
Central Lancashire Online Knowledge (CLoK)

Title Relative alignments between magnetic fields, velocity gradients, and dust 
emission gradients in NGC 1333

Type Article
URL https://clok.uclan.ac.uk/52494/
DOI https://doi.org/10.1093/mnras/stae1829
Date 2024
Citation Chen, Michael Chun-Yuan, Fissel, Laura M, Sadavoy, Sarah I, Rosolowsky, 

Erik, Doi, Yasuo, Arzoumanian, Doris, Bastien, Pierre, Coudé, Simon, Di 
Francesco, James et al (2024) Relative alignments between magnetic fields, 
velocity gradients, and dust emission gradients in NGC 1333. Monthly 
Notices of the Royal Astronomical Society, 533 (2). pp. 1938-1959. ISSN 
0035-8711 

Creators Chen, Michael Chun-Yuan, Fissel, Laura M, Sadavoy, Sarah I, Rosolowsky, 
Erik, Doi, Yasuo, Arzoumanian, Doris, Bastien, Pierre, Coudé, Simon, Di 
Francesco, James, Friesen, Rachel, Furuya, Ray S, Hwang, Jihye, Inutsuka, 
Shu-ichiro, Johnstone, Doug, Karoly, Janik, Kwon, Jungmi, Kwon, Woojin, Le 
Gouellec, Valentin J M, Liu, Hong-Li, Mairs, Steve, Onaka, Takashi, Pattle, 
Kate, Rawlings, Mark G, Tahani, Mehrnoosh, Tamura, Motohide and Wang, 
Jia-Wei

It is advisable to refer to the publisher’s version if you intend to cite from the work. 
https://doi.org/10.1093/mnras/stae1829

For information about Research at UCLan please go to http://www.uclan.ac.uk/research/ 

All outputs in CLoK are protected by Intellectual Property Rights law, including Copyright law.  
Copyright, IPR and Moral Rights for the works on this site are retained by the individual authors 
and/or other copyright owners. Terms and conditions for use of this material are defined in the 
http://clok.uclan.ac.uk/policies/

http://www.uclan.ac.uk/research/
http://clok.uclan.ac.uk/policies/


MNRAS 533, 1938–1959 (2024) https://doi.org/10.1093/mnras/stae1829 
Advance Access publication 2024 July 31 

Relati v e alignments between magnetic fields, velocity gradients, and dust 

emission gradients in NGC 1333 

Michael Chun-Yuan Chen , 1 ‹ Laura M. Fissel , 1 ‹ Sarah I. Sada v oy, 1 ‹ Erik Rosolowsky , 2 

Yasuo Doi, 3 Doris Arzoumanian , 4 Pierre Bastien, 5 Simon Coud ́e, 6 , 7 James Di Francesco, 8 , 9 

Rachel Friesen, 10 Ray S. Furuya , 11 Jihye Hwang, 12 , 13 Shu-ichiro Inutsuka, 14 Doug Johnstone, 8 , 9 

Janik Karoly, 15 Jungmi Kwon, 16 Woojin Kwon, 17 , 18 Valentin J. M. Le Gouellec, 19 † Hong-Li Liu , 20 

Steve Mairs, 6 Takashi Onaka, 16 Kate Pattle , 21 Mark G. Rawlings, 22 , 23 Mehrnoosh Tahani, 24 

Motohide Tamura, 4 , 16 , 25 and Jia-Wei Wang 

26 the BISTRO Team 

Affiliations are listed at the end of the paper 

Accepted 2024 July 25. Received 2024 July 11; in original form 2023 December 20 

A B S T R A C T 

Magnetic fields play an important role in shaping and regulating star formation in molecular clouds. Here, we present one of 
the first studies examining the relative orientations between magnetic ( B) fields and the dust emission, gas column density, and 

velocity centroid gradients on the 0.02 pc (core) scales, using the BISTRO and VLA + GBT observations of the NGC 1333 

star-forming clump. We quantified these relative orientations using the Project Rayleigh Statistic (PRS) and found preferential 
global parallel alignment between the B field and dust emission gradients, consistent with large-scale studies with Planck . 
No preferential global alignments, ho we ver, are found between the B field and velocity gradients. Local PRS calculated for 
subregions defined by either dust emission or velocity coherence further revealed that the B field does not preferentially align 

with dust emission gradients in most emission-defined subre gions, e xcept in the warmest ones. The velocity-coherent structures, 
on the other hand, also showed no preferred B field alignments with velocity gradients, except for one potentially bubble- 
compressed region. Interestingly, the velocity gradient magnitude in NGC 1333 ubiquitously features prominent ripple-like 
structures that are indicative of magnetohydrodynamic (MHD) waves. Finally, we found B field alignments with the emission 

gradients to correlate with dust temperature and anticorrelate with column density, velocity dispersion, and velocity gradient 
magnitude. The latter two anticorrelations suggest that alignments between gas structures and B fields can be perturbed by 

physical processes that ele v ate velocity dispersion and velocity gradients, such as infall, accretions, and MHD waves. 

Key words: magnetic fields – ISM: clouds – ISM: kinematics and dynamics – ISM: magnetic fields – ISM: structure – galaxies: 
star formation. 
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 I N T RO D U C T I O N  

ver the past decades, evidence has emerged that filaments play
 crucial role in how molecular clouds form stars (see Andr ́e
t al. 2014 ; Pineda et al. 2023 ). Analytically, filaments have the
ost fa v ourable geometry for the growth of local internal structure

efore becoming o v erwhelmed by global collapse (Pon, Johnstone
 Heitsch 2011 ). Numerically, filaments are produced or seeded

aturally by supersonic turbulence within molecular clouds (e.g.
orter, Pouquet & Woodward 1994 ; Vazquez-Semadeni 1994 ), after
hich they fragment into star-forming cores (e.g. Seifried & Walch
015 ). In the absence of turbulence strong enough to support the
loud globally, the cloud can also collapse hierarchically, channelling
ccretion flows continuously via filaments from the larger scales to
 E-mail: chen.m@queensu.ca (MC-YC); laura.fissel@queensu.ca (LMF); 
arah.sada v oy@queensu.ca (SIS) 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ores and protocluster hubs (V ́azquez-Semadeni et al. 2019 ). Indeed,
tar -forming structures ha v e been observ ed to be hierarchically
lamentary (Hacar et al. 2023 ) and velocity gradients observed across
nd along filaments have indicated ongoing mass flows onto and
long filaments, respectively (e.g. Peretto, Andr ́e & Belloche 2006 ;
riesen et al. 2013 ; Kirk et al. 2013 ; Shimajiri et al. 2019 ; Chen et al.
020b ). 
The assembly of star-forming structures, ho we v er, is not go v erned

y gravity and turbulence alone. Numerous theoretical studies on
agnetohydrodynamics (MHD) have shown that magnetic fields can

lso play a substantial role alongside gravity (e.g. Nagai, Inutsuka &
iyama 1998 ; Nakamura & Li 2008 ; Soler et al. 2013 ; Inoue et al.

018 ; Pattle et al. 2023 ), and from dust polarization observations,
ense filamentary structures tend to align perpendicularly with the
agnetic fields (e.g. Palmeirim et al. 2013 ; Planck Collaboration XIII

016 ; Fissel et al. 2019 ; Soam et al. 2019 ; Pattle et al. 2023 ). These
esults conform to the expectations of idealized MHD, where gas can
ow freely along magnetic field lines but not against them, which
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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auses gas to accumulate into filamentary structures that mainly 
lign perpendicularly to the magnetic field (e.g. Inutsuka et al. 2015 ;
 ́omez, V ́azquez-Semadeni & Zamora-Avil ́es 2018 ). 
Molecular line observations have also revealed velocity gradients 

long large-scale magnetic fields indicating magnetically mediated 
ccretion flows (e.g. Palmeirim et al. 2013 ; Bonne et al. 2020 ). Sta-
istical comparisons between the local orientations of the magnetic 
eld and velocity gradients (e.g. Tang et al. 2019 ; Wang et al. 2020 ),
o we v er, are v ery rare and lack the resolution to resolv e the most
ommon filaments found by Herschel studies ( ∼ 0 . 1 pc in width;
.g. Arzoumanian et al. 2011 , 2019 ). Considering that magnetic fields 
an be significantly distorted by gas structures contracting under self- 
ravity and consequently alter the direction of gas flow (G ́omez et al.
018 ), observations that can investigate the relationship between gas 
ows, gas morphology, and the magnetic field on the scales of both
laments and cores are crucial. Such studies will not only test how
agnetic fields guide gas flows (e.g. Seifried & Walch 2015 ) to form

nd feed star-forming structures (e.g. G ́omez et al. 2018 ) but also test
ow the y pro vide support against gravity (e.g. Nakano & Nakamura
978 ) or mediate protostellar feedback (e.g. Offner & Liu 2018 ). 
In this paper, we investigate the role of the magnetic field in the

ctiv e star-forming comple x NGC 1333 using combined dust polar- 
zation, dust emission, H 2 column density, and NH 3 line emission 
bservations on ∼ 0 . 02 pc scales. Specifically, we make statistical
rientation comparisons between the magnetic field and the velocity, 
mission, and column density gradients. Located at 299 ± 17 pc away 
Zucker et al. 2018 ) in the Perseus Molecular Cloud, NGC 1333 is
ne of the most e xtensiv ely studied cluster-forming clumps in the
earby neighbourhood (Walawender et al. 2008 ), with very well- 
haracterized populations of dense cores (e.g. Pezzuto et al. 2021 ) 
nd young stellar objects (YSOs; e.g. Dunham et al. 2015 ). The
tar-forming clump consists of a network of supercritical filaments 
Hacar, Tafalla & Alves 2017 ) that show velocity gradients indicative 
f accretion onto and along the filaments (Chen et al. 2020b ). The
lump appears to be collapsing globally (Walsh, Bourke & Myers 
006 ), which likely explains why NGC 1333 has a higher velocity
ispersion between its filaments than those found in other Perseus 
lumps (Chen et al. 2024, submitted). Recently, the magnetic field 
n NGC 1333 has also been studied on ∼ 0 . 02 pc scales, revealing
 highly ordered plane-of-the-sky (POS) magnetic field with respect 
o the clump’s filaments (Doi et al. 2020 ). 

The paper is structured as follows: In Section 2 , we describe
he observations and data reduction of our NH 3 (1,1) and dust
olarization data, as well as the dust emission and column density 
aps obtained from publicly available archives. Section 3 describes 

ur multicomponent fits to the NH 3 data and explains how we identify 
elocity-coherent structures from these fits and compute gradients. 
n Section 3 , we also outline the statistical methods we use to
uantify the relative orientations (ROs) between the POS magnetic 
eld (hereafter, the magnetic field unless stated otherwise) and our 
omputed gradient fields. We present our results and discussions in 
ections 4 and 5 , respectively, and summarize our conclusions in 
ection 6 . 

