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ABSTRACT

‘We present an optical polarimetry study of the nearby star-forming region Lambda-Orionis to map the plane-of-the-sky magnetic field
geometry to understand the magnetized evolution of the HII region and the associated small molecular clouds. We made multiwave-
length polarization observations of 34 bright stars distributed across the region. We also present the R-band polarization measurements
that focused on the small molecular clouds, bright-rimmed clouds (BRC), BRC 17, and BRC 18, which are located at the periphery
of the HII region. The magnetic field lines exhibit a large-scale ordered orientation consistent with the Planck submillimeter polar-
ization measurements. The magnetic field lines in the two BRCs are found to be roughly in north-south directions. However, a larger
dispersion is noted in the orientation for BRC 17 compared to BRC 18. Using a structure-function analysis, we estimate the strength
of the plane-of-the-sky component of the magnetic field as ~28 uG for BRC 17 and ~40 uG for BRC 18. The average dust grain size
and the mean value of the total-to-selective extinction ratio (Ry) in the HII region are found to be ~0.51 £ 0.05 wm and ~2.9+0.3,
respectively. The distance of the whole HII region is estimated as ~392 + 8 pc by combining astrometry information from Global
Astrometric Interferometer for Astrophysics (Gaia) early data release 3 (EDR3) for young stellar objects associated with BRCs and

confirmed members of the central cluster Collinder 69.
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1. Introduction

HII regions are among the most fascinating astronomical objects
at optical wavelengths. Several analytical and numerical studies
have been conducted to comprehend their formation and expan-
sion (see Arthur et al. 2011; Zamora-Avilés et al. 2019 and refer-
ence therein) and to explain the filamentary structures, globules,
pillars, clumps, and so on that are found within and around these
regions (e.g., Sugitani et al. 1991; Chauhan et al. 2009). These
features could be due to the instabilities in the ionization front
or to the density inhomogeneities in the molecular cloud inside
which the HII region expands (see Garcia-Segura & Franco
1996; Mackey & Lim 2010). Small, isolated, and dense molec-
ular clouds, called bright-rimmed clouds (BRCs), are located
at the periphery of the evolved HII regions. When HII regions
interact with their surrounding molecular clouds, they form the
BRCs. The ultraviolet radiation from the nearby OB stars pho-
toionizes the outer surface layers of a BRC, forming a layer of
hot ionized gas known as the ionized boundary layer (IBL). The
recombination processes in the IBL result in the formation of
optically bright rims. The photoionization-induced shocks are
driven into the molecular clouds, forming dense cores that are
then triggered to collapse to form new stars (Elmegreen 2011).
This phenomenon of triggered star formation by the compres-
sion of gas due to shock or an ionization front is known as
the radiation-driven implosion (RDI; Bertoldi 1989; Miao et al.
2006) scenario.

The magnetic field plays a very crucial role in the molec-
ular clouds by regulating the star formation processes (see
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McKee & Ostriker 2007). The expanding HII region and pho-
todissociation region (PDR) tend to remove the preexisting
small-scale disordered magnetic field structure and produce a
large-scale ordered magnetic field in the neutral shell, with
an orientation approximately parallel to the ionization front
(Arthur et al. 2011). Soler et al. (2013) found that magnetic field
lines are preferentially oriented parallel to most of the density
structures and that the relative orientation changes from paral-
lel to perpendicular when the density exceeds a critical density.
The strength of the magnetic field decides whether the field lines
align themselves along the direction of the ionization radiation or
remain unchanged (Henney et al. 2009; Mackey & Lim 2011).

The role of the magnetic field has been investigated in sev-
eral BRCs using polarimetry. Optical polarimetry studies have
shown that the magnetic field could shape the BRCs along with
the ionizing radiation from the hot star(s) located in the vicinity
of the BRCs (Soam et al. 2017, 2018). The Atacama Large Mil-
limeter/submillimeter Array (ALMA) dust polarization study of
NGC 6334 by Cortés et al. (2021) revealed a complex morphol-
ogy with a significant degree of turbulence, which might be due
to the strong interactions between the magnetic field and the tur-
bulent gas in the BRC. Recent submillimeter observations, such
as POL-2 on the James Clerk Maxwell Telescope (JCMT), have
revealed complex magnetic fields in regions where stars are yet
to form (Liu et al. 2019; Pattle et al. 2021).

The Orion molecular cloud complex is a nearby giant molec-
ular cloud complex whose head part is known as the Lambda
Orionis star-forming region (LOSFR). It is an ideal location
for studying the young stellar population and their environ-
ment (Mathieu 2008). The LOSFR is an HII region (Sh2-264,
Sharpless 1959) that is illuminated by an OS8III-type star called
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A-Ori or Meissa, which lies at a distance of 450 + 50 pc from the
Sun (Dolan & Mathieu 1999). Another BO-type main-sequence
star forms a binary with Meissa at an angular distance of 4.4”.
Zhang et al. (1989) detected a dense molecular gas and dust ring
with a diameter of 9° centered around the A-Ori star using the
Infrared Astronomical Satellite (IRAS). This ring coincides with
the shell of neutral hydrogen that was previously discovered by
Wade (1957). The compact open cluster Collinder 69 is located
at the center of the LOSFR, and the A-Ori star is the brightest
member of this cluster. At the periphery of the A-Ori ring, many
dark clouds are located, such as Barnard 30 (B30), Barnard 35
(B35), Barnard 36 (B36), and Barnard 224 (B224). They were
cataloged by Barnard (1919). B30 and B35 are also called BRC
17 or SFO 17 and BRC 18 or SFO 18, respectively. They were
cataloged by Sugitani et al. (1991). BRC 17 is located at the
northwest edge and is separated from A-Ori by ~2°, and the elon-
gated BRC 18 cloud projects inward from the eastern edge at an
angular distance of ~2.5° from A-Ori.

The A-Ori regions have been extensively studied in various
aspects, such as the initial discovery, the distance of the clouds,
an Ha survey, an analysis of IRAS data, and photometric and
spectroscopic studies. Duerr et al. (1982) performed an Ha sur-
vey and identified emission line sources that are predominantly
distributed near the open cluster Collinder 69 and the two dark
clouds BRC 17 and BRC 18. Dolan & Mathieu (1999, 2001,
2002) studied the whole LOSFR using a lithium survey and deep
VRI photometry. They concluded that young stars are spatially
distributed around A-Ori and in front of BRC 17 and BRC 18.
However, some young stars are found outside these high stellar-
density clouds. It was therefore proposed that the star forma-
tion was centered in an elongated cloud extending from BRC 18
through A-Ori to the BRC 17 cloud (Dolan & Mathieu 1999).
The LOSFR comprises recently formed stars from 0.2 M, to
24 My, and star formation still continues in the dark clouds BRC
17 and BRC 18 (Mathieu 2008).

The magnetic field morphology in A-Ori region will provide
useful information about the expansion and evolution of LOSFR
and the globules associated with this region. In this paper, we
map the global magnetic field geometry in multiple wavelengths
and the local magnetic field geometry in BRC 17 and BRC 18 in
the R band. The structure of this paper is as follows: in Sect. 2,
we briefly describe the optical polarimetry observations and data
reduction. Our results and analyses are presented in Sect. 3, fol-
lowed by a discussion in Sect. 4. We present a summary and
highlight our main findings in Sect. 5.

2. Observation and data reduction

We performed the optical linear polarization observations of the
LOSFR containing BRC 17 and BRC 18 using the ARIES IMag-
ing POLarimeter (AIMPOL) mounted at the 104 cm Sampur-
nanand telescope, which is situated at the Aryabhatta Research
Institute of Observational Sciences (ARIES), Nainital, India. We
used standard Johnson VRI filters with Aveg = 0.550 um, Ageg =
0.670 um, and Ag = 0.805um for the polarimetric observa-
tions. A detailed description of AIMPOL and the polarization
measurement methods is given in Ramaprakash et al. (1998),
Rautela et al. (2004). The steps of the data reduction methods
are described in previous papers (e.g., Eswaraiah et al. 2011,
2012, 2013; Nehaet al. 2016, 2018; Soam et al. 2013, 2015,
2017, 2018). The observations were performed between 2014
and 2016. The details of the observations are given in the Table 1.
We have observed the stars that are brighter than 15 magnitudes
in the V band toward each region in LOSFR.
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Table 1. Log of observations.

Cloud ID  Date of observations (year, month, date)

BRC 17 2014 December 17, 18, 20
2015 January 17, 19
2015 October 11
2015 November 15

2014 October 19, 21, 22, 23
2014 November 17, 18, 19
2014 December 17, 20, 22

2015 November 16, 17
2015 December 14, 15
2016 January 8, 9, 10, 11, 12
2016 February 8, 9
2016 March 8

BRC 18

A-Ori
Region

Unpolarized standard stars were observed during every run
to check for any possible instrumental polarization. The instru-
mental polarization is found to be lower than 0.1%. We corrected
the observed degree of polarization for the instrumental polariza-
tion. The reference direction of the polarizer was determined by
observing polarized standard stars from Schmidt et al. (1992).
We observed these unpolarized and polarized standards using
the standard Johnson VRI filters. Schmidt et al. (1992) used the
standard Johnson V filter and the Kron-Cousins R and [ filters
to observe the standard stars. We used the offset between the
standard polarization position angle values estimated from the
observations and those taken from Schmidt et al. (1992) to cor-
rect for the zero point offset. The zero point offset values for
the polarization position angles range from 6° to 9° for all the
observations.

