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A B S T R A C T 

We have investigated the grain alignment and dust properties towards the direction of the cluster NGC 2345 using the multiband 

optical polarimetric observations. For the majority of the stars, the observed polarization is found to be due to the interstellar 
medium with average values of maximum polarization and wavelength corresponding to it as 1.55 per cent and 0.58 μm, 
respecti vely. This re veals a similar size distribution of dust grains to that in the general interstellar medium in the direction of 
NGC 2345. Alteration of dust properties near the distance of 1.2 kpc towards the direction of NGC 2345 has been noticed. The 
dust grains located beyond this distance are found to be aligned with the Galactic magnetic field, whereas a dispersion in the 
orientation of the dust grains lying in the foreground of this distance is found. Polarizing efficiency of grains in this direction is 
found to be close to the av erage efficienc y for our Galaxy. The decreased grain size along with the increased polarizing efficiency 

towards the core region of the cluster indicates the local radiation field is higher within the cluster, which is responsible for the 
increased alignment efficiency of small grains. The wavelength of maximum polarization (associated with the average size of 
aligned grains) is also found to increase with extinction and reduces with the increase in polarizing efficiency, which can be 
explained by the radiative torque alignment mechanism. 
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 I N T RO D U C T I O N  

he starlight passing through the interstellar medium (ISM) becomes 
inearly polarized due to the differential extinction from the align- 
ent of asymmetric dust grains in the ISM (Hall 1949 ; Hiltner

949b ). The alignment process of dust grains has been a topic of
iscussion in the past several decades (see e.g. Davis & Greenstein 
951 ; Jones & Spitzer 1967 ; Spitzer 1978 ; Aannestad & Greenberg
983 ; Mathis 1986 ; Vaillancourt, Andersson & Lazarian 2013 ). The
aramagnetic relaxation and radiative alignment torque are the main 
echanisms considered for the alignment of dust grains. In the para- 
agnetic relaxation mechanism, initially the grains spin after colli- 

ion with hydrogen atoms and ions, and the spin axis of grains aligns
ith the local magnetic field by dissipation of the magnetization 

nergy (Davis & Greenstein 1951 ). Ho we ver, in order to align grains
n time-scales faster than disruption, there are further advancements 
n this theory by including superparamagnetic grains, or superthermal 
adiation, etc. (Jones & Spitzer 1967 ; Purcell 1979 ; Mathis 1986 ). 

The radiative torque alignment is considered to be the best 
lignment mechanism to explain the optical and infrared polarization 
Dolgino v & Mitrofano v 1976 ; Draine & Weingartner 1996 ; Lazarian
 Hoang 2007 ). Radiative torque alignment is due to the interaction

f anisotropic radiation (wavelength of radiation less than the diam- 
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ter of grains) with an irregular shaped grain. Dust grains are aligned
n such a way that the short axis of grains is parallel to the magnetic
eld. According to this theory, for a strong and anisotropic radiation
eld, the alignment direction can be different from the magnetic 
eld and it may be towards the direction of radiation (Lazarian &
oang 2007 , 2021 ). In the majority of environments, the radiative

orque alignment is a magnetic alignment in which grains are aligned
long the magnetic field and the plane of the sky projection of the
eld can be tracked by the direction of observed polarization due

o the dichroic extinction (Hoang & Lazarian 2016 ). Presently, all
hese mechanisms are being explored to support most observational 
ndings. Thus, numerous observational results towards different 
irections of Galaxy are very important and play a very ef fecti ve role
n better understanding of the grain alignment. The polarimetric study 
ill be an ef fecti ve tool for providing information about the magnetic
eld orientation (Heiles 1996 ; Lazarian 2003 , 2007 ), and will also
eveal information about the properties of ISM dust grains and their
lignment (e.g. Whittet 1992 ; Kim & Martin 1994 ; Voshchinnikov 
012 ; Soam et al. 2021 ). Dust polarization is associated with the
raction of aligned dust grains present in the ISM and how efficient
he alignment will be. It is also related to the particular size and
ype (composition) of grains. It also depends on the magnetic field
eometry along the line of sight. The correlation of polarization 
egree with reddening was reported by Hiltner ( 1949a ), Hiltner
 1956 ) with the existence of an upper limit on polarization, and
n ongoing observational studies it was seen for the majority of lines
f sight (e.g. Medhi et al. 2010 ; Singh & P ande y 2020 ; Singh et al.
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020 ; Vergne, Feinstein & Mart ́ınez 2007 , etc.). The polarimetric
tudy in different bands leads to information about the size of grains.
he variation of polarization with wavelength is generally followed
y the Serkowski relation (Serko wski, Mathe wson & Ford 1975 ) for
SM polarization and is associated with parameters like maximum
olarization ( P max ) and wavelength ( λmax ) corresponding to P max ,
hich is a measure of size distribution of dust grains (e.g. Kim &
artin 1994 ). Additionally, details of the change in the interstellar

nvironment and magnetic fields, the existence of any dust layer, the
oncentration of foreground dust, etc. can be acquired. 

In this paper, we present a multiband polarimetric study for an open
tar cluster NGC 2345. The open cluster NGC 2345 is a young cluster
n Canis Major constellation ( l = 226 . ◦58, b = −2 . ◦31). Distance,
eddening [ E ( B − V )], and age of this cluster were estimated to
e in the range of 2.2–3.0 kpc, 0.59–0.68 mag, and 55–79 Myr (in
harchenko et al. 2005 , 2013 ; Carraro et al. 2015 ; Cantat-Gaudin

t al. 2018 ; Alonso-Santiago et al. 2019 ). Kharchenko et al. ( 2005 )
av e deriv ed the angular radius of core and cluster as 4.2 and
.2 arcmin, respectively, whereas Alonso-Santiago et al. ( 2019 ) have
stimated core radius of 3.44 ± 0.08 arcmin and tidal radius of
8.7 ± 1.2 arcmin for the cluster. Non radial distribution of dust
ssociated with the cluster was noticed in various past studies with a
ariable reddening E ( B − V ) from 0.4 to 1.2 mag (lik e Moff at 1974 ;
arraro et al. 2015 ; Alonso-Santiago et al. 2019 ). Carraro et al. ( 2015 )
ave found variable extinction across the cluster and an o v erdensity
as noticed upto a radius of ≈3.75 arcmin, which is a cluster radius.
The paper is organized as follows: the observations and data

eduction are given in Section 2 , the results and analysis are described
n Section 3 , whereas the discussion and summary are described in
ection 4 and 5 , respectively. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

olarimetric observations of the cluster NGC 2345 and a field region
which is ∼1 ◦ away from the centre of NGC 2345, to increase the field
opulation to impro v e statistics) were carried out on 2018 January
2, and February 14 and 15 using ARIES imaging polarimeter
AIMPOL; Rautela, Joshi & P ande y 2004 ), which is mounted as a
ack-end instrument at the 104-cm telescope (f/13 Cassegrain focus)
f ARIES. The AIMPOL consists of a half-wave plate (HWP) and a
ollaston prism. HWP is rotatable and we performed observations

t four different positions of HWP, i.e. 0 ◦, 22 . ◦5, 45 ◦, 67 . ◦5 from
he celestial north–south direction. Through the Wollaston prism,
ach image is transformed into ordinary (o-) and extraordinary (e-)
mages on the detector. The detector used was a 1k ×1k charge-
oupled camera (CCD) cooled by liquid nitrogen. The read noise
nd gain of CCD are 7.0 e − and 11.98 e −/ADU, respectively. The
eld of view of AIMPOL is ∼8 arcmin in diameter. The observations
ere performed in four pass-bands: B ( λeff = 0.44 μm), V ( λeff =
.55 μm), R ( λeff = 0.67 μm), and I ( λeff = 0.80 μm). Exposure times
ere 250, 200, 120, and 150 s in B , V , R , and I bands, respectively. We
ave taken at least three frames at each position of HWP. All frames
t a position are summed in order to get a good signal-to-noise
atio. Aperture photometry was performed to get the fluxes of o- and
- images using Image Reduction and Analysis Facility. 1 Further
eduction techniques are given in Singh et al. ( 2020 ). Correction
or instrumental polarization was performed using an unpolarized
tandard star (HD21447). The instrumental polarization was found
o be ≤0.3 per cent in all bands. We hav e observ ed two standard
NRAS 513, 4899–4912 (2022) 
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3

olarized stars (HD19820 and HD25443) for zero-point polarization
ngle correction. The observed values for polarized standard stars
re found to be in good agreement with the standard values as given
n Schmidt, Elston & Lupie ( 1992 ). 

As there is no grid in AIMPOL, the o v erlapping of images can not
e a v oided. Thus we ha ve manually selected the isolated sources in
ach B , V , R , and I bands. Owing to this and considering the offset of
he observed regions in different days, we have selected 172 stars in
 , 146 in V , 168 in R , and 156 in I bands. Further, we have discarded

hose values of a polarization for which the relative error is more than
.5 (or > 2 σ ). Adopting this additional criteria, we are left with 151,
32, 157, 144 stars in B , V , R , and I bands, respectively. A total of 197
ources, of which 135 are of the cluster region and 62 from the field
egion are included in this study. The astrometry was performed with
he online available tool. 2 For the identification of observed stars,
e have cross-matched our stars with the Gaia DR2 data sets (Gaia
ollaboration 2016 , 2018 ). Most of the stars were matched with the
aia sources within 2 arcsec offset, only three stars were matched
etween 2 and 3.8 arcsec offset. All these sources are fulfilled by the
ondition for a good astrometric solution as given in Lindegren et al.
 2018 ). Membership information of observed stars in the cluster NGC
345 are taken from Cantat-Gaudin et al. ( 2018 ). We have considered
tars as members of the cluster if the membership probability (MP)
s given in Cantat-Gaudin et al. ( 2018 ) is more than 50 per cent. 

 RESULTS  A N D  ANALYSI S  

he degree of polarization ( P ) and polarization position angle ( θ ) in
our bands B , V , R , and I for observed sources are given in Table 1 .
he source ID designated in our work is in the first column and the
econd column is the identification ID taken from Gaia . The offset
rom Gaia position is given in column 3. Then consecutive columns
epresent P and θ with associated errors in B , V , R , and I bands. In
his table, the first 135 sources are from the cluster region and the rest
2 sources are from the field region. The member stars of the cluster
GC 2345 are marked with an asterisk symbol with their IDs. 