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

.1 Ammonia data 

e use spectral line observations of ammonia (NH 3 ) from the Karl
. Jansky Very Large Array (VLA) project 13A-309 (PI: Shaye 
torm), which surv e yed the NGC 1333 re gion using the VLA D-
onfiguration in seven observational tracks. The observations are 
iscussed in detail in Dhabal et al. ( 2019 , hereafter, D19). In this
ork, we follow a similar reduction and imaging strategy. We first

alibrate the measurement sets using the VLA pipeline released with 
ASA version 4.7.2 (CASA Team 2022 ), yielding gain calibrated 
nd flagged visibilities ready for imaging. We imaged the data 
ith CASA version 5.1.0–29 using the TCLEAN algorithm, setting 
 spectral channel width of 6.9 kHz ( ∼ 0 . 085 km s −1 ). The imaging
sed a multiscale deconvolution algorithm with scales of 0 and 
 . 66 arcsec × 2 k for k = 0 · · · 5 with a threshold of 15 mJy beam 

−1 

nd Briggs ( 1995 ) weighting using robust = 0 . 5. 
To impro v e the quality of the imaging process, we create a clean
ask to restrict the regions where the deconvolution can identify 

lean components. For the clean mask, we use single-dish data of
he region in NH 3 from the Robert F. Byrd Green Bank Telescope
GBT) that were collected as part of the Green Bank Ammonia
urv e y (GAS; Friesen et al. 2017 ). We define the clean mask using
egions of significant emission ( T MB > 5 σT ) in the GBT data, and
hen we deconvolve the VLA data using the clean mask, cleaning each 
hannel down to 15 mJy ( ∼ 2 . 5 σ ). The restoring beam is 3 . 3 arcsec ×
 . 8 arcsec full width at half-maximum. 
Following deconvolution, we use the CASA task FEATHER to 

ombine the VLA and GBT data in the Fourier domain, yielding
 fully sampled image for analysis. The FEATHER task assumes that
he flux calibration between the two telescopes is accurate. We used
he diagnostics in the UVCOMBINE package (Koch & Ginsburg 2022 )
o check this assumption, finding the ratio of the flux scales to be
onsistent with unity. D19 use a different approach to integrating 
nformation from the GBT, combining the data in the visibility 
omain before deconvolution. This difference in method is not 
xpected to lead to substantial ( > 10 per cent ) variation in the final
mage products (Plunkett et al. 2023 ). 

In this work, we focus on the NH 3 (1,1) line at ν0 = 23 . 694 GHz
hough we carried out imaging for NH 3 (2,2) and NH 3 (3,3) as well.
he final VLA + GBT maps also have a resolution of 3 . 3 arcsec ×
 . 8 arcsec and a noise level of 6.5 mJy beam 

−1 , which is equi v alent
o 1.5 K at this resolution. To match the spatial resolution of our
olarization data, we further convolved our NH 3 (1,1) to a resolution
f 14 . 1 arcsec using a Gaussian kernel and re-gridded the convolved
mage with 2.7 arcsec pixels. 

.2 Polarization data 

ur 850 μm dust polarization measurements of NGC 1333, i.e. 
tokes I , Q , and U and their estimated uncertainties, were first
ublished by Doi et al. ( 2020 ) as part of the B-Fields in Star Forming
e gions (BISTRO) Surv e y (Ward-Thompson et al. 2017 ) using the
OL-2 instrument on the James Clerk Maxwell Telescope (JCMT). 
he ef fecti ve beam size of the observ ations is 14 . 1 arcsec , with the
nal pixel size of the data product being 7 . 05 arcsec . Following the
uality control set by Doi et al. ( 2020 ), we estimated the polarized
ntensity ( PI ) and its error ( δP I ) as follows: 

 I = 

√ 

Q 

2 + U 

2 , (1) 

P I = 

√ 

( Q 

2 · δQ 

2 + U 

2 · δU 

2 ) 

P I 
, (2) 

here δQ and δU are the estimated errors of Q and I , respectively.
hile the δP I estimated abo v e is biased by the squared Q and U 

f fsetting the deri v ed P I , such a bias is ne gligible when the SNR is
igh (e.g. P I /δP I > 3; Wardle & Kronberg 1974 ; Naghizadeh-
houei & Clarke 1993 ; Vaillancourt 2006 ). For this reason and
uality assurance, only pixels with P I /δP I > 3 and I > 25 mJy
MNRAS 533, 1938–1959 (2024) 
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eam 

−1 (i.e. I /δI > 10) are used for our analysis. We note that the
olarization angles, which are the primary focus of our analyses,
hould not be affected by such bias either way. The typical rms noise
evels for I , Q , and U in our samples are 1.1, 0.9, and 0.9 mJy
eam 

−1 , respectively. 
For this analysis, we primarily focus on the magnetic field

rientation. Following Doi et al. ( 2020 ), we measure polarization
ngles ( ψ) and their associated errors ( δψ) as: 

 = 

1 

2 
arctan 

(
U 

Q 

)
, (3) 

ψ = 

1 

2 

√ 

( Q · δU ) 2 + ( U · δQ ) 2 

P I 2 
. (4) 

ith our imposed SNR thresholds for the polarized data, the
olarization angle uncertainties are 0 . 2 deg < δψ < 9 . 6 deg for all
ixels, with a median and mean uncertainty of δψ ≈ 6 deg. 
Since thermal dust emission is expected to be polarized relative to

he long-axis of the dust grains, with dust grains’ short axes aligned
ith the magnetic field (e.g. Andersson, Lazarian & Vaillancourt
015 ), we rotate all polarization angles by 90 deg to obtain the
nferred magnetic field orientation. We designate the unit half-vector
ˆ 
 to represent magnetic field orientation measurements (hereafter, B 

eld measurements). 

.3 Dust emission, column density, and dust temperature data 

ince the Stokes I map released by Doi et al. ( 2020 ) does not reco v er
xtended emission well due to atmospheric filtering and a slow scan
ate (Chapin et al. 2013 ; Friberg et al. 2016 ), we adopted the JCMT
ould Belt Surv e y (JGBS) Data Release 3 (DR3) intensity map (Kirk

t al. 2018 ) for our structural analysis of the 850 μm dust emission.
he DR3 data product has a median rms of ∼ 12 . 1 mJy beam 

−1 and
 pixel size of 3 arcsec . While the JGBS 850 μm map is less sensitive
han the BISTRO total intensity map, it has less aggressive spatial
ltering and these data have been corrected for line contamination
rom 

12 CO (2 − 1) using methods laid out by Drabek et al. ( 2012 )
nd Parsons et al. ( 2018 ). Since CO contamination can be substantial
n NGC 1333 (see Appendix A ), the JGBS data product is more
ppropriate for performing our structural analysis. Considering that
e do not expect CO to be polarized, any 12 CO (2 − 1) contribution

hould not result in spurious polarization in the BISTRO polarization
aps. 
We obtained the Herschel 160 and 250 μm dust emission maps,

s well as the Hersc hel -deriv ed dust temperature ( T d ), and high-
esolution H 2 column density, N (H 2 ), maps of Perseus from the
erschel Gould Belt Survey (HGBS) Archive. These archi v al data
ere first published by Pezzuto et al. ( 2021 ). The resolutions of

he 160 and 250 μm dust emission maps, as well as the Herschel -
erived T d and high-resolution N (H 2 ) maps, are 13.5, 18.2, 36.3, and
8 . 2 arcsec , respectively. 

 M E T H O D S  

.1 Multicomponent line fitting 

o derive gas kinematic properties, we fit our NH 3 (1,1) data with
pectral models containing up to two velocity components using the
UFASA package (Chen et al. 2020b ). is an automated iterative
tter that wraps around the PYSPECKIT package (Ginsburg et al.
022 ) to perform least-squares fits using the Levenberg–Marquardt
ethod (Levenberg 1944 ; Marquardt 1963 ; Mor ́e 1978 ). MUFASA

nitially convolves the cube to half its original angular resolution (i.e.
NRAS 533, 1938–1959 (2024) 
oubles the beam size) and then fits the convolved cube using initial
uesses produced by a moment-based technique detailed in Chen
t al. ( 2020b ). The resulting fits from the convolved cube are then
dopted as the updated initial guesses for the next iteration of fits. This
wo-iteration approach uses the convolved cube’s boosted signal and
nhanced spatial awareness to impro v e the fits. We adopt the same
UFASA NH 3 (1,1) model as Chen et al. ( 2020b , 2022 ) that treats

ach velocity component as a slab of gas under local thermodynamic
quilibrium (LTE) and features a Gaussian velocity profile. Each
elocity component of the model is parametrized by its velocity
entroid ( v LSR ), velocity dispersion ( σv ), excitation temperature ( T ex ),
nd total optical depth ( τ0 ). The model also accounts for all 18
yperfine components of the NH 3 (1,1) transition for each velocity
omponent and performs radiative transfer through each component
long the line of sight from the cosmic microwave background
owards the observer. 

To determine whether a spectrum is robustly detected via statistical
odel selection, MUFASA further assumes an emission-free noise
odel of a flat spectral baseline centred on a specific intensity of

ero for comparison. MUFASA selects the best fit between noise,
ne-component, and two-component models using the corrected
kaike Information Criterion (AICc; Akaike 1974 ; Sugiura 1978 ).
he software selects model b o v er model a when their log relative

ikelihood K obtained from the AICc, expressed as 

ln K 

b 
a = − ( AICc b − AICc a ) / 2 , (5) 

s abo v e a statistically robust threshold of 5 (Burnham & Anderson
004 ). MUFASA calculates the AICc values from the residual sum of
quares ( RSS ) of the fit as 

ICc = n ln 

(
RSS 

n 

)
+ 2 p + 

2 p( p + 1) 

n − p − 1 
, (6) 

here n and p are the sample size of the spectra and the number
f model parameters, respectively. MUFASA ’s model selection with
ICc performs comparably to the full Bayesian approach on the

ame NH 3 data (see Chen et al. 2020b ; Sokolov et al. 2020 ). The
ICc approach, ho we ver, is more ef ficient because it does not need to

ample the likelihood space e xhaustiv ely like the Bayesian approach.

.2 Identifying velocity-coherent structures 

tar-forming gas can often contain multiple velocity-coherent struc-
ures, hereafter VCS, which are identified as gas regions with
moothly varying kinematic properties. These kinematically distinct
tructures have been found in observations with tracers such as CO
e.g. Hacar et al. 2013 ) and NH 3 (Chen et al. 2020b ). To identify
hese structures, we employ the density-based spatial clustering of
pplications with noise algorithm ( DBSCAN ; Ester et al. 1996 ) on
he MUFASA -derived v LSR to identify clusters in position–position–
elocity (PPV) space (e.g. similar to Doi et al. 2020 ). Specifically,
e use DBSCAN as implemented by the SCIKIT-LEARN package

Pedregosa et al. 2011 ). Clustering algorithms like DBSCAN group
ata points (i.e. samples) in N -dimensional parameter space based on
heir proximity to one another in that space. When applied to samples
n PPV space, DBSCAN will identify spatially and kinematically
ontinuous structures. 

DBSCAN , compared to many clustering algorithms, has the advan-
age of being robust at identifying clusters with irregular shapes,
ot requiring a user-specified number of clusters, and not forcing a
luster membership onto all data samples. This last attribute allows
BSCAN to identify ‘noise’ (i.e. outlier) members in addition to
luster members. Moreo v er, DBSCAN primarily operates only on two
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ser parameters: (1) ε, the maximum distance threshold to qualify 
wo samples as being in the same neighbourhood and (2) s min , the
inimum samples in a neighbourhood required to consider these 

amples core points (i.e. a seed). A cluster can only be seeded if it
ontains at least s min number of samples within a ε distance of each
ther (i.e. core points) and grows subsequently to include all samples 
irectly reachable via a core point within a distance of ε. With so few
arameters, DBSCAN is an attractive clustering algorithm for general 
se cases. 
Following common clustering practices, we normalize (i.e. stan- 

ardize) our parameter axes by standard deviations of the samples 
n their respective axes. To ensure our data is not overly noisy in
he PPV space to facilitate clearer clustering, we only included 
amples with estimated v LSR errors less than 0.085 km s −1 , i.e.
he spectral resolution of our data. Given that s min is the minimum
eighbourhood sample required to seed a cluster, we adopt s min = 75
or our clustering to ensure that each cluster contains enough samples 
o be well resolved by the beam. We further adopt ε = 0 . 17 for
ur clustering, an optimal value determined from tests run with 
 min = 75. We note that the DBSCAN results are somewhat degenerate
o the choices of ε and s min in that similar results can be obtained by
ncreasing ε and decreasing s min slightly, and vice versa. 

