box at the corner shows an enlarged

view of the central region.
(A color version of this figure is available in the online journal.)

diagram (TCD) can be efficiently used to identify the probable
members in the cluster region. This section describes the
determination of membership using the polarization properties
in combination with the (U — B) — (B — V) TCD.

The individual Stokes parameters of the polarization vec-
tors of the V/R/I band, Py,g ., given by Qy/r . =
Py g1, €080y g /1) and Uyr. 1. = Pysr.1. sin(20y ;g 1)
have been estimated and are presented in the Uy, /;, versus
QOv/r,;1. plotas shownin Figure 7. Since the polarization of light
from a star depends on the column density of aligned dust grains
that lie in front of the star, the cluster members are expected to
group together in the U versus Q plot, whereas non-members
are expected to show a scattered distribution. Similarly, the po-
larization angles of cluster members would be similar but could
be different for foreground or background non-member stars
as light from them could be affected in a different manner be-
cause of contributions from different/additional dust compo-
nents. Therefore, the U-Q plot is a useful tool to segregate the
members from non-members in the cluster region. However, the
stars with intrinsic polarization, e.g., due to an asymmetric dis-
tribution of matter around young stellar objects (YSOs) and/or
rotation in their polarization angles (see, e.g., E11; E12), may
also create scattered distribution in the U-Q plane.

The probable members of the cluster should have a similar
location in all three U-Q diagrams. The Stokes parameters for
the stars lying within the square box as shown in Figure 5 and
embedded in the nebulosity are shown with filled squares. The
box with a dashed line in the U-Q plots shows the boundary of
the area with mean P &+ o (Py = 2.4% + 0.6%, P = 2.3% =+
0.5%, and P; =2.0% £ 0.6%) and mean 6 £ o (By = 155°+7°,
Or = 155°£6°,0; = 156°£12°) obtained from the distribution
shown in Figure 6. The stars lying within or near the 1o box in
all three U—Q plots may be probable members associated with
the cluster.

It is expected that the members of a cluster should ex-
hibit comparable E(B — V) values, whereas the foreground
(background) population is expected to be less (highly) ex-
tincted as compared to the cluster members. Figure 8 shows
the (U — B) — (B — V) TCD for only 58 stars as U—B color
is not available for three stars. The symbols of the stars are the
same as in Figure 7. All the stars shown in Figure 8 have polari-
metric data. In Figure 8, the zero-age main sequence (ZAMS)
from Schmidt-Kaler (1982) is shifted along a normal redden-
ing vector with a slope of E(U — B)/E(B — V) = 0.72. The
TCD shows a variable reddening in the cluster region with
E(B — V)min ~ 0.5 mag and E(B — V)max ~ 0.9 mag. It
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Figure 6. Frequency distribution of polarization (left panel) and polarization angle values (right panel) for the stars detected in the V and (R, I). bands. In each case,
the mean and standard deviation of polarization and polarization angle values are obtained by fitting a Gaussian function. The number of sources detected in each
passband is also indicated. The position angle that corresponds to b = 0°30 (GP) is also shown at 142° with a thick line. The mean polarization angles differ from the

GP by ~13°.

is also apparent from Figure 8 that sources located in the north-
ern nebulous region (lying within the box in Figure 5) reveals
the presence of a parent molecular cloud and show a variable
extinction of E(B — V) ~ 0.5-0.9 mag. The polarimetric ob-
servations in combination with the (U — B) — (B — V) TCD
are used to identify members of the NGC 1931 cluster (cf.
El1; E12). The probable members thus identified are given in
Table 5. The stars 7, 11, 14, 35, 49, 88, and 99 are embedded
in the northern nebulosity, and hence the polarization measure-
ments may be affected by the nebulosity, and consequently may
show scattered distribution in the U versus Q diagram. Out of
22 probable members, 11 stars (stars 3, 7, 11, 14, 21, 22, 35, 49,
79, 88, and 93) have either oy > 1.5 and/or € > 2.3, indicating
the presence of intrinsic polarization and/or rotation in their
polarization angles (cf. Section 5.4).

5.3. Dust Distribution

In our previous studies (E11; E12) we have shown that the
Stokes plane can be used to study the distribution of dust layers,
the role of dust layers in polarization, the associated magnetic
field orientation, etc. The vector connecting two points in the
Stokes plane represents the amount of polarization, whereas the
change in the direction of vectors indicates a change in the polar-
ization angle. In the case of uniformly aligned dust grains (i.e.,
uniform magnetic field orientation), the degree of polarization
is expected to increase with distance, but the direction of po-
larization (the polarization angle) should remain the same and
hence the Stokes vector should not change its direction with in-
creasing distance. For example, in the case of NGC 1893 (E11),

the degree of polarization was found to increase with distance,
whereas the direction of polarization remained almost constant
(cf. their Figure 5). In contrast, the magnetic field orientation
shows systematic rotation with distance toward the direction
of Berkeley 59 (E12, see their Figure 7) as the radiation from
the cluster members might have a depolarization effect due to
the systematic change in the dust grain alignment in the fore-
ground medium. NGC 1931 is located toward the direction of
NGC 1893, hence a similar behavior is also expected for the
cluster NGC 1931. Figure 9 shows the Uy—Qy distribution
for probable members of NGC 1931 along with the data for
other clusters, NGC 2281 (~0.6 kpc), NGC 1664 (~1.2 kpc),
NGC 1960 (~1.3 kpc), Stock 8 (~2.0 kpc), and NGC 1893
(~3.2 kpc), located toward the direction of NGC 1931. The
data for other clusters have been taken from E11. Out of 22
probable members (cf. Table 5) of NGC 1931, we have used
only 10 stars (stars 5, 9, 12, 13, 32, 45, 47, 51, 53, and 55) in
Figure 9 that are free from intrinsic polarization and/or rotation
in their polarization angles and are also free from background
nebulosity. The polarization data for NGC 1931 is consistent
with the fact that the degree of polarization increases with the
column density of dust grains lying in front of the stars that are
relatively well aligned.

The various dust layers located between the star and the ob-
server can cause a sudden increase in the degree of polarization.
The number of these sudden increases has been used by E11 to
characterize the dust layers encountered by the radiation along
its path and the relative magnetic field orientations of the dust
layers toward the direction of NGC 1893, which is spatially
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Figure 7. U vs. Q diagrams for all the stars given in Table 6. The open circles represent the stars with V-band data. The filled squares represent the stars located within
the box as shown in Figure 5. The triangles represent the stars having either single- or double-band polarimetric data. The box with the dashed line marks the boundary
of mean P + o and mean 6 + o. The position of the Sun is also shown with a square box at the (Q = 0, U = 0) coordinates. The GP is drawn with a dotted line. The
stars distributed within or nearby the 1o box of all three Stokes planes are considered as probable members associated with the cluster.

located near the cluster NGC 1931. The polarimetric observa-
tions for NGC 1931 obtained in the present study follow the
general trend revealed by the stars and clusters located toward
the anticenter direction of the Galaxy as described by E11.

5.4. Dust Properties

The wavelength dependence of polarization in the Galaxy
can be represented by the following relation (Serkowski 1973;
Coyne et al. 1974; Wilking et al. 1982):

Py = Prax €Xp[—K In*(hpax /2], (1

where P, and Anax are the polarization percentage at wavelength
A and the peak polarization occurring at wavelength Ap,x.
The Anax depends on the optical properties and characteristic
particle size distribution of aligned grains (Serkowski et al.
1975; McMillan 1978), whereas the value of Py, is dictated
by the chemical composition, shape, size, column density, and
alignment efficiency of the dust grains. The Serkowski’s relation
with K = 1.15 provides a reasonable representation of the
observations of interstellar polarization between wavelengths
0.36 and 1.0 um. The Ppax and Ap.x are obtained using the
weighted least-squares fitting to the measured polarization
in V(RI). bands to Equation (1) by adopting K = 1.15.
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Figure 8. (U — B) vs. (B — V) TCD of the stars with polarimetric data. The
symbols are the same as in Figure 7. The ZAMS from Schmidt-Kaler (1982) is
shifted along a normal reddening vector with a slope of E(U — B)/E(B—V) =
0.72. The TCD shows a variable reddening in the cluster region with E(B —
V)min ~ 0.5 mag and E(B — V)max ~ 0.9 mag.

Table 5
The List of Probable Members of the Cluster Selected on
the Basis of Polarimetric and Photometric Observations

Star ID E(B-YV) Lying within 3/5 Region
(mag)

3 0.47 Yes
5 0.38 Yes?
7 0.61 Yes®
9 0.46 Yes
11 0.79 Yes®
12 0.54 Yes
13 0.52 Yes
14 0.75 Yes®
21 0.36 Yes?
22 0.48 Yes
32 0.70 Yes
35 0.91 Yes®
45 0.75 No
47 0.59 No
49 0.64 Yes®
51 0.51 Yes
53 0.69 No
55 0.44 No
79 0.59 No
88 0.80 YesP
93 0.92 Yes
99 0.62 YesP
Notes.

2 The polarization of these sources is comparable to the
cluster members; however, the E(B — V) values for these
stars are less than the minimum reddening (E(B — V)min =
0.50 mag) for the cluster region.

b These stars are embedded in the northern nebulosity.
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Figure 9. Uy vs. Qy plot of the 10 probable cluster members of NGC 1931,
which are free from possible intrinsic polarization, polarization angle rotation,
and background nebulosity, along with other clusters toward the direction of
NGC 1931. The data for other clusters have been taken from E11.