.1 Degree of polarization and polarization position angle 

he polarization vectors in all four bands are o v erplotted on the
SS 

3 -2-red surv e y images of the cluster and field regions in Figs 1
nd 2 , respectively. The length of the vector is proportional to the de-
ree of polarization and their tilt denotes the position angle, which is
easured from north increasing towards the east. The reference vec-

or for 1 per cent polarization is drawn at the bottom right. The mem-
er stars of the cluster NGC 2345 are marked by the filled red circles.
he dotted line in figures is the projection of orientation of Galactic
arallel (GP) at both regions. The majority of polarization vectors
re found to be nearly parallel to the GP in both regions. There are a
ew stars in both regions that are showing a larger deviation from GP.

In order to plot the distribution of P and θ , we have used the
aussian kernel density estimation (Scott 1979 ; Waskom 2021a ;
askom 2021b ). The density distributions along with the normalized

istogram are shown in Figs 3 a and b for P and θ in B , V , R , and I -
ands. Hence, as position angles indicate the orientation, circular
tatistics are considered for showing the distribution of position
ngles. The majority of stars have P in the range of 0.5–2 per cent
nd the histogram reveals that there is no such difference between
 ht tps://nova.ast rometry.net/upload 
 http://ar chive.eso.or g/dss/dss 
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Table 1. The degree of polarization ( P ) and position angle ( θ ) in the B , V , R , and I bands for all observed stars in the cluster NGC 2345 and a field region. 

ID Gaia ID 

Offset 
(arcsec) P B ( per cent ) θB ( o ) P V ( per cent ) θV ( o ) P R ( per cent ) θR ( o ) P I ( per cent ) θ I ( o ) 

Cluster region 
1 ∗ 3044669369450492288 0.46 1.16 ± 0.12 162.0 ± 2.8 – – 1.79 ± 0.12 148.9 ± 1.9 1.84 ± 0.23 160.3 ± 3.6 
2 3044669369450499328 0.39 0.92 ± 0.42 119.6 ± 13.4 – – 0.29 ± 0.11 91.4 ± 10.4 – –
3 ∗ 3044666380153268992 0.58 0.97 ± 0.45 154.8 ± 13.2 – – 1.01 ± 0.13 145.8 ± 3.6 1.66 ± 0.02 155.4 ± 0.4 
4 ∗ 3044665486800115200 0.61 1.63 ± 0.19 155.4 ± 3.2 – – 1.51 ± 0.14 154.8 ± 2.6 1.68 ± 0.38 151.7 ± 6.5 
5 3044666204049384704 0.52 1.22 ± 0.24 162.8 ± 5.5 – – 1.78 ± 0.17 145.0 ± 2.8 1.71 ± 0.06 158.8 ± 1.1 
6 ∗ 3044668682255788672 0.40 2.89 ± 0.13 139.3 ± 1.3 2.62 ± 0.01 129.4 ± 0.1 3.13 ± 0.14 137.7 ± 1.3 2.73 ± 0.03 138.8 ± 0.4 
7 ∗ 3044665727318289152 0.29 1.57 ± 0.08 145.5 ± 1.5 – – 3.15 ± 0.18 139.9 ± 1.7 – –
8 ∗ 3044668819694724352 0.24 4.48 ± 1.64 163.9 ± 10.4 – – 1.47 ± 0.12 148.2 ± 2.2 1.40 ± 0.54 165.2 ± 11.0 
9 ∗ 3044669575608944256 0.21 1.75 ± 0.02 153.1 ± 0.4 – – 1.75 ± 0.13 146.4 ± 2.2 1.65 ± 0.11 146.9 ± 2.0 
10 3044668888404742528 0.26 1.97 ± 0.04 152.9 ± 0.6 – – 1.59 ± 0.01 150.8 ± 0.2 1.54 ± 0.15 158.2 ± 2.8 
11 ∗ 3044669541249212800 0.11 2.86 ± 0.18 129.5 ± 1.8 – – 2.12 ± 0.01 127.9 ± 0.1 1.78 ± 0.29 129.3 ± 4.7 
12 ∗ 3044669094572631040 0.11 2.23 ± 0.04 157.9 ± 0.5 – – 1.07 ± 0.19 152.0 ± 5.0 1.49 ± 0.30 161.3 ± 5.7 
13 ∗ 3044669163292102144 0.06 1.33 ± 0.01 154.2 ± 0.2 – – 1.53 ± 0.14 150.1 ± 2.5 1.49 ± 0.15 153.1 ± 2.9 
14 ∗ 3044664215489824256 0.84 0.95 ± 0.17 113.5 ± 5.2 1.01 ± 0.06 133.2 ± 1.8 1.21 ± 0.09 120.3 ± 2.2 0.89 ± 0.18 134.4 ± 6.0 
15 ∗ 3044668922773965824 0.48 1.75 ± 0.08 164.7 ± 1.3 – – 2.29 ± 0.04 155.4 ± 0.4 – –
16 3044665761678349056 0.19 0.99 ± 0.08 11.0 ± 2.4 – – 0.72 ± 0.04 50.9 ± 1.7 1.33 ± 0.25 27.1 ± 5.5 
17 ∗ 3044669644328400896 0.83 0.78 ± 0.01 101.2 ± 0.5 1.12 ± 0.04 138.5 ± 1.0 1.86 ± 0.06 139.7 ± 0.9 1.72 ± 0.62 135.6 ± 10.4 
18 ∗ 3044669472529743360 1.18 2.49 ± 0.17 154.8 ± 1.9 – 1.67 ± 0.22 146.6 ± 3.9 0.94 ± 0.03 139.0 ± 0.9 
19 ∗ 3044666414512997248 0.55 – – – – 1.35 ± 0.07 150.9 ± 1.5 1.21 ± 0.06 164.6 ± 1.3 
20 ∗ 3044666307128599040 0.59 – – – – 1.62 ± 0.04 141.7 ± 0.7 1.41 ± 0.15 145.2 ± 3.1 
21 3044665967836424192 0.55 – – – – 1.00 ± 0.12 140.6 ± 3.4 1.33 ± 0.12 159.1 ± 2.5 
22 ∗ 3044669266371312384 0.69 – – – – 2.47 ± 0.03 164.8 ± 0.4 2.84 ± 0.22 168.5 ± 2.3 
23 ∗ 3044669266371307776 0.70 – – – – 2.23 ± 0.25 170.3 ± 3.2 2.38 ± 0.21 168.3 ± 2.5 
24 3044675622922858240 0.26 1.29 ± 0.24 157.2 ± 5.2 1.82 ± 0.04 154.7 ± 0.6 1.63 ± 0.09 154.4 ± 1.5 1.59 ± 0.04 158.7 ± 0.8 
25 ∗ 3044675588563126656 0.41 1.59 ± 0.06 131.9 ± 1.1 1.88 ± 0.11 127.9 ± 1.7 2.09 ± 0.03 124.6 ± 0.4 1.60 ± 0.10 161.0 ± 1.8 
26 3044675588563129088 0.39 1.62 ± 0.11 12.1 ± 1.9 1.23 ± 0.17 109.7 ± 4.1 1.13 ± 0.01 145.1 ± 0.3 0.53 ± 0.07 177.6 ± 3.7 
27 3044677237830539136 0.45 1.04 ± 0.33 140.6 ± 9.0 0.76 ± 0.18 142.1 ± 6.8 1.05 ± 0.02 156.2 ± 0.5 0.60 ± 0.05 136.7 ± 2.2 
28 ∗ 3044676550635786880 0.22 1.04 ± 0.01 163.0 ± 0.3 1.29 ± 0.05 152.0 ± 1.2 1.42 ± 0.22 149.8 ± 4.4 0.64 ± 0.12 146.1 ± 5.3 