Our final clustering result produced under these parameters shows 
ood agreement with structures identifiable by eye and filament- 
ased structure identification applied to single-dish GBT NH 3 

bservations of NGC 1333 (Chen et al. 2020b ). These results are also
easonably consistent with the NGC 1333 ‘ISM features’ identified 
y Doi et al. ( 2020 ) using DBSCAN on discrete N 2 H 

+ data. We further
emo v ed isolated pixels, also known as noise (e.g. pixels that were not
rouped into clusters), and small clusters with less than 250 members 
rom our analyses to ensure the final clusters have a minimum on-
ky footprint of ∼ 6 beams. This minimum area ensures that we 
ave ample statistics per VCS. Since these isolated pixels and small
lusters were identified independently by DBSCAN as being spatially 
nd kinematically distinct from the larger VCSs included in this 
nalysis, their removal will not affect our results. Our full DBSCAN 

esult that includes the noise and clusters with less than 250 members
s presented in Appendix B . 

.3 Gradient calculation 

e denote the gradients of velocity centroid, dust emission, and 
olumn density maps as ∇ v, ∇ I , and ∇ N ( H 2 ), respectiv ely. F ol-
owing Chen et al. ( 2020b ), we calculate the local velocity, column
ensity, and emission gradients at each pixel by fitting a planar 
urface using the least-square method to each map masked with 
 circular aperture centred on that pixel. We adopted an aperture 
adius of r = 14 . 1 arcsec (diameter of 28.2 arcsec ) to ensure our
radients are calculated o v er a scale fully resolved across a diameter
f two beams. While the Herschel 250 μm and N (H 2 ) maps have a
lightly coarser resolution of 18 . 2 arcsec , we still have at least two
ndependent measurements with the 14.1 arcsec apertures. Moreo v er, 
e tested the robustness of the Herschel gradients using larger 

pertures of r = 18 . 2 arcsec and found consistent results with the
ominal 14.1 arcsec apertures. For consistency, all our gradients are 
alculated using the r = 14 . 1 arcsec aperture. We also only calculate
radients for apertures with more than 2/3 of their pixels with usable
ata. 
Since the estimated errors for NH 3 -deri ved v LSR v alues can dif fer

ubstantially within an aperture, our plane fitting for v LSR is further
nversely weighted by their estimated errors. As found by Chen et al.
 2020b ), the pix el-to-pix el variation of errors in the MUFASA fits,
ncluding the v LSR , can sometimes be significant due to a combination
f factors that range from the signal-to-noise ratio (SNR) of each
omponent to the velocity differentials between the components. 
iven that the emission maps’ rms noise levels are fairly uniform and

hat the column density maps’ errors are similar within an aperture,
e adopted a uniform weighting to calculate the gradients of these
aps. 

.4 Quantifying relati v e orientations 

o quantify the ROs between a half-vector field (e.g. the B field
rientation inferred from polarization) and a vector field (i.e. a 
radient field), we first calculate the relative angles between these 
wo fields at a giv en pix el as if they are full vectors, a and b , with the
xpression, 

′ = arccos 
a · b 

| a | | b | . (7) 

his expression yields an angle φ′ in the range of [0 , 180 deg]. A
alf-vector like ̂  B , ho we ver, is degenerate by 180 deg in its orientation
nd does not distinguish between forward and backward pointings. 
herefore, to account for such a de generac y, we further map φ′ → φ

n such that all the φ′ values in the range of [90 deg , 180 deg] are
ubtracted by 180 deg and the absolute value taken. The φ resulting
rom this mapping is in the [0 , 90 deg] range. 

To further quantify whether a distribution of RO angles has a
tatistical preference for parallel alignment ( φ = 0) or perpendicular 
lignment ( φ = 90 deg), we adopt the Projected Rayleigh Statistics
PRS; Jow et al. 2018 ) method for our analysis, which is a special
se of the V Statistics (e.g. Durand & Greenwood 1958 ) modified
rom the Rayleigh Test. Specifically, the PRS is expressed as 

 x = 

∑ n 

i cos (2 φi ) √ 

n/ 2 
, (8) 

or a set of φi angles with a size n . A φ distribution with Z x > 0 or
 x < 0 shows a statistical preference for a parallel or perpendicular
lignment, respectively. To quantify the significance of the Z x values, 
e estimate the Z x variance as 

2 
Z x 

= 

2 
∑ n 

i [ cos (2 φi ) ] 2 − [ Z x ] 2 

n 
, (9) 

nd adopt σZ x as our estimated uncertainty that reflects the dispersion 
n φ (Jow et al. 2018 ). To ensure Z x is calculated from reasonably
ndependent measurements, we only take one φi sample per beam in 
ur PRS calculations. 
Since we are analysing the relative angles between the B field and

e veral dif ferent gradient fields, we will omit the x subscript from
he Z x whenever additional subscripts are used to specify to which
elative angles the Z x is referring. Specifically, Z x calculated from 

he relative angles between the B field and the ∇ v, ∇N (H 2 ), and ∇I λ
elds will be designated Z Bv , Z BN , and Z BI , respectively. We note

hat Jow et al. ( 2018 ) computes their Z x between column density
radients and dust polarization, rather than magnetic fields, to be 
onsistent with the analyses of Planck Collaboration XIII ( 2016 )
nd Soler & Hennebelle ( 2017 ). In these works, the convention
s to measure the ROs between the magnetic fields and ‘structure
lignments’ (i.e. isocolumndensity contours that are perpendicular 
o column density gradients). The Z x values computed by Jow et al.
 2018 ) will thus have an opposite sign than our Z x values. 
MNRAS 533, 1938–1959 (2024) 
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Figure 1. Observations of NGC 1333 used in this study. Top-row: (a) the JGBS 850 μm intensity, (b) Herschel 250 μm intensity, and (c) Herschel 160 μm 

intensity maps at their native resolutions of 14.1, 18.2, and 13.5 arcsec , respecti vely. Bottom-ro w: (d) the Herschel -deri ved H 2 column density from Pezzuto 
et al. ( 2021 ), (e) the convolved VLA + GBT NH 3 (1,1) intensity integrated over a v LSR range of 6 . 0 − 9 . 3 km s −1 , and (f) the Hersc hel -deriv ed dust temperature 
maps at resolutions of 18.2, 14.1, and 36.3 arcsec , respectively. Map resolutions for each data set are shown in the top right corners of the plots, while 0.1 pc 
scale bars are shown in the bottom right corners. The locations of B-type stars (e.g. Harv e y, Wilking & Joy 1984 ) are indicated by the star symbols, and the 
positions of known Class 0/I YSOs from Dunham et al. ( 2015 ) are indicated in panel f by the open circles. The YSOs with visible column density artefacts 
nearby are also labelled in selective panels. 
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 RESU LTS  

.1 Emission and column density maps 

ig. 1 shows the data of NGC 1333 used in this analysis. The
op panels give the 850, 250, and 160 μm dust emission maps,
nd the bottom panels show the N (H 2 ), NH 3 (1,1) integrated
ntensity, and T d maps. Overall, the 850 μm and the N (H 2 ) maps
ppear morphologically similar. As the dust emission wavelength
NRAS 533, 1938–1959 (2024) 
ecreases, ho we v er, e xtended emission becomes more significant.
n particular, we see pronounced diffuse structures in the 250 and
60 μm map in the north-east region near the two B stars. This
xtended dust emission also appears to be warm based on the T d 
ap, indicating that the B stars are heating the surrounding material.
he T d map also shows compact warm structures at the positions
f the Class 0/I YSOs (see Fig. 1 f) identified by Dunham et al.
 2015 ). 
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Figure 2. A 3D scatter plot of the nine identified NGC 1333 VCSs we identified from the fitted NH 3 spectral models using DBSCAN in PPV space. Each VCS 
is shown in a different colour. The data points show the corresponding PPV pixels for identified members, using the v LSR for the velocity. The plane-of-the-sky 
projection of the VCSs is represented as ‘shadows’ on the RA-decl. plane using the same colours. The position coordinates are relative to the lower left corner 
of the map. 
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Aside from the missing larger scale emission, the 850 μm and 
H 3 maps resemble the N (H 2 ) map reasonably well, particularly 

ompared to the 250 μm and the 160 μm maps. The 850 μm data are
nsensitive to large-scale emission due to spatial filtering during the 
ata reduction process, required for atmospheric emission removal. 
hile the NH 3 map was imaged with feathered data between the 
LA and GBT observ ations to ensure it is sensiti ve to all scales,
H 3 is not typically detected in diffuse low-density ( < 10 3 cm 

−3 )
as because (1) this gas tends to be warmer resulting in more carbon-
ich gas chemistry that disfa v ours NH 3 , and (2) lower density gas
ypically does not have the excitation conditions for NH 3 (e.g. Bergin
 Tafalla 2007 ; Shirley 2015 ). 

.2 Velocity-coher ent structur es 

ollowing Section 3 , we fitted the NH 3 spectra to probe the gas
inematics in NGC 1333 and identify VCSs. We detected NH 3 

pectra in 45 per cent of the pixels over the area mapped by the
BT and VLA. Out of these detections, 33 per cent are better fitted
ith two-component models, indicating that multiple-component fits 

re important for NH 3 in NGC 1333, consistent with the single-dish
ndings of Chen et al. ( 2020a ). 
Fig. 2 shows a 3D scatter plot of the nine VCSs we identified

n NGC 1333 in PPV space using DBSCAN (see Section 3.2 ). Each
CS is shown by a different colour, and they appear to be fairly
inematically distinct from one another. Similar to studies that looked 
t gas kinematics of star-forming filaments in PPV space or PV 

position–velocity) projections, both in observations (e.g. Hacar et al. 
013 ) and simulations (e.g. Clark e, Whitw orth & Hubber 2016 ), we
ee quasi-oscillatory behaviour in the v LSR within these VCSs. Such 
 behaviour is also consistent with that found by Chen et al. ( 2020b )
n NGC 1333 with single-dish GBT NH 3 data. 

Fig. 3 shows maps of v LSR , σv , and velocity gradient ( |∇v| ) for
GC 1333 in the left, centre, and right panels, respectively. We
 v aluate these quantities separately for each of the nine VCSs. Since
e only included fitted velocity components with estimated v LSR 

rrors greater than 0.085 km s −1 (see Section 3.2 ), most of the second
omponents from our fits are not present in our clusters due to their
arger v LSR errors. The o v erlap of these VCSs on the plane of the
ky is thus minimal. We note that while the fitting error for a faint,
econd velocity component may be large, two-component fits are 
till needed to capture the observed spectra adequately and derive 
as properties accurately, even for the bright component (e.g. Chen 
t al. 2020b ; Choudhury et al. 2020 ). 