3. Results and analyses
3.1. Distance to the LOSFR

We have used Global Astrometric Interferometer for Astro-
physics (Gaia) early data release 3 (EDR3) data to estimate
the distance of LOSFR (Gaia Collaboration 2021). We sepa-
rately estimated the distances toward BRC 17, BRC 18, and
the central cluster Collinder 69. The detailed distance estima-
tion for BRC 18 is presented in Saha et al. (2022). In the case
of BRC 17, we compiled a list of YSOs from literature using
the criterion given in Saha et al. (2022). We selected candidate
YSOs toward BRC 17 within a circular region of 0.5° radius
around the IRAS sources (Dolan & Mathieu 2001; Hayashi et al.
2012; Koenig et al. 2015; Kounkel et al. 2018; Zari et al. 2018;
Hosoya et al. 2019). In the case of Collinder 69, we selected
probable cluster members (Bayo et al. 2012). After compiling
all the sources, we searched for each source within a search
radius of 1" and obtained the distance and the proper motion in
right ascension and declination from Bailer-Jones et al. (2021)
and from the Gaia EDR3 archive (Gaia Collaboration 2021).
We selected sources with a ratio, x/Ax > 3, where x represents
the distance (d), the proper motion in right ascension (u,) and
declination (us) values, and Ax shows their respective errors.
We also applied the condition for renormalized unit weight
errors (RUWE; Lindegren 2018; Lindegren et al. 2021) for all
the sources. We selected the sources with RUWE< 1.4 and
confirmed their authentic astrometric measurements (Lindegren
2018). The ionizing source A-Ori for LOSFR is located in the
central cluster Collinder 69. The distance of A-Ori is estimated
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Fig. 1. Proper motion values of the known candidate YSOs associated with BRC 17 (left panel) and the known probable cluster members associated
with Collinder 69 (right panel) plotted as a function of their distances obtained from Gaia EDR3. Panels a and c: p, vs. d plot of the sources. The
candidate YSOs and cluster members lying within a 5 X MAD boundary in the y, vs. d plot are plotted using filled blue circles, and the outliers
are plotted using open gray circles. The dashed lines indicate the median values of y, and d of the candidate YSOs and cluster members. Panels
b and d: us vs. d plot of the sources. The gray shaded ellipses show the 5 x MAD boundary range in distance and proper motions within which
the sources are used to estimate a distance. The candidate YSOs and cluster members lying within the 5 X MAD boundary in the y; vs. d plot are
plotted using filled blue circles, and the outliers are plotted using open gray circles. The dashed lines indicate the median values of d and y; of the

candidate YSOs and cluster members.

Table 2. Medians with their respective MAD values for y,, us, and d.

ID Ha Mo d
(masyr') (masyr') (po)
BRC 17 0.953+0.528 -0.799+0.433 389+9
BRC 18" 2.189+0.382 —-2.482+0.114 394+7
Collinder 69 0.919+0.204 -2.017+0.121 392+7

Notes. " The values for BRC 18 were taken from Saha et al. (2022).

at 386 + 60 pc using Gaia EDR3 parallax measurements, but the
RUWE is found to be 4.823, which is much higher than the cutoff
value of 1.4 (Gaia Collaboration 2021). Hence, we used all the
probable cluster members to estimate the distance of Collinder
69 and assigned the same distance to A-Ori.

Fig. 1 represents u, and us of the candidate YSOs associated
with BRC 17 and the known cluster members associated with
Collinder 69 as a function of their distances (d). We estimated
the median absolute deviation (MAD) to measure the statisti-
cal dispersion in the datasets because the standard deviations are
generally affected by extreme values. We identified the sources
lying within 5 x MAD of the median values of the distance and
the proper motions for BRC 17 and Collinder 69. The distance
uncertainties of individual sources were not considered when we
calculated the median distance. After applying this condition,
we excluded outliers and estimated the median and MAD val-
ues only for the sources that met this condition. The medians

with their respective MAD values for u,, (s and d are listed in
Table 2 for BRC 17, BRC 18, and Collinder 69. The distances
toward all three different regions of LOSFR are found to be con-
sistent within the error limits. We, therefore, took the mean val-
ues of all three distance values to assign a single distance for the
LOSFR. The mean distance is 392 + 8§ pc for the LOSFR.
Murdin & Penston (1977) estimated the distance of the
LOSEFR using high-quality broadband photometry of the 11 OB
stars located at the center of the star-forming region. They esti-
mated the distance of this region to be ~400pc. The distance
of the five stars in the central area of LOSFR is ~380 +30pc
(Perryman et al. 1997). Dolan & Mathieu (2001) used Strom-
gren photometry with a larger sample of OB stars and esti-
mated the distance of the region as ~450+50pc, which is
slightly larger than the previously estimated distances. Recently,
Kounkel et al. (2018) estimated the distances for BRC 17 as
397 +4pc, BRC 18 as 396 + 4 pc and Collinder 69 as 404 + 4 pc
using Gaia DR2 parallax measurements. Our estimated dis-
tances for BRC 17 and BRC 18 are consistent within the error
limits, but there is a small difference in the distance of Collinder
69. The reason might be that we used the recent Gaia EDR3
distance measurements, whose uncertainties are very low.

3.2. Polarimetry
3.2.1. Foreground polarization subtraction

The distance of the LOSFR was found to be 392 +8pc as
described in Section 3.1. Hence, the polarization measurements
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Table 3. Polarization values of the observed foreground stars and from

the Heiles catalog.
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1d Star name Vv P+tep 0+¢ D D®
(mag) (%) ©) (pc) (pc)
Observed foreground stars in the direction of BRC 17 in R-band
1 HD 36860 8.0 0.02+0.1 169 +22 63+4 67+1
20 HD 35968 8.0 1.21+0.1 80+9 199 +35 268 +2
30 HD 36104 7.0 0.18 +0.1 67+8 307+55 2917
4 HD 36262 7.6 0.09+0.1 8612 333+72 392+7
5 HD 36838 8.2 0.71+0.1 49+3 458 +229 536 +7
Observed foreground stars in the direction of BRC 18 in R-band
1™ HD 38527 5.8 0.17+0.1 57+9 91+4 94 +1
20 HD 39007 5.8 0.15+0.1 144 +9 110+38 1271
30 HD 37408 8.6 0.52+0.1 130+3 178 £45 180+ 1
4 HD 37355 6.7 0.24+0.1 1316 208 +29 184+1
5 HD 246922 8.9 0.43+0.1 167+5 274 + 120 459 +4
6 HD 37926 8.0 0.04+0.1 102+13 291+87 253+2
7 HD 38095 8.5 0.08 +0.1 31+16 335+159 205+ 1
g HD 38096 8.0 0.21+0.1 125+6 351+92 316+3
9 HD 37522 72 0.21+0.1 114+6 385+135 337+3
10 HD 39229 8.7 1.31+0.1 124+1 387+ 125 422 +4
Stars from Heiles (2000)

1 HD 37160 5.8 0.06 +0.03 154+ 15 36+1 35+1
2 HD 38899 49 0.03+0.12 20+63 76+2 86+1
30 HD 35468 1.6 0.30+0.21 23+20 77+3 -
4 HD 36267 4.1 0.13+0.03 165+6 93+6 99+2
50 HD 36653 5.6 0.74+0.20 328 137+7  327=+11
6 HD 38710 5.3 0.09£0.03 54+10 165 +25 124 +2
70 HD 38672 6.7 0.37+0.20 169+ 15 276 +38 330+4
8 HD 36822 4.4 0.28 +0.00 1200 333+28 39253
9 HD 36861 35 0.44+£0.11 113+7 337+62  439+95
10 HD 37232 6.1 0.27 +£0.00 1000 345+52 379+9
11 HD 36471 8.7 0.42+0.07 1275 391+ 160 375+9
12 HD 34989 5.8 0.65+0.20 106 +9 437+69  392+26
13®  HD 36824 6.7 0.39+0.10 127 +8 1176 + 817 313+5

Notes. MDistances are estimated using the HIPPARCOS parallax mea-
surements taken from van Leeuwen (2007). ®Distances are adopted
from Bailer-Jones et al. (2021). ®Objects used to calculate the fore-
ground polarization. See details in the text.

