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A B S T R A C T 

L328 core has three sub-cores S1, S2, and S3, among which the sub-core S2 contains L328-IRS, a Very Low Luminosity 

Object, which shows a CO bipolar outflow. Earlier investigations of L328 mapped cloud/envelope (parsec-scale) magnetic fields 
(B-fields). In this work, we used JCMT/POL-2 submillimeter (sub-mm) polarization measurements at 850 μm to map core-scale 
B-fields in L328. The B-fields were found to be ordered and well-connected from cloud to core-scales, i.e. , from parsec- to 

sub-parsec-scale. The connection in B-field geometry is shown using P lanck dust polarization maps to trace large-scale B-fields, 
optical and near-infrared polarization observations to trace B-fields in the cloud and envelope, and 850 μm polarization mapping 

core-scale field geometry. The core-scale B-field strength, estimated using the modified Davis–Chandrasekhar–Fermi relation, 
was found to be 50.5 ± 9.8 μG, which is ∼2.5 times higher than the envelope B-field strength found in previous studies. This 
indicates that B-fields are getting stronger on smaller (sub-parsec) scales. The mass-to-flux ratio of 1.1 ± 0.2 suggests that 
the core is magnetically transcritical. The energy budget in the L328 core was also estimated, revealing that the gravitational, 
magnetic, and non-thermal kinetic energies were comparable with each other, while thermal energy was significantly lower. 

Key words: polarization – ISM: clouds – dust, extinction – ISM: magnetic fields. 
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 I N T RO D U C T I O N  

agnetic field (B-field), turbulence, and gravity may play a crucial 
ole in forming molecular clouds and stars (Krumholz, McKee & 

lein 2005 ). B-fields are found to be very important (observationally 
nd theoretically) in star formation but yet remain poorly measured. 
hen the B-field dominates in a star-forming region, the core 

radually condenses out of a magnetically subcritical background 
loud (Shu, Adams & Lizano 1987 ; McKee et al. 1993 ; Mouschovias
 Ciolek 1999 ; Allen, Li & Shu 2003 ). This occurs when magnetic

ressure dominates the gravitational pressure, causing the B-field 
ines to slowly redistribute mass. Over time, this gradual accumula- 
ion of mass leads to the formation of dense cores, eventually leading
o a localized region where gravity can o v ercome magnetic support,
llowing star formation to proceed. 

At different spatial scales, the behaviour of B-fields varies sig- 
ificantly in terms of their strength and morphology. On larger 
cales, greater than the size of molecular clouds (tens to hundreds of
arsecs), B-fields can be more uniform, e x erting a dominant influence
n the dynamics of the interstellar medium and the formation of
olecular clouds (Crutcher 2012 ). Within molecular clouds (a few 

arsecs), the B-field can start to show more structure and variability. 
n the core-scale (less than a parsec), the B-field becomes even more

omplex and tangled, with local variations in strength and orientation 
 E-mail: shi v ani.gupta@iiap.res.in (SG); archana.soam@iiap.res.in (AS) 

2  

1  

g

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Crutcher 2012 ). The strength of the B-field increases as we go from
loud-scale to core-scale. 

The plane-of-the-sky B-field is measured by linear polarization of 
ust (Hall 1949 ; Hiltner 1949 ) while the line of sight B-field can be
btained with the help of the Zeeman effect (Crutcher & Kazes 1983 ;
rutcher et al. 1999 ). To exhibit polarization, dust grains should be
symmetrical in shape (which means elongated in any one direction); 
therwise, absorption remains uniform in all directions. The minor 
xis of the dust grains is aligned with the B-field. So far, the Radiative
orque Alignment (RAT) is the most accepted mechanism explaining 

he dust grain alignment in the ISM (Dolginov & Mitrofanov 1976 ;
raine & Weingartner 1996 ; Lazarian & Hoang 2007 ; Hoang &
azarian 2008 ; Andersson, Lazarian & Vaillancourt 2015 ; Tram &
oang 2022 ). Optical and Near-infrared (NIR) polarization is a result
f dichroism or selective absorption of the background starlight by 
ust grains (Lazarian 2003 ). In contrast, longer w avelength [f ar-
nfrared to millimeter (mm)] polarization is a result of thermal 
mission from dust grains. At longer wavelengths, we obtain the 
-field orientation by rotating the polarization angle by 90 ◦ because 

he thermal emission from the dust grains is polarized along the major
xes of the aligned grains. Polarization observations at different 
avelengths are used to trace B-fields at different extinction ( A V )

evels. Optical traces A V ∼ 1–10 mag (Goodman et al. 1995 ), NIR
races A V ∼ 10–20 mag, sub-mm traces A V ∼ 20–50 mag (Alves et al. 
015 ) and mm traces even A V > 50 mag (Tamura, Hough & Hayashi
995 ; Tamura 1999 ). At sub-mm/mm wavelength, since the dust
rains are relatively cooler, we trace the denser parts (high A V 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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egions) of the cloud, i.e. , cores where the dust grains are shielded
Ward-Thompson et al. 2009 ). 

In protostars, the outflows can impact their surrounding envi-
onment by inducing turbulence (Soam et al. 2015a ), disturbing
ny initial alignment between the core and the envelope B-fields.
ery Low Luminosity Objects (VeLLOs) are similar to typical
rotostars with the low bolometric temperature ( < 650 K) and very
ow luminosity, less than L< 0.1 L � and weaker energetic outflows
ompared to the typical Class 0/I outflows associated with low-mass
tars (Belloche et al. 2002 ; Wu et al. 2004 ; Bourke et al. 2006 ; Pineda
t al. 2011 ). With the low luminosity and less energetic outflow, we
xpect VeLLOs to induce less turbulent effects on their surroundings.
his would enable the regions to retain the initial condition that
ay hav e e xisted before the be ginning of star formation, rev ealing

rimordial B-fields (Soam et al. 2015a , 2015b ). 
Lynds Dark Nebulae (LDN) 328 (hereafter L328), initially clas-