Visually, v LSR is smooth across each VCS, indicating these VCSs 
re indeed velocity coherent. The v LSR differences between VCSs and 
heir immediate neighbours can be quite large, consistent with what 
e see in the PPV space (see Fig. 2 ). The |∇v| values of each VCS are
ot ele v ated near the edges, further demonstrating that the gradients
e calculated are purely internal to the VCSs themselves (i.e. intra-
CS) and are free from contamination from velocity components 
elonging to other VCSs. 
The |∇v| maps of the VCSs in NGC 1333 contain quasi-periodic

ipples. Such structures were seen previously in the NH 3 observations 
f Perseus B5 at higher resolutions (5 arcsec ; Chen et al. 2022 ) and
n NGC 1333 using lower resolution (32 arcsec ) single-dish data 
Chen et al. 2020b ). Similar w ave-lik e structures have also been
mplied in the v LSR profiles along filament spines observed with other
racers (e.g. CO; Hacar et al. 2013 ) and with synthetic observations of
imulations (e.g. Smith et al. 2016 ). These earlier studies, ho we ver,
id not explore these oscillations in 2D beyond filament spines. 
MNRAS 533, 1938–1959 (2024) 
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Figure 3. Maps of v LSR (left), σv (middle), and |∇v| (right) for the nine identified VCSs in NGC 1333 using the NH 3 (1,1) data at 14.1 arcsec resolution. The 
VCSs are separated by black contours to represent their boundaries. We note these VCSs have minimal spatial o v erlaps on the plane of sky due to most of the 
faint, second velocity components being excluded from our analyses because of their large v LSR errors (see the text for details). The small black shapes near the 
edges of the VCSs are examples of the isolated pixels and small clusters that were excluded from this analysis. 
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The |∇v| ripples may be gra v o-acoustic in nature, like those
ound in simulations by Clarke et al. ( 2016 ), or driven by MHD
aves, such as those proposed by Tritsis & Tassis ( 2016 ). In the

ase of magnetosonic waves, the waves are expected to travel
erpendicularly to the magnetic field. We will discuss these |∇v|
ipples further in Section 5 , particularly in 5.5 . 

.3 The magnetic field and velocity gradients 

ig. 4 shows the inferred magnetic field as half-v ectors o v er the
50 μm continuum, σv and |∇v| maps for the VCSs in panels a,
, and d, respectiv ely. P anel b shows the v elocity gradient field
s full vectors on top of each VCS’s v LSR maps, with the 850
m continuum map further placed in the background. These data
howcase a lack of NH 3 detection towards the north-east corner of
GC 1333, typically abo v e decl. ∼ 31 ◦22 ′ . While NH 3 observation

n that region is predominately lacking due to the limited footprint of
he VLA mosaic, we still have partial coverage near the southern
 star that show none-detection of NH 3 that is consistent with

he GBT-only observations (e.g. Friesen et al. 2017 ). The lack of
H 3 emission towards there is likely due to a change in the gas

hemistry or excitation conditions of the gas itself. Specifically,
his region of NGC 1333 is likely being heated from the nearby
 stars (e.g. see Fig. 1 f and Chen et al. 2016a ). Such heating can

elease carbon-bearing molecules back into the gas phase and deplete
H 3 chemically (Bergin & Tafalla 2007 ). Furthermore, since the H 2 

olumn densities towards the B stars are lo wer, e ven if we assume a
imilar NH 3 abundance, the H 2 spatial densities behind these column
ensities may be lower than NH 3 ’s critical excitation value. Indeed,
oi et al. ( 2020 ) found a similar lack of N 2 H 

+ emission in this region,
uggesting the mechanisms behind the null-detection are similar.
e note that higher dust temperatures can cause the 850 μm dust

mission to be brighter in that region than expected from its column
ensity (see Fig. 1 ), making polarized emission easier to detect for
NRAS 533, 1938–1959 (2024) 
 given polarization fraction. We note that the NH 3 observations do
ot co v er areas west of R.A. ∼ 3 h 28 m 40 s . 
As seen in Fig. 4 (d), the dust polarization in NGC 133 tends to be

etter detected to wards lo wer σv regions, where the column density
lso tends to be higher. The trend where density anticorrelates with
v is consistent with those seen in NH 3 observations, either as a
harp sonic transition (e.g. Pineda et al. 2010 ) or gradual decrease
ithin subsonic structures (e.g. Chen et al. 2022 ). Broadly, higher
ensity structures have lower turbulence themselves, likely due to
hem being harder to perturb than their lower density counterparts
e.g. Heigl, Gritschneder & Burkert 2020 ). 

Fig. 4 (d) demonstrates that the |∇v| ripples noted previously
ppear to be aligned perpendicular to the B field in some places
nd parallel in others. Considering that slow and f ast MHD w aves
i.e. Alfv ́en and magnetosonic waves) propagate in directions that
re along and perpendicular to the unperturbed magnetic field lines,
espectively (Tritsis & Tassis 2016 ), the |∇v| ripple may indeed trace
he motions of both MHD waves in our VCSs. We will discuss these
ipples further in Section 5.5 . 

.4 Relati v e orientation angles 

n this section, we present the RO angles (i.e. φ) between the B field
nd the different gradients in NGC 1333. Specifically, we compare
he B field’s orientation to the velocity, emission, and column density
radients using a convention where 0 deg and 90 deg reference
arallel and particular alignments, respectively. We note that our
onvention differs from similar RO studies in the literature by 90 deg,
here the angle is defined between the polarization position angle and

he column density gradient that equi v alently measures alignments
etween the B field and the cloud structure elongations (e.g. Planck
ollaboration XIII 2016 ; Jow et al. 2018 ). In other words, parallel
radient alignment in our convention is perpendicular to the other
onventions and vice versa. Nevertheless, we use this convention to
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Figure 4. The inferred magnetic field orientation from the BISTRO polarization data of NGC 1333 shown as line segments (polarized half-vectors rotated 
90 de g), o v erlaid on the corresponding BISTRO Stokes I map and the σv and |∇v| maps of the VCSs in panels a, c, and d, respectively. Only one segment per 
14.1 arcsec beam is shown here. The normalized ∇v fields of each VCS are shown in panel b as stylized arrows, with one arrow per beam, o v erlaid on the v LSR 

maps from which they are calculated. The BISTRO 850 μm Stokes I data shown in panel a are further displayed in the backgrounds of panels b, c, and d in 
greyscale. 
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pply the same analysis to the emission and column density gradients
s the velocity gradients. 

.4.1 Global distributions 

ig. 5 shows maps of RO angles between the B field and the
radients of dust emissions (for the 850, 250, and 160 μm data),
 2 column density, and NH 3 velocity centroid. Hereafter, we refer

o the gradients in either the thermal dust emission or the column
ensity maps as structure gradients and the gradients in the v LSR as
elocity gradients. 

As can be seen, the ROs are neither globally uniform nor slowly
arying across the entire clump. These R Os, however , are not
ompletely random either and appear locally coherent, with many
egions showing preferential parallel or perpendicular alignments.
he ROs of the structure gradients (i.e. the emission and column
ensity gradients) share similar localized features with each other
ut not with their velocity gradient counterpart. 

Fig. 6 shows histograms of RO distributions between the B 

eld and each of the structure and velocity gradients. The grey-
lled and black open histograms show the RO distribution for all
easurements (found within the black contours in Fig. 5 ) and those

rom independent, beam-separated measurements, respectively. As
escribed in Section 3.4 , only independent measurements are used
o calculate the PRS Z x values. The Z x values for each histogram
re given in the bottom-left corners of each panel. Both B versus ∇v 

nd B versus ∇N (H 2 ) have Z x values consistent with zero within the
easured 1 σ uncertainties, indicating there is no global preference

or parallel or perpendicular alignments. 
By contrast, the RO distributions between B and the dust emission

radients (i.e. ∇ I 850 , ∇ I 250 , ∇ I 160 ) appear preferentially parallel.
n all three cases, Z x is positive and inconsistent with zero above
 2 . 5 σ . This result agrees well with larger scale (10 arcmin;
0 . 9 pc for Perseus) observations where the magnetic field aligns

arallel with structure gradients at high densities that encompass
ur entire data samples (e.g. Planck Collaboration XIII 2016 ).
ince emission gradients are generally orthogonal to the direction
f elongated structures, these results translate to a perpendicular
tructure alignment . On cloud scales, such an alignment has been
nterpreted as gas contraction and accretion along the magnetic field
Soler & Hennebelle 2017 ). A similar process may, therefore, explain
lament formation at the scale we probe, which are two orders
f magnitudes smaller. We will discuss the implication of these
lobal alignments in Section 5.1 . Nevertheless, we see pockets of
oth parallel and perpendicular ROs across NGC 1333 (see Fig. 5 )
hat indicate the localized cloud properties are also important. In
he next subsections, we examine the ROs for subregions of NGC
333. 

.4.2 Local velocity gradients 

ig. 7 (left) shows the nine VCSs identified in NGC 1333 using
BSCAN (see Section 3.2 ), labelled with letters. We use these labels

o identify each VCS in the subsequent analysis. Fig. 8 shows the
O distributions for each of the VCSs, where the light and dark
rey histograms represent all pixels and pixels with N (H 2 ) ≥ 5 ×
0 22 cm 

−2 , respectively. Most VCSs do not sufficiently o v erlap with
obust B measurement for reliable PRS calculations. Therefore, we
nly report the Z x values for four (out of nine) VCSs with ≥ 15
ndependent measurements in Fig. 8 . 
NRAS 533, 1938–1959 (2024) 
Visually, Fig. 8 shows that most VCSs have no preferred align-
ents between B and ∇v. VCS-e appears to be an exception, with
 positive Z x > 2 . 5 σ that indicates the magnetic field is parallel
o the velocity gradient in this region. This result is consistent
ith the qualitative alignment found by D19 over the same area
f NGC 1333 using NH 3 -derived velocity gradients with the B-
eld presented by Doi et al. ( 2020 ). D19 argued that a parallel B–
v alignment, in addition to the B-field running perpendicular to

he dense structure, indicates that this region is likely formed by
arge-scale compression due to an expanding bubble. D19, ho we ver,
nly performed a single-velocity fit to their 4 arcsec NH 3 data and
reated all of NGC 1333 as a single coherent region. As a result, their
elocity gradients correspond to a sharp jump between the nearby
ubregions we identified, VCS-a and VCS-d , and therefore may not be
racing a kinematically continuous structure. We investigate further
he implications of mass flow in compressed, magnetized gas at this
egion in Section 5.2 . 

.4.3 Local structure gradients 

e divide NGC 1333 into emission-based regions instead of
inematic-based VCSs for structure gradient analyses. This approach
llows us to examine better the local orientations between the B field
nd the various structure gradients. We employ the watershed method
e.g. Beucher & Meyer 1993 ) to delineate our re gions, which dra ws
oundaries between seeded peaks at locations where the emission
tructures first meet, marking topological features akin to valleys.
e specifically ran the watershed method on the JGBS 850 μm

mission map to define structures observed in the same wavelength
nd with the same facility as the B field data. The right panel of Fig.
 shows the 16 watershed regions identified in NGC 1333 over pixels
here the B field is robustly detected. 
Fig. 9 shows the RO distributions between B and ∇I 850 for

ach of the 16 watershed regions, with their corresponding PRS Z x 

alues and errors. The PRS values are calculated from independent
easurements only and their corresponding sample size ( n ) is also

iv en. When e xamined by eye, some distributions appear to have
referential alignment. For example, Region-2 and Region-13 appear
o have preferentially parallel alignment, whereas Region-7 and
egion-12 appear to have preferentially perpendicular alignment.
ost of the subregions, ho we ver, do not have | Z x | significantly

bo v e zero, partially due to the limited number of independent
O measurements in most regions. The only regions with robust
 Z x > 2 . 5 σ ) PRS measurements are Region-9 and Region-13 , which
ave preferential parallel alignment, and Region-14 , which shows
erpendicular alignment. Region-2 has a tentative ( > 2 σ ) preference
or parallel alignment that could become more robust with increased
ample size. We note that PRS is insensitive to preferential alignment
or φ ∼ 45 deg. Indeed, Region-10 shows preferential ∼ 45 deg
lignment, similar to that found by Doi et al. ( 2020 ) in the same
e gion relativ e to the filament’s position angle, and has | Z x | < 1 σ .
evertheless, distribution like that of Region-10 seems rare in NGC
333. Since the RO distributions between B and the other emission
radients in these watershed regions behave similarly to the 850 μm
esults, we will not present those results here. 