for the stars towards LOSFR could be affected by the line-of-
sight foreground interstellar component. To remove the fore-
ground contribution, we searched BRC 17 and BRC 18 within
a circular region with a diameter of 1° for stars with paral-
lax measurements by the HIPPARCOS satellite in van Leeuwen
(2007) because the Gaia datasets were not available at the time
of these observations. Stars that are found to be the emission
line sources in binary or multiple systems or peculiar sources
in SIMBAD were excluded. We chose stars with parallax mea-
surements better than 20-. The polarization observations of these
stars were carried out using AIMPOL. We also chose the stars
from Heiles catalog (Heiles 2000) within a radius of 4.5° of the
A-Ori region. The polarization results for these stars are pre-
sented in Table 3 according to their increasing distance from
the Sun. The observed R-band polarization values are presented
for BRC 17 and BRC 18, while the values from the Heiles
(2000) catalog are the average values in multiple bands as taken
directly from the catalog. We also adopted the distances for all
the sources from Bailer-Jones et al. (2021) to compare them with
previously known distances. We plot the degree of polarization
and the polarization angles with distance for all the foreground
stars in Fig. 2. In the same figure, we also include the polariza-
tion measurements for the bright Tycho stars (Hgg et al. 2000,
discussed in Section 3.2.2) that lie behind the cloud. The figure
shows that the values of the polarization angle are random for
stars that lie before 392 pc, but the values are aligned in a par-
ticular direction after 392 pc. Similarly, the value of the degree
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Fig. 2. Polarization angle vs. distance of the foreground stars found
within a diameter of 1° around BRC 17, BRC 18, and the Heiles stars
found within a diameter of 9° around A-Ori (upper panel). Degree of
polarization vs. distance for the same stars (lower panel). The dashed
gray line corresponds to a distance of 392 pc in both panels. The dis-
tances are calculated from the HIPPARCOS parallax measurements taken
from van Leeuwen (2007) and adopted from Bailer-Jones et al. (2021).
The gray circles show the bright Tycho stars behind the cloud. The dis-
tances for the Tycho stars are taken from Bailer-Jones et al. (2021).

of polarization also increases at about 392 pc, which is con-
sistent with our measured distance. Hence, we calculated the
mean values of P and 6 for the foreground stars with a dis-
tance smaller than 392 pc according to a new distance estimation
method (Bailer-Jones et al. 2021) and stars with polarization val-
ues greater than 0.1%, which is equal to the instrumental polar-
ization of AIMPOL. We mark these objects with asterisks. The
observed foreground R-band polarization values were converted
into V band and 7 band using the Serkowski law (Serkowski et al.
1975). The mean values of the P and 6 are 0.3+0.1% and
106 = 9° for all the V, R, and [ filters. Using these mean polar-
ization values, we calculated the Stokes parameters Qy, and
Uy, for the selected foreground stars. We also computed the
Stokes parameters for our observed stars Q. and U,. Then, we
calculated the foreground-corrected Stokes parameters for our
observed stars Q. and U, using Q. = Q.—Qf, and U, = U, —Ug,,
following the same procedure as described in Neha et al. (2016).
However, the mean of the difference between observed polar-
ization angles Oopserved and the foreground-corrected polarization
angles 6. is 4° with a standard deviation of 4°, suggesting a
smaller contribution due to the foreground. We present the polar-
ization position angle values in the equatorial coordinate system.
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3.2.2. Global magnetic field geometry of LOSFR

We systematically made the polarization study to map the global
magnetic field in the LOSFR by observing the bright Tycho stars
located behind this region. We selected the bright Tycho stars
from the Tycho-2 catalog (Hgg et al. 2000) within a radius of
4.5° around A-Ori. Then, we took the J, H, and K; magnitudes
of these stars from the 2MASS point source catalog (Cutri et al.
2003). We plotted their J, H, and K magnitudes in a color-color
diagram and selected the stars with J — K > 1, showing the stars
are reddened or behind the cloud. We made multiband polari-
metric observations of 34 of these bright Tycho stars that are
distributed in the whole HII region. We also obtained the dis-
tances for all these 34 bright Tycho stars from Bailer-Jones et al.
(2021) and found that their distances exceed the LOSFR dis-
tance (400 pc adopted from the literature). This suggests that our
method of selecting the reddened stars is reliable. We plot the
polarization vectors in the Planck 857 GHz image in Fig. 3 for
the V, R, and [ filters from top to bottom. The direction of the
polarization vectors shows the global magnetic field geometry
in LOSFR, which seems to follow the large-scale structure seen
in all the images of Fig. 3. However, the number of stars in our
sample is low. Observations of more stars would, therefore, be
helpful. The magnetic field lines appear almost parallel to the
Galactic plane (b = —11.99°) in the northeast and central regions
of LOSFR, while in the southwest region, the field lines seem
random. The polarization results for all the Tycho stars toward
LOSEFR in the VRI filters are given in Table A.1. The mean val-
ues of the degree of polarization and the polarization angle for
these bright Tycho stars are 1.3 +0.2% and 169 + 6° for the V
band, 1.1 +0.1% and 163 + 6° for the R band, and 1.0+0.1%
and 170 + 6° for the / band.

3.3. Dust grain size distribution

The Serkowski law (Serkowski et al. 1975) with the parameter K
provides an appropriate description of the interstellar polariza-
tion with the wavelength in the visible region, and it is defined
as follows:

P = Prax exp[—K In*(Apax /D], (1

where P, is the degree of polarization (%) at wavelength A,
Prax 1s the maximum degree of polarization estimated from
the fitting at wavelength A, and the parameter K determines
the width of the peak in the curve and was adopted as K =
1.15 (Serkowski et al. 1975). If the polarization is produced by
aligned interstellar dust grains, the observed data follow Eq. (1)
and the values of P, and A, for each star can be calculated.
We studied the dust properties of LOSFR by obtaining the Ppax
and Ap.x values using the weighted least-squares fitting to the
measured polarization in the V, R, and / bands.

The Amax values can also be used to infer the origin of the
polarization. Stars whose Apn,x is much lower than the aver-
age value of the interstellar medium (0.55 pm; Serkowski et al.
1975) may have an intrinsic component of polarization due
to the scattering process (Orsatti et al. 1998). Fig. 4 shows
the Serkwoski fitting for 34 stars for which we obtained
Amax values between 0.37 um to 0.66 um. The weighted mean
values of the Pn.x and Ay for 34 stars are found to be
1.30+£0.11% and 0.51 +£0.05 um. Since we only observed at
three wavelength bands (VRI), we investigated the effect of
using only three wavelength bands on the measured Py
and Ap,. To do this, we compiled the polarimetric data of
some randomly selected clouds, that is, NGC 5617, NGC 5749
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Fig. 4. Serkowski curve for 34 bright Tycho stars observed in the VRI filters. The filled blue, green, and red circles correspond to the V, R, and /
bands, respectively. The solid magenta line represents the fitting using the Serkowski law (Serkowski et al. 1975).

in UBVRI and LDN 1570, and NGC457 in BVRI filters
from Orsatti et al. (2010), Vergne et al. (2007), Eswaraiah et al.
(2013), and Topasna et al. (2017), respectively, and estimated
the values of Ppax and Ap.x by reducing the number of wave-
length bands, that is, using the UBVRI, BVRI, and VRI filters.
The mean values of Am.x and Py for these three regions are
shown in Table 4. Using the BVRI dataset, the mean values of
Amax and Pp,, for NGC 5749 are found to be 0.60 +0.05 um
and 1.61 +£0.08%, while using the VRI filters alone, the val-
ues are found to be 0.69 + 0.07 um and 1.59 + 0.07%. Similarly,
the mean values of Ap.x and Pp.x for LDN 1570 are found
to be 0.61 £0.04 um and 2.90 £ 0.11% from the BVRI dataset
and 0.63 = 0.07 um and 2.85 + 0.15% from the VRI dataset. We
found that the values of A, for the VRI dataset are consis-
tent within the uncertainty compared with the UBVRI and BVRI
datasets. The difference in the A, and Pna, values in different
filter sets is within 10%. This shows that our results can be used
to estimate the dust grain size in LOSFR. The estimated A, is
0.51 £ 0.05 wm, which is consistent with the value correspond-
ing to the general interstellar medium (0.55 pm; Serkowski et al.
1975). It is also consistent with a value 0.53 um for LOSFR
along the Galactic plane estimated from the empirical relation,

A225, page 6 of 16

Amax = 0.545 + 0.030 sin(l + 175°) (Whittet 1977). This relation
describes the systematic modulation of Ay, as a function of
Galactic latitude (/). We also estimated the value of Ry, the total
to selective extinction, using the relation Ry = (5.6 = 0.3) X Apax
(Whittet & van Breda 1978) for all the 34 stars. The Ry values
range from 1.96 to 3.70 for all 34 Tycho stars. The mean value
of Ry for these 34 stars is 2.9 + 0.3, which agrees with the gen-
eral average value (Ry =3.1) for the Milky Way galaxy within
the error limits, indicating that the size of the dust grains within
the LOSFR is normal.

3.4. Magnetic field geometry of BRC 17 and BRC 18

The magnetic field geometry of a molecular cloud is predom-
inantly regulated by the relative dynamical importance of the
magnetic forces for gravity, turbulence, and thermal pressure.
If the magnetic field lines strongly support the molecular cloud
against gravity, then the magnetic field lines would be aligned
smoothly. The average magnetic field orientation would be per-
pendicular to the major axis of the cloud (Mouschovias 1978).
The cloud tends to shrink more in the parallel direction to the
magnetic field than in the perpendicular direction. However, if
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Table 4. Mean values of A, and P, for the UBVRI, BVRI, and VRI
dataset for various regions.

