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Abstract

Magnetic fields play a significant role in star-forming processes on core to clump scales. We investigate magnetic
field orientations and strengths in the massive star-forming clump P2 within the filamentary infrared dark cloud
G28.34+0.06 using dust polarization observations made using SCUBA-2/POL-2 on the James Clerk Maxwell
Telescope (JCMT) as part of the B-field In STar-forming Region Observations (or BISTRO) survey. We compare
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the magnetic field orientations at the clump scale of ~2 pc from these JCMT observations with those at the core
scale of ~0.2 pc from archival Atacama Large Millimeter/submillimeter Array data, finding that the magnetic field
orientations on these two different scales are perpendicular to one another. We estimate the distribution of magnetic
field strengths, which range from 50 to 430 4G over the clump. The region forming the core shows the highest
magnetic field strength. We also obtain the distribution of mass-to-flux ratios across the clump. In the region
surrounding the core, the mass-to-flux ratio is larger than 1, which indicates that the magnetic field strength is
insufficient to support the region against gravitational collapse. Therefore, the change in the magnetic field
orientation from clump to core scales may be the result of gravitational collapse, with the field being pulled inward

along with the flow of material under gravity.

Unified Astronomy Thesaurus concepts: Star formation (1569); Interstellar medium (847); Magnetic fields (994)

1. Introduction

Magnetic fields play an important role in star formation and
the evolution of the molecular cloud by either resisting
gravitational collapse or channeling flows of gas and dust
(e.g., J. Hwang et al. 2021, 2022; K. Pattle et al. 2023, and
references therein). Magnetic field lines observed in the plane
of the sky show ordered structures on cloud scales (~10 pc),
with fields tending to be perpendicular to high-density
structures and parallel to low-density structures (e.g., Planck
Collaboration et al. 2016). However, magnetic field orienta-
tions between parsec-scale clumps and sub-parsec-scale cores
are not as consistent as the large-scale fields seen in Planck
observations, instead showing a bimodal distribution (e.g.,
Q. Zhang et al. 2014). It is known that the relative importance
of magnetic fields, gravity, and turbulence can affect magnetic
orientations and core fragmentation in clumps (e.g., T. Liu
et al. 2018; Y.-W. Tang et al. 2019). It is necessary to study
magnetic fields on scales from clumps (~1pc) to cores
(~0.1pc) in order to discern the role of magnetic fields in
the overall star formation process (e.g., P. M. Koch et al. 2022).

Magnetic fields in star-forming regions can be studied using
polarized emission from dust grains aligned with respect to
magnetic field lines by radiative alignment torques (A. Lazarian
& T. Hoang 2007). Polarimeters on the James Clerk Maxwell
Telescope (JCMT), Stratospheric Observatory for Infrared
Astronomy (SOFIA), Submillimeter Array (SMA), and Ata-
cama Large Millimeter/submillimeter Array (ALMA) have
been widely used to study magnetic field properties in star-
forming regions from clouds to cores (e.g., references in
K. Pattle et al. 2023). Several studies have shown the
multiscale magnetic field structures in star-forming regions
(e.g., Q. Zhang et al. 2014; C. L. H. Hull et al. 2017;
P. M. Koch et al. 2018, 2022; J. Liu et al. 2024). For example,
magnetic field lines in a Class 0 protostellar source in Serpens
have different directions on cloud and core scales
(C. L. H. Hull et al. 2017). Conversely, a consistent magnetic
field orientation from core to clump scales is found in several
star-forming regions (e.g., Y.-W. Tang et al. 2019; J. Liu et al.
2024), which may imply that the magnetic field dominates over
gravity and turbulence. To understand the role of the magnetic
field in forming cores within a cloud or clump, we therefore
need to examine multiscale magnetic field properties.