Region-13 , 15 , and 16 are located in the vicinity of the nearby
-stars and may, therefore, be influenced by them (see Fig. 1 ).
tellar feedback from the B-stars can heat dust substantially and
otentially alter magnetic field morphology . Interestingly , Region-13
hows preferential parallel alignment, while Region-15 and 16 have
 x values consistent with zero, indicating no preferential alignment.
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Figure 5. Maps of RO across NGC 1333 as measured between the inferred B field and the gradient fields, i.e. (a) ∇I 850 (b) ∇I 250 , (c) ∇I 160 , (d) ∇N (H 2 ), and 
(e) ∇v o v er the same Hersc hel -deriv ed N (H 2 ) map from Fig. 1 in greyscale. The black contour shows the region for which measurements of the RO were made. 
ROs of 0 deg and 90 deg indicate parallel and perpendicular alignments between these fields, respectively (see the text for further details). 
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e note, ho we ver , that the PRS for Re gion-15 and 16 may be limited
y small sample sizes. Even though Region-13 has the highest median 
ust temperature in NGC 1333 ( ∼ 20 K), Region-15 and 16 are
omewhat cooler in comparison ( ∼ 18 K and ∼ 14 K, respectively) 
nd may be better shielded from the heating. Indeed, Region-15 and 
6 both contain cool pockets of local o v erdensities in an otherwise
arm, B-star-heated region (see Fig. 1 ). Similarly, NH 3 is detected 

owards denser parts of Region-15 and 16 but not in Region-13 based
n GAS observations (Friesen et al. 2017 ) which co v er the north-
ast quadrant of NGC 1333 unlike the data presented here. The 
on-detection of NH 3 in Region-13 from the GAS data is consistent 
ith that expected for a warm, low column density region (see also,
anels d and f of Fig. 1 ) due to the gas chemistry and excitation
onditions there. 

We examined the relationship between Z x and the median N (H 2 ),
 d , |∇v| , and σv for each subregion, but found no clear correlation. By
ontrast, we find correlations when binning the RO measurements by 
as properties instead of defined subregions (see Section 5.4 ). This
istinction suggests that our watershed regions contain a mix of gas
opulations that erases any potential alignment trends on these scales 
hen av eraged. F or e xample, man y of these re gions can contain both
re- and protostellar sources, which can have significantly different 
ust temperatures. We discuss the effect of gas properties further in
ection 5.4 . 
MNRAS 533, 1938–1959 (2024) 
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Figure 6. Histograms showing the RO ( φ) distributions in NGC 1333 between the magnetic field and the four structure gradients (i.e. ∇ I 850 , ∇ I 250 , ∇ I 160 , 
∇N (H 2 )) and the velocity centroid gradient ( ∇v). All histograms have been normalized to show probability density functions. The grey-filled histograms show 

the distribution of all the pixels, while the black-open histograms show the results for independent measurements only (e.g. one measurement per beam). The 
Projected Rayleigh Statistics (PRS) Z x and for the independent measurements (open histograms) and its 1 σ uncertainty (see Section 3.4 ) are given in the 
bottom-left corners of each panel. 

Figure 7. Definition of subregions in NGC 1333 in colour with the same Hersc hel -deriv ed N (H 2 ) map from Fig. 1 in greyscale. Left: The VCSs identified 
from DBSCAN clustering. Right: Subregions determined by using the watershed method on the 850 μm data, for only where B field is robustly detected. Each 
subregion is indicated by a unique colour and label. 
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Figure 8. Normalized histograms of RO between B field and ∇v for each 
of the VCSs (see left panel of Fig. 7 for labels). The light and dark 
grey histograms represent all the RO measurements and those taken at 
N (H 2 ) ≥ 5 × 10 22 cm 

−2 , respecti vely. Z x v alues of distributions with ≥ 14 
independent measurements are shown in the top-right corner, accompanied 
by the number of independent measurements for the entire region. 

Figure 9. Normalized histograms of RO distributions for the B field and 
∇I 850 for each of the watershed regions in NGC 1333 (see right panel of 
Fig. 7 for the labels). The dark and light grey histograms, as well as the 
conventions for the annotated Z values, are the same as in Fig. 8 . 
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 DISCUSSION  

.1 Global alignments and structure formation 

n Section 4.4.1 , we found that the magnetic field and the emission
radients are preferentially aligned in parallel on average in NGC 
333. In terms of the convention more commonly expressed in 
he literature, i.e. structure alignment, our results indicate that the 

agnetic field is preferentially aligned perpendicular to the density 
tructures themselves, similar to those seen on larger scales by 
lanck Collaboration XIII ( 2016 ). Such an alignment has been
ttributed to structures forming via gas contraction and accretion 
long the magnetic field (Soler & Hennebelle 2017 ). Similarly, MHD
imulations by Chen & Ostriker ( 2015 ), which look at filament
nd magnetic field alignments on ∼ 0 . 05 pc scales comparable to
ur study, also found preferential perpendicular alignment at a gas 
ensity � 2 × 10 22 cm 

−2 (Chen, King & Li 2016b ), consistent with
ur results. In these simulations, dense structures (e.g. filaments and 
ores) were initially seeded as o v erdensities in post-shock regions
nd subsequently grew through gas accretion along the magnetic 
eld lines. The transition from parallel to perpendicular structure 
lignment occurs at a regime where the kinetic energy of the gas
tructure dominates o v er the magnetic support (Chen et al. 2016b ).
he resulting gravitational contraction in this regime then distorts 

he magnetic field, causing more perpendicular alignment between 
he POS magnetic field and the gas structures. 

Doi et al. ( 2020 ) found no global structure alignment between the
agnetic field and filament position angles in NGC 1333 using the

ame polarization data. Nev ertheless, the y did find these relative
lignments to be fairly uniform within individual filaments and 
emonstrated that the magnetic field orientation could be perpendic- 
lar to the filaments in 3D relative and only appear misaligned due
o varying inclinations. Using geometric models, Doi et al. showed 
hat the magnetic field should be preferentially perpendicular to the 
ensity structure, even for filaments randomly oriented in 3D. Our 
esults here are thus consistent with such a simple geometric model,
here filaments are assumed to align perpendicularly to the magnetic 
eld in 3D but have random inclination angles relative to the lines of
ight. 

The global RO distribution between B and ∇N (H 2 ) does not
how the same trends as their emission gradient counterparts. This 
iscrepancy is initially unexpected, given that the 160, 250, and 850
m dust emissions are expected to approximate the column densities 
ell to the first order, and suggests that higher order effects are

nfluencing the column density map relative to the emission maps. 
 or e xample, dust emission and polarization maps can be sensitiv e to
armer structures, particularly at shorter wavelengths. Optically thin 
ust emissions and their polarized components can thus be weighted 
ore by temperature than column density along the lines of sight.
his higher order effect likely explains why the trends between the
 field and the emission gradients are not found in their column
ensity counterpart. We will discuss the evidence for temperature 
ias further in Section 5.4.2 , where we find emission structures
o align more perpendicularly with the magnetic field at higher 
ust temperatures. Appendix C1 also demonstrates how the column 
ensity map resembles the dust emission maps, particularly 850 μm, 
t low temperatures and less so as dust temperature increases. 

In addition to temperature biases, we note that the 18 . 2 arcsec
olumn density map adopted in this paper was derived assuming a
xed dust opacity spectral index ( β) using the 36 arcsec Herschel -
erived dust temperature map (Pezzuto et al. 2021 ). The β values
n NGC 1333 near protostars and outflo ws, ho we ver, tend to be
ower than those assumed for the Herschel column density maps 
Chen et al. 2016b ). The 36 arcsec T d map also likely o v erestimates
he spatial extent of the protostellar heating relative to what would
e needed for a 18 . 2 arcsec column density map, considering how
ompact the protostellar-heated sources are in the 160 μm data (see
ig. 1 ). Given that the Herschel column density map was derived
MNRAS 533, 1938–1959 (2024) 
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rom a single-component spectral energy distribution (SED) model,
uch an error in the dust temperature estimation can propagate into
he 18 . 2 arcsec -resolution column density map. Indeed, Fig. 1 shows
alo-lik e artef acts around protostellar sources SVS 13 and IRAS
 in the column density map. Considering that protostellar heating
an also give rise to varying temperature profiles along the lines
f sight, a single-component, isothermal SED model used to derive
he column density map may fail to capture the observed emission
dequately even if the dust temperature resolution is not a problem.
 or e xample, Appendix C shows that the 18 . 2 arcsec - and 36 arcsec
esolution column density gradients tend to agree well with each
ther, suggesting that any issues with the resolution are highly
ocalized. Due to column density gradients being sensitive to these

odelling limitations and the fact that dust emission and polarization
re inherently temperature-weighted along the lines of sight, we
aution against o v erinterpreting the ∇N (H 2 ) gradient results. 

Comparable analyses with Planck (e.g. Planck Collaboration XIII
016 ) probe structure alignments using column density structures
nd on much larger scales. As a result, most of their independent
easurements are dominated by what is considered low-column

ensity ( < 2 . 5 × 10 22 cm 

−2 ) material in our study. Indeed, the fact
hat the 10 arcmin Planck beam is about 33 times that of our column
ensity counterpart map suggests that their beams tend to sample
ore diffuse gas that is less shielded from the interstellar radiation
elds (ISRF), even when pointed towards the highest column density
egions. The Planck column density map, derived from Planck
mission maps, is thus more biased towards the warmer gas than
ur Hersc hel -deriv ed column density map and is likely in better
greement with the gas traced by our dust emission maps. This
imilarity likely explains why our emission structural alignments
ith the B field agree more with the Planck result than our column
ensity alignments. We caution, ho we ver, that the scales of the Planck
tudy are substantially larger than those we study. For reference, the
ntirety of our BISTRO data of NGC 1333 is only about two of
lanck ’s 10 arcmin beams in size. 
Soler ( 2019 ) also performed similar analyses using the Planck B 

eld measurements with 36 arcsec Hersc hel -deriv ed column density
aps. In Perseus South, which contains NGC 1333, they found no

referential alignment ( Z x ∼ 0) at N (H) � 3 × 10 22 cm 

−2 . For the
earby ( d < 450 pc) molecular clouds in general, they only found
eak perpendicular alignments ( | Z x | � 2 σ ) at N (H) � 8 × 10 21 

m 

−2 . While these results are consistent with ours, the scale for
hich the Planck data probes B field is still substantially larger than

hat probed by POL-2. It is thus difficult to interpret the significance
f the non-alignment results in their study, both in relation to ours
nd those by Planck Collaboration XIII ( 2016 ). 