The parameters o; (the unit weight error of the fit for each star),'°
which quantifies the departure of the data from the standard
Serkowski’s law, and €, the dispersion of the polarization angle
for each star normalized by the average of the polarization
angle errors (cf. Marraco et al. 1993), were also estimated. The
estimated values of Pp,x, Amax, 01, and € for each star are given
in Table 6.

Figure 10 shows o} versus Pp,x (upper panel) and € versus
Amax (lower panel) plots. The criteria mentioned above indicate
that the majority of the stars do not show evidence of intrinsic
polarization. However, a few stars (15) show an indication of
either intrinsic polarization and/or rotation in their polarization
angles. Ten stars (stars 3, 14, 15, 21, 22, 26, 35, 88, 93, and
139) are found to exhibit an indication of intrinsic polarization
as they have oy > 1.5, and eight stars (7, 11, 15, 35, 49, 79,
88, and 139) are found to show rotation in their polarization
angles whose € values are higher (>2.3) than that for the rest
of the stars. Four stars (15, 35, 88, and 139) are found to show
both indication of intrinsic polarization and also rotation in their
polarization angles.

The weighted mean values of Py,ax and Apax using all of the 22
probable members are found to be 2.51% =+ 0.03% and 0.57 £
0.01 pm, respectively. The exclusion of stars showing intrinsic
polarization does not change the mean values of Pp,x and Ampax
significantly. The estimated A,y is slightly higher than the value
corresponding to the diffuse ISM (0.545 pm; Serkowski et al.
1975). Using the relation Ry = (5.6 = 0.3) X A (Whittet & van
Breda 1978), the value of Ry, the total-to-selective extinction,
comes out to be 3.20 % 0.05.

10 The values of oy for each star are computed using the expression
012 = Z(rk/epk)z/(m — 2), where m is the number of colors and
73 = Pi. — Prax expl—K I0* (mmax /3)-
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Table 6
Observed Polarization, Polarization Angles, and Estimated Serkowski Parameters
Star ID  R.A. (J2000)  Decl. (J2000) Py e Oy +e Pg. te Or L€ P, te 0, te Pax T € Amax T+ € o} €
(hms) (G (%) ©) (%) ©) (%) ©) (%) (pem)
1 @) 3) ) (5) (6) ©) (3) ) (10) (11) (12)  (13)
Stars with V(RI). passband data
3 53126.304 34119.838 2.11+0.09 153.1+1.1 225+0.08 151.7+09 183+£0.09 1503414 2.19+006 0.58+0.04 198 1.22
5 53140.241 341426232 2294010 1563+ 1.1 2394+0.08 156.1£1.0 2.16+0.09 1562+1.1 2374+0.06 0.61+£0.04 0.61 0.10
8 5319.989 341113.049 0.38+0.11 6.1+64  041+0.09 27+52 033+0.11 03+73 0404008 057+025 034 050
9 53121.278 341117927 282+0.12 155.6+1.2 271+£0.11 1558+12 2574014 156.7+14 2.82+0.09 0.58+0.04 0.67 0.37
10 53143.544 341630.803 0.65+0.16 172.0+5.8 0354014 163.0+88 0.66+0.13 47+5.0 .. . .. .
12 53120.102 341340.692 291+0.16 1543+1.5 278 +£0.14 151.7+14 2384017 156.1+19 293+0.15 0.53+005 032 0091
13 53116.265 341151.515 195+£020 151.9+29 1.84 £0.18 151.6£2.6 2.18+0.21 159.7+£2.6 2.05+0.13 0.73£0.12 143 1.00
15 53127.834  341813.799 2.19+0.25 160.5+3.0 257+022 1483+24 1.79+024 14144+37 236+020 0.56+0.09 1.81 343
16 5310.899 341139.829 2.07+024 1582432 230+£0.17 1523 +£2.0 2074016 1526421 223+0.12 0.64+0.09 0.60 1.58
20 5316.557 34844956 2294025 151.8+3.1 218 +0.17 151.1+£22 1854017 1496425 2314+024 0.524+0.08 020 0.38
21 53111433 341242754 1.85+0.25 154.6+3.8 208 +023 1547+3.0 130+£028 1539457 198+027 0.51+0.11 159 0.06
22 53125.078 341136.672 1.52+0.24 166.6 +4.3 220+0.21 161.1£2.6 1.124+024 1605+£56 1.79+0.19 0.56+£0.12 3.13 0.94
23 53144.304 34122462  1.80+030 159.5+4.4 203+021 164.7+28 1824018 1685+27 196+0.15 0.64+0.12 046 145
26 53124.496 34952.686 2324+029 163.7+3.4 1.89+£021 1564 +3.0 225+023 168.1+2.7 218+0.15 0.64+0.12 181 1.27
30 53140.680 341348.137 1.80+0.36 159.8+53 2.03+030 1653+4.0 1904030 163.3+44 198+0.19 0.694+0.18 020 0.67
32 53118.638 341117.844 2.64+0.30 155.5+3.1 1.86 £0.24 1484 +35 1824026 1540+38 270+056 042+0.08 1.18 0.83
37 530 54.507 341049.141 3.50+0.33 1509 +2.6 290+0.23 148.6+£22 2584021 1526+23 3474+041 047+£0.06 0.61 0.56
41 53145.626  341331.739 3.32+044 1664 +35 262+025 163.4+26 268+017 1640+1.8 299+031 0.56+0.09 141 0.67
45 5317.708 3414 16.768 2.53+£0.40 153.5+4.4 213+033 1462+42 145+037 1539+68 294+1.00 0.38+0.11 043 0.50
46 53143463  341559.080 2.10+0.44 149.6 +5.7 244 +031 1589+34 1944027 151.8+39 2304+030 0.58+0.14 0.84 0.88
47 53053.075 341145953 228+040 149.2+438 249 +£034 1559+3.8 263+040 159.1+42 259+029 0.76+0.19 023 1.30
48 53146.759 3414 11.717 2444+045 1457 +£5.1 2.194+030 160.6£3.8 157+0.25 148.1+£43 2734+080 0.41+£0.10 0.52 1.31
51 53120.036 34107406 2.16+041 1495451 1.77+£035 1520+54 1494+042 1658+7.6 2254+071 043+0.15 0.14 1.04
52 53059.940 341244.003 1.17+044 1583+£10.1 1.52+035 157.7+63 2444039 1639444 . .
53 53059.192 34831.110 2344043 1523450 1.72+035 1433+55 1944040 1538455 2.194+047 0.504+0.16 1.04 0.65
55 53059.360 341420.011 225+047 1555+5.7 245+041 1588+47 221+049 1583+6.1 239+027 0.64+020 021 0.37
57 53120.978 341347.093 3.18+043 1557438 247+£034 1529+3.8 251+£037 141.6+4.1 3.04+£051 049+0.11 097 1.44
58 53053.382  341217.334 2.67+047 155.0+49 252+033 151.7+3.6 247+031 149.1+34 2644+027 0.61+0.14 037 0.77
71 5311.710 34826.826 2.88+0.60 156.6+5.8 2.13+047 1551+£6.0 260+056 —33+59 263+048 056+020 1.12 9.12
73 53137341 341648904 2.284+0.64 153.5+7.6 249+0.52 159.6+57 2324050 1623+59 2454033 0.66+024 0.11 0.78
79 5313.560 341520297 4.76+055 151.8+3.3 505+047 1352+26 481+053 167.0+3.1 504+031 0.66+0.11 0.05 3.53
84 53117.663  341327.548 230+0.57 157.1+6.8 289+048 158.1+4.6 1.79+057 1489487 256+047 0.55+020 123 046
92 53120749 341153.851 1.98+0.61 167.9+8.5 245+047 156.0+£52 155+049 1369+86 2234+058 0.53+021 1.04 192
93 53137.064 341415670 228 +0.69 146.6+84 4.05+0.58 1588+4.0 3.02+056 1609+51 340+050 0.79+025 1.65 1.51
103 53113.736 341326.782 3.14+0.70 154.0+6.2 336+0.57 147.1+47 208+066 1429485 3434+097 0474+0.16 097 093
Stars embedded in the nebulosity
7 53127.071 341449520 0.82+0.11 148.9+33 0.734+0.09 131.8+3.1 0.554+0.09 99.4+39 088+0.18 043+009 036 647
11 53126523 341445071 0.62+0.13 1629+50 086+0.10 170.6+29 087+0.10 267+28 090+0.13 0.89+020 0.56 13.42
14 53126434 341456224 2114022 1404 +29 210+0.12 143.6+1.5 1304019 1278+39 2404+036 0444+0.07 2.18 1.89
34 53127.504 34153.132 2.114+037 156.0+4.6 1.11£0.29 135.0+£7.0 1.04+029 175.0+74
35 53125.024 341440484 6.51+0.32 159.1+13 623 +£023 1633+1.1 682+020 1634+08 6.73+0.14 0.71+0.04 259 2.64
49 53125.012 341417.387 1.61+049 158.2+8.0 1.58 £040 135.6+7.0 1.734+041 1300+64 1.694+027 0.714+030 035 2.39
63 53131.881 341357.500 2.03+0.57 152.1+£7.6 170+ 042 1496 +68 1.52+041 1569+7.3 2.01+£0.71 048+020 020 0.34
70 531 26.662 341421.656 2.21+0.60 1425+7.6 3254049 1459+42 2324050 1414+£59 2744031 0.67+£021 1.37 0.25
72 53120975 341422715 2.08+0.60 163.3+75 2.67+040 1528 +4.1 2824033 14244+32 286+045 0.88+026 0.14 2.12
88 53125.693  341441.104 8.66+047 1647+15 636 +035 153.0+1.6 642+033 1478+14 826+0.61 047+0.04 288 641
99 53125777 341433565 4.77+0.64 1643+36 480+0.52 154.7+3.0 539+053 1629+27 5224040 0.76+0.14 0.84 1.17
139 53120.503 341517975 4.51+1.01 127.6+6.8 318 £0.60 1464 +53 426+044 1433+28 4.05+037 077+£022 174 232
Stars with either single or double band data
1 53059.954  341532.065 1.97+0.08 150.7+1.1 e . 1.61 £0.05 151.5+09
60 53144919 341217.676 2.16+0.52 156.5+64 2.11+£040 1649 +£5.2
65 53125.097 341024942 270+048 161.1+£49 1.88+£041 163.9+59
66 531 12.905 341354.822 2.06+054 1624+7.2 1.83 £047 1545+£7.0
76 53123.673 341040.710 3.04+0.56 159.7 +£5.1 206 £049 1543 +6.5 o
85 53127.167 3418 19.141 299 +0.28 1439425
86 53136.690 34 1658.282 . .. 1.514+045 167.0+7.9
102 53135799 34 1322.894 e e 287+£059 179.1+£57 2794059 1548 +5.8
115 53126.544 3416 0.836 3.11 090 168.7+7.7 2.60+045 171.3+4.7
128 53123.382 341211.347 o o 223+0.72 1544 +89
133 53130.090 341647.089 3.30+0.95 147.1 +£8.1 e .
236 53123741 341347.338 6.52+0.55 130.1+25 359 +041 1294 +3.2 . o
2001* 53047429 34 1147.864 . o 196 £0.61 1583 +84 258+0.70 169.6+7.5
2002 53049.688 34 1128.666 3.10+0.59 147.1+5.3 3.54+£051 1478 +£4.1
2003* 53124.224 34140.139  3.16+0.79 172.6+6.6