ified as a starless dense core located at a distance of ∼217 pc
Maheswar, Lee & Dib 2011 ), was found to harbor a VeLLO in one of
he three sub-cores by the Spitzer telescope (Lee et al. 2009 ). Of the
hree sub-cores, S1, S2, and S3, the S2 sub-core harbours the VeLLO
328-IRS (Infrared Source; Lee et al. 2013 ). The presence of an
utflow was detected by CO (2-1) line emission in Lee et al. ( 2013 ),
nd its more detailed structures were further studied with ALMA
Atacama Large Millimeter/submillimeter Array) observations (Lee
t al. 2018 ). The 1.3 mm continuum ALMA observations confirmed
he detection of a disc around L328-IRS with the mass accretion
ate of 8.9 ×10 −7 M � yr −1 . The disc is fitted with a Keplerian
odel from 60 to 130 au, confirming its rotation (Lee et al. 2018 ).
he position of L328-IRS (S2 sub-core), L328-S1 (S1 sub-core),
nd L328-S3 (S3 sub-core) are at ( α, δ) J2000 = (18 h 16 m 59 s .50,
18 ◦02 ′ 30 . 5 ′′ ), ( α, δ) J2000 = (18 h 16 m 59 s .55, −18 ◦02 ′ 06 . 5 ′′ ), and

 α, δ) J2000 = (18 h 17 m 00 s .88, −18 ◦02 ′ 09 . 0 ′′ ), respectively. 
L328, along with L323 and L331, forms a system of three cometary

lobules that are found near the OB association stars. All three clouds
dark nebula) show a similar orientation of head–tail morphology,
uggesting the same ionizing source. This system has three ionizing
tars, which are close to B-type stars named HD16832, HD168675,
nd HD167863, located within 2 ◦. The ionization source produces
hock (by ionization heating) that converges into the cloud, resulting
n compression and formation of single and multiple cores (Kumar,
oam & Roy 2023 ). 
Earlier studies have analysed the B-field morphology in L328

sing P lanck , optical, and NIR polarization measurements (Soam
t al. 2015a , 2015b ; Planck Collaboration I and XXVI 2016a , b ;
umar et al. 2023 ). This work extends the investigation by including

ore-scale B-field morphology at 850 μm, illustrating how the B-
elds are connected across different wavelengths and spatial scales. 
The structure of the paper is as follows: in Section 2 , we present

he observations and data reduction. In Section 3 , we include results,
nalysis, and the discussion. Section 4 summarizes our work. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

he observations were conducted with SCUBA-2/POL-2 at 850 μm
n 2018 March (M18AP033; PI: Archana Soam) and in 2019 May and
une (M19AP014; PI: Chang Won Lee) using the Daisy-map mode of
he JCMT (Holland et al. 2013 ), optimized for POL-2 observations
Friberg et al. 2016 ). The POL-2 polarimeter, which consists of a
xed polarizer and a half-wave plate rotating at a frequency of 2 Hz,

s placed in the optical path of the SCUBA-2 camera. The weather
onditions during observations were split between τ225 < 0.05 and
.05 <τ225 < 0.08, where τ225 is the atmospheric opacity at 225 GHz
NRAS 539, 3493–3505 (2025) 
s measured by a radiometer 225 GHz at the Sub-Millimeter Array.
he atmospheric opacity at 225 GHz can then be converted to the
tmospheric opacity at 353 GHz (850 μm; Holland et al. 2013 ; Mairs
t al. 2021 ), but the weather bands for JCMT are left in terms of
alues relating to τ225 . The total integration time for a single field was
31 min, and there were 17 repeats for a total on-source integration

ime of ≈8.8 hrs. SCUBA-2/POL-2 simultaneously collects data
t 450 and 850 μm with ef fecti ve full width at half-maximum
eam sizes of 9 . ′′ 6 and 14 . ′′ 1, respectiv ely. F or this work, we focus
 xclusiv ely on the 850 μm data. This observing mode is based on
he SCUBA-2 constant velocity Daisy scan pattern, but modified to
ave a slower scan speed ( i.e. , 8 arcsec s −1 compared to the original
55 arcsec s −1 ) to obtain sufficient on-sky data to measure the Stokes
 and U values accurately at every point of the map (Holland et al.
013 ). The integration time decreases toward the edges of the map,
hich consequently leads to an increase in the rms noise levels. This

can pattern gives a 3 arcmin diameter central region with uniform
oise characterization, though this has been shown to extend out to
 diameter of 6 arcmin (Arzoumanian et al. 2021 ). 

To reduce the data, we used the STARLINK/SMURF package
OL2MAP specifically developed for sub-mm data obtained with the
CMT (Chapin et al. 2013 ; Currie et al. 2014 ). The details of the
ata reduction procedure are presented in Wang et al. ( 2019 ) and we
ill only summarize the rele v ant steps here. First, the raw bolometer

ime streams are converted into Stokes I , Q , and U time streams
t a sampling rate of a full half-wave plate rotation through the
rocess calcqu . An initial Stokes I map is created from the Stokes
 time streams using the command makemap (Chapin et al. 2013 ).
hen, the final Stokes I , Q , and U maps were obtained by running
OL2MAP a second time. This second iteration uses the initial Stokes
 map to mask the areas with astronomical signal and then runs a
ersion of makemap called ‘skyloop’ which runs the map maker
n the observations in parallel rather than one-by-one. We set the
mapvar’ parameter to be used and so the final errors in the map
ere estimated from the spread of errors across the 17 observations.
 comprehensi ve re vie w of the map-making process and the remov al
f sky background and other sources of noise is given in Chapin
t al. ( 2013 ). In summary, the sk y background is remo v ed iterativ ely
nd is treated as a common-mode signal across the bolometers.
he map-maker also models other components which are iteratively

emo v ed until only the astronomical signal remains. We also correct
or instrumental polarization (IP) in the Stokes Q and U maps based
n the final Stokes I map and the ‘August 2019’ IP polarization
odel. 1 Once the final Stokes I , Q , and U maps were made, we made
 polarization vector catalogue by binning up from the 4 arcsec pixel
ize to 12 arcsec, which approximates the beam size 14 . ′′ 1. This helps
n reducing the number of vectors by combining vectors within each
2 arcsec pixel and also decreasing the noise level. Specifically, for
lotting, we selected vectors with an intensity-to-error ratio ( I /δI )
 10 and a polarization-to-error ratio ( P /δP ) > 2. 
In order to convert the native map units of pW to astronomical

nits, a flux calibration factor of 497.5397 Jy/beam/pW was used
Mairs et al. 2021 ), multiplied by a factor of 1.35 to account for POL-
 being inserted into the beam. The peak values of total and polarized
ntensities are found to be ∼100 mJy beam 

−1 and ∼11 mJy beam 

−1 ,
espectively. The rms noise of the background region in the Stokes I ,
 , and U maps is measured to be ∼6.26 mJy/beam, 5.27 mJy/beam,

nd 5.75 mJy/beam, respectively. These values were determined by

https://www.eaobservatory.org/jcmt/2019/08/new-ip-models-for-pol2-data/
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electing a region about 1 arcmin from the centre of each correspond-
ng map, where the signal remained relatively constant. This region 
s relatively flat, exhibits moderate unpolarization, and low emission, 
nd is distanced from the brightest region in the corresponding maps. 