Magnetic field strengths in molecular clouds are often
estimated using the Davis—Chandrasekhar-Fermi (DCF)
method (L. Davis 1951; S. Chandrasekhar & E. Fermi 1953).
An assumption in the method is that the underlying magnetic
field is uniform, and variations are the result of distortion of the
field by nonthermal gas motions. This distortion of magnetic
field lines is estimated using polarization angle dispersion.
However, magnetic fields may have underlying ordered

variation as a result of gravitational infall, rotation, or other
gas flows. In order to account for this curved magnetic field
structure and estimate the angle dispersion due to nonthermal
gas motions, J. Hwang et al. (2021) suggested a new method,
extending the approach developed by K. Pattle et al. (2017).
They calculated polarization angle dispersion in a box smaller
than the radius of curvature of the magnetic field, in which the
field lines can be assumed to be uniform. Using this moving
box method, a map of the magnetic field strength can be
obtained. The distribution of magnetic field strengths obtained
using this method can help to better constrain the magnetic
field strength inferred from dust polarization observations and
thus to investigate the effect of magnetic fields on core
formation within a cloud or clump.

G28.3440.06 (hereafter G28) is an infrared dark cloud
(IRDC) located at 4.8 kpc (S. J. Carey et al. 1998). IRDCs are
thought to be in an early stage of the massive star formation
process (Y. Wang et al. 2008). There are two clumps, P1 and
P2, in the southern and northern parts of G28, respectively (as
shown in Figure 1), which have previously been identified in
NHj; intensity maps (Y. Wang et al. 2008). Recently, J. Liu
et al. (2024) presented magnetic field orientations in G28 using
JCMT and ALMA observations, showing that several cores
have major axes aligned along the major axis of the P1 clump,
while magnetic field lines are perpendicular to that axis. The
magnetic field might regulate this aligned core fragmentation.

However, the P2 clump appears to show a different mode of
core fragmentation than that in the P1 clump (J. Liu et al.
2020). The core embedded in the P2 clump contains 15
complex dense condensations. Y.-W. Tang et al. (2019)
suggested that core fragmentation types can be affected by
the energy balance between gravity, turbulence, and the
magnetic field. To investigate why the P2 and Pl clumps
show different core fragmentation types, it is necessary to
determine their energy balance. However, there are a few cases
in which the role of the magnetic field in core fragmentation
can be studied (e.g., Y.-W. Tang et al. 2019). G28 is a good
target to examine this role, due to the two distinctive core
fragmentation types in clumps P1 and P2. The P1 clump has
already been studied, so we focus on the P2 clump in this work.

In this paper we present the results of polarized dust
continuum and N,H" observations of the P2 clump in G28
made using the JCMT as part of the B-field In STar-forming
Region Observations (BISTRO) survey (D. Ward-Thompson
et al. 2017) and the 14 m telescope at the Taeduk Radio
Astronomy Observatory (TRAO) as a PI project, respectively.
The N,H" traces dense gas with a critical density of ~10°
(Y. L. Shirley 2015), which is comparable to the density
obtained by dust continuum. We used the velocity dispersion of
N,H" to estimate the magnetic field strength using the DCF
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Figure 1. Left: map of polarization segments in G28 derived from the JCMT POL-2 850 um observations. The background image shows Stokes [ intensity. The gray
contours mark intensities of (10, 30, 50, 70, 150) x o, where oy is the Stokes / rms intensity of 7.6 mJy beam™'. The intensity scale of the image is shown in the
horizontal color bar. The selection criteria of the segments are I/AI > 10, p/Ap > 3, and p < 20%, where I, p, Al, and Ap are the intensity, polarization fraction,
and their uncertainties, respectively. The length of the polarization segments is shown in magenta scales with p. A scale bar showing p = 10% is plotted in the lower
left corner. A physical scale bar marking a distance of 1 pc is shown in the lower right corner. Right: map of magnetic field segments, again shown in magenta, which
are the polarization segments in the left panel rotated by 90°. The segments are plotted with a uniform length for clarity. The circle in the lower right corner of the right
panel indicates the JCMT beam size of 14.1 at 850 ym, which is equivalent to 0.32 pc at the distance of G28. Blue segments show magnetic field orientations inferred
from the Planck observations. Red contours in the right panel mark clumps identified using the astrodendro dendrogram algorithm (see Section 3.2 for details). The

two main clumps are labeled as P1 and P2, as defined by Y. Wang et al. (2008).

method. We obtain magnetic field orientations and strengths in
the P2 clump of G28 on ~2 pc scales (at a distance of 4.8 kpc;
S. J. Carey et al. 1998) and compare these with those on
~0.2 pc scales measured using ALMA in the P2 clump region,
and we examine the relative importance of magnetic fields,
gravity, and turbulence in the P2 clump on multispatial scales.