Notes. * Optical data are not available for the three stars, namely, 2001, 2002, and 2003. Their IDs are given arbitrarily.
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Figure 10. Upper panel: o1 vs. Ppax; lower panel: € vs. Apax. Stars with
oy > 1.5, € > 2.3 and with Apax < 0.35 wm (star 34) are marked with
their IDs. The symbols are the same as in Figure 7.

However, the A .« value (0.55 +0.01 um; E11) toward cluster
NGC 1893, which is spatially close to NGC 1931, is found
to be comparable to the value of the diffuse ISM (0.545 pum;
Serkowski et al. 1975), and the reddening law toward NGC 1893
is found to be average (Sharma et al. 2007). This indicates that
the size of the dust grains toward NGC 1893 is comparable to
those in the diffuse ISM. Jose et al. (2008) have also found
the presence of the average reddening law toward the cluster
region of Stock 8, which is also located near the NGC 1931.
The indication of slightly bigger dust grains toward NGC 1931
could be due to relatively bigger dust grains within the “ICM.”
The extinction law in the cluster region is further discussed in
the following section.

5.5. Extinction Law

The (V — A) versus (B — V) TCDs, where XA is one of
the wavelengths of the broadband filters R, I, J, H, K, or

11
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L, have been used to separate the influence of the extinc-
tion produced by the diffuse ISM from that of the extinc-
tion due to the ICM (cf. Chini & Wargau 1990; Pandey
et al. 2000). The (V — A) versus (B—V) TCDs for the prob-
able members (selected on the basis of polarimetric analysis
and optical color—color diagrams; cf. Section 5.2) and prob-
able pre-main-sequence (PMS) stars (cf. Section 6.2.3) of
the cluster region are shown in Figure 11. The open circles
are the stars with V(R1), polarimetric data and the triangles are
those with either single or double band polarimetric data. The
slope for the general distribution of the majority of the stars (ex-
cluding the stars in the nebulous region (filled square symbols)
and two (stars 88 and 236) PMS stars)) is found to be 1.17 £
0.05, 2.10 £ 0.12, 2.63 £ 0.14, and 2.76 £ 0.16 for (V — I),
V—-J0),(V—-H),(V—K)versus (B — V) TCDs, respectively.
These slopes are higher in comparison to those obtained for
diffuse ISM, which indicates a differing reddening law in the
cluster region. The stars associated with the nebulous region of
the northern cluster, shown with filled square symbols, seem to
deviate from the distribution of the majority of the stars.

To have a general view of the reddening law in the cluster
region (r < 3!5), we used TCDs for all the sources detected in
the region. Figure 12 shows (V —I') versus (B — V) TCD, which
indicates a combination of distributions for the field stars and
the cluster members. We selected probable field stars, which
are shown by gray filled circles, by visually assuming that stars
following the slope of the diffuse ISM are contaminating field
stars in the cluster region. The slopes for the diffuse ISM have
been taken from Pandey et al. (2003). The remaining sources,
shown by open circles, may be members of the cluster. The
probable members associated with the nebulous region are
shown by filled squares. The slopes of the distributions for
probable cluster members (i.e., open circles + filled squares),
Muster, are found to be 1.22 £ 0.04, 2.20 £ 0.08, 2.67 £+
0.10, and 2.81 + 0.12, for the (V — 1), (V — J), (V — H),
and (V — K) versus (B — V) TCDs, respectively. The ratios
E(V —\)/E(B— V) and the ratio of total-to-selective extinction
for the general distribution of probable cluster members in the
cluster region, Rejuster, are derived using the procedure given by
Pandey et al. (2003). Assuming the value of Ry for the diffuse
foreground ISM as 3.1, the ratios E(V — A)/E(B — V) yield
Rejuster = 3.3 £ 0.1, which is in fair agreement with the value
derived using polarimetric data (cf. Section 5.4) and indicate
a differing reddening law in the cluster region. The probable
members associated with the nebulous region, shown by filled
squares, indicate a relatively higher Ry value for the nebulous
region. Several studies, e.g., Pandey et al. (2003), Pandey et al.
(2008), and references therein, have pointed out high Ry values
in the vicinity of star-forming regions, which is attributed to the
presence of larger dust grains in the region.

5.6. Polarization Efficiency

The polarization efficiency (Pnyax/E(B — V)) of the medium
depends mainly on the magnetic field strength, the grain align-
ment efficiency, and the amount of depolarization due to the ra-
diation passing through various mediums having different mag-
netic field directions (see, e.g., Feinstein et al. 2003; E11; E12,
and references therein). Figure 13 displays the polarization ef-
ficiency diagram for the stars toward NGC 1931. The empirical
upper limit relation for the polarization efficiency of the diffuse
ISM, given by P = 3Ay @ 3RyE(B—V)~93E(B—V)
(assuming Ry = 3.1; Hiltner & Johnson 1956; Serkowski et al.
1975), is shown by a continuous line in Figure 13. Serkowski
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Figure 11. TCDs of the form (V —A) vs. (B — V), where X is I, J, H, or K;. Only the probable cluster members identified on the basis of polarimetric data, photometric
color—color diagrams, and color-magnitude diagrams have been used (cf. Section 5.2). The open circles and triangles represent the stars with V(RI). and single-
or double-band polarimetric data, respectively. The star symbols are the probable PMS stars (cf. Section 6.2.3). The filled square symbols are the stars lying in the
northern nebulous region. The slopes of the straight line fit are on the right-hand side of each panel. The stars in the nebulous region (filled square symbols) and two

(stars 88 and 236) PMS stars are not used in the fit.
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Figure 12. (V —1I) vs. (B— V) TCD for the stars distributed in the cluster region.
The gray filled circles are considered as field stars, whereas those shown with
open circles are considered as probable cluster members. The stars distributed
in the northern nebulous part of the cluster are shown with filled squares. The
slopes of the gray and black continuous straight line fits to the field (1.13 £ 0.03),
and probable cluster members (1.22 + 0.04), respectively, are also indicated.
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Figure 13. Ppax vs. E(B — V) diagram. The symbols are the same as in
Figure 7. The continuous line represents the empirical upper limit relation for
the polarization efficiency (assuming Ry = 3.1) of Ppax = 9.3 x E(B — V)
(Serkowski et al. 1975). The dashed line represents the relation Ppax =
5 x E(B — V) (Serkowski et al. 1975) and the dash-dotted line represents
the relation Ppax = 3.5 x E(B — V)?8!1 by Fosalba et al. (2002).
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et al. (1975) have shown that the polarization efficiency of the
ISM in general follows the mean relation Pp,x >~ SE(B — V)
and the same is shown by a dashed line. The dash-dotted
line represents the average polarization efficiency for the gen-
eral diffuse ISM by Fosalba et al. (2002), which is valid for
E(B — V) < 1.0 mag. The majority of the cluster members are
distributed below the dashed line, indicating that the polariza-
tion efficiency of the ICM is less than the polarization efficiency
of the diffuse ISM (~5% per mag) and seems to follow the
relation for the general diffuse ISM by Fosalba et al. (2002).
Four stars, 35, 79, 88, and 99, have relatively high polarization
(Pmax ~ 5%—8%) and a polarization efficiency greater than 5%
per mag. Interestingly, stars 35 and 88 have o; and € values
>1.5 and >2.3, respectively, thereby indicating the presence of
intrinsic polarization and rotation in their polarization angles.
It is worthwhile to mention that these two stars are associated
with the nebulosity of the northern region. Star 79 has € > 2.3,
which indicates a rotation in the polarization angle. Stars 7
and 11 show significantly smaller polarization efficiency (~1%
per mag). The € values for these stars are >2.3, and hence there
could be a rotation in the polarization angle. As we have already
mentioned (cf. Section 5.1), the polarization measurements of
these two stars (stars 7 and 11) are less reliable. Interestingly,
all the stars deviating from the mean polarization efficiency
behavior of the region are located in the northern region.