The values for the debiased degree of polarization P were 
alculated using the modified asymptotic estimator (Plaszczynski 
t al. 2014 ; Montier et al. 2015 ) 

 = 

1 

I 
[ P I − 0 . 5 σ 2 (1 − e −( PI/σ ) 2 /P I ] , (1) 

here I , Q , and U are the Stokes parameters, and σ 2 = ( Q 

2 σ 2 
Q 

+
 

2 σ 2 
U ) / ( Q 

2 + U 

2 ) where δQ , and δU are the uncertainties for Stokes
 and U . 
The polarization position angles θ , measured from north through 

ast on the plane of the sky, were calculated using the relation 

= 

1 

2 
tan −1 U 

Q 

, (2) 

nd the corresponding uncertainties in θ were calculated using 

θ = 

1 

2 

√ 

Q 

2 δU 

2 + U 

2 δQ 

2 

( Q 

2 + U 

2 ) 
. (3) 

The plane-of-sky orientation of the B-field is inferred by rotating 
he polarization angles by 90 ◦. As mentioned in the Introduction, this
otation is due to the fact that the polarization is caused by elongated
ust grains aligned perpendicular to the B-field (see Andersson 
t al. 2015 , and references therein). The polarization results from
CMT/POL-2 are given in Table 1 . 

 RESULTS  A N D  DISCUSSION  

.1 Structure and kinematics of L328 

n Wu et al. ( 2007 ), it is shown that at 350 μm, the L328 core has
hree sub-cores named S1, S2, and S3 forming at the same time
s shown in Fig. 1 . Further, in Lee et al. ( 2009 ), by using Spitzer 

ata, the y disco v ered L328-IRS in the L328 cloud, which earlier was
hought to be starless. Lee et al. ( 2013 ) confirmed that the L328-IRS
s associated with sub-core S2 by molecular observations using 13 CO 

nd N 2 H 

+ which are highly broadened towards sub-core S2 whereas 
1 and S3 are starless cores. At sub-parsec scales, L328-IRS shows

he bipolar outflow in north-east and south-west direction detected 
n CO (Lee et al. 2013 ). Infall asymmetry in N 2 H 

+ (1-0), CO(3-2),
nd HCN(1-0) lines shows inward motion towards L328-IRS. The 
328 core is located at the head of L328 cloud as shown in panel (b)
f Fig. 3 in the R -band DSS image (Soam et al. 2015a ). L328-IRS
s further studied by Lee et al. ( 2018 ) using ALMA observations
t 1.3 mm continuum (Band 6) and 12 CO, 13 CO, and C 

18 O (2–1)
olecular lines. They found a rotating disc around L328-IRS whose 

econvolved size is ∼87 × 37 au and a more detailed X-shaped 
ipolar outflow with opening angle of 92 ◦ and inclination angle of
6 ◦ (angle between line of sight and the outflow axis). 
For the structure of the L328 core, we explored H e rshe l data at

00, 160, 250, and 350 μm wavelengths and JCMT data at 850 μm.
n Fig. 1 , we plotted intensity contours at 5 different wavelengths
n the L328 core. At 100 μm, only sub-core S2 is visible. Moving
o 160 μm, sub-core S1 becomes visible, and the L328 core exhibits
n elongated structure in north-west (a narrow emission feature) 
nd south-east direction (a broad emission feature). At 250 μm, 
he emission is from sub-core S1, S2, and S3, though it may
ot be resolved due to its beam size. At 350 μm, all three sub-
ores are visible and labelled. The emission from sub-cores S1 and 
3 initiates at longer wavelengths compared to sub-core S2 (see 
ig. 1 ), indicating that sub-core S2, which contains L328-IRS, is
otter than the other two starless sub-cores, S1 and S3. This flux
ariation at different wavelengths is further explored through spectral 
nergy distribution (SED) fitting in the next section. 

.2 Spectral energy distribution fitting 

e have the L328 emission maps in various wavelengths which 
ive us an opportunity to compare fluxes and brightness of the core
n different apertures. For the photometry, we used the package 
HOTUTILS in PYTHON (Bradley et al. 2023 ). For sub-core S2, we
sed the coordinate of L328-IRS as the centre of circular aperture
nd we decided the size of aperture in such a way that there would
e no contribution from S1 and S3 sub-cores. The SED fitting was
one using following formula for blackbody emission 

 ν( T d ) = 

2 hv 3 

c 2 

1 

e hv/k B T d − 1 
, (4) 

 ν = 	B ν( T d ) , (5) 

here B ν( T d ) is the Planck function, S ν is flux density at the 
requency ν and 	 is aperture size in solid angle. The photometric 
ata used for fitting is given in Table 2 . The temperature for the S2
ub-core is found to be 11.5 K using SED fitting equation ( 5 ), as
hown in Fig. 2 . This temperature provides the best fit with the least
2 between observed and estimated flux densities. This temperature 

s in agreement with the value of T d = 16 K for the sub-core S2
n Lee et al. ( 2013 ). Similarly, we fit an SED for sub-core S1, the
emperature found to be 10 K. So, for further calculations of L328-
ore, we have taken the temperature as T d = 11.5 K. 