Filter set  Apax (Wm) Pax (%)
NGC5617

UBVRI 0.53+0.05 4.13+0.22

BVRI 0.57+0.06 4.05+0.21

VRI 0.61+0.05 3.98+0.16
NGC 5749

UBVRI 0.60+0.05 1.77+0.08

BVRI 0.62+0.09 1.76+0.09

VRI 0.65+0.09 1.75+0.10
LDN 1570

BVRI 0.63+0.05 2.86+0.08

VRI 0.63+0.05 2.86+0.08
NGC457

BVRI 0.57+0.03 2.96+0.09

VRI 0.56+0.04 297+0.15

turbulence is stronger than the magnetic field, then the struc-
tural dynamics of the molecular cloud would be controlled by
the random motions, and the turbulent eddies will drag the mag-
netic field lines around (Ballesteros-Paredes et al. 1999). Thus,
the magnetic field lines would become chaotic without a pre-
ferred direction.

The results of our optical polarimetry observations of 105
stars in the direction of BRC 17 and 171 stars toward BRC
18 are presented in Table A.2. We only list the results of the
sources with a degree of polarization measurements better than
20. The columns of these tables show the star identification
number in increasing order of their right ascension, the decli-
nation, the measured P (%), and the polarization position angles
(6 in degrees).

3.4.1. BRC 17

The cloud complex B30 contains the Barnard clouds B31 and
B32 and the Lynds clouds LDN1580—-1584 (Dolan & Mathieu
2001). At the head part of this cloud, a visible bright rim
is present, and this is cataloged as BRC 17 by Sugitani et al.
(1991). The distance to BRC 17 is estimated at around 389 + 9 pc
(see Section 3.1). The projected angular distance of BRC 17
from the ionizing star A-Ori is ~2.3°, which corresponds to
~15 pc considering the cloud distance 389 pc. Zhou et al. (1988)
mapped this cloud using CO observations and divided it into two
parts: The northern part, containing the RNO 43 outflow, and
the southern part, containing the bright-rim and IRAS source.
We mapped the magnetic field geometry toward the southern
region, which contains the bright rim of this cloud. The left
panel of Fig. 5 shows the plot of the polarization vectors of
105 foreground-subtracted stars overplotted on the WISE 12 um
image. The length and orientation of the vectors correspond to
the measured P% and 6 values, respectively. The 6 is measured
from the north, increasing toward the east. The dashed white
line represents the orientation of the Galactic plane at the Galac-
tic latitude of —11.6°. The mean values of the degree of polar-
ization and polarization angle for BRC 17 are 1.4 +0.4% and
175 £43°, respectively. The plot of P% versus 6 and the his-
togram of the 6 after correcting for the foreground interstellar
contribution are shown in Fig. 6. At first, we performed a sin-
gle Gaussian fit to the histogram with a bin size of 10deg. The

mean and standard deviation of the best-fit Gaussian is found
to be 172 + 9deg and 52 + 12deg, respectively. The distribu-
tion of the polarization position angle appears to be a mixture
of multiple Gaussians with the strongest central peak. There-
fore, we also fit a multiple Gaussian model of three Gaussians
to the data. The multi-Gaussian model shows the strongest peak
at the center, with a mean and standard deviation of 167 + 14 deg
and 24 + 19 deg, respectively. Although the different peaks in the
multi-Gaussian model are not well separated, and the parameters
are not well constrained and have large uncertainties, we find a
similar reduced y? as that of the single-Gaussian model. How-
ever, the standard deviation value of the central Gaussian in the
multi-Gaussian model is much lower than the single Gaussian
model.

3.4.2. BRC 18

BRC 18 (also known as B35) lies at the periphery of the LOSFR.
It is located at ~392 + 7 pc (see Section 3.1) with a dimension
of 0.37pc by 1.40pc. The projected angular distance between
BRC 18 and the ionizing star A-Ori is ~2.5°, corresponding to
~17 pc considering the cloud distance of 392 pc. The magnetic
field geometry in BRC 18 is found to be regular and oriented
in the perpendicular direction of the cloud major axis (along the
east-west direction in the right panel of Fig. 5), indicating that
the magnetic field dominates the cloud (Mouschovias 1978). The
mean values of P and 6 for BRC 18 are 1.7 +£0.3% and 171 + 8°,
respectively. The right panel of Fig. 5 shows the plot of polar-
ization vectors of 171 foreground-subtracted stars overplotted on
the WISE 12 um image. As discussed in the previous section, the
length and orientation of the polarization vectors correspond to
the measured P% and 6 values, respectively. 6 is measured from
the north, increasing toward the east. The dashed white line rep-
resents the orientation of the Galactic plane at the Galactic lat-
itude of —10.4°. The plot of P% versus 6 and the histogram of
6 with a bin size of 10deg after correcting for the foreground
interstellar contribution are shown in Fig. 6. The yellow star cor-
responds to the HH object, HH 175 (Reipurth 2000). In BRC 18,
the relatively low dispersion (0y=8°) in polarization position
angles implies that the magnetic field lines are well aligned (see
the right panel in Fig. 5). The mean polarization position angle,
~171°, from north to east, shows the direction of the plane-of-
the-sky component of the magnetic field, whereas the projected
orientation of the incoming ionizing radiation from A-Ori toward
BRC 18 ~109° for the north increases toward the east. Hence, the
projected angle between the magnetic field lines and the incom-
ing ionizing radiation is ~62°. This suggests that the magnetic
field lines in BRC 18 are ~30° off to the perpendicular direction
to the incoming ionizing radiation.

3.5. Magnetic field strength using a structure function
analysis

After determining the direction of the magnetic field, we esti-
mated the magnetic field strength using the improved Davis—
Chandrasekhar—Fermi method (DCF; Davis & Greenstein 1951;
Chandrasekhar & Fermi 1953) by determining the turbulent
angular dispersion (Hildebrand et al. 2009; Houde et al. 2009).
In this method, the dispersion of the polarization angles as a
function of distance or angular dispersion function (ADF) is
estimated by considering that the net magnetic field consists
of a large-scale structured field, By(x), and a turbulent compo-
nent, Bi(x). ADF or the square root of the structure-function
(SF) is defined as the root mean squared differences between
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the polarization angles measured for two points separated by a
distance / and measured as shown in Eq. (2). Hence, the SF anal-
ysis can be used as an important statistical tool to correlate the
large-scale structured field and the turbulent component of the
magnetic field in molecular clouds (e.g., Hildebrand et al. 2009;
Franco et al. 2010; Santos et al. 2012; Eswaraiah et al. 2013;
Neha et al. 2016),

N()

1/2
(AP*()'? = { D lpx) — px + 1)]2} : )
i=1

N
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dard deviation of the central Gaussian are
marked.

The structure function within the range § < [ <« d (where
¢ and d are the correlation lengths that characterize By(x) and
By(x), respectively) can be estimated using Eq. (3),

(AF* Doy = b* + m* 2 + a3y (D), A3)

where (A¢? (1)) shows the total measured dispersion estimated
from the data. a’%d(l) are the measurement uncertainties and are
calculated by taking the mean of the variances on A¢(J) in each
bin. The quantity b” is the constant turbulent contribution, esti-
mated by the intercept of the fit to the data after subtracting
o3,(D). The term m?[* is a smoothly increasing contribution with



Neha, S., et al.: A&A, 689, A225 (2024)

the length I (m shows the slope of this linear behavior). All these
quantities are statistically independent from each other.

The ratio of the turbulent component and the large-scale
magnetic fields is calculated with Eq. (4),

<B[2>1/2 ~ b
By V2 - b2

For the BRC 18 region, we estimated the ADF and plotted
it with the distance in Fig. 7. We used the polarization angle of
171 stars for BRC 18 to calculate ADF. The measured errors in
each bin are very small and are also overplotted in Fig. 7. Each

(A (D))ot — 034(D), which is the ADF corrected

for the measurement uncertainties. The bin widths are taken on
a logarithmic scale. We used only five points, corresponding to a
distance smaller than 1 pc, of the ADF in the linear fit of Eq. (3)
shown by the dashed line. The shortest distance we considered
is =0.15 pc. The net turbulent contribution to the angular dis-
persion, b, was calculated to be 8.9° +0.3° (0.15 + 0.005 rad) for
BRC 18. Then, we estimated the ratio of the turbulent component
and the large-scale magnetic fields using Eq. (4), which is found
to be 0.08 = 0.004 for BRC 18. The result shows that the turbu-
lent component of the magnetic field is very small compared to
the large-scale structured magnetic field, that is, By < By.