Here it is interesting to mention that the dust grains toward
NGC 1893 (I = 17326, b = —127), which is spatially close to
NGC 1931, show higher polarization efficiency (cf. Figure 9,
E11) whereas the dust grains toward NGC 1931 exhibit less
polarization efficiency in comparison to mean polarization
efficiency for the general diffuse ISM. This could be due to
the average extinction law in the foreground medium and a
differing reddening law in the ICM.

6. STELLAR CONTENTS OF THE CLUSTER
6.1. Optical Color-Magnitude Diagram: Distance and Age

The Vy/(B — V)o color-magnitude diagram (CMD;
Figure 14) of the 22 identified probable members (Section 5.2)
has been used to estimate the distance to the cluster. Red-
dening of individual probable members having spectral types
earlier than AQ has been estimated using the reddening free
index Q (Johnson & Morgan 1953), which is defined as
QO = (U — B) — 0.72(B — V). The reddening law was as-
sumed to be normal. The intrinsic (B — V)y color and color
excess for the MS stars can be obtained from the relation
(B—V)y =0.332 x Q (Johnson 1966; Hillenbrand et al. 1993)
and E(B—-V) = (B —V)— (B — V), respectively. A vi-
sual fit of the isochrone for 1 Myr and Z = 0.02 by Marigo
et al. (2008) to the observations yields a distance modulus of
Vo — My = 11.81 £ 0.3, which corresponds to a distance of
2.3 £ 0.3 kpc. The distance estimate is in agreement with that
obtained by Pandey & Mahra (1986), Bhatt et al. (1994), and
Bonatto & Bica (2009).

Stars 7 (E(B — V) = 0.61) and 11 (E(B — V) = 0.79)
are located in the northern nebulous region and could be the
ionizing source(s) of the region (cf. Section 8). Star 3 is located
in the southern region and has E(B — V) = 0.47. The present
photometric data for star 3 are in agreement with that reported by
Moffatetal. (1979). The E(B — V') value for star 3 is comparable
to the E(B — V)nin. Moffat et al. (1979) concluded that either
this star is a foreground star or could be a binary star. Since
polarimetric observations suggest that it could be a member, we
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Figure 14. Dereddened V vs. (B — V) CMD for probable member stars
(cf. Section 5.2). The post-main-sequence isochrones for 1 Myr (Z = 0.02)
by Marigo et al. (2008) have been plotted after correcting for distance and
reddening. The average error in color is shown in the right side of the figure.
The polarization of two sources 5 and 21 is comparable to the cluster members;
however, the E(B — V) values for these stars are less than the minimum
reddening (E(B — V)min = 0.50 mag) for the cluster region (cf. Table 5).

presume that this star could be a binary star and a member of
the cluster.

The V /(V —I) CMDs of all the stars within the cluster region
(i.e., rq < 3!5) and the nearby field region are shown in the left
and middle panels of Figure 15. As discussed in our earlier
works (e.g., Pandey et al. 2008; Jose et al. 2008), the removal of
field star contamination from the sample of stars in the cluster
region is necessary as both PMS and dwarf foreground stars
occupy similar positions above the ZAMS in the CMDs. Since
proper-motion data are not available for the region, the statistical
criterion was used to estimate the number of probable member
stars in the cluster region. To remove contamination from field
stars, we statistically subtracted their contribution from the
CMD of the cluster region using the following procedure. The
CMDs of the cluster as well as of the reference region were
divided into grids of AV = 1 mag and A(V — I) = 0.4 mag.
The number of stars in each grid of the CMDs was counted.
After applying the completeness corrections using the CF
(cf. Table 3) to both data samples, the probable number of cluster
members in each grid was estimated by subtracting the corrected
reference star counts from the corrected counts in the cluster
region. The estimated numbers of contaminating field stars
were removed from the cluster CMD in the following manner.
For a randomly selected star in the CMD of the reference
region, the nearest star in the cluster CMD within V £0.25
and (V — I)£0.125 of the field was removed. Although the
statistically cleaned V/(V — I) CMD of the cluster region
shown in the right panel of Figure 15 clearly shows the presence
of PMS stars in the cluster, the contamination due to field
stars near V ~ 20 mag and (V — I) ~ 2.0 can still be seen
(cf. Figure 16). This field population could be due to the
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Figure 16. Statistically cleaned CMD for the region within the 3!5 radius (cf.
Figure 3). The average error in V and (V — I) colors is shown on the right side
of the figure.

background population as discussed by Pandey et al. (20006).
The statistically cleaned V/(V — I) CMD (SCMD) of the
cluster region with PMS isochrones by Siess et al. (2000) for
ages 1, 2, 5, and 10 Myr (dashed curves) and 1 Myr (continuous
curve) by Marigo et al. (2008) is shown in Figure 16, which
manifests the presence of the PMS population with an age spread
of ~5 Myr. The statistics of PMS sources obtained from the
SCMD can be used to study the IMF of the PMS population
of NGC 1931. Here we would like to point out that the points
shown by the filled circles in Figure 16 may not represent the
actual members of the clusters. However, the filled circles should

14

represent the statistics of PMS stars in the region and it has been
used to study the MF of the cluster region.

6.2. Identification of YSOs
6.2.1. On the Basis of (J — H)/(H — K) TCD

NIR imaging surveys are important tools to detect YSOs in
star-forming regions. The locations of YSOs on (J — H)/(H —
K) TCD (NIR TCD) are determined to a large extent by their
evolutionary state. The NIR TCD, using the 2MASS data for
all the sources lying in the NGC 1931 region and having
photometric errors less than 0.1 mag, is shown in the left
panel of Figure 17. All the 2MASS magnitudes and colors
have been converted into the California Institute of Technology
(CIT) system. The solid and thick dashed curves represent
the unreddened MS and giant branch (Bessell & Brett 1988),
respectively. The dotted line indicates the locus of unreddened
TTSs (Meyer et al. 1997). All the curves and lines are also
in the CIT system. The parallel dashed lines are the reddening
vectors drawn from the tip (spectral type M4) of the giant branch
(left reddening line), from the base (spectral type AQ) of the
MS branch (middle reddening line), and from the tip of the
intrinsic TTS line (right reddening line). The extinction ratios
Aj/Ay =0.265, Ag/Ay = 0.155,and Ag /Ay = 0.090 have
been taken from Cohen et al. (1981). The sources located in
the “F” region (cf. the left panel of Figure 17) could be either
field stars (MS stars, giants) or Class III and Class II sources
with small NIR excesses, whereas the sources distributed in the
“T” and “P” regions are considered to be mostly CTTSs (or
Class II objects) with relatively large NIR excesses and likely
Class I objects, respectively (for details see Pandey et al. 2008;
Chauhan et al. 2011a, 2011b). It is worthwhile to mention also
that Robitaille et al. (2006) have shown that there is a significant
overlap between protostars and CTTSs. The NIR TCD of the
NGC 1931 region (the left panel of Figure 17) indicates that a
few sources show (H — K) excess, which are shown by open
circles. A comparison of the TCD of the NGC 1931 region with
the NIR TCD of the nearby reference region (the right panel
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Figure 17. Left panel: the NIR TCD for the stars in the region of NGC 1931. Right panel: same as the left panel but for the reference region. The continuous and thick
dashed curves represent the unreddened MS and giant branch (Bessell & Brett 1988), respectively. The dotted line indicates the locus of unreddened CTTSs (Meyer
et al. 1997). The parallel dashed lines are the reddening vectors drawn from the tip (spectral type M4) of the giant branch (left reddening line), from the base (spectral
type AO) of the MS branch (middle reddening line), and from the tip of the intrinsic CTTS line (right reddening line). The crosses on the reddening vectors show an
increment of Ay = 5 mag. The sources shown with circles are the NIR excess sources, whereas the sources shown with square symbols are Class II sources identified

on the basis of MIR data (cf. Section 6.2.2).
(A color version of this figure is available in the online journal.)

of Figure 17) suggests that the sources lying in the “T” region
could be CTTSs/Class II sources.

6.2.2. On the Basis of MIR Data

The Spitzer MIR observations (3.6 and 4.5 um) for the
NGC 1931 region are also available. Since young stars in the
NGC 1931 could be deeply embedded, the MIR observations
can provide a deeper insight into the embedded YSOs. YSOs
occupy distinct regions in the IRAC color plane according to
their nature; this makes MIR TCDs a very useful tool for the
classification of YSOs. Since 8.0 um data are not available for
the region, we used [[K] — [3.6]]y and [[3.6] — [4.5]]p TCDs
(cf. Gutermuth et al. 2009) to identify the deeply embedded
YSOs. Figure 18 presents a [[K]—[3.6]]o versus [[3.6] —[4.5]]o
TCD for the observed sources. The identified Class I and Class
II sources along with photometric data (optical: present work;
JHK,: 2MASS; 3.6 um and 4.5 um: Spitzer; 3.4 um, 4.6 um,
and 12 um: WISE) are given in Tables 7 and 8. The 3.4,
4.6, and 12 um data have been taken from the WISE database
(http://irsa.ipac.caltech.edu/).