29 ∗ 3044676378837101056 0.25 2.66 ± 0.41 153.8 ± 4.4 1.41 ± 0.35 147.2 ± 7.1 2.07 ± 0.02 143.5 ± 0.3 1.82 ± 0.29 149.3 ± 4.6 
30 3044864532763157248 0.30 0.61 ± 0.07 167.7 ± 3.3 0.36 ± 0.04 30.9 ± 3.0 0.65 ± 0.10 3.1 ± 4.5 1.22 ± 0.08 7.5 ± 1.8 
31 3044864395324215168 0.17 1.62 ± 0.18 124.0 ± 3.2 0.90 ± 0.18 165.9 ± 5.8 – – – –
32 ∗ 3044676688074753536 0.11 – – 1.26 ± 0.18 11.3 ± 4.0 0.91 ± 0.23 176.5 ± 7.1 1.12 ± 0.04 179.6 ± 1.1 
33 3044670503321866752 0.58 1.12 ± 0.04 39.7 ± 1.0 0.62 ± 0.04 51.5 ± 1.8 0.35 ± 0.02 151.3 ± 1.8 0.66 ± 0.01 13.2 ± 0.1 
34 ∗ 3044670572041356160 0.31 1.38 ± 0.18 176.1 ± 3.6 3.33 ± 0.10 159.2 ± 0.9 2.25 ± 0.03 141.5 ± 0.4 2.08 ± 0.01 149.6 ± 0.1 
35 3044864734622541696 0.23 1.35 ± 0.08 43.7 ± 1.7 1.58 ± 0.04 35.5 ± 0.6 1.02 ± 0.24 30.9 ± 6.7 1.51 ± 0.23 24.9 ± 4.3 
36 3044670812559502464 0.13 – – 1.71 ± 0.10 179.5 ± 1.7 1.65 ± 0.11 165.0 ± 1.9 1.34 ± 0.25 162.5 ± 5.4 
37 ∗ 3044670675120561408 0.18 1.09 ± 0.09 165.6 ± 2.3 0.95 ± 0.30 170.1 ± 9.1 2.13 ± 0.47 164.9 ± 6.3 1.67 ± 0.24 152.5 ± 4.2 
38 ∗ 3044670572041366400 0.84 1.29 ± 0.25 138.4 ± 5.6 2.34 ± 0.61 176.8 ± 7.4 1.62 ± 0.24 140.7 ± 4.3 – –
39 ∗ 3044864360964480896 0.07 0.75 ± 0.17 17.2 ± 6.4 1.07 ± 0.03 177.1 ± 0.9 1.02 ± 0.07 38.0 ± 2.1 0.97 ± 0.37 178.2 ± 10.8 
40 ∗ 3044670606401093504 0.43 1.47 ± 0.09 97.7 ± 1.7 – – 2.62 ± 0.07 166.7 ± 0.8 1.38 ± 0.28 10.2 ± 5.7 
41 ∗ 3044676756794624256 0.22 0.71 ± 0.27 175.1 ± 10.9 0.84 ± 0.21 165.6 ± 7.1 0.79 ± 0.24 174.0 ± 8.8 1.90 ± 0.52 15.9 ± 7.8 
42 ∗ 3044676447556579712 0.17 1.30 ± 0.39 143.8 ± 8.5 1.34 ± 0.09 166.8 ± 1.9 1.31 ± 0.27 167.0 ± 5.9 1.37 ± 0.04 165.7 ± 0.9 
43 ∗ 3044676340174612608 0.25 – – 1.37 ± 0.18 157.2 ± 3.8 1.01 ± 0.03 152.0 ± 0.8 1.42 ± 0.11 165.4 ± 2.3 
44 3044669713047878656 0.98 1.00 ± 0.05 137.5 ± 1.4 1.20 ± 0.18 145.0 ± 4.2 1.47 ± 0.09 129.6 ± 1.7 1.69 ± 0.12 123.3 ± 2.0 
45 3044864601482633088 0.57 – – – – 1.31 ± 0.24 177.1 ± 5.2 1.02 ± 0.01 148.7 ± 0.1 
46 ∗ 3044864842000808192 0.52 1.63 ± 0.02 158.9 ± 0.4 1.76 ± 0.12 166.5 ± 1.9 1.48 ± 0.11 158.9 ± 2.1 2.06 ± 0.18 156.9 ± 2.6 
47 3044670537681591936 1.16 0.73 ± 0.18 51.2 ± 7.1 0.35 ± 0.05 41.2 ± 4.3 0.33 ± 0.04 55.2 ± 3.7 0.21 ± 0.08 179.9 ± 10.6 
48 ∗ 3044670503321865728 0.42 3.33 ± 0.77 69.1 ± 6.5 2.54 ± 0.03 133.3 ± 0.3 1.58 ± 0.35 122.4 ± 6.4 2.65 ± 0.62 124.3 ± 6.7 
49 ∗ 3044670400242658176 0.60 – – 4.81 ± 0.70 141.5 ± 4.1 3.62 ± 0.04 145.2 ± 0.3 3.38 ± 0.31 136.5 ± 2.6 
50 ∗ 3044670464659348224 0.36 1.16 ± 0.25 140.7 ± 6.3 0.53 ± 0.01 145.4 ± 0.7 1.18 ± 0.36 146.1 ± 8.9 0.87 ± 0.40 155.7 ± 13.0 
51 ∗ 3044856591364735232 0.51 1.84 ± 0.11 124.5 ± 1.7 1.12 ± 0.11 123.6 ± 2.9 1.66 ± 0.10 123.5 ± 1.7 0.82 ± 0.30 121.0 ± 10.6 
52 3044856458224709632 0.28 1.52 ± 0.56 25.6 ± 10.6 1.23 ± 0.11 28.9 ± 2.5 1.15 ± 0.36 50.3 ± 9.0 0.41 ± 0.10 179.1 ± 6.6 
53 3044856561303914496 0.43 – – 0.76 ± 0.13 10.2 ± 5.1 0.45 ± 0.17 39.7 ± 10.7 0.45 ± 0.01 44.8 ± 0.1 
54 3044856183346803584 0.15 0.55 ± 0.07 22.1 ± 3.6 0.58 ± 0.01 14.8 ± 0.5 0.21 ± 0.05 21.1 ± 7.1 – –
55 3044855771029950592 0.55 – – 0.77 ± 0.07 53.0 ± 2.5 0.12 ± 0.02 10.9 ± 3.6 0.82 ± 0.07 152.2 ± 2.5 
56 3044855594932139264 0.38 1.26 ± 0.18 5.5 ± 4.2 0.39 ± 0.17 171.7 ± 12.2 0.83 ± 0.12 151.6 ± 4.2 0.54 ± 0.12 174.2 ± 6.3 
57 3044855736670209536 0.41 1.08 ± 0.03 15.6 ± 0.9 1.07 ± 0.19 32.8 ± 5.2 0.23 ± 0.04 65.7 ± 4.7 1.05 ± 0.23 17.9 ± 6.4 
58 ∗ 3044668059477483264 0.31 1.43 ± 0.33 134.8 ± 6.7 0.33 ± 0.13 152.3 ± 11.3 0.53 ± 0.14 110.2 ± 7.7 0.87 ± 0.20 31.7 ± 6.6 
59 3044858141851970944 2.42 1.38 ± 0.27 18.4 ± 5.6 – – 0.90 ± 0.10 5.7 ± 3.2 1.51 ± 0.41 173.4 ± 7.8 
60 3044856355145484160 0.29 2.57 ± 0.41 151.6 ± 4.5 1.37 ± 0.27 176.4 ± 5.6 0.81 ± 0.34 56.1 ± 12.0 1.54 ± 0.30 34.3 ± 5.7 
61 3044856217706537088 0.33 3.59 ± 0.38 126.8 ± 3.1 – – 0.47 ± 0.12 10.9 ± 7.3 1.02 ± 0.04 11.7 ± 1.2 
62 3044668579176599168 0.35 1.06 ± 0.10 15.6 ± 2.7 0.58 ± 0.02 179.8 ± 1.1 – – 0.53 ± 0.07 12.9 ± 3.6 
63 3044668407377917184 0.34 0.83 ± 0.15 14.1 ± 5.0 1.02 ± 0.01 176.5 ± 0.1 0.73 ± 0.10 166.8 ± 4.0 1.13 ± 0.01 173.1 ± 0.4 
64 ∗ 3044667720183159168 0.12 0.78 ± 0.29 175.8 ± 10.5 1.20 ± 0.08 170.7 ± 1.8 – – 1.35 ± 0.39 119.9 ± 8.5 
65 3044856286426008320 0.36 1.04 ± 0.33 171.1 ± 9.1 – – – – 1.00 ± 0.22 10.3 ± 6.4 
66 ∗ 3044857832614228608 0.66 2.40 ± 0.18 126.4 ± 2.1 1.44 ± 0.62 139.6 ± 12.3 1.58 ± 0.09 132.4 ± 1.7 1.68 ± 0.51 147.0 ± 8.6 
67 3044858004412908288 1.83 1.69 ± 0.06 174.4 ± 1.0 1.76 ± 0.07 174.0 ± 1.2 1.76 ± 0.12 166.0 ± 1.9 1.87 ± 0.07 171.6 ± 1.0 
68 ∗ 3044670125364791040 0.71 2.35 ± 0.27 154.8 ± 3.3 2.46 ± 0.10 150.3 ± 1.1 2.80 ± 0.21 146.5 ± 2.1 2.60 ± 0.06 153.1 ± 0.7 
69 ∗ 3044668304298684800 0.41 1.39 ± 0.01 1.0 ± 0.3 1.92 ± 0.29 166.1 ± 4.4 1.66 ± 0.05 165.2 ± 0.9 1.93 ± 0.22 169.1 ± 3.3 
70 3044667479664967808 0.47 0.91 ± 0.09 163.7 ± 2.7 1.03 ± 0.06 168.6 ± 1.8 0.56 ± 0.12 135.7 ± 6.1 – –