This paper is organized as follows. In Section 2, we describe
the polarization and molecular line observations made using the
JCMT and TRAO, as well as the archival ALMA data for G28.
We present magnetic field orientations, strengths, and proper-
ties in the P2 clump in G28 in Section 3. Measurements of
mass-to-flux ratio and energy balance in the P2 clump are
described in Section 4. We summarize our results in Section 5.

2. Observations and Data Reduction
2.1. JCMT Observations

We observed G28 in linearly polarized light, arising from
dust continuum emission, using the POL-2 polarimeter
mounted at the SCUBA-2 bolometer camera (W. S. Holland
et al. 2013) on the JCMT at 450 and 850 pum simultaneously. In
this work, we use the 850 m data only. The observations were
conducted as part of the BISTRO Survey (Project ID:
M20ALO018). The 27 data sets were obtained between 2020
September and 2022 August. The duration of each observation
was 31 minutes. The effective beam size of the JCMT at
850 ym is 14.1 (J. T. Dempsey et al. 2013). The observations
were carried out in the JCMT Weather Band 2, in which the

atmospheric opacity at 225 GHz (75,5G1,) is between 0.05 and
0.08. The observing mode was the POL-2 DAISY scan pattern,
which produces a circular map with a diameter of 11’. The rms
noise values are lower and uniform in the 3'-diameter central
region of the map and increase toward the edge of the map. To
improve the rms noise value, we further used 18 data sets
obtained using the JCMT between 2022 February and June
under the project code M22AP018 (PI: Junhao Liu; see J. Liu
et al. 2024). The data reduction procedures are explained in
Appendix A.

The Stokes I, Q, and U maps obtained are in units of picowatts
with a 4” pixel grid. The flux conversion factor at 850 ym is
495 +32Jybeam 'pW ', which is appropriate for data
observed after 2018 June 30 (S. Mairs et al. 2021). The POL-2
data are further corrected by an additional factor of 1.35 (which
results in a final conversion factor of 668 Jy beam ™' pW "), due
to the reduced optical throughput caused by the introduction of
the spinning POL-2 half-wave plate into the SCUBA-2 light path
(S. Mairs et al. 2021). This flux conversion factor is stable with
time since 2018; although some scatter around the mean value
may be seen in individual observations, our coadded set of 27
maps will be well calibrated. The rms values of the Stokes I, Q,
and U maps are 7.6, 4.4, and 4.3 mJy beam ', respectively. We
binned the polarization segments to a 12 pixel grid using the bin
size parameter in the Starlink software; this pixel size is chosen
for its similarity to the primary beam size of the JCMT at
850 um. The polarization angle (0,,s), debiased polarization
intensities (PIs), debiased polarization fraction (p), and their
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uncertainties are obtained using the Stokes parameters,

Oops = 1/2arctan(U/Q), (1)

Abgps = 0.5 (UAQ)? + (QAU)? /(Q* + U?), )
PI = Q2 + U? — APP?, 3)

APL = [((QAQ)* + (UAU)? /(Q* + U?) 4)
p = (Q*+ U* - 05[(AQ)* + (AU)//I, (%)
Ap = JAPZ/I2 + (AI2(Q* + U?)/I*, (©6)

where AQ?, AU?, and AP are the variances of Stokes Q, U,
and I, respectively.

The polarization segments that we obtained, scaled by their
debiased polarization fraction, are presented in the left panel of
Figure 1. We selected polarization segments using the
following criteria: I/AI > 10, p/Ap >3, and p <20% (see
Figure 1). The maximum dust polarization fraction is 20% in
Planck observations (Planck Collaboration et al. 2015).

2.2. TRAO Observations

We carried out observations of N,H" (J = 1-0;
93.17631 GHz) spectral lines in G28 using the TRAO 14 m
telescope located in Daejeon, Korea.*> The observations were
conducted from 2023 January to February. The data were
obtained using the on-the-fly (OTF) mapping mode of the
SEcond QUabbin Optical Image Array (SEQUOIA) receiver
equipped with a 4 x 4 monolithic microwave integrated-circuit
preamplifier on the TRAO. Two intermediate-frequency (IF)
modules in the observations allow us to simultaneously observe
two subbands in a frequency range of 85-100GHz or
100-115 GHz. Each spectrum has 4096 channels with a
resolution of 15 kHz and a bandwidth of 62.5 MHz. The beam
efficiency is 0.48 at 98 GHz (I.-G. Jeong et al. 2019).