.3 Core mass estimation 

e estimated the mass of the core using 850 μm dust continuum
bservations used in this work. The mass of the core is estimated
sing relation 

 core = D 

S νd 
2 

B ν( T d ) k ν
, (6) 

here S ν (Jy) is the flux density at 850 μm, d is the distance of the
ore, k ν is the dust opacity, which is adopted as 1.85 cm 

2 g −1 from
ssenkopf & Henning ( 1994 ), and D is the gas-to-dust mass ratio,

aken as 100. 
We used a temperature of 11.5 K and 10 K for sub-core S2 and

1, respectively, as determined from the SED fitting section. We 
erformed photometry at 850 μm for the whole L328 core and S1
ub-core with aperture sizes of 72 arcsec and 30 arcsec, respectively,
esulting in total flux densities of 1.12 Jy and 338 mJy. Based on these
alculations, the masses of L328 core, S1 sub-core, and S2 sub-core
re found to be 0.69, 0.34, and 0.08 M �, respectively. Lee et al.
 2013 ) reported the mass of L328 core, S1 sub-core, and sub-core
2 as 1.3, 0.7, and 0.09 M � using 350 μm dust continuum. Usually,
ass estimations using dust emission suffer from high uncertainty, at 

east by a factor of 2, due to uncertain dust opacity. This uncertainty
rises because different models assume varying values for k ν , which 
epend on factors such as grain size, composition, and temperature. 

.4 Magnetic field morphology 

e investigated the B-field morphology in L328 cloud using ex- 
sting P lanck , optical, and NIR polarization measurements (Soam 
MNRAS 539, 3493–3505 (2025) 
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M

Table 1. Results of JCMT/POL-2 observations of L328 core at 850 μm wavelength. 

ID α(J2000) δ(J2000) I ± σI P ±σP θ ± σθ

(mJy/beam) (per cent) ( deg ) 

1 18:16:59.220 −18:02:38.5 48.22 ± 0.98 5.47 ± 2.03 26.3 ± 9.84 
2 18:17:01.744 −18:02:26.5 19.71 ± 0.87 15.14 ± 5.1 38.59 ± 8.43 
3 18:17:00.903 −18:02:26.5 54.3 ± 0.81 6.37 ± 1.91 34.18 ± 7.27 
4 18:17:00.062 −18:02:26.5 83.21 ± 0.88 2.44 ± 1.16 178.79 ± 11.67 
5 18:16:59.220 −18:02:26.5 88.48 ± 0.87 2.48 ± 0.99 10.53 ± 10.92 
6 18:16:58.379 −18:02:26.5 34.22 ± 0.93 11.12 ± 2.47 39.81 ± 6.28 
7 18:16:59.220 −18:02:14.5 97.45 ± 0.97 2.99 ± 0.94 21.15 ± 8.62 
8 18:16:58.379 −18:02:14.5 38.15 ± 0.9 7.18 ± 2.31 54.46 ± 9.43 
9 18:17:03.427 −18:02:02.5 11.21 ± 0.87 19.84 ± 8.44 13.24 ± 11.63 
10 18:17:02.586 −18:02:02.5 29.88 ± 0.93 7.83 ± 3.21 6.99 ± 11.63 
11 18:17:01.744 −18:02:02.5 81.14 ± 0.96 2.56 ± 1.19 30.86 ± 12.06 
12 18:16:59.220 −18:02:02.5 100.79 ± 1.04 4.0 ± 1.01 43.21 ± 6.78 
13 18:17:00.062 −18:01:50.5 91.95 ± 0.81 2.62 ± 1.03 94.79 ± 10.46 
14 18:16:59.220 −18:01:50.5 64.83 ± 1.07 4.05 ± 1.45 59.7 ± 9.78 
15 18:17:00.903 −18:01:38.5 20.92 ± 0.88 12.91 ± 4.62 114.44 ± 9.6 
16 18:17:00.062 −18:01:38.5 34.97 ± 0.94 7.72 ± 2.57 79.29 ± 8.93 
17 18:16:59.220 −18:01:38.5 27.53 ± 0.93 7.27 ± 3.32 50.66 ± 12.36 

Note. The θ is rotated by 90 ◦ to trace B-field. 
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t al. 2015a , 2015b ; Planck Collaboration I and XXVI 2016a , b ;
umar et al. 2023 ) and the core region using sub-mm polarization
bservations of this work. The B-field morphology at different spatial
cales, obsereved using different wavelengths, is shown in Fig. 3 . The
olarization v ectors (line-se gments) in this figure are normalised to
he same length, i.e. , length is independent of the polarization values
ssociated with the vectors. In panel (a), P lanck polarization and in
anel (b) the optical polarization vectors are overplotted on the same
ontinuum-subtracted H α image adapted from Soam et al. ( 2015b ).
t optical wavelengths, L328 is opaque, and thus no background stars

re seen toward L328. Panel (c) shows the NIR polarization vectors
nd zooms in on a black-highlighted square box ( ∼ 6 ′ ×5 . 8 ′ ) of panel
b). Panel (c) shows the background image taken from 2MASS
urv e y where J , H , and Ks Band traces 1.25, 1.63, and 2.14 μm,
espectiv ely. P anel (d) further zooms in on a cyan-highlighted square
ox ( ∼ 1 . 9 ′ ×1 . 9 ′ ) from Panel (c) on a sub-parsec scale, specifically
racing B-field in the core. The estimated area of L328 core from
he last o v erlaid contour is ≈13 124 × 14 530 au, or if considered a
phere, then its radius is ∼7800 au. 

The large scale B-fields seen with P lanck polarization are found
arallel to the whole cloud L328 major axis, o v erall tracing the
-field orientation in north-east–south-west direction. The optical
olarization observations trace the periphery of the cloud. Optical
olarization vectors seem to trace random orientation but maintaining
 v erall orientation to be in north-east–south-west direction. The NIR
egion traces denser regions around the core within the cloud. In panel
c) of Fig. 3 , there are three sets of polarization vectors denoted with
ifferent colours – blue for J- band, yellow for H -band, and red for
s -band polarization vectors. The data is adopted from Soam et al.
 2015b ). The orientation of B-field shown by these J , H , and Ks bands
s approximately similarly structured, but the degree of polarization
s different for these, as we can see in panel (c) of Fig. 4 . At the same
patial location on the sky, the J band polarization vectors (blue) are
ignificantly longer than those of the H band (yellow), and Ks band
red), indicating a higher degree of polarization (per cent) in the J
and than the others. Similarly, the H -band vectors are longer than the
s -band vectors, suggesting a higher polarization (per cent) in the H
and than in Ks band. In panel (d) of Fig. 3 , the 850 μm polarization
NRAS 539, 3493–3505 (2025) 
easurements are used to trace core-scale B-fields. These B-fields
orphology resemble those observed at envelope scale, showing the

onnection between the core and envelope scale. Furthermore, a clear
end in the field lines can be seen on the upper-right shoulder of the
ore. It appears that field lines warp the core outer boundary. The
ectors in the lower part of the core are found parallel to the outflow
xis. 