.2 Local mass flows in a compressed region 

rom the VCSs identified in NGC 1333, most of them showed
o preferred alignment between the local velocity gradients and
agnetic field. Only one region, VCS-e , had significant alignment.
CS-e shows a preferential parallel alignment between its velocity
radient and the magnetic field. This region is located on a ridge in
GC 1333 that D19 interpreted to have been formed by large-scale

ompression, likely driven by an expanding bubble. D19 argued that
he qualitative alignment between their velocity gradients and the

agnetic field measured by Doi et al. ( 2020 ) indicates the presence
f mass flow along a magnetic field, similar to those found in shock-
ompressed regions in MHD simulations (Chen & Ostriker 2014 ,
015 ). D19, ho we ver, only performed a single-velocity fit to their
 arcsec NH 3 data and treated their entire v LSR map of NGC 1333 as
NRAS 533, 1938–1959 (2024) 
 single coherent region. We will thus be revisiting this region with
he VCSs identified from the two-component fits to the 14.1 arcsec
H 3 data. 
The e xtended v elocity front that D19 identified as a source

f compression actually corresponds to a fairly sharp v LSR jump
etween two distinct groups of VCSs: the first group consisting of
CS-d and VCS-e with lo wer v LSR v alues of ∼ 7 km s −1 and a second,
djacent group consisting of VCS-a and VCS-b with higher v LSR 

alues of ∼ 8 km s −1 (see Fig. 3 and Fig. 7 ). The velocity gradient
ront inferred by D19, therefore, may not necessarily correspond
o a kinematically continuous structure (i.e. velocity coherent), and
hould be considered inter-VCS in nature. The velocity gradients we
easured, ho we ver, are strictly within the identified VCSs, and thus,

hey are intra-VCS by definition. 
Despite our velocity gradients being intra-VCSs, the ∇v we found

n VCS-e still aligns perpendicularly to the magnetic field, similar
o the inter-VCSs ∇v found by D19 between VCS-a and VCS-e .
uch an agreement suggests that a common process is driving these

wo types of velocity gradients. For example, the inter-VCS and
ntra-VCS velocity may trace the global and local convergence flows
een in the MHD simulations by Chen & Ostriker ( 2014 , 2015 ). In
hese simulations, the global flow is driven by large-scale turbulence,
nd the local flow is driven by gravity. Under this scenario, the
nitial turbulent compression first forms a denser post-shock region.
he o v erdensities (e.g. filaments) that emerged within this re gion

hen subsequently drive accretion along the B field via self-gravity.
uch an accretion can manifest in the preferential parallel alignments
etween the B field and ∇v, like those we found in VCS-e . Indeed,
ynthetic observations of these simulations, focused on a similar
ensity regime as our observations, were compared with Serpens
outh observations to infer such flows (Chen et al. 2020a ). 
To quantify the ratio between the gravitational potential and

he kinetic energies of the flow observed in VCS-e , we adopt the
nalytic expression C v ≡ �v 2 h / ( GM/L ) proposed by Chen et al.
 2020a ). Here, �v h is the LOS velocity difference across half a
lament, M/L is the filament’s mass per unit length, and G is

he gravitational constant. A C v value less than unity indicates
 flow driven predominately by gravity, while a C v greater than
nity indicates a flow driven by non-gravitational processes such as
urbulence or e xpanding bubbles. F or VCS-e , we measure an intra-
CS �v h of ∼ 0 . 3 km s −1 . If we adopt M/L = 83 M � pc −1 from
acar et al. ( 2017 ) for their filament 10 , the structure onto which
CS-e seemingly accretes, then resulting ratio value is C v ∼ 0 . 3.
his C v value is well below unity and indicates that the flow within
CS-e is gravitationally driven and is consistent with those found
ith synthetic observations of simulations by Chen et al. ( 2020a ) at

he epoch when filaments have formed prominently. 
Since gas flows physically moving towards each other can manifest

s distinct VCSs in observations (Clarke et al. 2018 ), the inter-
CS velocities can still contain important information regarding

onverging flows, such as those driven by expanding bubbles. If
e instead use the inter-VCS �v h of ∼ 1 . 0 km s −1 , a lower limit
easured between VCS-e and VCS-a in the region centred on the

lament 10 from Hacar et al. ( 2017 ), then we get C v ∼ 3 . 1, which
s significantly larger than unity . Similarly , D19 found C v > 1 at
nd around VCS-e . Such a C v would indicate a flow that is driven
redominately by non-gravitation means. 
The discrepancy between the intra- and inter-VCS C v values,

o we ver, are not necessarily contradictory. In fact, these two values
an be reconciled under a single theoretical model, where the former
nd the latter correspond to the two stages of dense filament formation
n simulations by Chen & Ostriker ( 2014 , 2015 ) and Inoue et al.
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Figure 10. PRS values between B and the 160, 250, and 850 μm emission 
maps (i.e. Z BI ) measured o v er N(H 2 ) ranges defined by equal-size bins and 
represented by the median bin value. The size of each bin is 70 pixels. The 
different symbols correspond to each of the emission maps, and the error bars 
show 1 σ uncertainties. 

f
r  

f  

Z  

h

5

W  

o  

m
m  

m  

l
s

 

p  

μ  

i  

e  

o
e
c  

p
a  

N

b
(  

e
t  

t  

1  

t
s  

f
o  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1938/7725069 by Annette C
hrysostom

ou user on 28 August 2024
 2018 ; see also re vie w by Pineda et al. 2023 ). Under this scenario, a
arge-scale compressing flo w, dri ven by turbulence or an expanding 
ubble, can produce distinct observable VCSs with inter-VCS C v 

alues larger than unity. When such a flow collides and becomes 
elatively stagnant in the compressed region, the overdensities within 
he region can drive gravity-dominated accretion flows, resulting in 
elocity-continuous intra-VCS flows with C v < 1, such as in VCS-
 . The simultaneous observations of these two flows suggest that 
he initial turbulent flows may have only made partial contact and, 
hus, not completely destroyed in the collisional process forming 
he compressed region. Two-component spectral fitting and VCS 

dentification, ho we ver, are needed to identify these flo ws properly. 

.3 Core contraction or rotation 

ven though VCS-h , the largest VCS in NGC 1333 by spatial extent,
oes not show a preferred alignment between B and ∇v o v erall, the
wo fields are preferentially aligned perpendicularly at pixels with 

(H 2 ) ≥ 5 × 10 22 cm 

−2 ( > 2 . 5 σ detection; see Fig. 8 ). These high
olumn density regions are fairly compact and likely dominated by 
he dense cores embedded in the filament (e.g. Doi et al. 2020 ). As
uch, the perpendicular alignments between B and ∇v may indicate 
ravitational contraction towards dense cores along a direction that 
s perpendicular to the B field support rather than flowing along 
he field lines. Alternatively, the perpendicular alignment could be 
ue to the magnetic field and the velocity gradient tracing different 
cales in gravitationally dominant regions. Under this scenario, the 
ontraction flows traced by the velocity gradient can significantly 
istort the magnetic field inside dense structures and consequently 
epolarize the dust emission there (e.g. Chen et al. 2016b ). This
auses the observed dust polarization to predominately trace the 
atal magnetic field outside the dense region that is perpendicular to 
he gas flow that distorts the magnetic field inside (e.g. G ́omez et al.
018 ). 
Rather than gravitational contraction, the ∇v seen towards these 

ense regions could be dominated by core rotation instead. In this
ase, the preferential perpendicular alignment between B and ∇v 

ould be contrary to the results found in simulations by Chen &
striker ( 2018 ) and the 10 ′ large-scale study conducted with Planck
olarization and single-dish 32 arcsec NH 3 data by Pandhi et al. 
 2023 ). Those studies both found no alignment between core angular
omentum and the global B field. The number of compact, dense 

tructures in VCS-h adopted by Doi et al. ( 2020 ), ho we ver, is lo w
 n ∼ 5). Moreo v er, the Planck data used by Pandhi et al. ( 2023 )
as a substantially lower resolution than our B field data and thus
races much larger scale B fields. Further comparison between our 
esult and their work must account for these differences. More RO 

easurements that extend throughout NGC 1333 with more sensitive 
 field measurements and better NH 3 spatial co v erage will also need

o be investigated further. 

.4 Correlations with gas properties 

n Section 4.4.3 , we showed that PRS of individual local regions
oes not correlate with their respective median gas properties. In 
his section, we examine the PRS in different gas property regimes 
ampled globally based on their percentile values rather than their 
patial proximity . Specifically , we divide our samples into equal- 
ize bins by percentile ranges for N (H 2 ), T d , |∇v| , and σv and
ompute a Z x value for each bin, with percentile values computed 
nly for pixels where the gas property and the relative orientation are
obustly measured. This approach tests the general field alignment 
or material under similar physical conditions within NGC 1333 
egardless of where these pixels are found. Using this approach, we
ound trends between Z BI and these four gas properties, but not for
 BN and Z Bv . We will thus focus solely on Z BI in our discussion
ere. 

.4.1 Alignment correlation with column densities 

e divided NGC 1333 into six equal-sized bins of 70 pixels based
n column density ranges in increments of 16.7 percentiles, and then
easured their corresponding PRS. We only use independent RO 

easurements for the PRS calculation. We further note that the RO
easurements in these column density bins are from pixels that are

ocated spatially throughout the cloud, making many of our samples 
patially independent beyond just the beam separation. 

Fig. 10 shows the PRS for each of the emission gradients, Z BI ,
lotted against their respective median bin N (H 2 ) values. The 160
m data show a general anticorrelation for Z BI , similar to that found

n Oph A on a comparable scale using 154 μm observations (Lee
t al. 2021 ). Such a trend indicates that the magnetic field starts
ut being parallel to the dust emission gradients (perpendicular to 
longated structures) at our lowest column densities ( ∼ 1 × 10 22 

m 

−2 ) but then transitions to no preferred alignment or more
erpendicular alignment at higher column densities. For the 250 
nd 850 μm emission maps there are hints of an anticorrelation for
(H 2 ) � 4 . 5 × 10 22 cm 

−2 too, but the trend is less clear. 
Higher (more positive) Z BI values in the lowest column density 

ins are consistent with the results of Planck Collaboration XIII 
 2016 ). Our parallel alignment between B and the emission gradi-
nts match the general Planck -derived perpendicular alignment to 
he structure elongations at N (H) � 5 × 10 21 cm 

−2 , although this
ransitional column density is well below all our samples in NGC
333. Even though we probe spatial scales that are much smaller
han those from the Planck study, synthetic observations of MHD 

imulations on our scales show that such an alignment can still arise
rom accretion along magnetic fields when gravity starts to dominate 
 v er magnetic support (Chen et al. 2016b ). Indeed, considering all the
ense filaments in NGC 1333 are significantly thermally supercritical 
MNRAS 533, 1938–1959 (2024) 
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Figure 11. Same as Fig. 10 , but calculated from 70-pixel-size T d bins. 
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Figure 12. Same as Fig. 10 , but calculated from 50-pixel-size |∇v| bins. 
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e.g. Hacar et al. 2017 ; Chen et al. 2024, submitted), the parallel
lignment between the emission gradient and B in our lower column
ensity bins likely results from gravity dominating o v er magnetic
upport. 