The N,H" (J = 1-0) and HCO" (J = 1-0) observations
were made using two IF modules whose center frequencies are
93.176 and 89.189 GHz, respectively. The TRAO beam sizes at
these wavelengths are 54” and 56”, respectively. Mapping
observations were made over areas of 10’x 10’. The central
position of the mapping area is R.A.(J2000) = 18"42™50%9 and
decl.(J2000) = —04° 03’ 14”.

We performed four OTF scan observations over the same
mapping area and added the scan data to get one averaged map.
The integration time for each scan of size 10’x 10’ was about
100 minutes, and thus about 6 hr and 40 minutes in total were
used for the full observations. The map was reconstructed with
a pixel size of 22” and a spectral resolution of 0.3km s '. The
rms of the N,H" spectra varies from 0.02 to 0.03 K. Further
analysis of the map data was performed using the Continuum
and Line Analysis Single-dish Software (CLASS; J. Pety 2005;
Gildas Team 2013).

2.3. ALMA Archive Data

We used dust polarization observations of a core embedded in
the P2 clump of the G28 obtained using ALMA in Band 6. The
receiver for the observations was tuned to cover ~1.27-
1.29 GHz, with a total bandwidth of 5.6 GHz in the full
polarization mode. The ALMA observations were made between
2017 April and 2018 June as part of the projects of

45 https://trao kasi.re.kr

Hwang et al.

2016.1.00248.S (Cycle 4; PI: Qizhou Zhang) and
2017.1.00793.S (Cycle 5; PI: Qizhou Zhang). The data were
presented by J. Liu et al. (2020) and reduced using the Common
Astronomy Software Applications (J. P. McMullin et al. 2007).
The detailed data reduction processes are described by J. Liu et al.
(2020). The synthesized beam sizes in the Stokes I, O, and U
maps are 0.8 x 0.6 (~0.014 pc x 0.019 pc), and the maximum
recoverable scale in the observation is ~7” (~0.16 pc). We
produced polarization segments on 0.36 x 0.36 pixels, which is
about half of the beam size. We calculated the polarization angles
of the ALMA data using Equation (1).

3. Results
3.1. Magnetic Field Orientations

The polarization segments from our JCMT/POL-2 observa-
tions are shown in the left panel of Figure 1. In the right panel,
these segments are rotated by 90° to show magnetic field
orientations, with all segments scaled to the same length to
better show the pattern of magnetic field orientations. Magnetic
field lines are well ordered within the P1 and P2 clumps in a
fashion roughly perpendicular to the major axis of each
elongated clump. The blue segments represent the Planck large-
scale magnetic field orientations at 350 GHz (~857 pum). The
beam size for the Planck observations is 5’ (~7pc at the
distance of G28), which covers the overall region of G28. The
large-scale magnetic field orientation is directed from northeast
to southwest. As the details of the magnetic field orientation
from cloud to core scales in the P1 clump were discussed by
J. Liu et al. (2024), in this work we focus on the magnetic field
orientation in the P2 clump.

The left panel of Figure 2 shows a zoomed-in view of the
magnetic field distribution in the P2 clump. The right panel of
Figure 2 shows the magnetic field distribution in the core
embedded within the P2 clump; the area shown is marked with
a yellow rectangle in the left panel. In both panels, pink
segments show the magnetic field distribution obtained using
the JCMT, while cyan segments in the right panel indicate the
magnetic field distribution obtained using ALMA, with
selection criteria of PI/op;> 3, where PI and op; are the
polarized intensity and its uncertainty, respectively. The field
orientations on JCMT and ALMA scales are roughly perpend-
icular to one another. Figure 3 is a polar chart showing the
distribution of magnetic field orientations. Due to the 180°
ambiguity on the direction of polarization segments, diame-
trically opposite angles on the plot agree. The Planck magnetic
field orientation is shown in blue. The mean values of the
JCMT (magenta histogram) and ALMA (cyan histogram)
magnetic field directions are 24° and 117°, with standard
deviations of 19° and 32°, respectively, indicating that the two
magnetic field orientations are roughly perpendicular to one
another with a mean angle difference of 87°.

