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Photometric and polarimetric studies towards
NGC1931

C. Eswaraiah, A. K. Pandey, S. Sharma and Ram Kesh Yadav

Aryabhatta Research Institute of observational Sciences (ARIES), Naintal, INDIA

Abstract. We investigated the dust properties and magnetic �eld orientation towards the star cluster
NGC1931. Cluster members have been identi�ed using both optical color-color as well as QV −UV
stokes plane diagrams. Thus identi�ed probable cluster members have been used to estimate the
distance to the cluster NGC1931 which is found to be 2.3±0.3 kpc. Few young stellar objects
with possible intrinsic polarization have been identi�ed. One-dimensional surface stellar density
contours suggest two clustering in the NGC1931 region. The reddening E(B−V) is found to be
variable between 0.50 to 0.90 mag. Polarimetric and photometric results indicate for the presence of
slightly bigger dust grains within the intra-cluster medium. Although our previous work (Eswaraiah
et al. 2011) reveals uniform dust grain alignment in the foreground medium towards the direction of
NGC1931, the polarization ef�ciency is found to be less than that of the general diffuse interstellar
medium. This could be due to the normal extinction law in the foreground medium and anomalous
reddening law in the intra-cluster medium.
Keywords: Star formation, Open clusters, Photometry, Polarization, ISM dust and Magnetic �elds
PACS: 97.10.Bt, 98.20.Di, 95.55.Qf, 98.35.Eg, 98.38.Cp,97.10.Ld,98.35.Ln

1. INTRODUCTION

Optical polarimetry is an ef�cient tool to study the properties of the dust and can provide
vital information regarding orientation of the magnetic �eld towards the direction of star-
forming regions. When un-polarized light passes through an ensemble of non-spherical
dust grains aligned with respect to the Galactic magnetic �eld the light gets linearly
polarized at the level of few percent. Dust distribution in the form of dust layers and
the properties of dust grains, magnetic �eld orientation along the line of sight, nature
of environment in which dust exist, nature of extinction laws along a particular line
of sight etc are the important factors that can determine the dust grain polarization
ef�ciency. The mechanism which responsible for the dust grain alignment is still an
ongoing debate in the astronomical community, even though it is believed that the Davis-
Greenstein mechanism (Davis & Greenstein 1951) could be responsible for the dust
grain alignment, however recently, radiative torque alignment (Lazarian 2007; Lazarian
& Hoang 2007; Andersson et al. 2011) attained much attention and seems to be a
promising mechanism which can explain the dust grain alignment in all the environments
such as diffuse ISM and molecular clouds etc.

Young star clusters which are still embedded in the parent molecular cloud, are unique
laboratories to study the dust properties, the nature of interaction between young star(s)
and the surrounding medium as well as to study the star formation scenario in the
region. This paper is continuation of our efforts to understand the star formation scenario
(Pandey et al. 2008, Sharma et al. 2007 & 2010, Jose et al. 2008 & 2011, Samal et al.
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2007 & 2010, Chauhan et al. 2009 & 2011a,b) and dust characteristics in star-forming
regions as well as to map the structure of magnetic �eld at diverse environments of the
Milky Way Galaxy (Eswaraiah et al. 2011 & 2012).

Here we report broad-band optical photometric and polarimetric observations around
the cluster NGC1931. NGC1931 (α2000 = 05h 31m 25s, δ2000 = +34◦ 14′ 42′′; l=173.9◦,
b=0.28◦) is a young star cluster associated with a gas-dust complex. The cluster is
associated with the bright nebula Sh 2-237 in Auriga. The distance estimates for the
cluster varies between 1.8 kpc to 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, Denisyuk & Karyagina (1975)
reported that Sh2-237 is excited by a star of spectral type B0.5. Leisawitz et al (1989)
have found that the portion of Sh2-237 is obscured by a molecular cloud.

2. OBSERVATION & DATA REDUCTION

The CCD UBV (RI)c and Hα photometric data were acquired on 2005 December 31;
2006 January 22, 23; and 2006 Febraruy 24, using the 2048 × 2048 pixel CCD camera
mounted on the f/13 Cassegrain focus of the 104-cm Sampurnanand Telescope of
Aryabhatta Research Institute of Observational Sciences (ARIES), Nainital. The broad-
band UBV (RI)c observations were standardized by observing stars in the SA98 �eld
(Landolt 1992) on 23 January 2006. A blank �eld of ∼13×13 arcmin2 located at a
distance of about 40 arcmin away towards north-west of the cluster was used to estimate
the contamination due to foreground/background �eld stars.