6.2.3. On the Basis of Optical and NIR CMDs and NIR TCD

Figure 19 shows V/(V — I) and J/(J — H) CMDs as well
as (J — H)/(H — K) TCD for the remaining stars that have
polarimetric data but are not classified as probable members in
Section 5.2. We found a few stars located near 1 Myr isochrone
in both the CMDs. These are shown by star symbols. Four
stars, 46, 58, 72, and 88, are located near the extension of TTSs
locus by Meyer et al. (1997) in (J — H)/(H — K) TCD. The
disk accretion rates Mgjsk, estimated using the spectral energy
distribution (SED; cf. Section 6.4) for stars 46 and 72, are of
the order of 10~° and 10~ M, yr~!, which are comparable to
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Figure 18. [[K]— [3.6]]p vs. [[3.6] — [4.5]]p TCD for the IRAC sources having
2MASS K-band counterparts. The triangles and squares represent Class I and
Class II sources, respectively.

(A color version of this figure is available in the online journal.)

the Class II sources. We presume that these could be WTTSs
with a small NIR excess. Star 139 could also be a reddened
WTTS, whereas star 236 could be an HAe/Be star. Star 236 is
identified as a Class II source on the basis of NIR and MIR data
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Table 7
The Optical (Present Work), JHK; (2MASS) Data for the Identified YSOs
1D R.A. (J2000) Decl. (J2000) U toy B+top V oy R. £ og, I. oy, Jtoy H+oy K +og
(hms) " (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

M @ 3) @ ®) ©) ™ ®) © (10) (11

46 53143.461 34 1559.011 16.689 £ 0.007 15.684 £ 0.004 14.436 £ 0.002 13.719 £+ 0.002 13.071 £ 0.003 12.087 £ 0.022 11.500 £ 0.021 11.331 £0.019
58 530 53.386 3412 17.417 16.964 £ 0.014 16.098 £ 0.004 14.784 £+ 0.004 13.998 £+ 0.003 13.241 £ 0.003 12.060 £ 0.019 11.433 £0.022 11.237 £0.018
72 53120.999 3414 23.129 16.685 £ 0.008 16.223 £ 0.004 15.027 £ 0.003 14.237 £ 0.003 13.432 £ 0.003 12.119 £ 0.023 11.449 4+ 0.023 11.220 £ 0.019
85 53127.171 34 18 19.087 18.808 £ 0.020 17.055 £ 0.009 15.183 £ 0.010 14.016 £+ 0.004 12.940 £ 0.009 11.192 £ 0.022 10.203 £ 0.021 9.897 £0.018
88 531 36.688 3416 57.950 15.893 £+ 0.093 15.916 £ 0.090 15.274 £ 0.026 14.662 £ 0.060 13.748 £ 0.150 13.406 £ 0.037 12.924 4+ 0.035 12.818 £ 0.033
129 53132.081 349 26.896 17.474 £ 0.009 16.924 £ 0.018 15.965 £+ 0.004 15.268 £ 0.011 14.551 £ 0.009 13.252 £ 0.022 12.688 £ 0.025 12.172 £0.021
139 531 20.503 34 1517.975 18.715 £ 0.018 17.715 £ 0.011 16.094 + 0.005 15.016 £ 0.012 13.943 £ 0.005 12.120 £ 0.022 11.221 £ 0.021 10.919 £0.018
236 53123.731 34 13 47.352 18.290 £ 0.026 18.168 £ 0.022 16.980 £+ 0.029 16.140 £ 0.015 15.032 £ 0.236 12.805 £ 0.023 12.057 £ 0.024 11.269 £ 0.018
544 53119.522 3414 41.392 20.354 £0.018 18.623 £ 0.022 17.524 £ 0.015 16.420 £0.111 14.665 £ 0.034 13.699 £+ 0.033 13.267 £ 0.029
589 531 23.966 3412 21.672 20.661 £ 0.021 18.776 £ 0.011 17.694 £ 0.012 16.618 £ 0.048 14.877 £ 0.040 13.947 £ 0.046 13.636 £ 0.044
609 531 24.859 34 13 34.457 20.444 £ 0.044 18.876 £ 0.012 17.583 £ 0.021 16.401 £ 0.070 14.489 £+ 0.034 13.549 4+ 0.037 13.135 £ 0.034
1493 5314.709 34177.112 21.161 £0.048 19.845 £+ 0.029 18.253 £ 0.021 16.274 £ 0.096 15.404 £ 0.102 14.799 £ 0.089
a 53123.926 349 56.668 14.737 £ 0.041 13.021 £ 0.049 11.750 £ 0.021
b 53050.131 3412 57.532 13.392 £ 0.017 12.800 £ 0.022 12.541 £0.021
c 531 38.609 34 14 24.760 15.171 £ 0.042 14.112 £ 0.035 13.482 £ 0.033
d 53047.194 3470.048 16.188 £ 0.106 15.204 £+ 0.096 14.597 £ 0.091

Note. The stars (a, b, ¢, d) are not covered by optical photometric observations.
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Figure 19. V/(V — 1), J/(J — H) CMDs and (J — H)/(H — K) TCD for the stars that have polarimetric observations but are not classified as probable members in
Section 5.2. The stars shown with star symbols are considered as probable members. The symbols are the same as in Figure 7.

(cf. Section 6.2.2). The Mdisk for stars 236 and 139 is estimated
tobe 0.8 x 1078 and 0.8 x 10~7 My, yr~!, respectively.