3.2. Polarization Angle Dispersion

We obtained a map of polarization angle dispersion (oy)
using the method introduced by J. Hwang et al. (2021), in
which the mean magnetic field orientations are determined
within a small box region. To decide the box size, we estimated
a radius of curvature for a circle on which two adjacent
segments become tangents (P. M. Koch et al. 2012). We
estimated the radii of curvature of four polarization segment
pairs between a reference pixel and adjacent left, right, upper,
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Figure 2. Left: magnetic field orientations in the P2 clump, zoomed in from Figure 1. The yellow rectangle marks the location of the core detected in the ALMA
observations. The pink segments and red contour are the same as in Figure 1. Right: magnetic field orientations in the ALMA core embedded in the P2 clump, in the
region marked in yellow in the left panel. The background image shows the ALMA 1.3 mm continuum emission. The pink and blue segments show magnetic field
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Figure 3. Magnetic field orientations obtained using JCMT and ALMA are
shown as magenta and cyan histograms, respectively, on a polar bar chart. The
Planck magnetic field direction is marked with a blue line. The dark magenta
and cyan dashed lines show the mean orientations obtained using the JCMT
and ALMA, 24° and 117°, respectively. The lengths of the bars represent the
fraction of the polarization segments with position angles in the range of the
bar. We show all segments within the area of the P2 clump bounded by the red
contour shown in Figure 1. Due to the 180° ambiguity on the direction of
polarization segments, diametrically opposite angles on the plot agree.

and lower neighbors. We took the mean of these four radii of
curvature as the radius of curvature for the polarization
segment in the reference pixel. By repeating these calculations,

we obtained radii of curvature for all pixels within the P2
clump. The derived radii of curvatures are larger than 36”, and
thus we assume that the mean magnetic field orientation in a
box of 36" x 36" (3 x 3 pixels) is uniform. In this way, we
measured the mean polarization angle and angle dispersion
within the box and then moved the box pixel by pixel to
estimate the distribution of polarization angle dispersion
(Figure 4) across the clump. The polarization angle dispersion
in the P2 clump within the red contour marked in Figure 4
varies from 3° to 20°, with a mean value of 11° 4 4°. The red
contour marks the boundary of the P2 clump, which we
identified using a dendrogram algorithm. For this, we used the
Python package astrodendro,*® which is used to recognize
hierarchical structures in molecular clouds (E. W. Rosolowsky
et al. 2008). The uncertainties in each pixel are estimated from
the measurement errors on the polarization segments
(Equation (2)) in each box centered on the pixel.

3.3. Volume Density

To estimate the column density, and thus the volume density
of the P2 clump, we considered the area within the boundary of
the P2 clump as defined in the previous section.

The column density of molecular hydrogen is calculated
using the following equation:

N(Hy) = L,/(umur@)B,(T)), @)

where 1, is the intensity at a frequency v; p = 2.8 is the mean
molecular weight per particle, assuming that 10% of the total
number of gas particles is helium (J. Kauffmann et al. 2008);
my is the mass of atomic hydrogen; x(v) = k,,(v/ vo)? is the
dust opacity function, where &, is 0.1 em’g ! at vy =1THz,

46 A minimum intensity le\,/,el of 27 mly beam ™' (30;) and a minimum size of
hierarchical structures of 14.1 (the JCMT beam size) were used when applying
the algorithm.
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Figure 4. Map of polarization angle dispersion estimated using the JCMT data
in the P2 clump of G28. Pink segments are magnetic field orientations derived
from the JCMT observations. The red contour is the boundary of the P2 clump,
identified using the astrodendro algorithm, as shown in the right panel of
Figure 1. Black contours indicate the 850 pm intensity levels of (5, 10, 15,
30) x oy from the edge to the center of the map, where o is the Stokes / rms
value, 7.6 mJy beam™ .