Polarimetric observations were carried out on two nights (2010 November 12 and
2010 December 13), using the ARIES Imaging Polarimeter (AIMPOL; Rautela, Joshi &
Pandey 2004) mounted at the Cassegrain focus of the 104-cm Sampurnanand telescope
of the ARIES, Nainital, India. The details of the instrument, observation and data
reduction can be found in Eswaraiah et al. (2011 & 2012).

3. RESULTS

3.1. Polarimetry: membership and Serkowski parameters (Pmax and
λmax)

Color-color diagram in combination with QV versus UV Stokes plane can be used
to identify the members of a cluster (cf. Eswaraiah et al. 2011). In the Stokes plane
the Stokes parameters of cluster members should show a clustered distribution around
the mean values of QV andUV as the light from the cluster members is affected approxi-
mately by a similar column density of aligned dust grains. The dispersion from the mean
values of the cluster members may be caused by various factors such as the variable red-
dening, variation in the dust properties and the variation in the physical conditions in
the intra-cluster medium. The cluster members may also show scattered distribution in
the Stokes plane because of the intrinsic polarization and/or rotation in the polarization
angles due to circumstellar disks/envelopes around young stellar objects.
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We have carried out multi-band polarimetric observations for 62 stars. Out of 62,
57 stars have V-band polarimetric measurements. The black vectors in Fig. 1 represent
the sky projection of V -band polarization measurements for 57 stars drawn on the
2MASS K-band image. In the case of 5 stars V -band polarization measurements are
not available, in those cases we plotted the polarization measurements either of RC-band
(red) or IC-band (magenta). The length of each polarization vector is proportional to the
degree of polarization. The dashed-dot line represents the orientation of the projection
of the Galactic plane (GP) at b = 0.30◦, 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 closely aligned with the GP. The enlarged view of the central region
is shown in a separate panel at the top right part of the �gure.

The left panel of Fig 2 shows QV versus UV diagram for the 57 stars with V -band
polarization measurements. Whereas the right panel of Fig 2 is (B−V ) versus (U −

B) for 58 stars as the (U − B) and (B−V ) colors are not available for 4 stars. The
Gaussian �t to the V -band polarization measurements of 57 stars yields mean and
standard deviation as PV = 2.4±0.6 per cent and θV = 155◦±7◦. These values have been
used to plot the 1σ box in the left panel of Fig. 2. The values of mean PV (2.4±0.6 per
cent) and mean θV (155◦ ±7◦) towards NGC1931 are comparable to those (PV=2.3±0.1
per cent and θV =160◦ ±3◦, Eswaraiah et al. 2011) obtained for Stock 8 (l =173.37◦, b=-
0.18◦, distance = 2.05 kpc) which is located near the NGC1931. On the basis of star’s
position in both color-color and Stoke’s diagram, we identi�ed 22 cluster members. A
few more probable PMS members in the cluster region were identi�ed on the basis of
NIR/MIR colour-colour diagram and optical/NIR color-magnitude diagram. The details
can be found in the forthcoming paper.

Out of 22 probable members, 11 stars have either σ1 > 1.5 and (or) ε > 2.3 indicating
the the presence of intrinsic polarization and/or rotation in their polarization angles.
To study the dust properties (Pmax and λmax), we need to consider only those probable
members which are free from either intrinsic polarization and (or) rotation in their
polarization angles. The weighted mean values of Pmax and λmax using 11 stars, which
do not show intrinsic polarization and (or) rotation in their polarization angles, are found
to be 2.52±0.04 per cent and 0.57±0.02 μm, respectively. However the λmax value
(0.55±0.01μm; Eswaraiah et al. 2011) towards the cluster NGC1893, which is spatially
close to NGC1931, is found to be comparable to the value for the diffuse ISM (0.545μm;
Serkowski et al. 1975) as well as the reddening law is found to be normal (Sharma et
al. 2007). This indicates that size of the dust grains is comparable to those in the diffuse
ISM. Jose et al. (2008) have also found the presence of normal reddening law in the
cluster region of Stock 8 which is also located near the NGC1931. The indication of
slightly bigger dust grains towards NGC1931 could be due to slightly bigger dust grains
within the “intra-cluster medium".