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/4899/6581327 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 08 June 2022



4902 S. Singh, J. C. Pandey and T. Hoang 

MNRAS 513, 4899–4912 (2022) 

Table 1 – continued 

ID Gaia ID 

Offset 
(arcsec) P B ( per cent ) θB ( o ) P V ( per cent ) θV ( o ) P R ( per cent ) θR ( o ) P I ( per cent ) θ I ( o ) 

71 3044669850486886912 0.69 2.29 ± 0.28 145.3 ± 3.5 1.56 ± 0.01 149.2 ± 0.1 2.05 ± 0.18 141.9 ± 2.5 1.74 ± 0.07 146.9 ± 1.2 
72 ∗ 3044667445305227136 0.56 1.34 ± 0.15 174.4 ± 3.3 1.59 ± 0.35 166.9 ± 6.2 1.62 ± 0.06 168.8 ± 1.1 1.75 ± 0.16 162.7 ± 2.5 
73 3044858244931080320 2.59 1.82 ± 0.01 20.1 ± 0.1 0.34 ± 0.01 159.0 ± 1.0 0.62 ± 0.10 139.6 ± 4.6 1.07 ± 0.41 8.5 ± 10.8 
74 3044857832614230528 0.62 1.58 ± 0.06 145.9 ± 1.1 2.73 ± 0.06 133.7 ± 0.6 2.62 ± 0.25 136.4 ± 2.8 2.01 ± 0.17 142.3 ± 2.4 
75 3044857866973962624 0.70 – – 1.79 ± 0.12 150.3 ± 1.9 1.32 ± 0.08 140.4 ± 1.7 2.48 ± 0.78 139.2 ± 9.1 
76 3044668441737656192 0.12 – – 2.55 ± 0.51 31.7 ± 5.7 – – 1.04 ± 0.27 25.7 ± 7.4 
77 3044669747407687808 0.87 – – 3.18 ± 0.04 153.1 ± 0.3 3.59 ± 0.16 140.8 ± 1.3 3.48 ± 0.05 143.6 ± 0.4 
78 3044668132500011136 0.15 – – 1.74 ± 0.06 170.1 ± 1.0 0.89 ± 0.05 150.3 ± 1.6 1.16 ± 0.11 159.2 ± 2.7 
79 3044856355145484928 0.13 – – 5.37 ± 0.88 127.0 ± 4.7 1.20 ± 0.11 145.2 ± 2.7 1.80 ± 0.04 138.3 ± 0.6 
80 3044665349361182208 0.70 0.77 ± 0.12 3.7 ± 4.7 – – 0.43 ± 0.05 122.9 ± 3.4 – –
81 ∗ 3044662974233986176 0.16 0.69 ± 0.02 149.4 ± 0.8 – – 0.74 ± 0.14 156.2 ± 5.5 – –
82 ∗ 3044664146770344832 0.49 0.74 ± 0.07 162.2 ± 2.6 0.62 ± 0.01 7.3 ± 0.6 0.64 ± 0.17 152.6 ± 7.8 – –
83 3044664112410613504 0.54 1.20 ± 0.32 169.1 ± 7.6 0.42 ± 0.16 14.4 ± 10.9 1.15 ± 0.05 154.0 ± 1.2 1.43 ± 0.13 158.1 ± 2.6 
84 ∗ 3044664009331409152 0.46 0.57 ± 0.02 166.0 ± 0.9 1.06 ± 0.04 174.1 ± 1.0 0.90 ± 0.32 13.1 ± 10.1 – –
85 3044663356496399360 0.13 0.50 ± 0.17 40.2 ± 9.8 0.41 ± 0.08 21.0 ± 5.4 0.34 ± 0.09 144.2 ± 7.2 – –
86 3044663283475304576 0.30 1.02 ± 0.07 4.6 ± 2.1 0.92 ± 0.02 169.7 ± 0.8 0.94 ± 0.01 159.3 ± 0.4 – –
87 3044663974971675008 0.37 1.24 ± 0.15 169.3 ± 3.4 1.88 ± 0.14 164.0 ± 2.2 1.21 ± 0.17 161.5 ± 4.1 1.86 ± 0.43 160.3 ± 6.5 
88 3044667136067593856 1.24 0.17 ± 0.08 172.0 ± 13.1 0.54 ± 0.02 13.3 ± 1.0 – – 0.95 ± 0.19 132.5 ± 5.8 
89 3044663597014559232 0.35 0.89 ± 0.07 174.0 ± 2.1 1.13 ± 0.34 172.1 ± 8.5 0.91 ± 0.14 165.7 ± 4.4 1.23 ± 0.11 166.7 ± 2.5 
90 ∗ 3044663631374306176 0.41 1.47 ± 0.26 169.4 ± 5.2 1.15 ± 0.09 173.3 ± 2.3 1.09 ± 0.09 162.2 ± 2.4 1.22 ± 0.10 169.3 ± 2.4 
91 ∗ 3044667204787065216 0.18 1.52 ± 0.03 174.3 ± 0.5 0.69 ± 0.18 170.4 ± 7.3 0.82 ± 0.18 112.4 ± 6.2 – –
92 3044667028683111296 0.40 1.23 ± 0.18 135.9 ± 4.1 0.99 ± 0.03 179.8 ± 0.8 1.13 ± 0.09 171.0 ± 2.2 – –
93 3044666616366252160 0.43 1.38 ± 0.06 13.5 ± 1.1 0.88 ± 0.13 175.5 ± 4.1 0.42 ± 0.02 160.9 ± 1.6 – –
94 3044666689391008768 0.19 – – 0.82 ± 0.27 180.0 ± 9.5 – – 0.50 ± 0.05 176.1 ± 2.7 
95 3044663493935369600 0.20 – – 0.18 ± 0.07 124.3 ± 12.1 0.46 ± 0.14 7.2 ± 8.5 1.22 ± 0.07 24.3 ± 1.6 
96 3044667337920755456 0.23 – – 4.75 ± 1.18 24.3 ± 7.1 0.58 ± 0.02 167.1 ± 1.0 0.37 ± 0.10 17.7 ± 8.1 
97 3044572681146673536 0.34 – – 0.69 ± 0.04 164.9 ± 1.5 – – 0.73 ± 0.03 157.3 ± 1.1 
98 3044667307866285568 0.41 – – 2.03 ± 0.01 167.0 ± 0.1 1.88 ± 0.02 174.4 ± 0.2 1.85 ± 0.01 177.5 ± 0.1 
99 3044663219057463808 0.53 – – 0.68 ± 0.06 168.9 ± 2.5 1.33 ± 0.14 166.9 ± 2.9 – –
100 ∗ 3044669506889464320 0.16 – – – – 1.33 ± 0.09 153.9 ± 2.0 1.38 ± 0.14 163.2 ± 2.9 
101 ∗ 3044669232011557760 0.16 – – – – 1.78 ± 0.10 154.8 ± 1.6 1.51 ± 0.13 160.3 ± 2.5 
102 ∗ 3044669300731031680 0.35 – – – – 1.42 ± 0.12 155.2 ± 2.5 1.24 ± 0.28 166.6 ± 6.5 
103 ∗ 3044665830397496576 0.16 1.21 ± 0.07 141.1 ± 1.5 – – – – – –
104 ∗ 3044668854054467840 1.42 1.43 ± 0.33 153.9 ± 6.6 – – – – – –
105 ∗ 3044669884846621824 0.12 2.05 ± 0.28 145.6 ± 4.0 – – – – – –
106 ∗ 3044669987925820416 0.22 1.64 ± 0.02 128.0 ± 0.3 – – – – – –
107 ∗ 3044670297163453824 0.37 1.34 ± 0.58 150.6 ± 12.2 – – – – – –
108 ∗ 3044669919206348416 0.35 1.95 ± 0.12 129.8 ± 1.9 – – – – – –
109 3044864532763156992 0.40 – – – – 0.30 ± 0.12 174.8 ± 11.5 – –
110 3044675622913302016 3.77 2.52 ± 0.65 10.0 ± 7.3 – – 0.59 ± 0.10 159.6 ± 4.8 0.85 ± 0.16 1.8 ± 5.5 
111 3044856423864969088 0.24 1.13 ± 0.23 160.3 ± 5.9 – – – – – –
112 ∗ 3044668029420812800 0.44 0.96 ± 0.33 69.8 ± 9.8 – – – – – –
113 ∗ 3044855736670207744 0.44 0.81 ± 0.08 178.9 ± 2.9 – – – – – –
114 3044856217706537472 0.31 2.74 ± 0.65 176.9 ± 6.8 – – – – – –
115 3044670052342416512 0.46 – – 0.9 ± 0.02 6.0 ± 0.7 – – 0.91 ± 0.26 10.0 ± 8.2 
116 ∗ 3044670022285588224 0.51 2.90 ± 0.37 138.1 ± 3.7 – – – – – –
117 ∗ 3044665589879322112 0.21 0.82 ± 0.01 122.7 ± 0.5 – – – – – –
118 ∗ 3044665796037749632 0.33 1.31 ± 0.32 148.5 ± 6.9 – – – – – –
119 3044665761678261760 0.30 1.33 ± 0.10 145.4 ± 2.1 – – – – – –
120 3044663115978197504 0.15 0.69 ± 0.06 18.0 ± 2.3 – – – – – –
121 3044662703661353600 0.55 1.32 ± 0.23 145.7 ± 4.9 – – – – – –
122 3044662596280537600 0.88 1.45 ± 0.08 174.2 ± 1.5 – – – – – –
123 ∗ 3044662909819779840 0.11 1.14 ± 0.21 164.6 ± 5.3 – – – – – –
124 ∗ 3044662974235708928 0.05 – – – – 0.37 ± 0.07 145.0 ± 5.8 – –
125 3044662875460051200 1.14 1.79 ± 0.38 106.9 ± 6.1 – – – – – –
126 ∗ 3044662871159883648 0.53 2.83 ± 1.32 93.1 ± 13.3 – – – – – –
127 ∗ 3044663665734034688 0.36 0.79 ± 0.24 97.2 ± 8.6 – – – – – –
128 ∗ 3044668643601838464 0.50 1.25 ± 0.19 150.1 ± 4.3 – – – – – –
129 3044663768813248640 0.26 – – – – 0.51 ± 0.12 105.2 ± 6.6 – –
130 3044663768813249536 0.29 1.64 ± 0.21 169.3 ± 3.7 – – – – – –
131 3044667582744222080 0.33 – – 0.36 ± 0.07 14.2 ± 5.3 – – – –
132 3044666826820729088 0.15 – – 0.83 ± 0.02 3.5 ± 0.8 – – – –
133 3044666856886407168 0.17 – – 0.64 ± 0.16 169.4 ± 7.2 – – – –
134 3044666723750771968 0.10 – – 1.06 ± 0.39 167.3 ± 10.4 – – – –
135 3044663386552561536 0.33 – – – – 0.42 ± 0.19 158.0 ± 13.0 – –

Field region 
136 3044619994505703680 0.24 0.99 ± 0.24 157.6 ± 7.0 1.47 ± 0.68 153.8 ± 13.1 1.29 ± 0.54 142.7 ± 12.0 1.45 ± 0.07 151.3 ± 1.4 
137 3044618444014605568 0.30 1.25 ± 0.14 129.9 ± 3.3 1.93 ± 0.04 156.1 ± 0.5 2.20 ± 0.22 133.3 ± 2.9 1.57 ± 0.06 139.4 ± 1.1 
138 3044619685268066432 0.11 0.78 ± 0.17 145.0 ± 6.1 1.54 ± 0.34 152.2 ± 6.2 1.05 ± 0.15 142.1 ± 4.0 0.61 ± 0.05 140.5 ± 2.5 
139 3044619685268070656 0.17 1.14 ± 0.52 150.5 ± 12.9 1.06 ± 0.02 153.3 ± 0.5 1.62 ± 0.10 138.9 ± 1.8 1.01 ± 0.08 139.4 ± 2.4 
140 3044619616548784512 0.05 1.36 ± 0.18 176.5 ± 3.9 1.04 ± 0.21 163.4 ± 5.7 1.65 ± 0.31 143.7 ± 5.3 0.87 ± 0.10 138.1 ± 3.4 
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Polarization towards NGC 2345 4903 

Table 1 – continued 

ID Gaia ID 

Offset 
(arcsec) P B ( per cent ) θB ( o ) P V ( per cent ) θV ( o ) P R ( per cent ) θR ( o ) P I ( per cent ) θ I ( o ) 