As gravity becomes more dominant towards higher densities,
ontracting structures can drag and distort the magnetic field sig-
ificantly inwards. The complexity of such a distortion in 3D can
ause the projected 2D alignments to shift or wash out, resulting in
epolarization (Chen et al. 2016b ). Indeed, Doi et al. ( 2021 ) found
lament widths measured in polarized emission in NGC 1333 to
e consistent with pinched magnetic field distortion under simple
ontraction models. Unresolv ed comple x field morphologies likely
xplain why our Z BI trends towards no preferred alignment with
ncreasing column densities. 

Similarly, field alignment can also change at the highest column
ensities due to the B field being dragged along and becoming
elatively parallel to elongated structures like filaments, similar to
hose seen in simulations by G ́omez et al. ( 2018 ). Observationally,
illai et al. ( 2020 ) found a transition to parallel structure alignment
t N (H 2 ) � 2 × 10 22 cm 

−2 in Serpens South’s filament-hub system
sing 214 μm polarization data. Monsch et al. ( 2018 ) also saw
arallel alignment between B and a high-density filament in Orion A
sing 850 μm polarization data. Therefore, the extended trend of the
60 μm data having B transition to perpendicular alignment relative
o the emission gradient (parallel to elongated structures) in Fig. 10
ay similarly correspond to field lines being dragged by gravitational

istortions. We caution, ho we ver, that the PRS statistics in the highest
olumn density bin have weak alignment signals ( | Z BI | ∼ 1) and
ore data are needed to confirm whether this trend is robust and

nique to the 160 μm emission structures. 

.4.2 Alignment correlation with dust temperatures 

ig. 11 shows Z BI plotted against their respective T d values for
ix temperature-binned regimes using 70-pixel bins (following Sec-
ion 5.4.1 ). In general, Z BI shows a positive correlation between
 BI and temperature for all three dust emission maps. A positive
orrelation with the temperature suggests that the B field tends
o align parallel to the emission gradients (perpendicular to the
tructure) in warmer gas. Since our high-temperature pixels are
ominated by diffuse, larger scale gas around the B-stars (see Fig.
NRAS 533, 1938–1959 (2024) 
 ), the less-shielded diffuse gas structures appear to be most aligned
ith the magnetic field. Indeed, the highest T d samples seen in Fig.
1 are mostly found at Region 13 , which is predominately heated by
 stars in their vicinity (Chen et al. 2016a ). This w arm w atershed

egion’s PRS also showed the strongest parallel alignment with
he emission gradient in NGC 1333 (see Section 4.4.3 ). Assuming
enser gas is better shielded and hence colder than its more diffuse
ounterparts, the correlation between Z BI and T d is also consistent
ith the anticorrelation between Z BI and N (H 2 ) seen in Fig. 10 . 
Similar to the highest column density Z BI values seen in Fig. 10 ,

he intensity gradients only deviate from the same general trend at
he lowest T d bin. Since the highest N (H 2 ) and the lowest T d bins
ikely trace the densest pre- and protostellar cores, the deviation in the
rend may be associated with early instances of localized collapse.
he lack of ele v ated T d near the protostellar sample in the lowest T d 
in suggests that their associated YSOs are fairly young and deeply
mbedded. The different behaviour of Z BI between the 160 μm data
nd the 250 and 850 μm data in these bins are likely due to 160 μm
ap being more sensitivity to the warmer gas along lines of sight,

.g. the YSO-heated inner region of a protostellar core or the warmer
nvelopes of a pre-stellar core. 

.4.3 Alignment correlation with gas kinematics 

o see if the magnetic field shows any preferred alignment with the
as kinematics, we calculated Z BI with pixels binned according to
heir |∇v| and σv values. We use 50-pixel bins for both measurements,
orresponding to 25-percentile increments (following the same
pproach as with the column density maps in Section 5.4.1 ). We
hose a smaller bin size here to accommodate the smaller o v erlaps
etween the B field and the NH 3 detections and ensure at least four
RS measurements across each gas property. 
Figs 12 and 13 show trends of Z BI in relation to |∇v| and σv ,

espectively, for each emission map. We find an anticorrelation
etween Z BI and both |∇v| and σv in all three wavelengths. The
imilarity between the two anticorrelations, ho we v er, is une xpected,
iven that |∇v| and σv exhibit very different morphologies and do
ot correlate well with each other (e.g. see Fig. 3 ). While velocity
radients can arise from large-scale flows, rotation, or contraction
see Section 5.3 ), the velocity gradient in NGC 1333 on the scale
e probe ( ∼ 0 . 02 pc) seems to be dominated by ripple structures
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Figure 13. Same as Fig. 10 , but calculated from 50-pixel-size σv bins. 
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see Fig. 3 ). These ripples appear to be w ave-lik e in nature, lik ely
riven by gra v o-acoustic or MHD wa ves. The ele v ated σv , on the
ther hand, is most likely turbulent in nature, given that the NH 3 

as temperatures do not vary significantly in NGC 1333 (Friesen 
t al. 2017 ). These ele v ated σv can be driven by processes such as
ccretion. We further discuss the relationship between Z BI and |∇v| , 
s well as σv , in the next Section 5.5 and Section 5.6 , respectively. 

.5 Disturbance from MHD waves 

he ripple-like features in the |∇v| maps (see Fig. 3 ) have been
reviously seen with NH 3 in NGC 1333 on the 0.05 pc scale (Chen
t al. 2020b ) and in Perseus B5 on the 0.01 pc scale (Chen et al. 2022 ).
hese features appear to be small-scale perturbations on top of the 

arger scale velocity gradients that likely trace mass transports such 
s accretion flows (e.g. Chen et al. 2020a ). When taking a few sample
lices through the ripples perpendicularly, we find the ridge-to-ridge 
nd v alley-to-v alley distance in our data to be quasi-periodic, with
engths that range between 0.02 and 0.04 pc. 

Similar ripples have been found along filaments in line-of-sight 
 elocities observ ed with other tracers, such as CO (e.g. Hacar et al.
013 ) and N 2 H 

+ (e.g. Tafalla & Hacar 2015 ), as well as in hydro-
ynamic simulations (e.g. Clarke et al. 2016 ). In their simulations,
larke et al. ( 2016 ) found ripples in supercritical filaments seeded

nitially by gra v o-acoustic oscillations in the subcritical accretion 
hase of the filament. In MHD models, Alfv ́en and magnetosonic 
aves are able to propagate in directions parallel and perpendicular 

o the unperturbed magnetic fields, respectively (e.g. Tritsis & Tassis 
016 , 2018 ). Such waves can be excited by stellar feedback, such as
utflows and expanding stellar wind shells, and can enhance turbulent 
nergy transfer from the local scale to the cloud scale (Offner & Liu
018 ). Given that NGC 1333 is a fairly active star-forming region
ith a large number of outflows (e.g. Arce et al. 2010 ), we expect it

o be capable of exciting such waves. 
As seen in Fig. 4 (d), the magnetic field tends to align perpendicular

o the ripple features in many places, particularly towards Regions 9 
nd 10 . If we assume valleys of the |∇v| ripples trace wavefronts,
here wave motions are expected to be locally stagnant, then our 

esults would be consistent with the expected behaviour of Alfv ́en 
aves, where the waves propagate along the B field. In some limited

reas, ho we ver, such as the south-eastern part of Region 11 , the
ipples can align in parallel with the magnetic field, consistent with
he behaviour of magnetosonic waves. Since magnetosonic waves 
an be non-linearly coupled with Alfv ́en waves (Heyvaerts & Priest
983 ), it is possible that both types of waves remain important
n NGC 1333. We note that inclination effects must be properly
ccounted for to interpret the wave propagation directions well. 
evertheless, the preferential alignments between the prominent 

∇v| ripples and the magnetic field suggest that these ripples are
riven by MHD waves. 
Regardless of the exact nature of the |∇v| ripples, pixels with

o wer |∇v| v alues likely trace the gas least perturbed by these ripples
see Fig. 12 ). The strong parallel alignment between the B field and
mission gradients at the lower |∇v| bin may thus correspond to
 ‘pristine’ alignment, similar to those we found globally in NGC
333 (see Fig. 6 ). Such a global alignment is dominated in pixel
ount by the warmer, more diffuse gas with emission gradients 
ligned preferentially parallel to the magnetic field (see Section 5.4.1 
nd 5.4.2 ). If such a parallel gradient alignment (i.e. perpendicular
tructure alignment) is indeed pristine, then it is likely inherited from
he same trend found on the larger scales for N (H) ≥ 5 × 10 21 cm 

−2 

Planck Collaboration XIII 2016 ), which corresponds to the initial 
onfiguration in this density regime before gravity distorts the B field
ignificantly on the smaller scales (see Section 5.4.1 ). 

The anticorrelation between Z BI and |∇v| seen in Fig. 12 thus
uggests that as |∇ v| increases, the B − ∇ v alignment becomes more
erturbed from such pristine alignments. Given that most of the 
igher |∇v| pixels come from ripple-like structures, MHD waves are 
ikely the primary driver of these perturbations. Nevertheless, since 
any of the Class 0/I YSOs identified by Dunham et al. ( 2015 ) are

ocated within a beam of the highest |∇v| bin pixels, instances of
ocal collapse may also contribute to the trends in that bin. Indeed,
he |∇v| structure indicative of an infall towards the densest pre-
tellar ‘condensate’ in Persues B5 have distinctly higher |∇v| values 
han the ripple structures seen throughout the B5 sub filaments (Chen
t al. 2022 ). 

.6 Disturbances from infalls 

imilar to the Z BI − |∇v| , we find an anticorrelation between Z BI 

nd σv (see Fig. 13 ). This anticorrelation, ho we ver, is unlikely to be
riven by the decrease in Z BI with increasing |∇v| discussed in the
revious section. The fact that σv and |∇v| do not correlate well with
ach other and are morphologically dissimilar (see Fig. 3 ) implies
hat the two trends are not causally linked, at least not directly. There
re a few exceptions where compact areas with σv > 0 . 5 km s −1 

ppear to correlate with high |∇v| regions, but these areas are mostly
ocated outside of where the B field is robustly detected (see Fig. 4 ).

Interestingly, despite protostellar cores having larger σv than their 
re-stellar counterparts when observed at a lower resolution (Kirk, 
ohnstone & Tafalla 2007 ), the pixels neighbouring Class 0/I YSOs in
ur VCSs (within ∼ 1 beam) do not necessarily display significantly 
igher σv values compared to each VCS’s o v erall σv . The median σv 

ithin a beam of Class 0/I YSOs is 0.16 km s −1 while the median σv 

ithin the VCSs is 0.22 km s −1 . This lack of ele v ated σv near YSOs
uggests that accretion-driven turbulence associated with protostellar 
nfall (e.g. Klessen & Hennebelle 2010 ) is not the main driver behind
he ele v ated NH 3 σv seen in VCSs, particularly where the B field is
obustly detected. 