taking the dust emissivity index 3 to be 2 and assuming a dust-
to-gas mass ratio of 1:100 (F. Motte & P. André 2001; P. André
et al. 2010); and B,T) is the Planck function at dust
temperature 7. We assumed that the dust temperature is similar
to the rotation temperature of 29 K obtained using NHj
(J, K)= (1,1) and (2,2) observations in the P2 clump (Y. Wang
et al. 2008). This value is comparable to dust temperatures of
19-50K derived using the ratio of intensities at 450 and
850 pm in the clump and G = 1.5-2.0 (S. J. Carey et al. 2000).
We estimated H, column densities in each pixel within G28
using 850 pum intensity (Figure 5). The mean value that we
obtain is 3.0 x 10%? cm_z, which is comparable to the value
estimated by S. J. Carey et al. (2000), 5.7 x 10%* cm™2 within a
factor of ~2. We also compared our results with column
density maps of G28 obtained using the point process mapping
(or PPMAP) tool and spectral energy distribution fitting by
K. A. Marsh et al. (2017) and Y. Lin et al. (2017). Their mean
column density values in the P2 clump are 11.0 x 10** cm ™2
and 4.7 x 10> cm ™2, respectively, which are consistent within
a factor of a few with our value.

To estimate the volume density from the column density of
the P2 clump, we took its depth to be the equivalent radius of
the P2 clump, which is the radius of a circle with an area equal
to that enclosed by the red contour defining the clump
(Figure 4). The estimated radius was ~1 pc. By dividing our
column densities by this radius, we obtained volume densities
of molecular hydrogen in each pixel,

n(Hy) = N(H2)/R, ®)

where R is the equivalent radius of the P2 clump. Volume
densities in the clump are in the range (2.9-58.1) x 10* cm ~,
with a mean value of 1.0 x 10*cm ™. We note that we have
assumed that the P2 clump is an oblate structure. If we instead

took the depth to be 2R, the diameter of the equivalent-area
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Figure 5. Map of H, column density in G28. White contours indicate the
850 pm intensity levels of (10, 30, 50, 70) x o;.

circle described above, the volume density and magnetic field
strength will decrease by a factor 2 and 1.4, respectively.

3.4. Velocity Dispersion

We used N,H" (J=1-0) spectral line data to estimate
nonthermal velocity dispersion values for the DCF method.
The N,H" line traces dense regions, due to its high critical
density of 1.5 x 10°cm ™ and its low degree of depletion in
cold dense gas (e.g., E. A. Bergin & W. D. Langer 1997;
P. Caselli et al. 2002). Due to these properties, it is one of the
best tracers with which to measure nonthermal velocity
dispersion within the P2 clump. The N,H" (J = 1-0) spectral
feature has seven hyperfine structures (HFSs). However, six of
these HFSs are found to be blended in G28, due to their large
line widths (right panel of Figure 6). The observed N,H™"
spectra show three Gaussian components. The two components
in the center of the spectrum and at higher velocity each
contain three hyperfine lines. Only the leftmost, low-velocity
component has one hyperfine line.

Figure 6 shows a map of the nonthermal velocity dispersion
obtained using the TRAO N,H" observations. The beam size
of the TRAO is 54”. However, the velocity dispersion map has
a grid size of 22" because the spectra are observed on this grid.
We fit each N,H™ spectrum with a hyperfine line model using
the Python package of pyspeckit (an example is shown in the
right panel of Figure 6). We estimated the velocity dispersion
from the HFS fitting.

The nonthermal component o, , of the velocity dispersion
was estimated by subtracting the thermal component,

2 kI

Vobs

) m,H*+

, ©)

Ovpn = o

where o, is the velocity dispersion obtained from the fit of the
observed NoH™" spectral line; T} is the kinetic temperature
which is taken here to be the rotational temperature of the NH3
spectral line, 29K; and my,y+ is the mass of the N,H™
molecule. The velocity dispersion of the nonthermal gas
component ranges from 1.29 to 1.48kms™' in G28, with a
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Figure 6. Left: map of the nonthermal component of the velocity dispersion of the N,H™ spectral line. Black contours indicate the 850 um intensity of (10, 30, 50,
70) x o from outside to the center. The circle in the lower left corner shows the beam size of the TRAO, 52", Right: the spectrum at the position of the yellow plus
sign marked in the left panel. The red line is the best-fit HFS model for the N,H™ data, shown in black. The fitting results are shown in the upper right corner, where
Tex, T, v, and o are the excitation temperature, optical depth, velocity, and velocity width temperature, respectively.

mean value of 1.40 4 0.03kms ', The uncertainties are the
propagation of the errors on the HFS fitting.