141 3044619376030443136 0.14 2.95 ± 0.27 147.8 ± 2.6 1.74 ± 0.38 147.5 ± 6.2 1.87 ± 0.16 135.5 ± 2.5 1.92 ± 0.44 140.5 ± 6.6 
142 3044623018162683136 0.20 2.25 ± 0.29 145.7 ± 3.7 2.37 ± 0.05 146.1 ± 0.6 2.00 ± 0.21 139.2 ± 3.0 1.66 ± 0.34 138.8 ± 5.8 
143 3044623086882160256 0.27 2.20 ± 0.42 149.6 ± 5.4 1.27 ± 0.01 163.6 ± 0.1 0.91 ± 0.21 140.6 ± 6.5 0.95 ± 0.22 145.6 ± 6.6 
144 3044619582188871808 0.09 1.58 ± 0.01 146.4 ± 0.1 1.74 ± 0.13 144.3 ± 2.1 1.51 ± 0.12 135.5 ± 2.3 1.33 ± 0.14 146.9 ± 3.0 
145 3044619479109661184 0.16 – – 2.64 ± 0.18 137.0 ± 2.0 2.44 ± 0.16 133.2 ± 1.9 2.24 ± 0.07 140.7 ± 0.9 
146 3044613363076252416 0.23 0.72 ± 0.21 102.6 ± 8.1 1.32 ± 0.27 145.1 ± 5.8 1.48 ± 0.20 139.0 ± 3.8 1.16 ± 0.36 150.3 ± 9.0 
147 3044623293040584064 0.36 2.21 ± 0.40 112.6 ± 5.2 1.60 ± 0.22 146.8 ± 4.0 1.90 ± 0.14 139.9 ± 2.1 1.97 ± 0.30 149.4 ± 4.4 
148 3044622915083470464 0.29 0.15 ± 0.03 161.5 ± 6.0 0.40 ± 0.08 54.0 ± 5.7 – – – –
149 3044622708925050496 0.06 1.59 ± 0.04 136.3 ± 0.6 1.06 ± 0.15 129.1 ± 4.1 0.70 ± 0.05 137.5 ± 1.9 0.84 ± 0.25 144.0 ± 8.5 
150 3044622880723747584 0.06 3.83 ± 0.05 142.6 ± 0.4 1.99 ± 0.53 128.5 ± 7.7 2.54 ± 0.25 129.3 ± 2.8 2.09 ± 0.13 136.9 ± 1.8 
151 3044619513469410176 0.39 – – 3.80 ± 0.23 143.7 ± 1.7 2.71 ± 0.10 132.5 ± 1.1 1.77 ± 0.28 127.8 ± 4.6 
152 3044616592891655808 0.20 2.13 ± 0.28 18.5 ± 3.7 0.54 ± 0.10 142.3 ± 5.2 1.02 ± 0.39 124.6 ± 10.9 – –
153 3044622949443216896 0.29 0.73 ± 0.11 112.3 ± 4.3 – – 0.89 ± 0.09 116.8 ± 2.8 0.57 ± 0.05 120.1 ± 2.5 
154 3044623705357465216 0.15 0.63 ± 0.15 103.5 ± 6.6 0.50 ± 0.07 117.1 ± 4.0 0.55 ± 0.22 114.5 ± 11.4 0.66 ± 0.13 159.4 ± 5.7 
155 3044623808436866560 0.76 1.85 ± 0.16 133.7 ± 2.5 1.57 ± 0.05 127.3 ± 1.0 1.33 ± 0.16 137.8 ± 3.5 0.78 ± 0.36 143.3 ± 13.2 
156 3044623602278261120 0.09 – – – – 0.67 ± 0.15 129.7 ± 6.3 1.17 ± 0.06 154.0 ± 1.5 
157 3044622812004295936 0.34 1.76 ± 0.49 127.0 ± 8.1 0.89 ± 0.21 141.1 ± 6.9 1.01 ± 0.20 146.1 ± 5.6 1.09 ± 0.22 145.8 ± 5.9 
158 3044616833409833984 0.19 0.84 ± 0.13 165.6 ± 4.6 1.11 ± 0.20 144.4 ± 5.2 0.88 ± 0.16 147.2 ± 5.3 1.83 ± 0.27 124.0 ± 4.2 
159 3044616558531934720 1.91 1.65 ± 0.04 165.0 ± 0.7 1.03 ± 0.11 146.7 ± 3.1 1.60 ± 0.02 130.4 ± 0.3 1.84 ± 0.25 127.5 ± 3.8 
160 3044613603594436224 0.24 – – 0.28 ± 0.09 126.5 ± 9.7 – – 1.42 ± 0.65 174.1 ± 13.1 
161 3044613603594428416 0.23 1.95 ± 0.69 131.2 ± 10.2 0.89 ± 0.12 149.3 ± 3.9 0.73 ± 0.02 146.9 ± 0.7 1.83 ± 0.32 134.9 ± 5.0 
162 3044622983802946176 0.58 1.69 ± 0.36 151.0 ± 6.1 1.85 ± 0.55 148.2 ± 8.4 1.94 ± 0.16 138.2 ± 2.3 1.51 ± 0.39 120.7 ± 7.2 
163 3044622468406914560 1.22 3.69 ± 0.96 174.6 ± 7.4 1.53 ± 0.55 158.5 ± 10.2 2.35 ± 0.30 133.7 ± 3.7 2.06 ± 0.11 145.1 ± 1.5 
164 3044616661611133696 0.41 0.95 ± 0.42 139.0 ± 12.6 1.09 ± 0.05 137.1 ± 1.4 1.08 ± 0.17 129.5 ± 4.4 0.87 ± 0.10 140.6 ± 3.1 
165 3044616867769566464 0.29 1.04 ± 0.37 122.7 ± 10.2 0.54 ± 0.01 132.2 ± 0.6 0.92 ± 0.19 122.8 ± 5.9 0.40 ± 0.17 139.9 ± 12.1 
166 3044626591575395840 1.24 0.23 ± 0.10 89.1 ± 11.2 – – 0.59 ± 0.22 13.5 ± 10.5 0.34 ± 0.13 60.8 ± 10.8 
167 3044626007459848576 1.25 1.08 ± 0.53 174.5 ± 20.1 1.47 ± 0.56 136.8 ± 11.3 2.09 ± 0.19 172.9 ± 2.2 2.45 ± 0.42 146.4 ± 4.9 
168 3044626591575396864 1.46 2.23 ± 0.41 43.4 ± 5.7 1.84 ± 0.56 68.9 ± 8.3 1.43 ± 0.16 135.9 ± 3.5 0.88 ± 0.38 26.6 ± 12.5 
169 3044625973100121984 1.03 1.34 ± 0.28 142.2 ± 6.1 1.91 ± 0.03 147.2 ± 0.4 1.56 ± 0.16 148.9 ± 2.9 1.20 ± 0.35 141.7 ± 8.4 
170 3044626282338024576 1.05 0.84 ± 0.23 136.0 ± 8.4 1.75 ± 0.38 159.9 ± 5.9 1.59 ± 0.01 153.5 ± 0.2 1.16 ± 0.14 150.7 ± 3.4 
171 3044626247978028672 1.14 0.65 ± 0.07 116.7 ± 3.4 – – 1.13 ± 0.15 127.5 ± 4.2 – –
172 3044626144898817024 1.02 – – 0.81 ± 0.26 102.6 ± 9.0 1.48 ± 0.68 119.0 ± 14.7 1.68 ± 0.14 152.8 ± 2.4 
173 3044638480044865536 0.67 – – 3.38 ± 0.12 136.0 ± 1.1 – – 2.17 ± 0.24 25.5 ± 3.1 
174 3044638720562671488 0.41 – – 2.28 ± 0.29 141.3 ± 3.7 2.86 ± 0.21 133.6 ± 2.4 1.97 ± 0.09 157.4 ± 1.3 
175 3044626037515508096 0.65 2.07 ± 0.30 178.8 ± 3.9 2.13 ± 0.28 129.9 ± 4.1 2.57 ± 0.13 136.0 ± 1.6 2.01 ± 0.09 133.7 ± 1.3 
176 3044624560046528000 0.34 0.50 ± 0.03 147.3 ± 1.6 0.67 ± 0.15 24.1 ± 6.7 0.34 ± 0.02 138.8 ± 1.4 – –
177 3044637891625009536 1.09 – – 0.48 ± 0.14 157.3 ± 8.1 0.94 ± 0.12 145.3 ± 3.9 1.16 ± 0.02 138.5 ± 0.4 
178 3044638102087753856 0.88 1.48 ± 0.62 138.7 ± 12.7 1.86 ± 0.06 148.4 ± 0.9 1.00 ± 0.26 121.3 ± 8.3 – –
179 3044638754922419584 1.15 1.77 ± 0.16 108.9 ± 2.7 1.12 ± 0.51 170.5 ± 21.6 3.27 ± 0.02 128.4 ± 0.2 1.22 ± 0.53 163.0 ± 12.6 
180 3044638067727676800 1.31 0.90 ± 0.29 154.8 ± 8.6 1.57 ± 0.02 160.1 ± 0.3 1.57 ± 0.28 163.1 ± 4.7 1.25 ± 0.35 148.1 ± 8.1 
181 3044637895929343104 1.36 6.74 ± 0.10 142.9 ± 0.4 1.78 ± 0.61 134.6 ± 10.4 1.18 ± 0.06 117.2 ± 1.7 1.51 ± 0.14 129.6 ± 2.7 
182 3044624633070348288 0.77 8.24 ± 2.55 128.7 ± 10.7 1.15 ± 0.07 133.3 ± 1.9 2.06 ± 0.03 138.0 ± 0.4 0.94 ± 0.20 133.1 ± 6.0 
183 3044624529991370112 0.62 – – – – 1.51 ± 0.04 161.8 ± 0.6 1.50 ± 0.15 152.4 ± 2.9 
184 3044638273886101888 1.42 0.75 ± 0.02 130.8 ± 0.8 1.35 ± 0.19 144.6 ± 4.2 1.43 ± 0.42 138.7 ± 9.2 0.86 ± 0.03 158.6 ± 1.0 
185 3044638342605574784 1.84 3.33 ± 1.23 72.5 ± 9.5 1.08 ± 0.15 175.7 ± 3.6 2.51 ± 0.74 111.6 ± 9.1 1.34 ± 0.21 173.5 ± 4.6 
186 3044638342605581056 1.97 1.28 ± 0.26 144.9 ± 5.7 1.43 ± 0.01 146.6 ± 0.1 1.38 ± 0.06 154.8 ± 1.1 1.14 ± 0.14 149.8 ± 3.5 
187 3044638991136633728 2.00 0.41 ± 0.13 47.7 ± 9.6 0.33 ± 0.05 180.0 ± 3.9 0.26 ± 0.10 23.1 ± 11.4 0.41 ± 0.16 179.7 ± 11.6 
188 3044638200871683968 1.49 1.48 ± 0.13 92.2 ± 2.5 0.41 ± 0.08 31.9 ± 6.1 0.23 ± 0.01 41.2 ± 0.9 0.77 ± 0.05 47.3 ± 2.0 
189 3044636658978434688 0.78 1.13 ± 0.38 147.8 ± 9.4 1.62 ± 0.35 141.8 ± 6.3 2.56 ± 0.58 149.1 ± 6.5 1.84 ± 0.25 139.9 ± 3.9 
190 3044636418460269184 0.67 0.99 ± 0.19 49.1 ± 5.8 1.03 ± 0.32 81.6 ± 8.5 1.01 ± 0.13 105.0 ± 3.6 0.42 ± 0.10 157.9 ± 6.9 
191 3044636727697909376 0.82 2.62 ± 0.82 62.5 ± 8.3 2.32 ± 0.10 70.7 ± 1.1 1.09 ± 0.05 29.3 ± 1.6 1.36 ± 0.14 64.0 ± 3.0 
192 3044636452819996032 1.29 1.06 ± 0.03 62.4 ± 0.7 0.63 ± 0.14 29.2 ± 6.6 1.06 ± 0.11 11.3 ± 2.8 0.42 ± 0.20 41.0 ± 13.4 
193 3044636315381068544 1.04 1.73 ± 0.10 168.6 ± 1.6 1.92 ± 0.94 33.9 ± 14.6 1.70 ± 0.10 13.7 ± 1.6 0.80 ± 0.05 171.3 ± 1.7 
194 3044626110539088896 1.07 – – – – 3.43 ± 0.88 19.7 ± 7.7 1.77 ± 0.05 120.5 ± 0.8 
195 3044637861569264000 0.84 3.53 ± 1.21 157.9 ± 8.7 – – 1.98 ± 0.17 176.9 ± 2.1 1.28 ± 0.57 153.5 ± 19.5 
196 3044636349740792320 0.73 1.35 ± 0.24 137.8 ± 5.4 1.64 ± 0.20 131.4 ± 3.7 1.53 ± 0.11 135.3 ± 2.3 0.97 ± 0.13 139.6 ± 3.8 
197 3044624598710622464 0.57 – – 1.38 ± 0.66 10.4 ± 13.7 – – 0.99 ± 0.21 132.9 ± 6.0 

Note. ID marked with asterisk symbol ( ∗) are members of the cluster NGC 2345. 
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he θ and the angle for GP ( ∼153 ◦ ); ho we ver, there is a dispersion
n the value of position angle in all four bands. 