6.3. CMD for the PMS Sources

The V/(V — I') CMD for the YSOs identified in Section 6.2
is shown in Figure 20. PMS isochrones by Siess et al. (2000) for
1, 2, 5, and 10 Myr (dashed lines) and the post-main-sequence
isochrone for 1 Myr by Marigo et al. (2008, continuous curve)
corrected for cluster distance (2.3 kpc) and minimum reddening
(E(B — V) = 0.5) are also shown. Figure 20 reveals that a
majority of the sources have ages <5 Myr with a possible age
spread of ~5 Myr. Since the reddening vector in V/(V — I)
CMD is nearly parallel to the PMS isochrone, the presence
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of variable extinction in the region will not affect the age
estimation significantly. The age and mass of each YSO have
been estimated using the V/(V — I) CMD, as discussed by
Pandey et al. (2008) and Chauhan et al. (2009) and are given in
Table 9. It is worthwhile to point out that the estimation of the
ages and masses of the PMS stars by comparing their locations in
the CMDs with theoretical isochrones is prone to random as well
as systematic errors (see, e.g., Hillenbrand 2005; Hillenbrand
et al. 2008; Chauhan et al. 2009, 2011b). The effect of random
errors due to photometric errors and reddening estimation in
the determination of ages and masses has been estimated by
propagating the random errors to their observed estimation by
assuming normal error distribution and using the Monte Carlo
simulations (cf. Chauhan et al. 2009). The systematic errors
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Table 8
The 3.6 um and 4.5 um (Spitzer), 3.4 um and 4.6 um, 12 um and 22 um (WISE) Data for the Identified YSOs
ID R.A. (J2000) Decl. (JZOOO) 3.6+ 03.6 um 4.5+ 04.5 um 335+ 0335 um 4.6 + 04.6 um 11.6 + O11.6 um 22 + 022 um
(hms) () (mag) (mag) (mag) (mag) (mag) (mag)
(1 (@) 3 “ (5) (6) @) ® C)]
46 53143.461 34 1559.011 11.239 £+ 0.026 11.283 £ 0.026 8.709 = 0.047 6.661 £0.133
58 530 53.386 341217417 11.125 £ 0.023 11.170 £ 0.022 11.391 8.956
72 53120.999 34 14 23.129 10.824 £ 0.024 10.676 £ 0.020 7.212 £+ 0.020 2.755 £0.021
85 53127.171 34 18 19.087 9.657 £+ 0.024 9.707 £+ 0.021 9.634 6.990
88 531 36.688 34 16 57.950 ... ... 12.414 £+ 0.026 12.337 £ 0.029 8.587 £ 0.059 6.010 £ 0.079
129 53132.081 349 26.896 10.680 £ 0.029 10.035 £ 0.027 10.802 £ 0.030 9.914 £+ 0.025 6.321 £ 0.049 4.511 £0.103
139 53120.503 34 15 17.975 10.674 = 0.039 10.646 £ 0.025 10.372 £+ 0.023 10.262 £ 0.020 5.958 £0.018 2.143 £0.022
236 53123.731 34 13 47.352 10.113 £ 0.024 9.580 £ 0.026 10.121 £ 0.026 9.392 £ 0.022 6.302 £ 0.036 3.664 £ 0.079
544 53119.522 34 14 41.392 12.350 4 0.030 12.047 £ 0.032 12.462 £ 0.094 11.938 4+ 0.107 8.016 +0.133 3.966 £ 0.104
589 531 23.966 341221.672 12.823 £ 0.045 12.531 £ 0.052 12.864 &+ 0.076 12.565 £ 0.101 8.469 + 0.150 6.334 £ 0.441
609 53124.859 34 13 34.457 12.457 4+ 0.045 12.119 £ 0.046 12.382 £ 0.069 11.633 4+ 0.073 7.946 £+ 0.124 3.769 £ 0.057
1493 5314.709 34177.112 14.147 £ 0.052 13.604 £ 0.049 14.192 £ 0.062 13.540 £ 0.092 9.274 £ 0.087 7.129 £0.324
a 53123926 349 56.668 10.085 £ 0.033 9.489 £ 0.022 10.215 £+ 0.033 9.341 £ 0.028 6.734 £ 0.130 4.476 £ 0.420
b 53050.131 3412 57.532 12.045 £ 0.025 11.539 £ 0.037 12.119 £+ 0.027 11.536 £ 0.023 7.976 £ 0.026 5.753 £0.040
c 531 38.609 34 14 24.760 12.858 £ 0.036 12.428 £ 0.036 12.889 £ 0.109 12.350 +0.124 8.218 +0.231 5.451 £0.258
d 53047.194 3470.048 13.685 £+ 0.031 13.461 £ 0.042 9.948 £ 0.079 7.980 £ 0.196
Note. The stars (a, b, ¢, d) are not covered by optical photometric observations.
L B B L L B LB L L AL BLELL Table 9
10 _ 1 My _ Age and Mass of YSOs Obtained in the Present Study
r iy D Age to Mass + o ID Age o Mass + o
[ ] (Myr) (Mo) (Myr) (Mo)
12 1 32 23403 3.0+0.1 1009 >5.0 0.7+ 0.1
M1 oMyl _ ] 46 1.24+03 34+£02 1017 >5.0 0.7+£0.1
L2 My 58 05+£0.1 35+£0.1 1056 1.6 0.5 0.5+0.1
14 - i 72 05+£0.1 3.1+£02 1074 24+£15 0.5+£0.1
L 5 myd =~ _ i 88 09+£0.7 28402 1133 1.2+0.1 04 +£0.1
Foo10 My - - 98 08+12 22+03 1188 1.5£02 04 +£0.1
> - . 129 27+£09 24+£02 1200 >5.0 0.6 +0.1
16 - * 139 n 236 04+£0.3 1.0£0.3 1204 >5.0 0.6 £0.1
I | 298 22+09 1.5+£0.1 1223 27+0.5 0.5+0.1
I ) ] 321 39+06 1.6+£0.1 1238 1.5+03 0.4+0.1
18 _ 544 09403 0.7+0.1 1268 25+13 04 +£0.1
L N . 589 1.3+£02 0.7+£0.1 1279 1.8+0.2 04 +£0.1
F . 5§\ F‘ - 1 609 0.6 +0.1 0.5+0.1 1281 34+09 0.5+0.1
r NN ] 668 1.7+03 0.7+£0.1 1298 1.4+0.1 03+£0.1
20 ‘\\ \\\ } 671 23409 0.8+0.1 1349 1.4+£0.1 0.3+£0.1
I \{%‘%\D \\ _ ] 719 31410 0.8+0.1 1387 1.6 +0.1 03+0.1
| R . CI\ N i 737 3.7+08 09+£0.1 1395 3.7+£0.7 04 +£0.1
) N R B VTR Wl B Ehr G Wi S 745 2.14+0.8 0.74+0.1 1448 48+0.2 05+0.1
0.0 1.0 2.0 3.0 4.0 953 28+£1.0 0.6+£0.1 1481 1.6+0.1 03+£0.1
(v-1) 967 32+£09 0.6+£0.1 1493 1.8£02 03+0.1
1575 24+£03 03+£0.1

Figure 20. Vvs. (V —1I) CMD for the identified YSOs (Class I, Class II, and NIR
excess sources, respectively, shown with open triangles, squares, and circles)
identified on the basis of NIR (cf. Section 6.2.1) and MIR (cf. Section 6.2.2)
data. The star symbols represent probable YSOs as identified in Section 6.2.3.
The PMS isochrones for 1, 2, 5, and 10 Myr by Siess et al. (2000) and isochrone
for 1 Myr by Marigo et al. (2008) are drawn as dashed and continuous curves.
All the isochrones are corrected for the cluster distance and reddening. The
average error in V and (V — I) colors are shown on the right side of the figure.

could be due to the use of different PMS evolutionary models
and the error in distance estimation, etc. Since we are using
evolutionary models by Siess et al. (2000) to estimate the age of
all the YSOs in the region, we presume that the age estimation
is affected only by random errors. The presence of binaries
may also introduce errors in the age determination. Binarity
will brighten the star, consequently the CMD will yield a lower
age estimate. In the case of an equal-mass binary, we expect
an error of ~50%—-60% in the PMS age estimation. However,
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it is difficult to estimate the influence of binaries/variables on
the mean age estimation as the fraction of binaries/variables is
not known. In the study of TTSs in the Hur region IC 1396,
Barentsen et al. (2011) pointed out that the number of binaries
in their sample of TTSs could be very low as close binaries lose
their disk significantly faster than single stars (cf. Bouwman
et al. 2006). Estimated ages and masses of the YSOs range
from ~0.1 to 5 Myr and ~0.3 to 3.5 Mg, respectively, which
are comparable with the lifetime and masses of TTSs. The age
spread indicates a non-coeval star formation in this region.

6.4. Physical State of the YSOs

To characterize the circumstellar disk properties of YSOs,
we analyzed the SEDs using the fitting tool of Robitaille
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Table 10
The Physical Parameters of the YSOs Estimated from the SED Fits
1D M, T, Age Mace Ay
(Mo) (10°K) (10° yr) (1077 Mo yr") (mag)

46 3.44£0.20 5.30+£045 0.980 &+ 0.352 0.011 £ 0.000 14+04
58 3.65+0.17 533 +0.05 0.901 £ 0.099 0.000 £ 0.000 1.8 +£0.1
72 3.07 £ 044 6.02 + 1.05 1.532 +£0.588 1.036 £+ 0.028 2.1+06
85 3.74 £ 0.00 5.354+0.00 0.852 4 0.000 0.000 £ 0.000 29+0.0
88 3.45+0.49 12.81 £ 1.82 4.307 +2.346 0.000 £ 0.000 28+04
129 4.34 £ 0.66 14.89 £+ 1.91 3.667 £0.514 0.006 £ 0.001 40+04
139 3.56 £ 0.51 5.70 £ 0.57 1.035 £+ 0.408 0.821 £ 0.032 31+1.0
236 3.76 £ 0.43 13.70 £ 1.10 5.052 £ 2.050 0.082 £ 0.007 4.1+£04
544 2.07 £0.71 6.61 +2.80 4.171 +£2.903 0.206 £ 0.006 39+ 14
589 223 4+0.27 7.73 +1.83 5.755 £2.119 0.046 £ 0.002 48+13
609 1.76 £ 0.76 5.56 £2.20 2.994 £ 2.648 0.177 £ 0.006 35+13
1493 2.07 £+ 0.60 520+ 0.61 3.261 £ 1.230 0.155 £ 0.003 3.1+06
a 395+ 1.25 13.07 £ 3.67 4.526 +2.497 0.265 £ 0.005 100+ 1.7
b 247+ 0.64 7.27+£293 4330+ 1314 0.024 £ 0.002 34405
c 2.85+1.30 9.97 +4.24 4202 +2.264 0.107 £ 0.004 87+£23
d 2.02 £+ 0.67 8.09 +£2.73 5.991 £ 2.842 0.070 £ 0.002 8.8 +£28

Note. The stars (a, b, ¢, d) are not covered by optical photometric observations.
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Figure 21. SED for a Class II source 236. The black line shows the best fit and
the gray lines show subsequent good fits with x2 — x,%,in < 2Ndata- The dashed
line shows the stellar photosphere corresponding to the central source of the
best-fitting model. The filled circles denote the input flux values using the data
given in Tables 7 and 8.

et al. (2007). The SED fitting tool fits thousands of models
to the observed SED simultaneously. This SED fitting tool
determines their physical parameters like mass (M,), age,
interstellar extinction (Ay), temperature (75,), disk mass, disk
mass accretion rate (M,..), etc. The SED fitting tool fits each of
the models to the data, allowing both the distance and foreground
extinction to be free parameters. Since we do not have spectral
type information for the identified YSOs, we estimated Ay by
tracing back sources along the reddening vector to the intrinsic
locus of TTS (Meyer et al. 1997) in (J — H)/(H — K) TCD.
Thus the estimated value of Ay is considered as the maximum
Ay, whereas the foreground extinction for the YSOs toward
NGC 1931 is considered as the minimum Ay. The distance
range is adopted as 2.1-2.5 kpc. The error in NIR and MIR
flux estimates due to possible uncertainties in the calibration,
extinction, and intrinsic object variability was set as 10%—20%.
Figure 21 shows an example of SED of the resulting model
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for a Class II source 236. We obtained physical parameters
for all the sources, adopting an approach similar to that of
Robitaille et al. (2007), by considering those models that satisfy
X% = X2 < 2Ngawa, where x 2. is the goodness-of-fit parameter
for the best-fit model and Ng,, is the number of observational
input data points. The relevant parameters are obtained from
the weighted mean and the standard deviation of these models,

weighted by ¢~**/2 of each model, and are shown in Table 10,
which reveals that the majority of the Class II sources have a
disk accretion rate of the order of ~10~7 to 1078 Mg yr~!. The
parameters support the classification of YSOs obtained on the
basis of CMDs and NIR/MIR TCDs. We would like to mention
that the stellar ages given in Table 10 are only approximate,
and in the absence of far-infrared (FIR) to millimeter data the
disk parameters should be taken with a caution; however, these
parameters can still be used as a quantitative indicator of stellar
youth.