The mean and variance of θB pos are analysed with the help of
aussian fitted histogram as shown in right side of Fig. 5 . The mean

B pos for optical is 172 . 3 ◦ with variance 32 . 8 ◦ representing a number
f polarization vectors parallel to the cloud. Ho we ver, Kumar et al.
 2023 ), used the histogram of relative orientation technique to more
recisely determine the orientation of B-field with respect to cloud
orphology of L328 at optical wavelength, which suggests that

he B-field is preferentially perpendicular to the cloud structure,
omething that can be seen in Fig. 3 (b). The mean θB pos for J ,
 , and Ks is ∼45 ◦ for the three bands, which represents north-

ast–south-west direction. The mean θB pos for sub-mm emission is
3 ◦ with variance 22 . 6 ◦. The angular offset between the mean B-
eld orientation and the orientation of the outflow axis ( i.e. , 30 ◦)

s measured as 16 ◦, 19 ◦, and 20 ◦ in the near-IR for J , H , and Ks
ands, respectively. In the sub-mm range, this offset is found to be
 

◦, though it has low statistical confidence due to limited number of
ectors at 850 μm. 

There is a hint of o v erall B-fields along north-east–south-west
irection at P lanck , NIR, and 850 μm, suggesting a clear connection
etween cloud to core scale field lines. 

We examined the distribution of polarization ( P ) with respect to
osition angle of B-field ( θB pos ) in the context of dust grain alignment
ith B-fields as shown in the left panel of Fig. 5 . The Gaussian
tted histogram of θB pos is shown in the right panel of the same
gure for the corresponding bands and wavelength to illustrate the
ispersion. Generally, a ne gativ e correlation trend is seen between
he polarization percentage, P (per cent), and the dispersion in θB pos 

ecause P (per cent) is sensitive to the alignment efficiency of dust
rains with respect to the B-field (Sulli v an et al. 2021 ). This is
ecause polarization tends to be highest where the dust grains are
ost aligned with the B-field (near the mean θB pos ) and decreases
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Figure 1. The dust emission maps with total intensity contours in 100, 160, and 250 μm wavelengths from Herschel /PACS and SPIRE data archive. The 350 μm 

emission map is from SHARC2. The 850 μm is mapped with JCMT/SCUBA-2 in this work. The star symbol shows the position of L328-IRS. The white circle 
in the bottom right corners is the beam size in each panel. The contour lev els, in Jy/pix el, are dra wn at [0.006, 0.017, 0.028] for 100 μm, [0.01, 0.02, 0.03, 0.04, 
0.05, 0.06, 0.07] for 160 μm, [0.7, 0.8, 0.85, 0.9, 0.94] for 250 μm, [0.8, 1.2, 1.6, 2.0] for 350 μm, and [0.003, 0.005, 0.007, 0.009] for 850 μm. 
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ymmetrically on either side as the dispersion increases, which 
orresponds to reduced dust alignment ef ficiency. Ho we ver, optical 
nalysis shows no significant correlation between the two quantities, 
ith r = −0.03, indicating that P (per cent) does not depend much
n θB pos (see upper left panels of Fig. 5 ). In contrast to the optical
esults, P (per cent) is observed to decrease with increasing dispersion 
n θB pos for the J , H , and Ks bands and at sub-mm wavelength (see
he left panels of Fig. 5 , except for the upper panel), with correlation
oefficients of r = −0.38, r = −0.44, r = −0.50, and r = −0.15,
espectively. 

The optical data shows a maximum polarization percentage of 6.2 
0.2 per cent and an average percentage of 1.8 per cent. Ho we ver,

he diffuse envelope of L328 core (NIR region) exhibits higher 
olarization levels, with maximum values of 20.2 ± 4.0 per cent, 
MNRAS 539, 3493–3505 (2025) 
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Table 2. Summary of data set for photometry of the S2 sub-core. 

Wavelength Instrument S2 flux density σ Aperture Beamsize 
( μm) (mJy) (mJy) (arcsec) (arcsec) 

70 Spitzer c2d/IRAC and MIPS 281 41 29.7 5.7 
100 Herschel /PACS 1366 16 14.2 7.1 
160 Herschel /PACS 2470 28.8 20.0 11.2 
250 Herschel /SPIRE – – – 18.2 
350 CSO/SHARC2 3200 950 20.0 10 
850 SCUBA-2/POL-2 128.5 6.25 20.0 14.1 
1200 IRAM 70 80 20.0 

Note. The values for 70, 350, and 1200 μm are taken from Lee et al. ( 2009 ) and beam size at 350 μm from Suresh et al. ( 2016 ). At 250 μm the table 
does not include photometric data as emission from S2 sub-core is not distinguishable from other two sub-cores. 

Figure 2. The photometric data of sub-core S2 (given in Table 2 ) is fitted 
with a blackbody curve. 
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.2 ± 3.0 per cent, and 3.3 ± 0.9 per cent and weighted average
alue of 10.75 per cent, 5.03 per cent, and 2.2 per cent in J , H , and
s bands, respectively. This result agrees with what we predicted by

eeing vector plots in NIR region that the polarization is greater in
he J band than in the H band, and greater in the H band than in
he Ks band (see Fig. 6 ). The dense core (at 850 μm) demonstrates a

aximum polarization of 19.84 ± 8.44 per cent. 