We also find no correlation between ele v ated σv and locations of
rotostellar outflows, indicating that higher σv regions in NGC 1333 
re not driven by outflows either, consistent with the single-dish 
H 3 findings in NGC 1333 (Chen et al. 2020b ). Instead, higher
MNRAS 533, 1938–1959 (2024) 
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v pixels tend to be found towards the outskirts of VCSs. This
ehaviour is qualitatively similar to the ‘transitions to coherence’
owards denser structures found by single-dish observations (e.g.
ineda et al. 2010 ) and the trend found by Chen et al. ( 2022 )
t a higher resolution, where the NH 3 σv increases radially from
ubfilament spines. Such a trend can result from the top-down
urbulence cascades from the cloud (Federrath 2016 ), a consequence
f ongoing hierarchical collapse (V ́azquez-Semadeni et al. 2019 ) or
ccretion-driven turbulence (Heigl et al. 2020 ). Due to limited spatial
 v erlap between B field detections and the VCS footprints, our RO
easurements tend to be found in the lower σv regions towards

enser structures, further from the VCS edges (see Fig. 4 ). The only
xception is the northern part of VCS-h around Region 11 (see Fig. 7 ),
here the B field is detected towards lower column density structures
ue to higher dust temperatures in the region. 
The anticorrelation between Z BI and σv indicates that the physical
echanism that drives increased σv can also perturb the alignments

etween B and the emission gradients from its pristine parallel state.
s σv increases, such alignments become less parallel (see Fig. 13 ).
he perturbation behind this trend may predominately come from
isturbances to the B field due to accretion, which can result in
ncreased σv in our observations either directly as unresolved infall

otions (V ́azquez-Semadeni et al. 2019 ) or indirectly as accretion-
riven turbulence (Heigl et al. 2020 ). While the top-down turbulent
ascade (Federrath 2016 ) can also explain the behaviour of increased
v in NGC 1333, if the B field alignment was disturbed purely
y cascading turbulence rather than local infall, then the effect
ould be more pronounced in the larger scale diffuse gas than

heir denser counterparts. Our finding where Z BI anticorrelates with
olumn density (see Section 5.4.1 ), ho we ver, does not support this
nterpretation. The decrease of Z BI towards higher σv is thus more
ikely caused by accretion-driven disturbance to the alignments than
y the top-down turbulence cascade. 

 C O N C L U S I O N S  

or the NGC 1333 region, we examined the alignment between the
ocal magnetic field, B, inferred from POL-2/JCMT observations and
he gradient fields from maps of thermal dust emission at 850, 250,
nd 160 μm, Hersc hel -deriv ed column density, and NH 3 v elocity
entroid, i.e. ∇I 850 , ∇I 250 , ∇I 160 , ∇N (H 2 ), and ∇v, respectively.
or the velocity gradients, we first fit two-component models to the
LA + GBT NH 3 observations using the MUFASA software (Chen

t al. 2022 ) and then identified VCSs in position–position–velocity
pace using the DBSCAN clustering algorithm (Ester et al. 1996 ). We
hen take the gradients of each VCSs’ velocity centroid maps to
btain ∇v. 
We calculate the relative orientation (RO) angles, φ, between the
 field and each gradient field under the convention where 0 deg and
0 deg represent parallel and perpendicular alignments, respectively.
e then quantified the distribution of these ROs in local gas structures

nd examined how they correlate with different gas properties using
he PRS. Here, we summarize our main results: 

(i) Globally, we find a preferential parallel alignment between
he B field and each of the emission gradients (i.e. ∇ I 160 , ∇ I 250 , and
I 850 ) with RPS Z x > 2 . 5 σ . Since emission gradients are orthogonal

o structure elongations, this result indicates that gas structures in
GC 1333 tend to align perpendicular to the B field on average,

imilar to the results found for dense, elongated cloud structures
n the larger scales (Planck Collaboration XIII 2016 ). The B field
NRAS 533, 1938–1959 (2024) 
nd the ∇v and ∇N (H 2 ) fields, ho we ver, do not show a preferred
lignment globally. 

(ii) Only a few VCSs showed preferred alignment between B and
v locally. VCS-e showed preferential parallel alignment while VCS-
 showed preferential perpendicular alignment at higher densities.
he parallel alignment in VCS-e can be explained by a bubble
ompression front (Dhabal et al. 2019 ). The gra v o-kinematic energy
atio (i.e. C v ; Chen et al. 2020a ) of VCS-e indicates that its internal gas
o w is dri ven predominantly by gra vity while the inter -VCS velocity
ifferential suggests that VCS-e is being pushed into other VCSs by
on-gravitational means or vice versa, presumably by the expanding
 ubble. These two beha viours are consistent with the two stages
f filament and core formation via MHD gas compression under a
ingle scenario (Chen & Ostriker 2014 , 2015 ). The perpendicular
lignment in VCS-h at high densities, on the other hand, could be
racing areas of local infall. 

(iii) Most subregions defined by 850 μm emission do not show
ignificant alignments between the B field and the emission gradi-
nts. Region-9 and 13 , ho we v er, hav e preferential parallel alignment
hile Region-14 has preferential perpendicular alignment. Region
3 , in particular, is located in the warm diffuse region heated by the
wo nearby B stars (see Chen et al. 2016a ). 

(iv) Broadly, the RO distributions measured for each of the defined
ubregions show no correlation with the local properties of these
egions, such as their median N (H 2 ) or T d values. This lack of
orrelation indicates that the local variations in alignments within
he region wash each other out over the different properties. 

(v) When binned according to gas properties across NGC 1333,
ather than their spatial proximity, we found Z x calculated for the ROs
etween the B field and the emission gradients (i.e. Z BI ) correlates
ith T d and anticorrelates with N(H 2 ), |∇v| , and σv . The correlation
ith T d and anticorrelation with N(H 2 ) indicates that the B field

ligns more in parallel to the emission gradients (perpendicular to
tructures) in warmer, more diffuse gas. Such alignments become
ore distorted, likely due to gravity, as the gas gets colder and denser.
he anticorrelation between Z BI − |∇v| and Z BI − σv suggests that

he B field in NGC 1333 aligns more perpendicular to structures in
ess kinematically perturbed gas. These less perturbed alignments
re similar to the global average we found for NGC 1333 and that
ound on larger scales (Planck Collaboration XIII 2016 ). 

(vi) The |∇v| within VCSs shows ripple-like structures that are
paced about 0.02 pc to 0.04 pc apart (peak-to-peak and trough–
rough). These ripples can be coherently aligned perpendicular or
arallel to the B field in several regions, indicating they may
orrespond to Alfv ́en and magnetosonic waves propagating parallel
nd perpendicular to the B field, respectively (e.g. Tritsis & Tassis
016 ). 

Our results here establish that the magnetic field’s relationship
ith gas structures and mass flows changes on smaller (local) scales.
ixels associated with warmer, lower column density gas dominate
ur sample by number and generally agree with the findings of
lanck Collaboration XIII ( 2016 ) in the same density regime, where

he magnetic field aligns perpendicularly to the gas structures. The
ower density gas in our study may, therefore, represent the ‘pristine’
tate inherited from the larger scales. The disturbances from this
tate are limited to localized areas as the gas becomes denser and
older, where perturbations can arise from processes such as infall,
ccretions, and MHD waves. 

Sensitive polarization data and synthetic observations of simula-
ions that can capture large and small scales will be crucial to interpret
ur results robustly. Such studies will be particularly valuable to
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nderstand the role of temperature weighting along the lines of sight,
ow the observed B field co-evolves with dense structures, and which 
hysical processes can produce the trends we found. Furthermore, 
nvestigating |∇v| in synthetic observations will help understand the 
rigin of the |∇v| ripples, how they interact with magnetic fields, 
nd whether or not they are driven by MHD waves. 
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Figure A1. The CO (3–2) contamination in NGC 1333 plotted o v er the GBS, 
CO-decontaminated map of NGC 1333 in greyscale. The 850 μm continuum 

contamination fraction is shown as filled contours (coloured) and is measured 
as a percentage of the 850 μm continuum. The inferred B field is o v erlaid as 
black line segments. 
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Figure B1. Same as Fig. 2 , but with noise (light grey) and structures with less than 250 members (dark grey) identified by our DBSCAN run also shown. 
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PPEN D IX  B:  D BSCAN  RESULTS  

ig. B1 shows a 3D scatter plot of our full DBSCAN results in PPV
pace. The nine VCSs included in our final analyses are coloured 
he same as Fig. 2 . Additionally, the noise-classified members and 
ompact VCSs (with < 250 members) excluded from our analyses 
re shown in light and dark gre y, respectiv ely. As can be seen from
he shadow of the structures projected onto the RA-Dec-plane, the 
CSs with less than 250 members are indeed spatially compact. The 
oise samples, on the other hand, appear as either isolated pixels 
r as relatively correlated structures between the larger VCSs in 
PV space. The exclusion of both the noise and the compact VCSs,
o we ver, does not affect our analysis, given that they represent
tructures that are distinct in the PPV space from those included 
n our analysis. 

PPEN D IX  C :  C O L U M N  DENSITY  G R A D I E N T S  

1 Comparing with dust emissions 

o investigate the relationship between the 18 arcsec -resolution 
ersc hel -deriv ed column densities and the dust emission maps, we

alculate the PRS between their respective gradients (i.e. Z NI ). Fig. 
1 shows Z NI calculated for 160, 250, and 850 μm maps plotted as
 function of 18 arcsec -resolution N (H 2 ) and T d in the left and right
anels, respectively. We also applied the same analysis comparing 
he gradients between the 18 arcsec and 36 arcsec resolution N (H 2 ) 
aps and plotted o v er the same panels. Overall, we find parallel

lignments between the respective ROs, indicating that the column 
ensity and dust emission maps broadly trace similar structures. 
he emission alignments with column density, ho we ver, become 
ess parallel as the wavelength decreases. This trend is consistent 
ith the expectation that shorter wavelength emissions preferentially 

race warmer structures along the lines of sight than purely column-
ensity-weighted structures. We also see a general anticorrelation 
etween Z NI and T d , indicating that dust emission structures indeed
epart more from their column density counterparts in warmer 
nvironments. 

2 Resolution dependence 

ig. C1 also shows that the 14 arcsec -resolution 850 μm emission
radients and 36 arcsec -resolution N (H 2 ) gradients have a similar 
egree of alignment with the 18 arcsec -resolution N (H 2 ) gradients. 
his result illustrates that: (1) 850 μm emission is indeed a good
roxy of column density to first order and (2) our alignment results
re not particularly sensitive to the resolution difference between the 
8 and 36 arcmin resolution N (H 2 ) maps. 
To further investigate the effect of resolution on the column density

radients, Fig. C2 shows the PRS between the magnetic field and the
radients of each column density map (18 arcsec - and 36 arcsec -
esolution) plotted relative to equally-sized bins in column density. 
oth column density maps show similar Z BN values for each column
ensity bin, indicating that Z BN is not particularly sensitive to spatial
esolution. The lack of alignment (i.e. | Z BN | � 1 σ ) in any of the
6 arcsec - resolution bins (left panel) compared to their 18 arcsec -
esolution counterpart (right panel), indicates that the 36 arcsec - 
esolution N (H 2 ) is spatially too coarse to resolve N (H 2 ) ranges with
articularly interesting alignments, such as that seen in 18 arcsec - 
esolution’s 2 . 5 × 10 22 cm 

−2 bin. This result reinforces our choice
o carry out our analyses using the 18 arcsec -resolution N (H 2 ) data. 
MNRAS 533, 1938–1959 (2024) 
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M

Figure C1. The Z NI values calculated from equal-size bins of N (H 2 ) and T d plotted against their median bin values in the left and right panels, respectively. 
The size of each bin is 70 pixels, corresponding to about 14-percentile sampling bin widths. The legend shows the gradients used to calculate the Z NI values. 

Figure C2. The Z BN values calculated from equal-size bins of 18 arcsec -resolution N (H 2 ) and 36 arcsec -resolution N (H 2 ) plotted against their median bin 
values in the left and right panels, respectively. The size of each bin is 70 pixels, corresponding to about 14-percentile sampling bin widths. The Z BN are 
calculated from gradients of the 18 arcsec - and 36 arcsec -resolution N (H 2 ) values, labelled in the legend. 
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