The strength of the plane-of-the-sky component of the
magnetic field was estimated from the modified CF relation
(Franco & Alves 2015), as shown in Eq. (5),

2roav b1 G
kms-! || 1° -

In Eq. (5), n(Hy) is the volume hydrogen density of molecu-
lar hydrogen. It was obtained by estimating the hydrogen col-
umn density of the region probed by our optical polarimetry
and from the radius of the cloud, assuming it to be a spherical
cloud. We used the relation N(H,)/Ay = 9.4 x 10?° cm~? mag™!
(Bohlin et al. 1978) to estimate the column density. Based on
the method described by Maheswar et al. (2010) and Neha et al.
(2016), the average extinction value traced by the stars behind
the cloud (assuming a distance 2400 pc for BRC 18) observed
in this study is found to be ~0.6 mag for BRC 18. We also
determined the visual extinction Ay using the near-infrared color
excess revised (NICER) extinction maps, which are based on
2MASS data (Juvela & Montillaud 2016). The value of Ay is
found to be 1.6 mag for BRC 18. This is because the method is
only sensitive to the extinction of stars that lie in the periphery
of the cloud. Hence, we used the average value of Ay, which
is found to be 1.1 mag. We estimated the radius of BRC 18 by
fitting a circle on the WISE 12 um image. The radius of BRC
18 is determined as ~1.5pc, and the volume density is there-
fore found to be ~230cm™ for BRC 18. We adopted the '2CO
line width, AV = 1.7km s~! for BRC 18, from our molecular line
observations (Neha et al., in preparation). After substituting all
the values in Eq. (5), the value of By is found to be ~40 uG for
BRC 18. This means that the BRC 18 cloud has a magnetic field
strength of ~40 uG, which is comparable to the moderate mag-
netic field strength of the simulations, in an almost perpendicular
direction to the ionizing radiation. By comparing this with the
simulations, we found that the photoionization shock can pass
through the cloud without any hindrance and can trigger star for-
mation (Arthur et al. 2011).

The polarization position angles for BRC 17, as shown in
Fig. 6, exhibit multiple Gaussian features. We used 71 out of
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Fig. 7. Angular dispersion function (ADF) of the polarization angles,
(AP* (D)7 (°), with distance (pc) for BRC 18 (upper panel) and BRC
17 (lower panel). The dashed line denotes the best fit to the data up to a
distance of 1 pc.

105 sources whose polarization angles follow the central com-
ponent in the multi-Gaussian model to estimate the magnetic
field strength because it shows a relatively smaller dispersion
than the whole data and follows the direction of the ambient
magnetic field. We performed a structure-function analysis as
described above. The lower panel of Fig. 7 shows a plot of the
ADF as a function of distance for BRC 17. Similar to BRC 18,
we used five points of the ADF and performed a linear fit using
Eq. (4). The value of b is 26.9° + 0.3° for BRC 17. The ratio of
the turbulent to the large-scale component of the magnetic field
is found to be 0.35 + 0.22, suggesting that the turbulent compo-
nent is smaller than the large-scale structured magnetic field. We
then estimated the strength of the plane-of-the-sky component
of the magnetic field using Eq. (5), adopting n(H,) = 2000 cm™3
and AV = 1.3kms™! from Zhou et al. (1988), who performed
a molecular line observation of BRC 17. The magnetic field is
~28 uG, which can be considered a weak magnetic field strength.
The calculated value of By, should be considered a rough esti-
mate due to the large uncertainties of the individual quantities
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involved in its calculation, particularly for BRC 17, which has a
higher b value.

4. Discussion

Based on the radiation-magnetohydrodynamics (R-MHD) simu-
lations of HII regions, Arthur et al. (2011) presented the large-
scale magnetic field maps projected on the whole HII region,
and they showed that the magnetic field lines are mainly ori-
ented along the large-scale ionization fronts that form a ring
around the HII region. The expanding HII and photodissoci-
ation regions (PDR) remove the preexisting small-scale disor-
dered magnetic field pattern and produce a large-scale ordered
magnetic field in the neutral shell, with an orientation that is
approximately parallel to the ionization front. They also reported
that the magnetic field lines are aligned in a perpendicular direc-
tion to the ionization front at the head of the globules asso-
ciated with the HII region. Furthermore, Henney et al. (2009)
and Mackey & Lim (2011) included the effect of magnetic field
on the globules in the presence of ionizing radiation from the
OB star. Mackey & Lim (2011) performed 3D radiation mag-
netohydrodynamics (3D-RMHD) simulations considering three
strengths of magnetic fields, 18 uG (weak), 53 uG (medium),
and 160 uG (strong) for the direction perpendicular to the ion-
izing radiation. They found that the RDI process significantly
changes the initially weak perpendicular field orientation. The
weak field is aligned along the incoming ionizing radiation due
to the RDI process and rocket effect. In the medium perpendicu-
lar case, slight changes were noted in the field direction, whereas
the strong perpendicular magnetic field remained unchanged.
Hence, the strong magnetic field can alter the morphology of
the structure that developed due to the RDI and rocket effect, in
part due to shielding by the dense ionized ridge and in part due
to the effect of the magnetic field within the globule.

The direction of the polarization vectors represents the
global plane-of-sky magnetic field geometry in LOSFR, which
seems to follow the large-scale structure seen in all the images
of Fig. 3, which is consistent with the simulations shown by
Arthur et al. (2011). Although our sample is small, the polariza-
tion vectors clearly follow the ring of the LOSFR in Fig. 3. Fig. 8
shows the global Galactic magnetic field geometry in LOSFR in
the optical and submillimeter wavelengths. The Planck image',
taken by the ESA Planck satellite (Planck Collaboration I 2016),
shows the submillimeter polarization map and indicates the
global magnetic field morphology. In contrast, the black R-band
polarization vectors corresponding to the optical magnetic field
geometry are overplotted. In the upper part of the image, the
magnetic field geometry seems to be organized and regular,
which could be due to the large-scale orientation of the mag-
netic field lines along the Galactic plane. Our optical polariza-
tion data are consistent with the submillimeter data, and the ori-
entation of the magnetic field follows the same pattern. It is also
seen locally around BRC 17 and BRC 18, as shown in Fig. 9,
where the Planck submillimeter polarization vectors along with
optical polarization vectors toward BRC 17 and BRC 18 are
overplotted on the WISE 12 um image. These Planck polariza-
tion vectors were extracted using Planck public data release 3
(Planck Collaboration I 2016). Since the polarization techniques
for both optical and submillimeter wavelengths are different, it
would be interesting to compare the two wavelengths because
the polarization occurs in the optical due to partial extinction, but

! http://sci.esa.int/planck/55910-polarised-emission-
from-orion/
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polarization. The image was taken by the ESA Planck satellite (image
credit: ESA and the Planck Collaboration).

in the submillimeter wavelengths, the polarization occurs due to
emission.

The polarization observations of BRC 17 show a wide range
of polarization angles with a central peak at 167° and two addi-
tional components far away. This could be due to the combined
effects of a shock wave from central ionizing source A-Ori and
the HH objects in the vicinity. An abrupt change in the direction
of the magnetic field around BRC 17 is noted that is consistent
with the Planck observations, as shown in Fig. 9. We binned the
polarization vectors along the Galactic longitude for a clear view.
Although we lack observations below a Galactic longitude of
192.5°, our polarization vectors show a similar direction as those
of Plank, being consistent above longitude >192.5° and turn-
ing toward the high-density material following the Planck vec-
tors. This magnetic field orientation could be the reason for the
accumulation of high column densities there, as clouds generally
tend to form at kinks or bends in the magnetic field (Passot et al.
1995; Hartmann et al. 2001; Heitsch et al. 2001; Ostriker et al.
2001).

Magakian et al. (2004) searched HH-objects and emission
line stars in star-forming regions and observed an intense molec-
ular outflow spread over ~5pc. This is one of the highest-
velocity and largest giant outflows known to date. This outflow
is known as RNO 43 and is associated with the source (HH
243) IRAS 05295+1247 (Bence et al. 1996). Its outflow veloc-
ity is about 11kms~! (Wu et al. 2004). A few more HH objects
are present in the BRC 17 region. In the head part of BRC
17, HH 176 is present, which is powered by the peculiar A4-
type variable star HK-Ori (Lang et al. 2000). This strong high-
velocity outflow and the HH objects in the BRC 17 region sug-
gest that star formation activities are ongoing and cloud mate-
rial is dynamically more active. Zhou et al. (1988) performed
molecular line observations toward BRC 17 and showed gas
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Fig. 9. Polarization vectors overplotted on the WISE 12 um image of BRC 17 (left panel) and BRC 18 (right panel) of our optical data (white)
and of the Planck data (red). The binned polarization vectors along Galactic longitude bins are shown in both panels for our data (thick white)
and Planck (thick red). The length of the vectors corresponds to the degree of polarization, and the orientation corresponds to the position angle
measured from the north and increasing toward the east. The vectors corresponding to a polarization of 2% are shown for reference in their

respective colors.

temperature and column density enhancements along the edge
of the cloud, which corresponds to the optical bright rim. They
also suggested that the gas-heating mechanism in BRC 17 is
most likely due to the photoelectric ejection of energetic elec-
trons from dust grains induced by the far-ultraviolet radiation
from the A-Orionis OB association. However, the resolution of
these observations is very poor. Further high-resolution molec-
ular line observations can provide a better picture of the kine-
matics of BRC 17. We calculated the magnetic field strength for
BRC 17. The strength of the turbulent component is about 30%
of the large-scale magnetic field. The strength of the plane-of-
sky component of the magnetic field is ~28 uG, which can be
considered to be in the weak-field regime. It is, therefore, pos-
sible that the high-energy radiation affects the orientation of the
magnetic field in BRC 17 (Henney et al. 2009; Mackey & Lim
2011). A detailed high-resolution polarimetric study is required
to better understand the magnetic field geometry in BRC 17.
BRC 18 shows that the magnetic field lines are aligned
in a preferred direction that is roughly perpendicular to the
ionizing radiation, which is also consistent with the simula-
tions (Arthur et al. 2011). The directions of the optical polar-
ization vectors are also consistent with Planck, as shown in
Fig. 9, where the binned polarization vectors along the Galac-
tic longitude are also plotted, similar to BRC 17. One HH
object, HH 175, is also present in BRC 18. Its driving source
is IRAS 05417+0907, a multiple system with six components
at least (Reipurth & Friberg 2021). Moreover, millimeter obser-
vations suggest that the BRC 18 cloud is found to have mul-
tiple cores, and the embedded source could be the result of
compression by an ionization front driven by the central A-Ori
OB stars (Reipurth & Friberg 2021). We estimated the magnetic
field strength for BRC 18 (see Section 3.5) and found ~40 uG,
a medium-strength magnetic field roughly perpendicular to the
incoming ionization radiations. The moderate magnetic field
strength does not strongly affect the interaction of the ionization
radiations with the cloud but tries to align along the incoming
ionizing radiations (Arthur et al. 2011). Some of the polariza-

tion vectors in the lower region of BRC 18 (see the right panel
of Fig. 5) show that they align themselves along the incoming
ionizing radiation, suggesting RDI in BRC 18.