Since the beam size of the TRAO is four times larger than
that of the JCMT, the velocity dispersion could be over-
estimated. However, the nonthermal velocity dispersion
determined from NHj3 observations made using the Very Large
Array with a beam size of 3”x 5” is about 1.8 km s~ in the P2
clump, which is comparable to our results (Y. Wang et al.
2008). Therefore, it seems likely that the large beam of the
TRAO does not affect the line broadening, so we used the
nonthermal velocity dispersion obtained by the TRAO data.

3.5. Magnetic Field Strengths

Plane-of-sky magnetic field strengths are typically inferred
from dust polarization observations using the DCF method, in
which we assume the magnetic field lines to be distorted by
nonthermal gas motions. We used the polarization angle
dispersion, the volume density, and the nonthermal gas velocity
dispersion to infer a map of the plane-of-sky magnetic field
strength using the following simple formulation of the DCF
method (R. M. Crutcher 2004):

Bpos = Q1/47Tp0;—‘:‘ ~ 9.3‘/n(H2)A7:, (10)

where By, is the magnetic field strength in the plane of the sky
in microgauss, Q is a correction factor that is taken to be 0.5
following E. C. Ostriker et al. (2001), p = pumyn(H,) is the
mass density, o, , is the nonthermal velocity dispersion, oy is
the polarization angle dispersion, n(H,) is the number density
of molecular hydrogen in units of cubic centimeters, and
AV = {/8In2g0, is the full width at half-maximum of the
nonthermal line width in units of kilometers per second. We
note that Q 0.5 is estimated in a cloud with n
(H,) = 100cm 2 and for a length (/) of 8pc. In the case of
the P2 clump, the volume density and length are 10* cm ™ and

1 pc, respectively. J. Liu et al. (2022) have suggested a Q value
of 0.28 in a cloud with n(H,) = 10°-10° cm > and / = 0.1-1 pc
using numerical simulations. If we use this Q value, the
estimated magnetic field strength will decrease by a factor
of ~2.

We obtained the map of plane-of-sky magnetic field
strengths using the maps of polarization angle dispersion,
volume density, and velocity dispersion (Table 1). We regrid
the map to have the same coordinates as the polarization angle
dispersion map with a pixel size of 12”. We then substituted
these values into Equation (10). Figure 7 shows the distribution
of plane-of-sky magnetic field strengths in the P2 clump
obtained using this method, which varies from 96 to 772 uG,
with a mean value of 330 £ 115 uG. If we use a Q value of
0.28, the magnetic field strength will vary from 54 to 432 uG,
with a mean value of 185 4 65 uG. We will use the magnetic
field strengths determined using Q = 0.28 in our analysis in the
upcoming sections.

We further note that the DCF method gives us the plane-of-
sky component of the magnetic field strength only. Statistically,
Bpos = (w/4)B (R. M. Crutcher 2004). However, this correction
is only valid over an ensemble of measurements, and so we do
not apply it to our value of Bp,. However, we also note that
this indicates that the correction from B to B is typically
small (B = 1.27B,,) and should not alter the conclusions of
our work.

We note that the DCF method is subject to significant
statistical and systematic uncertainties (e.g., K. Pattle et al.
2023). Our error bars should be understood as an expression of
the statistical uncertainty on the result arising from the velocity
and angular dispersions, rather than as 1o error bars, since there
are significant systematic uncertainties on both gas density and
Q. Recent reviews and meta-analyses of DCF measurements
(e.g., J. Liu et al. 2021; K. Pattle et al. 2023) suggest that the
DCF method produces magnetic field strength values that are
correct to within a factor of a few. This is sufficient to inform
our energetics analysis and discussion below.
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Table 1
Parameters Used for Estimating Magnetic Field Strength and Mass-to-flux Ratio
o] Tvnth NHz NHy B pos Ha
(deg) (km s~ 1 (102 cm™?) (10* cm™3) (1G)
11 +£4 1.40 + 0.03 35 1.0 185 £+ 65 1.5+05

Note. These values are averaged in the P2 clump, bounded by the red contour marked in Figure 2. We were unable to determine quantitative uncertainties of the
column density and number densities of molecular hydrogen, due to the uncertainties on the flux loss, dust opacity, and depth of the P2 clump. The magnetic field

strength was obtained using the DCF method with Q = 0.28.
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Figure 7. Map of the magnetic field strength in the P2 clump of G28. Black
contours are the same as in Figure 4. Cyan contours trace dust emission
obtained using ALMA.