The plot between P V and θV for all observed stars is shown in Fig. 4 ,
n which members of NGC 2345 and field stars are shown by red
riangles and black circles, respectiv ely. F or the lower polarization, 
here is a large dispersion in the position angles. As P V increases,
hen the spread in θV reduces, i.e. the angle is more likely to be
istributed near GP. The spread in angles is found to be more for

eld stars than for the cluster member stars. 
.2 Degree of polarization, position angle, and extinction as a 
unction of distance 

he foreground dust concentration towards the cluster can be inferred 
y exploring the polarization and/or extinction versus distance plot. 
he polarization is supposed to increase with the distance if dust
rains are uniformly aligned. Ho we ver, in some past studies, the
olarization was found to rise suddenly at some distances along 
he line of sight of the cluster and is inferred as the presence of
MNRAS 513, 4899–4912 (2022) 
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Figure 1. The polarization vectors in B , V , R , and I bands are overplotted on 25 × 25 arcmin 2 DSS R -band image of the cluster NGC 2345. The length of the 
vectors shows the degree of polarization and their tilt denotes the position angle. The reference length for 1 per cent polarization is shown at the bottom right. 
The dotted line denotes the orientation of the projection of Galactic Parallel in the region. 
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ust layers at those distances (e.g. see Vergne et al. 2007 ; Medhi
t al. 2008 , 2010 ; Eswaraiah et al. 2011 , 2012 ). Vergne et al.
 2010 ), Vergne, Feinstein & Mart ́ınez ( 2018 ) have also shown the
resence of dust layer based on the jumps in extinction, but Vergne
t al. ( 2018 ) did not find any rise in the polarization value at that
istance. 
To explore the polarization properties of dust grains at different

istances, we have plotted P V , θV , and extinction ( A V ) as a function
f distance in Fig. 5 . The values of A V of stars are taken from Anders
t al. ( 2019 ). We have also taken polarization data from the catalogue
f Heiles ( 2000 ) within a 5 ◦ radius of the cluster centre. A total of
3 stars were found in this catalogue, out of which the polarization
NRAS 513, 4899–4912 (2022) 
alues for 15 stars were within 2 σ level and were not included in
ur analysis. Distances for stars were derived from the Gaia DR2
arallaxes (Gaia Collaboration 2016 , 2018 ), for stars whose parallax
alues are within 2 σ level were not considered for the analysis. There
s an indication of a small increase in the degree of polarization at
 distance of ≈1.2 kpc. We have also binned the data for distance
.6 kpc and the average value of that bin is shown by green-filled
quares in which the error bars indicate the standard deviation of
hat bin. After the distance of 1.2 kpc, the binned data also show
 nearly constant trend. In addition to this, and as seen in Fig. 5 b,
 rise in the extinction from the distance ∼1.2 kpc to a distance
f a cluster is noticed. We have marked the increment position in

art/stac1211_f1.eps
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Figure 2. The polarization vectors in B , V , R , and I bands are o v erplotted on 20 ×20 arcmin 2 DSS R -band images of nearby field region of the cluster NGC 

2345. The length of the vectors shows the degree of polarization and their tilt denotes the position angle. The reference length for 1 per cent polarization is shown 
at the bottom right. The dotted line denotes the orientation of the projection of Galactic Parallel in the region. 

p
l

 

w  

a  

e  

s
d
a  

b  

t
t  

c  

d

3

T
(

P

w  

p
λ

d
v
o  

E  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/4899/6581327 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 08 June 2022
olarization and extinction at 1.2 kpc with the vertical magenta dotted 
ine. 

To get the enhancement in extinction after the distance of 1.2 kpc,
e have fitted a Gaussian curve to the distribution of A V for d ≤ 1.2

nd d > 1.2 kpc, which reveals an average increase of ∼1.15 mag in
xtinction after the distance 1.2 kpc. From Fig. 5 c, it can be seen that,
tars located before the distance of ∼1.2 kpc generally show more 
ispersion in position angle, whereas after ∼1.2 kpc, the position 
ngle is distributed towards the GP direction with small spread. It can
e clearly seen that as the distance increases after 1.2 kpc, the θV tends
o decrease. The increment in the polarization and extinction after 
he distance ∼1.2 kpc towards the direction of the cluster NGC 2345
ould be due to the enhancement and/or change in the distribution of
ust grains. 
w  
.3 Wavelength-dependence polarization 

he wavelength dependence of ISM polarization follows the relation 
Serkowski 1973 ; Serkowski et al. 1975 ), 

 λ = P max exp [ −1 . 15 ln 2 ( λmax /λ)] , (1) 

here P λ is the polarization at wavelength λ, P max is the maximum
olarization and λmax is the wavelength corresponding to P max . The 
max is a function of optical properties and characteristic particle size 
istribution of aligned grains. The relation provides the observed 
ariation of ISM polarization with a wavelength between the range 
f 0.36–1 μm (Wilking, Lebofsky & Rieke 1982 ; Whittet et al. 1992 ;
swaraiah et al. 2012 ; P ande y et al. 2013 ). Using the abo v e relation,
e have estimated the parameters P max and λmax of those stars for
MNRAS 513, 4899–4912 (2022) 
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Figure 3. (a, b) The distribution of P and θ of observed stars. The blue, 
green, red, and black colours show the distributions in the B , V , R , and I 
bands, respectively. The Gaussian kernel density estimation is shown by the 
blue, green, red, and black curves for B , V , R , and I bands, respectively. 

Figure 4. The plot of P V versus θV . Member stars of the cluster NGC 2345 
are shown by the red-filled triangle, and all other observed stars in the study 
are shown by the black-filled circle. 
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Figure 5. (a) Variation of degree of polarization in V -band with distance. 
The data have been binned for 0.6 kpc distance and shown by green-filled 
squares and error denotes the standard deviation. The magenta dotted vertical 
line at 1.2 kpc denotes the increment in polarization. (b) Variation of A V with 
distance. Red triangles are marking members. And binned data are shown 
for the 0.6 kpc binning scheme. (c) θV versus distance. Red triangles are for 
members; blue asterisks are stars taken from Heiles ( 2000 ); and black circles 
are for all other observed stars. 
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hich the data are available in at least three bands. We have computed
he parameter σ 1 (unit weight error of fit), which quantifies the
eparture of data from the relation 1 . The polarization is considered
ntrinsic in origin if σ1 > 1.6 (Waldhausen, Mart ́ınez & Feinstein
999 ; Vergne et al. 2007 ; Medhi et al. 2008 ; P ande y et al. 2013 ;
ingh & P ande y 2020 ). Ev en if the relation 1 fits well to the data, it

s not necessary that the polarization is due to the ISM. There may
e chances of another origin of polarization, e.g. circumstellar shells
ollow a different wav elength dependenc y on polarization than the
SM one, which could resemble the interstellar law in a limited range
f wavelength (Orsatti, Vega & Marraco 1998 ). Thus, stars with the
NRAS 513, 4899–4912 (2022) 
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Table 2. The values of P max , λmax , and σ 1 as obtained after best fit of the Serkowski relation. 

ID P max λmax σ 1 ID P max λmax σ 1 

(per cent) ( μm) (per cent) ( μm) 