5. Conclusions

We presented optical polarimetric results for the stars that are
globally projected on the LOSFR and the associated BRC 17
and BRC 18. Using these polarimetric observations, we studied
the importance of the magnetic field in the evolution of the HII
region. We list our conclusions below.

1. We estimated the distance of LOSFR as 392 + 8 pc using
astrometry information of YSOs toward BRC 17, BRC 18,
and members of the central cluster Collinder 69 using Gaia
EDR3.

2. We found a large-scale ordered magnetic field in the LOSFR,
and our results are consistent with the simulations and the
Planck submillimeter polarization map. The orientation of
the magnetic field is almost similar in all three optical bands,
VRI and submillimeter.

3. The magnetic field lines traced by the polarization position
angles in BRC 17 are roughly oriented in the north-south
direction but show a large dispersion. In the case of BRC 18,
the magnetic field morphology is regular. The orientation is
approximately perpendicular to the incoming ionizing radi-
ation. The magnetic field geometry in these two regions is
also consistent with the Planck magnetic field map.

4. The average dust size in the LOSFR was also determined
using Serkowski’s curve fitting, which is ~0.51 +0.05 pm,
and the average value of the total-to-selective extinction ratio
Ry is equal to ~2.9 + 0.3, which is consistent with the general
value of the ISM for the Milky Way.

5. The ratio of the turbulent to large-scale magnetic field
strength was estimated to be higher than ~30% in BRC 17
compared to 10% in BRC 18. The plane-of-the-sky magnetic
field strength, calculated using the structure function analy-
sis, is ~28 uG for BRC 17 and ~40 uG for BRC 18.
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Appendix A: Additional table

Table A.1. Polarization results for the observed Tycho stars in the VRI filters toward the A-Ori region.

D RA Dec Py tep, Oy * &, Prtep, OR *+ € Prtep, 01 + €, Amax £ €1pay Prrax £ €ppay Ry + &, D=xe¢p

©) ©) (%) ©) (%) ©) (%) ) (pm) (%) (po)
(1) 2 3) () (5) 6 @) (®) ) (10) an (12) 13)
1 79.683675 11.227991 0.5+0.2 1016  04+0.1 134+7 04+0.2 133+7 0.56 +0.06 0.46 +0.02 3.14+0.38 1059+ 19
2 80.334997 6.959988 1.4+£0.2 123 £5 1.3+0.1 126 +6 1.2+0.1 127+6 0.60 +0.04 1.35+0.04 3.36+0.27 1601 + 67
3 80.450959 13.120884 0.8+0.2 111£5 0.8+0.2 119+6 0.6+0.2 115+6 0.48 £0.03 0.85+0.05 2.69+0.24 93925
4 81.025895 11.663095 0.5+0.2 82+7 0.3+0.2 95+7 0.3+0.2 1007 0.41+0.07 0.48 +0.08 2.30+£0.40 584 +7
5 81.100961 7.859315 0.5+0.2 74+£5 0.5+0.2 96 +7 03+0.2 92+8 0.39+0.07 0.59+0.12 2.18+0.38 551+8
6 81.380420 9.098704 0.7+0.2 170£7 0.5+0.2 1597 0.5+0.2 1577 0.41+0.06 0.77+£0.12 2.30+0.35 696 + 8
7 82.017076 11.218365 1.1+0.2 147+5 1.1+0.2 149+5 1.0+0.2 46+6 0.58 £0.04 1.14 £0.04 3.25+0.29 1214 £26
8 82.475707 5.422993 12+0.2 158+5 1.1+0.1 1577 09+0.1 1496 0.51+0.03 1.17+£0.05 2.86+0.21 1921+73
9 82.609959 9.636632 0.5+0.2 154 +7 04+0.1 1477 04+0.1 1607 0.60 +0.05 0.46 +0.02 3.36+0.32 946 + 16
10 82.619749 8.075273 0.8+0.2 149 +5 0.7+0.2 135+6 0.6+0.2 1306 0.47 £0.04 0.82+£0.06 2.63+£0.27 988+ 18
11 82.713199 14.039175 1.5+0.2 43+5 14+02 41+6 1.1+£0.2 33+7 0.46 +0.02 1.56 +0.05 2.58+0.17 919+ 17
12 83.158619 9.086116 14+0.2 153 +4 1.4+0.1 149+7 1.3+0.1 1447 0.60 +0.00 1.41+0.00 336+0.18 1161 65
13 83.325927 6.805111 09+0.2 142+6  0.8+0.2 149+ 6 0.7+0.2 148 +7 0.53+0.01 0.88 +0.01 2.97+0.17 932+ 17
14 83.361726 7.842497 0.7+0.2 1677 0.5+0.2 156 £7 0.5+0.2 152+9 0.40+0.09 0.79+0.18 2.24+0.49 1399+ 56
15 83.483675 10.600003 09+0.2 162+5 0.7+0.1 142+7 0.7+0.2 158+7 0.44+0.14 0.92+0.27 246 +0.79 1267 +30
16 83.580072 11.654027 0.7+0.2 176 £7 0.6+0.2 165+7 0.5+0.2 175+9 0.45+0.01 0.70 +0.02 2.52+0.16 1096 +23
17 83.713086 5.758289 0.7+0.2 13x11 0.5+0.2 11+£13 0.6+0.2 12+7 0.46+0.13 0.72+0.17 2.58+0.76 1090 + 38
18 84.201449 10.201707 2.6+0.1 143 +4 2.3+0.1 142+8 22+0.1 145+8 0.54+£0.04 2.53+0.11 3.02+0.29 905 +20
19 84.329903 11.133247 1.1+£0.2 173 £5 0.9+0.1 1726 09+0.1 1776 0.55+0.16 1.00+0.19 3.08+0.93 1274 +£30
20 84.458219 9.303417 1.1+0.2 169 +5 1.0+0.1 169+7 1.0+0.1 168 £ 6 0.66 +0.06 1.05+0.03 3.70+0.41 222091
21 84.851907 14.632194 1.8+£0.2 171+5 1.6+0.1 1677 1.6+£0.2 168 £6 0.55+0.08 1.75+0.13 3.08 £0.50 1092 +32
22 84.882692 9.287090 09+0.3 160+7 0.9+0.1 168 £ 6 09+0.2 167+7 0.66 +0.03 0.90+0.01 3.70+0.26 1272 £39
23 84.989390 9.698935 1.0+0.1 1746 1.0+0.1 171+6 09+0.1 170+£6 0.60+0.01 0.97 £0.00 336+0.18 940+ 16
24 85.054662 8.675390 1.4+£0.2 146 +4 1.4+0.2 150+ 6 1.2+0.2 48+6 0.57+0.02 1.36+£0.03 3.19+£0.22 1421 +37
25 85.102108 10.114206 1.6+0.2 172 £5 1.2+0.1 1636 1.1+0.1 164 £6 0.48+0.13 1.45+0.35 2.69+0.75 1957 + 89
26 85.354677 14.360165 2.1+0.2 1705 1.8+0.1 170+£7 1.9+0.1 169 £ 6 0.63+£0.13 1.93+0.16 3.53+0.75 646+9
27 85.846172 10.807565 22+0.2 4+£5 20+0.2 5+5 1.4+0.2 79+6 0.40 +0.04 2.59+0.32 2.24+0.27 1194 +24
28 86.410384 13.849815 29+0.2 156 £4 26+0.2 154+6 24+0.1 1546 0.55+0.03 2.84+0.10 3.08+0.23 910+21
29 86.495363 8.237844 1.6+0.2 174 £4 1.4+0.2 1747 1.2+0.2 174 +£7 0.51+0.00 1.56 +0.00 2.86+£0.15 985 +27
30 87.914164 7.541778 09+0.1 14+6 08+0.1 10+£9 0.8+0.1 8+6 0.54+0.07 0.89 +0.06 3.02+0.41 807+ 14
31 88.040171 7.731424 0.8+0.2 16811 0.7+0.2 1727 04+0.2 3+7 0.35+0.12 1.00+0.48 1.96 +0.69 944+ 18
32 88.091171 12.577652 1.9+0.1 4+7 1.6+0.1 171+6 1.5+0.1 1747 0.48 £0.08 1.92+0.23 2.69 £0.45 1035 +27
33 88.442286 7.989944 1.0+0.2 35+8 0.8+0.2 27+9 0.6+0.2 23+10 0.38£0.01 1.20+0.03 2.13+0.12 1893 + 106
34 88.475476 10.499152 3.5+0.2 167+5 3.1+0.2 1646 3.0+0.2 1646 0.55+0.04 341+0.12 3.08 £0.27 1152 +24

Notes. Columns are listed as follows: (1) serial number; Col. (2) RA; Col. (3) Dec; Cols. (4), (6), and (8) degree of polarization with their
respective errors in V, R, and I bands, respectively; Cols. (5), (7), and (9) polarization position angles with their respective errors in V, R, and
I bands, respectively; Cols. (10)—(11) maximum wavelength and degree of polarization estimated from a Serkowski fitting; Col. (12) total-to-
selective extinction; and Col. (13) distances with their respective errors from Bailer-Jones et al. 2021.