.5 Magnetic field strength 

e used the modified Davis–Chandrasekhar–Fermi (DCF; Davis
951 ; Chandrasekhar & Fermi 1953 ; Crutcher et al. 2004 ) relation
o estimate the B-field strength in the core of L328 using sub-
m polarization measurements taken in this work and available
olecular line observations from Lee et al. ( 2013 ). 
The DCF method determines the field strength using the following

quation 

 pos = Q c 

√ 

(4 πρ) 
σv 

δθ
, (7) 

here Q c is a correction f actor, tak en as 0.5, calculated from the
imulations of turbulent clouds by Ostriker, Stone & Gammie ( 2001 ).
 c accounts for variations of the B-field on scales smaller than the

eam [ i.e. , more complex B-field and density structure that exist at
maller scales (Lai et al. 2001 )], ρ is the gas density defined as ρ =
g m H n ( H 2 ) with μg taken as 2.8, and n (H 2 ) is the number density
NRAS 539, 3493–3505 (2025) 
f molecular hydrogen in cm 

−3 . σv is the average line-of-sight non-
hermal velocity dispersion. δθ is the dispersion in position angle and
etermines the local turbulence disrupting the B-field structure. The
CF method assumes that the geometry of the B-field is uniform,

nd so the dispersion of position angles is not greater than 25 ◦ and
he dispersion can be approximated as the standard deviation of
he distribution. We estimated the δθ from the observed errors and
tandard deviations of the measured polarization position angles (Lai
t al. 2001 ). 

θ = 

√ 


θ2 − σ 2 
θ = 

√ 

22 . 6 2 − 9 . 7 2 = 20 . 4 ◦, (8) 

here 
θ is the standard deviation in the distribution of the observed
olarization angles and σθ is the mean of measurement uncertainty of
he polarization angles. The δθ is calculated to be 20 . 4 ◦±2 . 2 ◦ where
he uncertainty in the dispersion angle is calculated by considering
he standard deviation in the distribution of the uncertainties in the
olarization angles. Now using n ( H 2 ) and the non-thermal velocity
 
 v NT , km s −1 ), the DCF relation becomes 

 pos ≈ 9 . 3 
√ 

n ( H 2 ) 

 v NT 

δθ
μG , (9) 

nd, 

 v = 

√ 


 v 2 T + 
 v 2 NT , (10) 

where 
 v is the total observed line-width, 
 v T is the thermal
ine-width, and 
 v NT is non-thermal line-width. The line-width 
 v
s related to velocity dispersion σv as 
 v = σv 

√ 

8 ln 2 . 

2 
v T 

= v 2 sound = 

k B T gas 

μm H 
, (11) 

here μ is the mean molecular weight of gas. The thermal velocity
 v T is calculated as 0.14 km s −1 by assuming the gas temperature is

qual to dust temperature and using a molecular weight of 29 amu
or N 2 H 

+ gas. The non-thermal component is used to approximate
urbulent motion. 

The total line-width ( 
 v) was calculated using the N 2 H 

+ for
ub-core S1, S2, and S3 as 0.5 ± 0.03, 0.61 ± 0.03, and 0.47

0.02 km s −1 , respectively, adopted from Lee et al. ( 2013 ). The
on-thermal component of velocity is calculated as 0.48, 0.59, and
.45 km s −1 for sub-core S1, S2, and S3, respectively, with an average
alue of 0.51 km s −1 . 

The value of n (H 2 ) was calculated as (4.7 ± 0.4) × 10 4 cm 

−3 , using
he mass value of 0.69 M �, obtained from 850 μm dust continuum
see Section 3.3 ). 

The estimated B pos for L328 core is found to be 50.5 μG. The B-
eld in its surrounding envelope was found to be ∼20 μG by Soam
t al. ( 2015b ). The uncertainty in the B-field strength was calculated
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Figure 3. Panel (a): morphology of B-fields obtained from Planck 850 μm dust polarization observations o v erplotted (Planck Collaboration I and XXVI 
2016a , b ) on the continuum-subtracted H α image of the L328 re gion. P anel (b): the B-fields mapped with optical R -band (0.63 μm) observations by Soam 

et al. ( 2015a ) o v erplotted on the same image as panel(a). Panel (c): the polarization vectors are shown in blue ( J ), yellow ( H ), and red ( Ks ) are o v erplotted on 
the colour-composite image. Panel (d): the B-field morphology obtained from 850 μm dust polarization observations and contours of intensity o v erplotted on 
850 μm dust emission continuum map of L328 core. The beam size of 14 . ′′ 1 is shown with open circle in bottom left corner. The location of L328-IRS in all 
panels is shown with star symbol and its outflow direction with a double-headed arrow as it has bipolar outflow. The lengths of line-segments are normalized 
and independent of fraction of polarization. 

u  

t

w  

a
 

a  

r  

h  

m

m  

t
T

B

 √
 

fi
a
m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/4/3493/8129659 by U
niversity of C

entral Lancashire user on 14 M
ay 2025
sing error propagation method as used by Soam et al. ( 2019 ) using
he following relation 

δB pos 

B pos 
= 

1 

2 

δn (H 2 ) 

n (H 2 ) 
+ 

δ
 v NT 


 v NT 
+ 

δ( δθ ) 

δθ

, (12) 

here δn (H 2 ), δ
 v NT , and δ( δθ ) are the uncertainties in n (H 2 ), 
 v NT ,
nd δθ , respectively. 

The B pos in the core is estimated as 50.5 ± 9.8 μG, which is
pproximately 2.5 times larger than the B pos in the envelope (NIR
egion; Soam et al. 2015b ), indicating that the strength of B-field is
igher in the core. This may be due to core collapse and enhanced
agnetic flux in the core. 
Furthermore, Skalidis & Tassis ( 2021 ) proposed a modified 
ethod to estimate the B-field strength by assuming that all magne-

ohydrodynamics modes are excited, including fast and slow modes. 
he B-field strength can be calculated using their equation 

 pos = 

√ 

2 πρ
σv √ 

δθ
. (13) 

This equation is the modified version of equation ( 7 ), multiplied by
 

2 × δθ , where δθ is in radians. Using this method, the calculated B-
eld strength is 42.58 μG. Overall, the Skalidis-Tassis method gives 
 smaller B-field strength compared to the Ostriker–Crutcher DCF 

ethod. 
MNRAS 539, 3493–3505 (2025) 
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(a) (b)

(d) (c)

Figure 4. In addition to Fig. 3 , each panel in this figure depicts polarization vectors of varying lengths, representing different polarization percentages. The 
length of each bar in the bottom right corner indicates the corresponding polarization percentage. 
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.6 Mass-to-flux ratio 

ow that we have B-field strength, we can test the relative importance
f B-fields o v er gravity by calculating the mass-to-flux ratio, which
s represented by a parameter λ (Crutcher 2004 ). The parameter λ
erves as an indicator of the balance between magnetic support and
ravitational collapse in a given structure. When λ < 1, the structure
s considered ‘magnetically subcritical’, meaning it is supported
gainst gravitational collapse by B-fields. Conversely, when λ >

, the B-field is insufficient to prevent gravitational collapse, and the
tructure is termed ‘magnetically supercritical’. 