1 1.88 ± 0.03 0.84 ± 0.02 0.1 90 1.20 ± 0.09 0.62 ± 0.12 0.7 
4 1.67 ± 0.12 0.53 ± 0.07 0.5 92 1.05 ± 0.17 0.66 ± 0.27 0.9 
5 1.73 ± 0.03 0.74 ± 0.04 0.2 93 4.57 ± 0.70 0.16 ± 0.01 0.3 
6 2.79 ± 0.08 0.69 ± 0.04 1.5 98 2.03 ± 0.05 0.59 ± 0.03 0.9 
9 1.87 ± 0.02 0.56 ± 0.01 0.2 136 1.45 ± 0.02 0.78 ± 0.04 0.2 
10 1.97 ± 0.07 0.44 ± 0.02 0.6 137 1.88 ± 0.11 0.57 ± 0.08 1.1 
11 2.88 ± 0.09 0.40 ± 0.01 0.2 138 0.96 ± 0.31 0.44 ± 0.12 1.0 
12 2.56 ± 0.62 0.31 ± 0.09 1.2 139 1.17 ± 0.20 0.73 ± 0.20 1.1 
13 1.56 ± 0.02 0.64 ± 0.01 0.1 140 1.31 ± 0.23 0.45 ± 0.08 0.8 
14 1.11 ± 0.09 0.69 ± 0.12 0.4 141 2.91 ± 0.63 0.36 ± 0.07 0.9 
16 0.98 ± 0.28 0.41 ± 0.13 1.5 142 2.44 ± 0.08 0.46 ± 0.03 0.3 
17 2.74 ± 0.60 1.25 ± 0.12 0.7 143 1.77 ± 0.77 0.32 ± 0.11 0.8 
18 3.07 ± 0.48 0.29 ± 0.02 0.6 144 1.64 ± 0.02 0.53 ± 0.02 0.2 
24 1.80 ± 0.05 0.57 ± 0.03 0.6 145 2.61 ± 0.07 0.55 ± 0.02 0.2 
25 2.04 ± 0.08 0.68 ± 0.07 0.9 146 1.49 ± 0.30 0.88 ± 0.19 0.5 
26 1.85 ± 0.56 0.35 ± 0.07 0.9 147 1.90 ± 0.15 0.64 ± 0.16 0.8 
28 1.16 ± 0.15 0.59 ± 0.11 1.0 149 2.47 ± 0.33 0.24 ± 0.02 0.6 
29 2.21 ± 0.35 0.53 ± 0.16 1.1 150 3.95 ± 0.17 0.37 ± 0.03 1.3 
32 1.20 ± 0.15 0.62 ± 0.14 0.6 151 6.35 ± 0.42 0.28 ± 0.01 0.1 
34 2.45 ± 0.39 0.55 ± 0.10 2.5 153 0.81 ± 0.19 0.49 ± 0.12 0.6 
35 1.58 ± 0.09 0.61 ± 0.10 0.8 154 0.60 ± 0.10 0.72 ± 0.19 0.4 
36 1.72 ± 0.05 0.53 ± 0.04 0.2 155 1.90 ± 0.12 0.37 ± 0.02 0.2 
37 1.68 ± 0.31 0.82 ± 0.13 0.8 157 1.08 ± 0.19 0.58 ± 0.23 0.9 
38 1.68 ± 0.31 0.68 ± 0.21 1.0 158 1.28 ± 0.45 0.85 ± 0.31 1.0 
39 1.07 ± 0.03 0.60 ± 0.08 0.4 159 1.68 ± 0.10 0.54 ± 0.07 1.5 
40 2.71 ± 0.75 0.88 ± 0.28 2.5 162 2.04 ± 0.57 0.92 ± 0.33 0.8 
42 1.41 ± 0.02 0.68 ± 0.02 0.2 163 2.36 ± 0.51 0.56 ± 0.16 1.3 
44 1.62 ± 0.08 0.85 ± 0.04 0.3 164 1.09 ± 0.02 0.52 ± 0.02 0.2 
46 1.77 ± 0.13 0.57 ± 0.07 1.0 166 0.39 ± 0.14 0.82 ± 0.33 0.5 
47 0.54 ± 0.26 0.33 ± 0.12 0.4 167 2.80 ± 0.15 1.11 ± 0.05 0.1 
48 3.17 ± 1.32 0.35 ± 0.15 1.2 168 2.47 ± 0.21 0.33 ± 0.02 0.2 
49 3.94 ± 0.76 0.51 ± 0.16 1.2 169 1.93 ± 0.15 0.48 ± 0.12 0.9 
51 1.65 ± 0.35 0.46 ± 0.17 1.3 170 1.59 ± 0.04 0.65 ± 0.21 1.0 
53 0.86 ± 0.25 0.38 ± 0.06 0.3 172 2.65 ± 0.50 1.50 ± 0.19 0.3 
63 1.13 ± 0.02 0.75 ± 0.03 0.9 174 2.71 ± 0.93 0.48 ± 0.16 1.2 
64 1.44 ± 0.20 0.83 ± 0.12 0.3 175 2.41 ± 0.22 0.56 ± 0.08 0.7 
66 2.48 ± 0.27 0.36 ± 0.03 0.7 176 0.52 ± 0.08 0.36 ± 0.05 0.6 
67 1.91 ± 0.07 0.64 ± 0.04 0.5 177 1.90 ± 0.58 1.54 ± 0.31 0.3 
68 2.67 ± 0.04 0.69 ± 0.03 0.4 179 3.83 ± 1.10 0.97 ± 0.32 2.8 
69 1.69 ± 0.06 0.66 ± 0.03 0.6 180 1.62 ± 0.16 0.65 ± 0.16 0.7 
70 1.00 ± 0.25 0.43 ± 0.19 0.8 184 0.91 ± 0.04 0.66 ± 0.04 1.0 
71 1.75 ± 0.17 0.75 ± 0.10 1.5 185 1.36 ± 0.39 0.81 ± 0.34 1.8 
72 1.65 ± 0.04 0.70 ± 0.05 0.3 186 1.43 ± 0.01 0.55 ± 0.02 0.2 
74 2.84 ± 0.84 0.81 ± 0.23 1.9 187 0.35 ± 0.06 0.48 ± 0.17 0.3 
77 3.51 ± 0.03 0.74 ± 0.01 0.3 189 1.93 ± 0.23 0.81 ± 0.15 0.7 
82 0.76 ± 0.12 0.36 ± 0.06 0.4 190 1.16 ± 0.47 0.36 ± 0.11 0.6 
85 0.50 ± 0.04 0.37 ± 0.03 0.1 192 1.06 ± 0.08 0.43 ± 0.12 0.9 
86 0.95 ± 0.03 0.59 ± 0.07 0.6 193 1.92 ± 0.55 0.36 ± 0.08 1.2 
87 1.57 ± 0.24 0.60 ± 0.21 1.0 195 4.34 ± 0.41 0.29 ± 0.01 0.1 
89 1.15 ± 0.11 0.72 ± 0.09 0.5 196 1.60 ± 0.26 0.47 ± 0.09 0.6 
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alue of λmax considerably smaller or larger than the average value for 
eneral ISM (0.55 μm), may be considered as intrinsically polarized 
Serkowski et al. 1975 ; Orsatti et al. 1998 ; Vergne et al. 2007 ; Medhi
t al. 2010 ; Singh & P ande y 2020 ; Singh et al. 2020 ) 

The derived values of P max , λmax , and σ 1 for 100 stars are given
n Table 2 , where stars’ IDs are same as in Table 1 . In this table, we
av e only giv en those stars for which the values of P max and/or λmax 

re determined abo v e 2 σ lev el. Based on σ 1 criteria, we found that
ve stars (ID: 34, 40, 74, 179, and 185) have an intrinsic component
f polarization. For the ISM originated polarization the value of λmax 
hould be in the range of 0.45–0.8 μm (Serkowski et al. 1975 ). For
9 stars (ID: 11, 12, 18, 26, 53, 66, 82, 85, 93, 141, 143, 149, 150,
51, 155, 168, 176, 193, and 195), the value of λmax is found to
e significantly less than 0.45 μm, whereas for six stars (ID: 1, 17,
4, 167, 172, and 177), λmax is found to have significantly higher
alue than 0.8 μm. Thus, there are a total of 30 stars which may
lso have an intrinsic component of polarization. Two stars (ID 

1 and 82) are reported as blue stars in Stephenson & Sanduleak
 1971 ), Moffat ( 1974 ), Alonso-Santiago et al. ( 2019 ) and there is
 probability for the presence of significant component of intrinsic 
MNRAS 513, 4899–4912 (2022) 
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Figure 6. Normalized wavelength-dependence-polarization plot for ob- 
served stars, intrinsically polarized stars are excluded from the plot. The 
blue curve shows the Serkowski relation. 
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Figure 7. The polarizing efficiency diagram. (a) The variation of P max with 
reddening E ( B − V ). The black line shows the line for maximum efficiency 
for R V = 3.1, while the blue curve signifies average efficiency estimated for 
Galaxy. (b) P max / A V as a function of A V . The red line shows the best-fitting 
power law to the data in the log–log scale using the bootstrap sampling 
method. 
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olarization in blue stars (Coyne & Kruszewski 1969 ; Capps, Coyne
 Dyck 1973 ; Haisch & Cassinelli 1976 ; Poeckert & Marlborough

978 ). Excluding all intrinsically polarized stars, the average value
f λmax and P max were determined after Gaussian fitting to their
istribution and found to be 0.58 ± 0.13 μm and 1.55 ± 0.47 per cent,
espectively, where the error in each parameter is standard deviation.
he plot between λmax / λ and P / P max is shown in Fig. 6 , where the blue
urve shows the Serkowski relation for general ISM. The value of
max is associated with the average size of ISM dust grains (Serkowski
968 , 1973 ) and is estimated to be around 0.55 μm for general ISM.
his indicates that the average size distribution of dust grains towards

he direction of NGC 2345 is similar to that of general ISM. 

.4 Polarizing efficiency 

he polarizing efficiency is a measure of the polarization produced
y a given amount of extinction (i.e. the ratio of polarization to
he reddening or extinction). Polarizing efficiency depends upon
he magnetic field orientation, strength, and alignment efficiency
Voshchinnikov & Das 2008 ; Voshchinnikov 2012 ; Voshchinnikov
t al. 2012 ). Thus, different regions of Galaxy, e.g. molecular clouds,
iffuse ISM, and star-forming regions, etc., show different behaviour
f polarizing efficiency. Fig. 7 shows the polarizing efficiency plots
or the observed region NGC 2345. For the diffused ISM, the
aximum polarization for a given extinction can be limited by P max 

3 R V × E ( B − V ) (Hiltner 1956 ; Serkowski 1973 ; Serkowski et al.
975 ). The black straight line in Fig. 7 a corresponds to the maximum
olarization with total-to-selective extinction ( R V ) as 3.1. Polarizing
fficiency for the majority of stars is found to be below the maximum
fficiency for the region NGC 2345. There are only a few stars
hat show the polarizing efficiency more than the maximum value
xpected for the region, which could be due to the intrinsic nature
f polarization in these stars. The blue dotted curve in Fig. 7 a shows
he average value of polarizing efficiency of the Galaxy which is
stimated by using the relation P = 3.5 × E ( B − V ) 0.8 for E ( B − V ) <
.0 mag (Fosalba et al. 2002 ). It is seen from this figure that the values
f polarization for the majority of cluster members were found to be
ess than the average value for the Galaxy. The majority of cluster
embers lie below the av erage efficienc y curv e (dashed blue curv e).
o we ver, the majority of field stars lie in between the maximum

stimated value and the average value of polarizing efficiency for the
alaxy. This analysis further indicates that polarization and polariz-

ng efficiency in observed regions are similar to the general ISM. 
The alignment of grains in the region can be examined by the

ehaviour of polarizing efficiency with extinction. A number of
tudies (e.g. Jones, Klebe & Dickey 1992 ; Whittet et al. 1994 , 2001 ,
NRAS 513, 4899–4912 (2022) 
008 ; Alves et al. 2014 ; Andersson, Lazarian & Vaillancourt 2015 ;
oang, Lazarian & Andersson 2015 ; Jones et al. 2015 ; Wang et al.
017 ; Il’in et al. 2018 ; Medan & Andersson 2019 ; Soam et al. 2021 )
ave found reducing polarizing efficiency with extinction, which
ollo ws the po wer-law relation P max / A V = β( A V ) α with po wer-law
nde x, α close to −0.5. F or the inner re gion of the clouds, the value
f α near −1 denotes the total loss of grain alignment that occur for
 V � 20 mag (Jones et al. 2015 ). We have also fitted the power law,
hich yields the relation P max / A V = (1.39 ± 0.09)( A V ) −0.67 ± 0.09 for

he region of the cluster NGC 2345. We used the bootstrap method
Efron 1979 ; Efron & Tibshirani 1994 ) to estimate the value of the
ower-la w inde x and corresponding error. In the bootstrap method,
he sample statistics are determined using random sampling with
eplacement, which increases the accuracy of sample estimates. The
e-sampling is carried out 2000 times with a similar sample size as
ata points and replacement. The power-law fit is performed for each
ample, and the mean value of fitting parameters with the standard
eviation is calculated. Fig. 7 b shows the variation of P max / A V with
 V along with the best fit power law. Here, for better representation,

he data and corresponding best-fitting power-law are converted into
he log–log scale. 
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Figure 8. The distribution of P max / A V and λmax with the radial distance 
from the centre of the cluster NGC 2345. The data have been binned for 
∼1.25 arcmin along the radial direction, where each bin value is the weighted 
average of the parameter in that bin and error bars show the weighted standard 
deviation. 
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The distribution of P max / A V and λmax with the radial distance from
he centre of cluster NGC 2345 are shown in Fig. 8 . Intrinsically
olarized stars are not included in this plot. The data have been
inned for ∼1.25 arcmin along the radial direction. The binned data 
re shown by blue squares. Each bin value is the weighted average
f the parameter in that bin, and the weighted standard deviation 
s shown by error bars. The P max / A V was found to be decreasing
rom centre to outwards of the cluster NGC 2345. A higher value of
 max / A V is seen in the core region with respect to the coronal region
f the cluster. Whereas an increasing trend in the value of λmax was
ound from core region to outwards. 