3.2. Extinction law

The TCDs of the form of (V − λ ) vs. (B−V ), where λ is one of the wavelengths
of the broadband �lters R, I,J,H,K or L, can used to separate the in�uence of the
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FIGURE 1. The polarization measurements of the stars in NGC1931 are over plotted in 2MASS
Ks-band image. The stars with V -band polarimetric measurements are shown with black vectors. The
red and magenta vectors represent polarimetric measurements in RC and IC-bands. The position angle
corresponding to the b = 0.30◦ (GP) is also shown at 142◦ with a dot-dashed line. A vector with a 2 per
cent 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), majority of the vectors are closely aligned with GP indicating an
ordered magnetic �eld towards NGC1931. The vectors in the nebulous region of the cluster show rather
scattered distribution. The box at the corner shows an enlarged view of the central region.

normal extinction produced by the diffuse ISM from that of the abnormal extinction
arising within the cluster region having a peculiar distribution of dust sizes (cf. Chini
& Wargau, 1990; Pandey et al., 2000). The (V −λ ) vs. (B−V ) TCDs for the probable
members and probable PMS stars of the cluster region are shown in Fig. 3. The open
circles are the stars with V (RI)C polarimetric data and the triangles are those with
either single or double band polarimetric data. The slope for the general distribution
of majority of the stars (excluding the stars in the nebulous region shown with �lled
square symbols and two PMS stars # 88 and 236) 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 − J), (V −H), (V −K) versus (B−V ) TCDs
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FIGURE 2. (Left panel) U versus Q diagrams for 57 stars observed in V-band. Open circles represent
the stars having V -band data. The �lled squares represent the stars located within the box at the cluster
center. The triangles represent the stars having either single or double band polarimetric data. The box
with dashed line marks the boundary of mean P±σ=2.4±0.6 per cent and mean θ ±σ=155◦±7◦. 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 1σ box of all the three Stoke’s planes could be
probable members associated with the cluster.(Right panel): (U−B) versus (B−V ) TCD of the stars with
polarimetric data. The symbols same as in left panel. The zero-age main sequence (ZAMS) from Schmidt-
Kaler (1982) is shifted along a normal reddening vector having 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.

respectively. These slopes are higher in comparison to those obtained for normal ISM,
which indicates an anomalous reddening law in the cluster region. The stars associated
with the nebulous region of northern cluster, shown with �lled square symbols, seem to
be deviating from the distribution of majority of the stars. Hence, both our polarimetric
and photometric results indicate for the presence of anomalous reddening law towards
NGC1931 indicating the presence of slightly bigger dust grains within the intra-cluster
medium.

3.3. Polarization ef�ciency

The ratio of Pmax/E(B−V ) is known to be a measure of the polarization ef�ciency
of the ISM and it depends mainly on the grain alignment ef�ciency, the magnetic �eld
strength and the amount of depolarization due to the radiation traversing diffuse clouds
with different magnetic �eld directions (see e.g. Feinstein et al. 2003; Orsatti et al.
2003; Martínez et al. 2004; Vergne et al. 2007, 2010; Eswaraiah et al. 2011 & 2012).
Figure 4 displays the polarization ef�ciency diagram for 11 probable cluster members
without intrinsic polarization and two foreground stars. It is well known that for the

142

Downloaded 05 Jul 2013 to 210.212.91.103. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissions



FIGURE 3. The TCDs of the form (V −λ ) vs. (B−V ), where λ is I, J, H or Ks. Only the probable
cluster members identi�ed on the basis of polarimetric data, photometric color-color diagrams and colour-
magnitude diagram have been used. The open cirlces and triangles represent the stars having V (RI)C and
single or double band polarimetric data, respectively. The star symbols are the probable PMS stars. The
�lled squares symbols are the stars lying in the cluster center shown by a square box in the Fig. 1. The
straight line �t values are indicated on right hand side of each panel. The stars in the nebulous region
(�lled square symbols) and two (# 88 and 236) PMS stars are not used in the �t.

diffuse ISM the polarization ef�ciency cannot exceed the empirical upper limit given
by, Pmax = 3AV � 3RVE(B−V ) � 9.3E(B−V) per cent (assuming RV =3.1, Hiltner &
Johnson, 1956; Serkowski et al., 1975) and the same is shown by a continuous line in
Fig. 4. For the average ISM, Serkowski et al. (1975) have found that the polarization
ef�ciency of the ISM follows a mean relation Pmax � 5E(B−V ), which is shown by a
dashed line. The recent estimate of the average polarization ef�ciency for the general
diffuse ISM by Fosalba et al. (2002), which is valid for E(B−V ) < 1.0 mag, is shown
with a dashed-dot line.