7. INITIAL MASS FUNCTION AND K-BAND
LUMINOSITY FUNCTION

The distribution of stellar masses for a star formation event in
a given volume of space is known as IMF and, in combination
with the star formation rate, the IMF dictates the evolution
and fate of galaxies and star clusters (Kroupa 2002). The MF
of young clusters can be considered as the IMF as they are
too young to lose a significant number of members either by
dynamical or by stellar evolution.

The MF is often expressed by a power law, N(logm) oc m",
and the slope of the MF is given as I' = d log N(logm)/d logm,
where N(logm) is the number of stars per unit logarithmic
mass interval. For the mass range 0.4 < M/My < 10, the
classical value derived by Salpeter (1955) for the slope of MF
isI'=—1.35.

With the help of the statistically cleaned CMD, shown
in Figure 16, we can derive the MF using the theoretical
evolutionary models. Since the age of the massive cluster
members could be ~5 Myr, the stars having V < 15 mag (Vy <
13.5 mag, M > 2 M) are considered as MS stars. For these
stars, the LF was converted to an MF using the theoretical
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Figure 22. MF for the whole cluster region (upper panel), the northern region
(middle panel), and the southern region (bottom panel). The continuous line
is the fit to the data excluding the points shown by open circles, whereas the
dashed line shows fit for the entire sample.

models by Marigo et al. (2008) (cf. Pandey et al. 2001, 2005).
The MF for the PMS stars has been obtained by counting
the number of stars with age < 5 Myr in various mass bins
shown as evolutionary tracks in Figure 16. The resulting MF
for the whole cluster region, the northern, and southern regions
(cf. Figure 3) is plotted in Figure 22. The slope (I') of the
MF in the mass range 0.5 < M/M < 9.5 for the northern
clusters, southern clusters, and for the combined region comes
out to be —0.92 £ 0.21, —0.87 £ 0.15, and —0.90 £ 0.16,
respectively, which seems to be shallower than the Salpeter
(1955) value (—1.35). However, a careful look at the MF
in the northern cluster reveals a break in the power law at
~0.8-1.0 M. Excluding the points shown by open circles, the
slope of the MF in the range 0.8 < M /M < 9.8 is found to be
—1.26+0.23, —0.98 £ 0.22, and —1.15 £ 0.19 for the northern,
southern, and whole cluster regions, respectively. The break in
the MF slope has also been reported in the case of two clusters,
namely, Stock 8 and NGC 1893 located near NGC 1931. In
the case of young clusters, Stock 8 (Jose et al. 2008), and
NGC 1893 (Sharma et al. 2007), the break was reported at
~1-2 M.

During the last decade, several studies have focused on the
determination of the K-band luminosity function (KLF) of
young open clusters (e.g., Lada & Lada 2003; Ojha et al. 2004;
Sharma et al. 2007; Sanchawala et al. 2007; Pandey et al. 2008;
Jose et al. 2008, 2011). The KLF is being used to investigate the
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Figure 23. Comparison of the observed KLF (filled circles) and the simulated
KLF (triangles) from the Galactic model (see the text). The error bars represent

++/N errors.

IMF and star formation of young embedded clusters. In order
to obtain the KLF in the region, we have assumed that the NIR
data are 99% complete up to ~15.7, 15.1, and 14.3 mag in the J,
H, and K| bands, respectively, as mentioned in Section 3.1. The
Besangon Galactic model of stellar population synthesis (Robin
et al. 2003) was used to estimate the foreground/background
field star contamination in the present sample. The star counts
both toward the cluster region and toward the direction of the
reference field; we estimated and checked the validity of the
simulated model by comparing the model KLF with that of
the reference field and found that the two KLFs match rather well
(Figure 23). The advantage of this method is that we can separate
the foreground (d < 2.3 kpc) and the background (d > 2.3 kpc)
field star contamination. The foreground extinction toward the
cluster region is found to be Ay ~ 1.6 mag. The model
simulations with d < 2.3 kpc and Ay = 1.6 mag give the
foreground contamination, and that with d > 2.3 kpc and Ay =
2.8 mag give the background population. We thus determined the
fraction of the contaminating stars (foreground+background)
over the total model counts. This fraction was used to scale
the nearby reference region and subsequently the modified star
counts of the reference region were subtracted from the KLF
of the cluster to obtain the final corrected KLF. This KLF is
expressed by the following power law:

dN(K
L o 1()011(’

where dN(K)/dK is the number of stars per 0.5 mag bin and
«a is the slope of the power law. Figure 24 shows the KLF for
the cluster region, which yields a slope of « = 0.38 £ 0.13,
0.29 £ 0.06, and 0.36 £ 0.08 for the northern regions, southern
regions, and whole cluster region, respectively. The slopes in
the northern and southern regions within the error are rather the
same and similar to the average slopes (¢ ~ 0.4) for young
clusters (Lada & Lada 1991, 1995, 2003) but higher than the
values (0.27-0.31) obtained for Be 59 (Pandey et al. 2008),
Stock 8 (Jose et al. 2008), and the NGC 2175 region (Jose et al.
2012).
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Figure 24. Corrected KLF for north, south, and whole cluster regions. The

straight line is the least-squares fit to the data. The error bars represent £+/ N
erTors.

8. STAR FORMATION SCENARIO IN
THE NGC 1931 REGION

The massive stars in star-forming regions have a strong
influence and can significantly affect the entire region. The
star formation in the region may be terminated as energetic
stellar winds from massive stars can evaporate nearby clouds.
Alternatively, stellar winds and shock waves from a supernova
explosion may squeeze molecular clouds and induce the next
generation of star formation. Elmegreen & Lada (1977) propose
that the expanding ionization fronts from the massive star(s)
play a constructive role in inciting a sequence of star formation
activities in the neighborhood. The distribution of YSOs and the
morphological details of the environment around NGC 1931 can
be used to probe the star formation scenario in the region.

In Figure 25, the NRAO VLA Sky Survey (NVSS) 1.4 GHz
radio continuum emission contours (thin green contours) and
Midcourse Space Experiment (MSX) A-band (8.3 um) MIR
contours (thick white contours) along with the distribution of
YSOs are overlaid on the IRAC 3.4 um image. In the literature,
we could not find any detailed observations to probe the
molecular cloud associated with NGC 1931. The only available
is the '>CO contour map of the Sh2-237 region traced from
Figure 27(c) of Leisawitz et al. (1989), which is also shown in
Figure 25 as black contours. Although the resolution is poor, a
moderate-sized molecular cloud (NGC 1931C; Leisawitz et al.
1989) of ~6.9 x 10° M, is found to be associated with the
cluster. The peak of the '2CO contours is located at the southeast
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of the cluster center, with a peak value of the H, column density
NH,) ~ 3 x 10 cm™2.

The morphology of the radio continuum emission con-
tours reveals that the eastern region is an ionization-bounded
zone, whereas the decreasing intensity distribution toward the
southwest direction suggests that this region could be density
bounded. There seems to be a flow of ionized gas in the south-
west direction, as expected in the case of the Champagne flow
model (Tenorio-Tagle 1979).

Sh2-237 is rather a spherical Hul region around ionizing
star(s) and is nearly surrounded by a dust ring, as revealed
by MIR emission in the MSX A band (centered at 8.3 um) as
well as in the Spitzer/IRAC channel 2 (centered at 4.5 um).
The far-UV radiation can escape from the H 11 region and pen-
etrate the surface of molecular clouds leading to the formation
of photodissociation region (PDR) in the surface layer of the
clouds. Polycyclic aromatic hydrocarbons (PAHs) within the
PDR are excited by the UV photons re-emitting their energy
at MIR wavelengths, particularly between 6 and 10 um. The A
band (8.3 um) of MSX includes several discrete PAH emission
features (e.g., 6.6, 7.7, and 8.6 um) in addition to the contri-
bution from the thermal continuum component from hot dust.
The ring of PAH emission lies beyond the ionization front (IF),
indicating the interface between the ionized and molecular gas
(i.e., PDR). The absence of 8 um emission in the interior of the
Hu region is interpreted as the destruction of PAH molecules
by intense UV radiation of the ionizing star.

The 1.4 GHz radio continuum emission contours derived
from the NVSS (Condon et al. 1998) reveal a peak around
aao00 ~ 05"31M28% and 85009 ~ +34°14'48”. The integrated
flux density of the radio continuum above 3o level is estimated
to be 0.76 Jy. Leisawitz et al. (1989) have reported the flux
density of the H11 region as 0.6 Jy. We estimated the number
of Lyman continuum photons (Npy.) emitted per second and
hence the spectral type of the exciting star by using the flux
density of 0.76 Jy together with the assumed distance and
by assuming a spherical symmetry for the ionized region and
neglecting the absorption of UV radiation by dust inside the H1t
region. Assuming a typical electron temperature in the region
as 8000 K (see, e.g., Samal et al. 2007), the relation given by
Martin-Herndndez et al. (2003) yields log Npy. = 47.26, which
corresponds to an MS spectral type of ~B0.5 (Panagia 1973;
Schaerer & de Koter 1997). The region has the two brightest stars
(cf. Figure 14; star 7, My ~ —2.24 and star 11, My ~ —2.03;
spectral type ~ B2) associated with the northern nebulosity. If
these stars are the ionization sources of the region, the Ny
produced by these stars will be log(Nry.) ~ 45.0. The Nyyc
derived from 1.4 GHz radio observations are quite high relative
to the available stellar content estimated from the broadband
photometry.