.5 Wavelength of maximum polarization as function of 
xtinction and polarizing efficiency 

hittet & van Breda ( 1978 ) showed a relation between R V and λmax 

s R V = 5.6 × λmax . Ho we ver, in the later studies, it was found that
o clear trend of increasing R V with λmax , but a clustering around
he value of λmax near 0.55 μm in some studies (e.g. Clayton &

athis 1988 ; Whittet et al. 1994 , 2001 ; Andersson & Potter 2007 )
as noticed. The poor correlation between these two parameters 
as considered to be due to the size dependent variation in grain

lignment, as λmax is related to size of those grains which are aligned.
t was found that the relation between λmax and R V gives a meaningful
stimation for extinction larger than ice threshold extinction ( A V = 

.2) (Whittet et al. 2001 ). Further, a marginal correlation between 
max and A V was found (e.g. in studies Whittet et al. 2001 ; Andersson
 Potter 2007 ; Whittet et al. 2008 ; Il’in et al. 2018 ; Vaillancourt et al.

020 ). We have shown the dependence of λmax on A V in Fig. 9 a for
bserv ed re gion NGC 2345. The members of cluster NGC 2345
re shown by red-filled triangles, while other field stars are marked 
y black-filled circles, and stars that are found to be intrinsically 
olarized from Section 3.3 are shown by black squares. The blue 
ine represents the best fit straight line using the bootstrap sampling 
ethod as described in Section 3.4 . The best fit straight line shows

he relation of λmax = (0.09 ± 0.05) × A V + (0.35 ± 0.09). Ho we ver,
he linear relation between λmax and A V is not statistically significant. 

Fig. 9 b shows the variation of λmax with P max / A V . It shows that
ith the increase in P max / A V , λmax decreases. A similar trend was

lso found by Whittet et al. ( 2001 ), Andersson & Potter ( 2007 ),
 oshchinnikov ( 2012 ), V oshchinnikov, Il’in & Das ( 2016 ), Il’in et al.

 2018 ). 

 DISCUSSION  

 polarimetric study of a total of 197 sources of the cluster NGC
345 and a nearby field region has been carried out. The polarization
s found to be wavelength dependent for majority of stars with 
he average value of λmax ≈ 0.58 μm and P max ≈ 1 . 5 per cent . No
istinction in the distribution of degree of polarization was observed 
etween cluster members and other observed stars. Below, we discuss 
ur results based on our findings. 

.1 Orientation of dust grains towards the cluster 

he polarization vectors for the majority of stars in both cluster 
nd field regions are found to be parallel to the GP. The parallelism
f polarization vectors with the GP indicates that dust grains are 
ligned with the Galactic magnetic field in both regions. There 
re a few stars for which the polarization vectors are not parallel
o the GP. We have also noticed the change in the polarization
roperties along with the increment of visual extinction near the 
istance of 1.2 kpc. Majority of stars with a larger deviation of θV 

rom GP are found to lie before this distance (see Section 3.2 ).
lso, while going away from the distance of 1.2 kpc, the values
f θV are found to be similar to GP direction. Relatively smaller
ispersion in θV for cluster members shows the better alignment 
f dust grains in the intra-cluster medium. It shows that there is a
resence of different orientations of dust polarization (other than 
P) for the foreground in the cluster region, which causes a spread

n position angles. It appears that grains beyond 1.2 kpc distance are
ligned with the Galactic magnetic field. Ho we v er, fore ground dust
ay have a magnetic field significantly different from the GP. The
agnetic field orientation in the foreground is not as organized as

n the cluster region. Additionally, the decreasing trend of θV with 
istance beyond the distance of 1.2 kpc reveals the spatial variation
f the magnetic field o v er different scales. 

.2 Implications for grain alignment mechanisms 

he differential dust concentration in the cluster region is also 
bserv ed. We hav e found a decreasing trend of polarizing efficiency
ith the radial distance of the cluster, which shows the increased

lignment ef ficiency to wards the cluster centre. In previous studies
MNRAS 513, 4899–4912 (2022) 
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Figure 9. (a) Variation of λmax with A V . The data have been fitted with a straight line, represented by the blue line. (b) The variation of λmax with the polarizing 
efficiency for the observed region. 
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f the cluster NGC 2345, it was found that the cluster is affected
y differential reddening with the variation of E ( B − V ) is from
.5 to 1.2 mag with the average value of 0.66 ± 0.13 mag (Moffat
974 ; Carraro et al. 2015 ; Alonso-Santiago et al. 2019 ). We have
oticed that P max in the core region of the cluster is higher than
hat in the coronal region, which is similar to that we found for
he E ( B − V ) values. In addition to this, no specific variation of θV 

ith the radial distance is seen, which implies that the orientation
f the alignment factor is not much changing inside the cluster. The
ecreasing trend of λmax towards the cluster centre shows that the
verage size of aligned grains reduces towards the centre of the cluster
GC 2345. The observed polarizing efficiency [ P max / E ( B − V )] for

he majority of field stars is found to be more than the estimated
alue for the Galaxy, whereas the polarizing efficiency for cluster
embers is found to be similar or less than that of the estimated

verage value for the Galaxy (see Fosalba et al. 2002 ). Also, the
stimated average values of polarizing efficiency of the Galaxy of
.8 per cent/mag is found to be in between to that of the average
alue for the field and member stars of 5.5 and 2.9 per cent/mag,
especti vely. The lo wer polarizing ef ficiency of cluster members
ndicates the less polarizing efficiency of the intra-cluster medium. It
eems that starlight from cluster members has been depolarized due
o the nonuniform alignment of dust grains in the foreground and
ntra-cluster medium. The dispersion in P max for cluster members
s compatible with the differential reddening in the cluster. Similar
esults were found by Eswaraiah et al. ( 2012 ); P ande y et al. ( 2013 ).
olarizing efficiency ( P V / A V ) is found to follo w a po wer law relation
ith extinction, A V with a slope of −0.67. Differences in alignment of
rains, grain properties (size), and magnetic fields can cause variation
n P V / A V and different slopes ( α) from region to region. There
ave been studies of different regions of ISM with similar power
aw behaviour (e.g. in Goodman et al. 1992 ; Gerakines, Whittet &
azarian 1995 ; Whittet et al. 2008 ; Alves et al. 2014 ; Andersson et al.
015 ; Hoang et al. 2015 ; Jones et al. 2015 ; Soam et al. 2021 ), whereas
or a few lines of sight, α was found relatively higher (Goodman et al.
995 ; Whittet et al. 2001 ; Cashman & Clemens 2014 ; Wang et al.
017 ; Il’in et al. 2018 ; Medan & Andersson 2019 ) showing lesser
fficiency of grain alignment at higher extinction. According to Jones
t al. ( 1992 ), the slope of ∼−0.5 for moderate extinction is expected
ue to the effect of magnetic field turbulence. 
NRAS 513, 4899–4912 (2022) 

t  
The slope of λmax and A V relation in our study is found similar
o that found by Whittet et al. 2008 ; Il’in et al. 2018 . Ho we ver,
n some studies Andersson & Potter ( 2007 ); Vaillancourt et al.
 2020 ), a relatively smaller slopes ( ≈0.03) were found. According
o radiative alignment theory, grains are aligned when anisotropic
adiation is sufficiently strong to spin-up grains to superthermal
otation (Hoang et al. 2021 ). Hence, with the increase in A V , the
ligning radiation becomes weaker and the gas density is higher,
o that only larger grains with larger radiative torque efficiency can
e aligned, corresponding to the increase in the size of the smallest
ligned grains (Hoang et al. 2021 ). Therefore, the increase of λmax 

ith A V is e xpected. Additionally, we hav e found the decreasing
rend of λmax with the increase in P max / A V which shows with the
ncrease in P max / A V (i.e. larger efficiency of alignment), the average
ize of aligned dust grains reduces. It suggests that smaller grains
re also aligned with the larger alignment efficiency so the average
ize of aligned grains shifted towards a smaller value, while for
o wer alignment ef ficiency, relati vely larger grains are aligned, so
he average size is large as a result λmax show higher value. Our
esults shown in Fig. 8 reveal an overall increase of P max / A V and
ecrease of λmax toward the cluster center. This may be caused by
he increase in the local radiation field due to stars within the cluster
hat increases the alignment efficiency of small grains, following the
adiative torque alignment theory (Hoang et al. 2021 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

sing the polarimetric observations of 197 stars in the cluster NGC
345 and field regions, we have found a single distribution of degree
f polarization and position angles. The majority of polarization
ectors are found nearly parallel to the direction of Galactic parallel
ndicating the alignment of dust grains possibly with the Galactic

agnetic field. An increment in the dust concentration seems to occur
ith A V of ∼1.15 mag near the distance of 1.2 kpc towards the line
f sight, which is also accompanied by the change in polarization
roperties. The variation of polarization with wavelength is fitted
y the Serkowski empirical relation, yielding the maximum value
f polarization and its corresponding wavelength as 1.55 per cent
nd 0.58 μm, respectively. This indicates that the polarization in
he direction is due to the foreground ISM and that the average
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ize distribution of dust grains is similar to the general ISM dust
rains. The increment of wavelength for maximum polarization with 
xtinction accompanied by its decrements with increasing polarizing 
fficiency, could be a result of radiative torque alignment of grains.
he increasing polarizing efficiency and decreasing wavelength of 
aximum polarization towards the cluster centre indicates about 

ncreasing local radiation field within the cluster, which supports the 
adiative torque alignment theory. 
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