A225, page 13 of 16



Table A.2. Polarization results of 105 stars observed in the direction of
BRC 17 and 171 stars observed toward BRC 18 with P/op > 2 in the R

Neha, S., et al.: A&A, 689, A225 (2024)

filter.

Star  «a (J2000) 0 (J2000) P +ep 0+ e
Id ©) ) (%) ©)
BRC 17
1 82.568436 12.238192 0.9+0.2 23+8
2 82.599312 12.227496 2.3+0.9 14 +13
3 82.601128 12.094558 1.3+04 26+ 11
4 82.601219 12.198106 0.8+0.2 50«8
5 82.602654 12.087220 0.8+0.1 155 +5
6 82.603317 12.230099 3.3+0.6 44+6
7 82.604851 12.068765 1.9+0.6 165+9
8 82.616081 12.116481 1.8+0.6 22+10
9 82.627769 12.216683 0.7+0.2 19+8
10 82.634521 12.121438 1.1+0.3 152 +7
11 82.638466 12.123507 0.4+0.2 164 + 8
12 82.646278 12.116957 0.6+0.2 133+6
13 82.647423  12.222106 1.1+0.3 21 +11
14 82.648911 12.214931 1.8+0.6 60+10
15 82.660690 12.138010 1.7+0.8 111x11
16 82.661232 12.234212 0.6 +0.1 14 +£8
17 82.667831 12.075129 1.6+0.6 127 +9
18  82.676125 12.123517 1.7+0.6 14810
19 82.677361 12.146648 1.3+0.3 1+7
20 82.692673 12.224899 1.4+0.5 29+12
21 82.695663 12.190128 1.4+0.2 265
22 82.698982 12.070744 2.4+0.5 102 +£5
23 82.700195 12.076781 0.5+0.1 7+10
24 82.700844 12.086476 0.8+0.2 170 £ 8
25 82.702469 12.060691 09+0.2 5+7
26 82.702957 12.115624 1.0+0.2 9 +6
27  82.708870 12.030152 1.1+x04 66 +8
28 82.714439 12.097614 0.7+0.2 10+£8
29 82.715256 12.156046 0.5+0.2 113+7
30 82.724586 12.007061 0.5+0.1 150+5
31 82.733559 12.025238 1.1+0.3 113 +5
32 82.739586 12.017054 1.5+0.7 94 +11
33 82.743492 12.009210 0.4+0.2 1116
34 82.747086 12.030783 0.7+0.3 86+7
35 82.747955 12.210904 2.3+0.9 28 +13
36 82.750214 12.070655 1.6+0.4 75+6
37 82.751984 12.215071 1.1+0.1 70+£5
38 82.754005 12.083478 1.0+0.3 T2+5
39  82.754349 11.992623 0.7+0.2 149 +7
40 82.756210 11.996511 1.0+0.2 146 £5
41 82.764862 12.166323 1.6+0.2 19+6
42 82766769 12.180549 2.2+0.2 17+4
43 82.772522 11.981793 0.9+0.3 136 +6
44 82.774445 12.002536 1.0+0.5 11810
45  82.776337 12.075002 1.0+04 43+ 11
46 82.784729 12.160297 1.0+0.2 158 +7
47 82.788124 12.295055 1.9+0.6 47 +8
48  82.793694 12.319737 2.1+£0.3 85+4
49 82.796494  12.039086 0.3+0.1 177 £8
50 82.799156 12.253103 0.8+0.2 178 +7
51 82.803902 12.133664 2.6=0.1 19+4
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Table A.2. continued.