The spectral type of the two brightest stars (probable ionizing
stars) is found to be ~B2V. The stars seem to be on the MS.
The MS lifetime of a B2-type star is ~25 Myr (Leinert 2000).
This suggests that the H 11 region may still be under expansion.
The dynamical age of Sh2-237 can be estimated using the
model by Dyson & Williams (1997) with an assumption that the
ionized gas of pure hydrogen is at a constant temperature in a
uniform medium of constant density. If the H 11 region associated
with Sh2-237 has Niy. ~ 1.855 x 10¥ (logNpye ~ 47.26)
effective ionizing photons per second and is expanding into a
homogeneous medium of typical density 10*(10%) cm—2, it will
form a Stromgren radius (7;) of ~ 0.022(0.10) pc. The initial
phase is overpressured compared to the neutral gas and will
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Figure 25. Spatial distribution of Class II sources (square symbols), Class I sources (triangles), NIR excess sources (circles), and probable PMS sources (open stars)
overlaid on the K-band image. The open pentagons denote two ionizing stars 7 and 11. The black continuous contours represent '2CO emission from Leisawitz et al.
(1989). The NVSS 1.4 GHz radio emission contours (thin green contours) and MSX A-band intensity contours (thick white contours) have also been shown. The

minimum and maximum levels of NVSS contours are 0.001 and 0.187 Jy beam

—1

, respectively, whereas the minimum and maximum levels of MSX A-band contours

are 2.01 x 107% and 2.64 x 1075 Wm=2 s, respectively. North is up and east is to the left. The abscissa and ordinate show the R.A. (J2000) and decl. (J2000),

respectively.
(A color version of this figure is available in the online journal.)

expand into the medium of radius r; at time 7 as

( 7CHI)4/7
ri=rs |1+ .

4r,

The observed radius of the ionized gas from NVSS radio
contours is found to be ~24 (cf. Figure 25), which corresponds
to a physical radius of about 1.6 pc at a distance of 2.3 kpc.
In the literature, the expansion velocity of the ionized front is
reported as ~4 km s~! (e.g., Moreno-Corral et al. 1993; Kang
et al. 2009; Pomares et al. 2009). Assuming an expansion speed
(Crp) of 4 km s™! and typical density of the ionized gas as
10%(10%) cm =3, the dynamical age of the ionized region comes
out to be ~6 (2) Myr. The estimated dynamical age must be
considered highly uncertain because of the assumption of a
uniform medium, assumed velocity of expansion, etc. Since the
H 1 region is found to be partially surrounded by the MSX dust
emission, we would expect an expanding IF to be preceded by
a swept-up shell of cool neutral gas as it erodes into a neutral
cloud.

Figure 25 also shows the distribution of identified YSOs. The
distribution of YSOs does not seem to follow the stellar density
distribution of the cluster region and hence we presume that
these YSOs could be next generation stars. A significant number
of YSOs are found to be associated with the dust ring as revealed
by MIR emission in the MSX A band (cf. Figure 25). This could
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be an indication of triggered star formation. In the literature,
two mechanisms that could be responsible for triggered star
formation have been discussed. These are “radiation-driven
implosion” (RDI) and “collect-and-collapse” models.

Detailed model calculations of the RDI process have been
carried out by several authors (e.g., Bertoldi 1989; Lefloch &
Lazareff 1995; Lefloch et al. 1997; De Vries et al. 2002; Kessel-
Deynet & Burkert 2003; Miao et al. 2006). In this process, a
pre-existing dense clump is exposed to the ionizing radiation
from massive stars of the previous generation. The head part of
the clump collapses due to the high pressure of the ionized gas
and self-gravity, which consequently leads to the formation of
next generation stars. The signature of the RDI process is the
anisotropic density distribution in a relatively small molecular
cloud surrounded by a curved ionization/shock front (bright
rim) as well as a group of YSOs aligned from the bright rim to
the direction of the ionizing source.

In the “collect-and-collapse” process, which was proposed
by Elmegreen & Lada (1977), as the H11 region expands, the
surrounding neutral material is collected between the ionization
front and the shock front which precedes the former. With time
the layer gets massive and consequently becomes gravitationally
unstable and collapses to form stars of the second generation
including massive stars. Recent simulations of this process are
shown by Hosokawa & Inutsuka (2005, 2006) and Dale et al.
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(2007). An observational signature of the process is the presence
of a dense layer and massive condensations adjacent to an H1t
region (e.g., Deharveng et al. 2003).

The YSOs do not show any aligned distribution as expected
in the case of RDI, and hence the RDI cannot be the process
for triggering the next generation of stars. Since the probable
ionization sources in the region have spectral types of ~B2,
the maximum MS lifetime of a B2-type star could be ~25 Myr
(cf. Leinert 2006). The dynamical age of the ionized region is
estimated in the range of ~2—6 Myr. The spherical morphology
of the ionized region partially surrounded by MSX dust emission
in the mid-IR (see Figure 25) and association of YSOs (having
mean age ~ 2 £ 1 Myr) with the dust region indicate triggered
star formation, which could be due to the “collect-and-collapse”
process. Some of the YSOs are not found to be associated with
the dust and are distributed in the central part. We presume that
these sources may be located in the collected material lying
in the outer skin of the molecular cloud toward the line of
sight of the observer. The '>CO map by Leisawitz et al. (1989)
also suggests that the cluster is located at the extreme end of
the molecular cloud. The overall star formation scenario in the
NGC 1931 region also seems to indicate a blister model of star
formation as suggested by Zuckerman (1973). Israel (1978) has
also found that the majority of H 11 regions were located at the
edges of molecular clouds and have a structure suggestive of IF
surrounded by less dense envelopes.

However, in a recent model calculation, Walch et al. (2011)
argued that the clumps around the edge of H1r regions do not
require the collect-and-collapse process and can be explained
by the pre-existing non-uniform density distribution of the
molecular cloud into which the Hu region expands. This star
formation scenario can also be speculated for the NGC 1931
region.

9. CONCLUSIONS

In this study, we report on photometric and polarimetric
observations toward the direction of the NGC 1931 cluster
region. The aim of this study was to investigate the properties
of dust grains in the ISM toward the direction of the clusters
as well as the properties of intracluster dust and star formation
scenario in the region. The following are the main conclusions
of this study.

1. We have shown that polarization measurements in combi-
nation with the (U — B) — (B — V) color—color diagram
provide a better identification of the cluster members.

2. The distance to the cluster is estimated using the probable
members identified on the basis of polarimetric and pho-
tometric data. The estimated distance of 2.3 £ 0.3 kpc is
in agreement with the values obtained by us in previous
studies. The interstellar extinction in the cluster region is
found to be variable with E(B — V)pin =~ 0.5 mag and
E(B — V)max = 0.9 mag. Both polarimetric as well as pho-
tometric studies indicate that the ratio of total-to-selective
extinction in the cluster region, Rejyseer, could be higher than
the average.

3. The estimated mean values of Py and 0y for the cluster
NGC 1931 are found to be similar to those of Stock 8,
which is located approximately at a similar distance of the
cluster NGC 1931.

4. The weighted mean of the Pp,x and Ay values for
NGC 1931 are found to be 2.51% + 0.03% and 0.57 +
0.01 pm, respectively. The estimated A, is slightly higher
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than that for the diffuse ISM, which indicates that the
average size of the dust grains within the cluster NGC 1931
may be slightly larger than that of the diffuse ISM.

5. The polarization efficiency of the dust grains toward
NGC 1931 is found to be less than that of the diffuse
ISM. This could be due to the average extinction law in
the foreground medium and a differing reddening law in
the ICM.

6. The stellar density distribution in the region reveals two
separate clusterings in the region. The reddening in the
northern regions is found to be variable. The radial extent
of the region is estimated to be ~3'5.

7. The statistically cleaned CMD indicates a PMS population
in the region with ages ~1-5 Myr.

8. The slope of the mass function (—0.98 £ 0.22) in the
southern region in the mass range 0.8 < M/Mgy < 9.8
is found to be shallower in comparison to that in the
northern region (—1.26 £ 0.23), which is comparable to
the Salpeter value (—1.35). The KLF of the region is found
to be comparable to the average value of the slope (~0.4;
cf. Lada & Lada 2003) for young clusters. However, the
slope of the KLF is steeper in the northern region, which
indicates relatively fainter stars in the northern region as
compared to the southern region.

9. The region is probably ionized by two B2 MS-type stars
(stars 7 and 11). However, the Ny derived from 1.4 GHz
radio observations are quite high relative to the available
stellar content estimated from the broadband photometry.
The maximum MS age of B2 stars could be ~25 Myr.
The YSOs identified on the basis of NIR/MIR data have
masses ~1-3.5 M. The mean age of the YSOs in the region
is found to be 2 £ 1 Myr, which suggests that the YSOs
must be younger than the ionizing sources of the region.
The morphology of the region and ages of the YSOs and
ionization sources indicate triggered star formation in the
region.
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