Reddening values of individual probable 11 member stars having spectral types earlier
than A0 has been computed by means of the reddening free index Q (Johnson &
Morgan, 1953). Assuming a normal reddening law we have constructed a reddening-
free parameter index Q = (U−B)−0.72(B−V). For the MS stars, the intrinsic (B−V )0
color and color-excess can be obtained from the relation (B−V )0 = 0.332×Q (Johnson,
1966; Hillenbrand et al., 1993) and E(B−V ) = (B−V )− (B−V )0, respectively. The
reddening values for the foreground stars (#8 and #10) have also been estimated. Figure 4
shows that star #99 has relatively high polarization (Pmax ∼ 5.2 per cent) and polarization
ef�ciency greater than 5 per cent per mag. However, the majority of the cluster members
are distributed below the dashed line indicating that the intracluster medium exhibits less
polarization ef�ciency than the mean value for the diffuse ISM (∼5 per cent per mag)
and seems to follow the relation for the general diffuse ISM by Fosalba et al. (2002).
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FIGURE 4. Pmax versus E(B−V ) diagram for the 11 con�rmed probable members and 2 con�rmed
foreground stars (#8 and #10) that are free from intrinsic polarization and (or) rotation in their polarization
angles. The continuous line represents the empirical upper limit relation for the polarization ef�ciency
(assuming RV= 3.1) of Pmax = 9.3×E(B−V ) (Serkowski et al 1975). The dashed line represents the
relation Pmax = 5×E(B−V) (Serkowski et al 1975) and the dot-dashed line represents the relation Pmax
= 3.5 × E(B−V)0.8 by Fosalba et al. (2002).

The observed less polarization ef�ciency could be because of the presence of normal
sized dust grains in the foreground medium with normal reddening law and the presence
of slightly bigger dust grains within the intra-cluster medium with anomalous reddening
law.

3.4. Distance

The V0/(B−V )0 color magnitude diagram of the 22 probable identi�ed members
has been used to estimate the distance to the cluster. A visual �t of the isochrone for 1
Myr and Z=0.02 by Marigo et al. (2008) to the observations yield a distance modulus
of V0 −MV=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); Bonatto & Bica (2009).

3.5. Structure of the cluster

The initial stellar distribution in star clusters may be governed by the structure of
parental molecular cloud as well as how star formation proceeds in the cloud (Chen
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FIGURE 5. De-reddened V versus (B−V) color-magnitude diagram for 22 probable members stars.
The post main-sequence isochrones for 1 Myr (Z=0.02) by Marigo et al. (2008) has been plotted after
correcting for the distance and reddening.

et al., 2004; Sharma et al., 2006). Later evolution of the cluster may be governed by
internal gravitational interaction among member stars and external tidal forces due to
the Galactic disc or giant molecular clouds.

To study the morphology of the cluster, we generated isodensity contours for the stars
detected in 2MASS Ks-band and are shown in Fig. 6. The contours are plotted above
1σ level. The surface density distribution reveals two prominent structures clusterings
around α(2000) =05h31m25s, δ (2000) = +34◦14′28′′ and α(2000) = 05h31m22s, δ
(2000) = +34◦10′44′′, suggesting the presence of a double cluster in the region. In fact
the radial density pro�le (RDP) of the region by Bonatto & Bica (2009) also reveals a
density enhancement around the radial distance of ∼ 3–5 arcmin.

4. CONCLUSIONS

In this study we have further shown that the polarization measurements in combination
with the (U −B)− (B−V ) colour-colour diagram provide a better identi�cation of the
cluster members. The estimated distance of 2.3±0.2 kpc to the cluster 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 )min � 0.5 mag, E(B−V )max �
0.9 mag. The polarimetric as well as photometric studies both indicate that the ratio
of total-to-selective extinction in the cluster region, Rcluster, could be higher than the
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FIGURE 6. The isodensity contours generated from the 2MASS Ks-band data (with σKs < 0.1 mag)
using a grid size of �35 × 35 arcsec2. The contours are plotted above 1σ level. The contours have step
size of 2 stars/arcmin2 with the lowest contour representing 5 stars/arcmin2. Isodensity contours manifest
two prominent clustering. The dashed line demarcates northern and southern parts of the region. The area
marked with continuous line represents the region covered by optical photometry. The circle represents
estimated boundary of the region. The plus sign represents the center of the clusters.

normal which indicates an anomalous reddening law in the region. The polarization
ef�ciency towards the NGC1931 region is signi�cantly smaller as compared to that
towards NGC1893, which is located spatially near to the NGC1931. The stellar density
distribution in the region reveals two separate clusterings. The radial extent of the region
is estimated to be ∼3.5 arcmin.
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