The observed B-field strength (50.5 ± 9.8 μG) and core column
ensity are used in the estimation of λ. The H 2 column density of
328 is found to be N ( H 2 ) = 7.2 ± 0.6 × 10 21 cm 

−2 using 850 μm
ontinuum data by the given equation 

( H 2 ) = 

4 

3 
n ( H 2 ) × r , (14) 
NRAS 539, 3493–3505 (2025) 
here r is the radius of core, with r = 36 arcsec (0.037 pc at a distance
f 217 pc), consistent with 72 arcsec aperture used to estimate the
328 core, as described in the Section 3.3 . The n (H 2 ) is the volume
ensity, with value adopted from previous section. 
The value of λ is estimated using the the relation given by (Crutcher

004 ) 

= 7 . 6 × 10 −21 N ( H 2 ) / cm 

−2 

B pos /μG 

. (15) 

The value of λ comes out to be 1.1 ± 0.2. This suggests that L328
ore is magnetically transcritical. While calculating λ from the mass
stimation of 1.3 M �, the magnetic energy increases by a factor of
 

1 . 8 , and N ( H 2 ) increases by a factor of 1 . 8 . Consequently, λ will
ncrease by a factor of 

√ 

1 . 8 , leading to a final λ value of 1 . 5 , further
howing it is magnetically supercritical. 



Magnetic fields of the L328 3501 

Figure 5. The left panel shows the distribution of the degree of polarization against the position angle of the B-field in R , J , H , and K bands, and at sub-mm 

wavelength (850 μm) in the L328 region. The right panel shows the mean and variance of Gaussian-fitted histograms of position angle of B-field in the respective 
bands. 
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In the envelope (NIR region) of L328, the value of λ was found
o be 1.3 ± 0.6 suggesting it to be marginally magnetic supercritical 
Soam et al. 2015b ). 

.7 Energy budget of the core 

o e v aluate the energy budget of the core, we used sub-mm data,
s it traces the B-field lines within the core. The energy budget of
328 core is studied by comparing magnetic, kinetic (both thermal 
nd non-thermal), and gravitational energies. The magnetic energy 
an be calculated using the equation 

 mag = 

B 

2 
total V 

8 π
, (16) 
here E mag is the total magnetic energy, V is the core volume ( =
 / 3 × πr 3 ) with r as the radius of core, and B total is total B-field
trength. The total B-field is the sum of plane of sky B-field ( B pos ) and
he line of sight B-field that is observed by Zeeman effect. Since no
eeman observation is done for L328 core, we considered two cases:

1) B total = B pos , and (2) B total ≈ 1.3 ×B pos , as proposed by Crutcher
t al. ( 2004 ) who suggested that the strength of 3-dimensional B-field
 B total ) is related to plane of sky B-field ( B pos ) as B pos = 

π
4 ×B total .

n the former case, the total magnetic energy is calculated as 5.7 ×
0 41 ergs, and in the latter case, it is 9.6 × 10 42 ergs. 
The non-thermal kinetic energy can be calculated as 

 NT , kin = 

3 Mσ 2 
v , NT 

2 
, (17) 
MNRAS 539, 3493–3505 (2025) 
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Figure 6. The upper and lower panels show a comparative study at J , H , K bands, and sub-mm wavelengths by plotting the distribution of the degree of 
polarization versus the position angle of the B-field in the upper panel and the mean and variance of Gaussian-fitted histograms of the position angle of the 
B-field in the lower panel. 
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here M represents mass of the core and σv , NT denotes non-
hermal velocity. The calculated non-thermal kinetic energy is 9.8

10 41 ergs. The ratio of total turbulent energy and magnetic energy
s 2.5 and 1.5 in the former and latter cases, respectively. 

The thermal kinetic energy can be calculated as 

 T , kin = 

3 Mσ 2 
v , T 

2 
, (18) 

here M represents mass of the core and σv , T denotes thermal
elocity. The calculated thermal kinetic energy is 7.4 ×10 40 ergs. 

The gravitational energy for L328 core by considering it as a
NRAS 539, 3493–3505 (2025) 
phere can be calculated as 

 g = −3 GM 

2 

5 R 

. (19) 

he calculated gravitational energy is 6.9 × 10 41 ergs. 
Table 3 summarizes the energy distribution in the L328 core for

wo different mass estimates. In both cases, the thermal kinetic energy
s significantly lower than the gravitational energy, suggesting a
endency for the core to collapse. Ho we ver, the presence of significant

agnetic and turbulent energies indicates that these forces may
ounteract the gravitational pull, potentially delaying or regulating
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Table 3. Energy budget of the L328 core, showing values for two mass estimates. 

Mass (M �) E mag ( ×10 41 ergs) E NT , kin ( ×10 41 ergs) E g ( ×10 41 ergs) E T , kin ( ×10 41 ergs) 

0.69 5.7 9.8 6.9 0.74 
1.3 5.7 18 24 1.4 

Note. The comparison of these energies highlights the roles of B-fields, turbulence, and gravity in the core’s dynamics and stability. 

Table 4. The comparison of magnetic energy with other cores. 

Name IRAS source/starless Temperature Mass-to-flux ratio Magnetically 
T (K) subcritical/supercritical 

L1521F IRAS 10 3.1 ±0.2 Supercritical 
L328 IRAS 11.5 1.1 ±0.2 Supercritical 
L183 Starless 8.5 0.26 ±0.14 Subcritical 
L1512 Starless 7.5 1.2 ±0.8 Slightly supercritical 
L1544 Starless 10 0.8 Slightly subcritical 

Note. The values for L1521F, L183, L1512, and L1544 are taken from Fukaya et al. ( 2023 ), Karoly et al. ( 2020 ), Lin et al. ( 2024 ), and (Ward-Thompson, 
Motte & Andre 1999 ; Crutcher et al. 2004 ), respectively. 