Star  « (J2000) 6 (J2000) Ptep O+ e
Id ©) ©) (%) ©)
52 82.808525 12.271837 2.0+1.0 110+12
53 82.812210 12.318285 2.8+0.4 57+4
54 82.814453 12.202498 23+04 118+4
55 82.827515 12.333557 1.1+0.4 55+8
56 82.828484 12.260856 1.6+0.5 18011
57  82.830978 12.166741 2.5+0.3 144 £ 4
58  82.835464 12.167185 0.7+0.3 130+9
59 82.837013 12.071788 2.2+0.8 77+9
60  82.838844 12.283099 0.8+0.3 1277
61 82.840187 12.096471 0.3+0.1 102 +4
62  82.856598 12.245782 2.2+0.1 179+5
63  82.859009 12.292132 2.1+0.2  148+3
64 82.869324 12.046968 14+04 140+6
65 82.881615 12.048403 1.5+0.6 44+12
66  82.906693 12.028670 04+0.2  158+9
67 82914528 12.183977 2.7+0.8 138 +8
68 82922920 12.217783 1.6+0.5 150+ 8
69 82924316 12.098646 2.1+0.5 110+6
70 82.928040 12.241245 35+15 164+12
71  82.932304 12.028439 2.8+0.8 89+7
72 82943199 12.228580 0.7+0.2 1757
73 82948074 12319831 0.7+0.3 154=+11
74 82949745 12.182503 1.2+04 70+6
75 82952950 12171328 1.2+0.5 157+10
76 82975975 12368179 1.1+0.2 18+7
77 82984650 12.411470 2.6+0.2 7+3
78 82984703 12.239669 1.8+04 171x6
79 82989380 12.106259 0.4+0.1 0+9
80 82989792 12.209799 0.5+0.1 53+6
81 82991608 12.101281 1.8+0.6 167+9
82 82994530 12.370210 2.3+0.5 159+5
83 82995323 12.180933 0.4+0.1 169+9
84 82996674 12.244583 0.8+0.3 17111
85  83.002495 12.126358 1.4+0.4 158 +£8
86 83.007202 12.057828 0.5+0.1 2+8
87  83.008606 12.207569 1.2+0.6 10511
88  83.014168 12.470267 2.4+0.4 27+5
89 83.018013 12.199817 23+0.8 132+10
90 83.019943 12.425723 14+02  159+5
91 83.022797 12.404117 3.1+13 157+11
92  83.023544 12.399603 2.0+0.6 152+7
93  83.030342 12.153024 1.4+0.5 108 +8
94  83.034149 12.339017 3.4+0.3 15+£3
95 83.034348 12.091753 0.8+0.2 166 +7
96 83.036903 12.111020 1.6+0.4 166 +7
97 83.037979 12.323105 0.6+0.1 174 £ 8
98  83.040497 12.442880 1.7+0.2 16+5
99  83.040894 12.451411 0.6+0.1 12+7
100  83.044777 12.450017 2.6+0.4 40+4
101  83.057884 12.316232 0.6+0.2  128+7
102 83.057983 12.409883 2.3+0.3 47+4
103 83.068832 12.094130 0.8+0.3 171+10
104 83.073029 12.106179 0.8+0.3 161+10
105 83.075089 12.124679 0.4+0.2 15711
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Table A.2. continued. Table A.2. continued.
Star  «a (J2000) 6 (J2000) P+ep e Star  a (J2000) 6 (J2000) P+ep 0+¢
Id ©) @) (%) ©) Id ) ) (%) )
BRC 18 53 86.134506 9.382899 0.7 +0.1 180+ 6
1 85.996071 9.090541 2.8+0.2 172 +4 54 86.136421 9.320812 2.0+0.3 161 +4
2 86.008682 9.260374 2.2+0.3 95+4 55 86.136726 9.380013 1.2+0.1 169 +4
3 86.010780 9.102589 1.1+04 174 +9 56 86.137741 9.393141 1.8+0.2 171 +4
4 86.017776  9.253828 1.8+0.3 179+5 57 86.141449 9.300094 2.0+0.3 172+5
5 86.018143 9.157030 1.4+0.3 1+6 58 86.147583 9.043317 1.9+04 173 +6
6 86.032570 9.136529 1.8+0.3 1795 59 86.156700 8.953581 2.7+04 168 +4
7 86.036148 9.275244 1.7+0.2 3+5 60 86.157463 9.273091 2.7+0.1 176 =4
8 86.037628 9.082024 1.3+04 8§+9 61 86.157883 9.270731 4.9+22 156+13
9 86.040085 9.070679 1.8+0.5 2+9 62 86.163757 9.006329 1.2+04 165+9
10 86.045395 9.290759 23+04 4+4 63 86.163773 9.327895 2.1+£0.5 1597
11 86.045616 9.269732 2.3+0.6 172 +7 64 86.166702 8.995458 1.8+0.2 1+£5
12 86.045921 9.138239 1.3+0.2 166 =5 65 86.171822 9.409552 2.6+0.6 173+7
13 86.046082 9.238827 22+04 178 +£5 66 86.173531 9.021292 2.0+0.5 1718
14 86.054008 9.077346 1.8+0.3 168 +5 67 86.176399 9.426946 1.1+0.2 13+7
15 86.056496 9.113747 1.9+0.3 1705 68 86.179832 8.990156 2.0+04 174 +6
16 86.058495 9.155698 1.2+0.2 1755 69 86.181885 9.288206 3.4+0.2 15+£2
17 86.058922 9.060800 1.1+0.3 170 +9 70 86.183594 9.433202 23+04 176 £ 5
18 86.060120 9.321529 2.6+04 174 5 71 86.184059 9.054083 2.8+0.5 176 £5
19 86.063675 9.083546 2.2+0.6 1+8 72 86.184166 9.290176 2.1+04 3+5
20 86.065529 9.365006 0.3+0.1 176 + 8 73 86.184479 9.020583 1.7+0.7 169+12
21 86.069878 9.358155 1904 1755 74 86.184624 9.024846 1.8+0.6 167+10
22 86.072441 9.318766 1.8+0.4 175+7 75 86.186218 9.217989 1.0+0.3 T4+7
23 86.074135 9.343622 2.0+0.2 166 + 4 76 86.189857 9.426837 2.0+0.2 175+3
24 86.075256 9.294579 1.1+£05 17311 77 86.197639 8.984843 1.3+04 153+8
25 86.078064 9.356351 1.6+0.3 166 +5 78 86.198196 9.247959 2.8+0.3 3+3
26 86.080666 9.089832 09+04 150+11 79 86.198570 9.345872 1.8+0.2 165+5
27 86.082092 9.220636 1.7+0.1 179 +4 80 86.198761 9.389240 2.3+0.2 168 =4
28 86.082748 9.072447 1.8+0.5 1+7 81 86.201401 9.402506 2.1+0.4 3+£5
29 86.086159 9.306302 2.1+0.3 162+4 82 86.201805 8.962544 1.5+0.2 168 +5
30 86.087486 9.308671 1.7+0.5 162 +7 83 86.201859 8.962573 1.8+0.3 1755
31 86.087769 9.349596 0.6+0.2 169+9 84 86.204926 9.022941 0.9+0.2 147+ 6
32 86.089050 9.308807 4.8+0.6 119+3 85 86.206192 9.020267 1.5+0.2 164 +4
33 86.094055 9.265513 1.9+0.3 172 +4 86 86.206825 9.378925 1.6+0.3 174 5
34 86.094940 9.237477 1.8+0.3 1705 87 86.220009 9.338388 1.3+0.2 12+6
35 86.103493 9.391103 1.3+0.2 167+6 88 86.223259 8.902828 1.7+0.3 179+6
36 86.103500 9.231409 2.2+0.3 176 £5 89 86.231506 9.266651 3.4+0.7 171 +6
37 86.105469 9.091146 23+04 178 +4 90 86.233208 8.912957 1.8+0.2 170+ 4
38 86.112007 9.250659 1.7+0.2 1705 91 86.236847 9.377953 2.0+0.3 165+5
39 86.118973 9.206998 1.7+0.3 171 +6 92 86.237694 8.960582 0.6+0.1 153+6
40 86.120583 9.294956 1.7+0.2 175+5 93 86.239525 9.395449 2.2+0.2 168 +3
41 86.123268 9.218368 2.4+0.3 169 + 4 94 86.241272 9.356718 0.7+0.3 3+12
42 86.124565 9.041305 1.2+04 3+12 95 86.242500 9.450074 2.8+0.3 1733
43 86.124680 9.213189 1.9+0.5 163 +7 96 86.242744  9.059106 4.5+0.5 141 +3
44 86.127502 9.218301 3.5+0.2 1+£3 97 86.242882 9.232504 2.3+0.5 176 £ 6
45 86.128441 9.314024 2.0+0.3 170+ 4 98 86.243347 9.365779 1.8+06 172+10
46 86.128914 8.990820 2.4+04 1+£5 99 86.245682 8.935081 1.4+0.3 174+ 6
47 86.129539 9.006216 2.7+0.3 1755 100 86.246887 9.059897 3.1+0.2 140+ 4
48 86.130562 9.378459 1.8+0.3 1795 101  86.248924 8915370 3.1+£0.5 1735
49 86.130806 9.386317 1.9+0.5 168 +8 102  86.249535 9.167620 1.1+04 17112
50 86.132439 8.970585 1.8+0.2 174 4 103  86.258911 9.155283 1.2+0.2 172+6
51 86.132782 9.398228 2.0+0.2 176 £3 104  86.260796 9.063945 2.5+0.1 136 +6
52 86.134117 9.344035 1.9+0.2 171 £5 105 86.261047 9.430109 1.5+0.3 170+ 6

106  86.265808 9.169325 1.3+0.4 1377
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Table A.2. continued.

Neha, S., et al.: A&A, 689, A225 (2024)

Star @ (J2000) 6 (J2000) P=xep 0+e

Id ©) ©) (%) @)
107  86.270256 9.068852 2.0+04  135+5
108  86.270340 9.258509 1.5+0.3 2+6
109 86.273323 9.187541 15+0.6 179+12
110 86.275368 9.218266 1.1+0.3 173 +8
111 86.277069 9.167779 1.1+04 170+11
112 86.278572 9.396746 1.7+0.2 171+5
113 86.286713 9.218583 1.6+0.2 T+5
114  86.287544 8.930645 1.3+0.2 166 +4
115 86.293060 9.198799 1.7+0.2 179+5
116  86.295547 8.942298 1.0+0.3 173+9
117  86.296295 8.915566 1.3+0.2 175+5
118 86.301781 8.936301 1.3+0.3 173 +7
119 86.302681 8.998691 1.9+0.3 143 +4
120 86.307884 9.078981 1.5+0.1 124+5
121  86.310135 8.929467 1.2+0.3 166 +6
122 86.312378 9.302844 19+04 166+5
123 86.312469 9.454061 2.1+0.3 176 +4
124 86.313522 9.272567 1.4+0.1 4+6
125 86.323395 9.453463 1.3+0.4 6+9
126  86.328117 9.445957 1.1+02 1777
127 86.329376 9.415783 1.4+0.2 174+5
128  86.332329 9.228611 0.9+0.1 177+6
129 86.334602 9.283645 1.0+0.2 17216
130 86.334671 9.083313 1.6+04 173+7
131 86.335464 9.038640 2.3+04  133+5
132 86.336929 9.465528 1.9+0.3 176 +4
133 86.338112 9.311886 1.2+0.1 173 +5
134 86.343285 9.242063 0.5+0.1 38+8
135 86.346771 9.030640 13+04 165+9
136 86.351921 9.396746 1.4+0.3 169 +7
137  86.353699 9.426005 13+0.2 1656
138  86.363251 9.257471 2.8+09 16+10
139 86.363678 9.417241 1.4+0.6 17011
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Table A.2. continued.

Star  « (J2000) 6 (J2000) P=zxep O+e
Id ©) ©) (%) ©)
140 86.371529 9.181946 1.1+04  158+9
141 86.373787 8.945542 1.1+0.5 150+10
142 86.374512 9.408002 1.0+0.3 1597
143 86.375862 8.947497 12+0.5 166+11
144 86.378395 9.299932 0.9+0.1 169+ 6
145 86.378502 9.133583 2.8+0.5 168 £5
146 86.386871 9.399343 1.5+0.3 176 +5
147 86.388138 9.417358 23+04 160+4
148 86.390251 8.931575 0.8+03 176+10
149 86.392273 9.261717 0.9+0.1 17+6
150 86.393578 9.217236 1.3+0.2 0+5
151 86.394753 9.177710 1.2+0.3 14+8
152 86.398598 9.418167 19+04  164+5
153 86.409279 8.944745 0.7+0.2  158+7
154 86.411713 9.411193 2.1+04 166+6
155 86.414032 9.420681 2.0+0.2 158+4
156 86.415398 8.945398 1.4+0.3 177+5
157 86.422096 9.155535 1.1+0.3 123+5
158 86.425629 9.407340 1.1+0.1 177+5
159 86.425873 9.157034 1.9+0.3 169+5
160 86.426407 9.129604 0.8+0.1 169+5
161 86.427895 9.289151 3.2+09 118+8
162 86.429314 9.167664 1.0+0.3 166 +9
163  86.435654 9.163746 0.7+0.2  175+9
164 86.444221 9.210876 1.4+0.1 173+ 6
165 86.445435 9.206098 1.1+0.1 178 +5
166 86.447556 9.193343 0.7+0.3 166 +9
167 86.448502 9.191902 12+02 1757
168 86.450058 8.928351 1.1+0.2 17545
169 86.450966 8.983732 1.7+0.3 10+£6
170  86.451347 9.174396 1.2+0.2 3+7
171 86.458473 9.167095 1.4+0.3 179+ 6
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