Figure 7. Polarization fraction variation with intensity in the L328 core, based on values and uncertainties from POL-2 measurements. 
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he collapse process within the core. In the first case, the magnetic,
on-thermal and gravitational energies are comparable to each other. 
n the other case, gravitational energy is approximately 4 times 
nd turbulent energy is 3 times greater than magnetic energy, 
ndicating a stronger influence of gravity and turbulence in this 
cenario. 

.8 Polarization hole 

e investigated the variation in polarization fraction from diffuse to 
igh-density regimes (as we go radially inward) in the L328 core. 
hese kind of inv estigations hav e already been done in several other
ores (Matthews & Wilson 2000 ; Lai et al. 2001 ; Juvela et al. 2018 ;
och et al. 2018 ; Soam et al. 2019 ). The L328 core shown in the

ower left panel of Fig. 4 shows the polarization vectors with their
ength depending on the degree of polarization. It is clear that the
ength of vectors towards the higher-density parts is smaller than 
hose of the vectors lying on the core boundary. This indicates a
rop in polarization fraction towards higher densities. This effect is 
nown as ‘depolarization’ and can be further analysed quantitatively 
y comparing the degree of polarization with total intensity using 
he relation, P ∝ I −α . 

We plotted the 850 μm polarization versus the intensity in 
ig. 7 . The figure shows a ne gativ e correlation between P and
 with a slope of α = 0.98 ± 0.08 that is consistent with the
olarization hole seen in L1521F, a core with a VeLLO in Taurus
tudied by Soam et al. ( 2019 ). This core is similar to L328 core and
lso has three sub-cores detected at 870 μm (Tokuda et al. 2016 ).
here are accepted reasons for ‘depolarization’ seen in starless 
nd star-forming cores. One possible reason is changes in B-field 
rientation in the denser regions. The grain growth in the dense cold
egions of the cores can also contribute to the drop in polarization
MNRAS 539, 3493–3505 (2025) 
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ecause the bigger grains becoming more spherical will no longer be
fficiently aligned with the B-fields. As smaller grains coagulate and
orm larger aggre gates, the y tend to become more spherical due to
urface energy minimization (Andersson et al. 2015 ). Additionally, in
ense regions, gas randomisation resulting from gas-grain collisions
urther disrupts the alignment of dust grains, decreasing alignment
fficiency and leading to lower polarization (Lazarian 2007 ; Soam
t al. 2021 ). Magnetic reconnection is also explored as one of the
ossible reasons (Lazarian & Vishniac 1999 ). It occurs when B-field
ines break and reconnect, disrupting the uniformity of the field. Since
ust grains align with the local B-field, this disruption reduces their
lignment efficiency . Additionally , insufficient radiation causing
eak RAT (Lazarian & Hoang 2007 ) is another explanation for 
epolarization. 

.9 Comparison with other studies 

im et al. ( 2016 ) reported 95 VeLLOs in the Gould Belt but
nly few have been studied for the sub-mm polarization. Table 4
resents a comparative analysis of selected VeLLO cores with other
tarless, chemically-evolved cores to discern the factors contributing
o their starless nature despite being chemically evolved. L1512
s a starless core but it is chemically evolved (Lin et al. 2020 ),
nd recently, in Lin et al. ( 2024 ), they suggest that L1512 may
ave just recently reached supercriticality and will collapse at any
ime (highlighting the dynamic nature of such cores). Similarly,
1544, another starless yet chemically-evolved core, shows infall
ignatures and a marginally subcritical mass-to-flux ratio (Crutcher
t al. 2004 ), suggesting that it is likely to collapse under its gravity,
eading to star formation (Crapsi et al. 2005 ). On the other hand,
183 is also chemically evolved (Tafalla 2005 ) but remains starless.

n contrast, L328 is not chemically-evolved but still has an IRS
ource (i.e. VeLLO), indicating that despite lacking the chemical
volution of cores like L1512 and L1544, it still harbors an embedded
rotostar. 
A common thread emerging from this comparison is the potential

ink between magnetic supercriticality and the presence of IRS
ources or imminent collapse. Cores exhibiting magnetic subcrit-
cality, on the other hand, tend to remain starless (Karoly et al.
020 ). Ho we ver, the limited data set underscores the necessity for an
xpanded sub-mm polarization study on VeLLOs to draw definitive
onclusions regarding the intricate interplay of B-field, chemical
volution, and the star formation process. Further investigations
n this direction promise to unveil the underlying mechanisms
o v erning the diverse outcomes observed in VeLLOs. The available
ata is insufficient for making definitive statements; additional sub-
m polarization studies on VeLLOs and cores are imperative to draw
eaningful conclusions. 

 SUMMARY  

he paper presents an observational study on various scales by
tilizing data from P lanck (at 850 μm), optical, NIR, and sub-mm
ust polarization, to trace parsec to sub-parsec scale B-fields. The
ey findings are summarized as follows: 

(i) The mass of L328 core and its sub-cores (S1 and S2) is found
o be 0.69, 0.34, and 0.08 M �, respectively. 

(ii) We found that the cloud-scale B-field is well-connected to
ore-scale B-field by showing o v erall orientation in north-east–south-
est direction. This also indicates that the core is embedded in the

trong B-field region. 
NRAS 539, 3493–3505 (2025) 
(iii) The B-field strength within the L328 core is estimated to be
50.5 ± 9.8 μG, significantly higher (greater than 2.5 times) than

he estimated value in the envelope. The core and envelope are found
o be transcritical and marginally supercritical with a λ value of 1.1

0.2 and 1.3 ± 0.6, respectively. 
(iv) The non-thermal kinetic energy, gravitational and magnetic

nergies, are comparable to each other, while the thermal kinetic
nergy within the core are significantly less than the other three
nergies. 

(v) The polarization fraction as a function of total intensity
s found to be decreasing in the high-density region, indicating
epolarization in the core with a power-law slope of α = −0.98. 
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