4. Discussions
4.1. Mass-to-flux Ratio

Mass-to-magnetic-flux ratios (ug) have been used in
previous studies to determine whether magnetic fields can
support a star-forming region against gravitational collapse
(T. C. Mouschovias & L. Spitzer 1976; R. M. Crutcher 2004).
The observed mass-to-flux ratio is scaled with a critical value,
usually taken to be the value of a magnetized disk, 1/ 2nG'/2,
where G is the gravitational constant (T. Nakano &
T. Nakamura 1978). The mass-to-flux ratio in units of the
critical value (R. M. Crutcher 2004) is

te = 7.6 X 10‘21M, an

B
where B is the 3D magnetic field strength in units of
microgauss. A value of pg less than 1 implies that a star-
forming region is magnetically subcritical, in which state the
magnetic field is sufficiently strong to resist gravitational
collapse. A value of ug larger than 1 means that a star-forming
region is magnetically supercritical, in which state the magnetic
field cannot prevent gravitational collapse.

Figure 8 shows the distribution of mass-to-flux ratio in units
of the critical value, as derived from our JCMT observations.
When calculating the mass-to-flux ratio, we used the magnetic
field strengths in the plane of the sky obtained as described in
Section 3.5 rather than the 3D magnetic field strengths.
Therefore, the estimated mass-to-flux ratios may be upper
limits. The derived mass-to-flux ratios vary from 0.3 to 3.2,

with a mean value of 1.5+ 0.5 (Table 1). We calculated the
mean mass-to-flux ratios within circular regions of increasing
radius, centered on the peak intensity position in our 850 ym
Stokes I map. The right panel of Figure 8 shows the estimated
mean mass-to-flux ratios as a function of radius. We find that
the mass-to-flux ratio decreases as the radius increases. The P2
clump is in a magnetically supercritical state over all of the
radii that we consider, indicating that the magnetic field cannot
support the clump against gravitational collapse. This supports
the first possibility discussed in Section 4.3 below: that the
gravitational collapse of the P2 clump may result in the change
of the magnetic field orientations from clump to core scales
seen when comparing JCMT and ALMA observations. Despite
our large uncertainties, we can have some confidence that G28
is magnetically supercritical. The DCF method is known to
typically overestimate magnetic field strengths; statistically,
this overestimation appears to be by a factor ~3-5 (K. Pattle
et al. 2023), although the applicability of this factor to any
individual measurement is unclear. Finding a supercritical
mass-to-flux ratio using the DCF method despite its tendency
to overestimate magnetic field strengths thus strongly suggests
that G28 is indeed supercritical. Moreover, the G28 clump is
demonstrably a site of active star formation, and so our finding
of a supercritical mass-to-flux ratio is fully consistent with the
star formation history of the region.

4.2. Energy Balance

We estimate the kinetic (Eg), gravitational (Eg), and
magnetic energies (Ep) in the P2 clump using the relations

Ex = EMaﬁ , (12)
2 tot
3 GM?
E;=—= , 13
G - (13)
Ep = %Mvﬁ, (14)

where M is the mass of the P2 clump; o, , is the total velocity

dispersion estimated as o, , = 1/cr%mh + o,,, where ¢, is the
thermal velocity dispersion for free particles with the mean

molecular weight, ;. = 2.37; G is the gravitational constant; R is
the equivalent radius of the P2 clump; and v, is the Alfvén
velocity (B/ \/m , where p = pumyn(H,) is the mass density).
The mass of the P2 clump is calculated using the formulation
(R. H. Hildebrand 1983)

N
Iss0,A
M= 20 (15)
i—1 kB, (T)
where N is the number of pixels within the red contour defining
the area of the P2 clump (Figure 8), Ig50; is the 850 um flux
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Figure 8. Left: map of mass-to-flux ratio in the P2 clump of G28. Black and cyan contours are as described in Figure 7. The black plus sign marked in the center is the
position of peak intensity at 850 ym. Right: the averaged mass-to-flux ratios within circular regions of given radii around the peak intensity position.

density of the ith pixel, A is the pixel area, and «(v) and B, (T)
are as defined in Equation (7). We calculate a mass for the P2
clump of 2037 M.... The mean velocity dispersion of 1.2kms ™"
and the magnetic field strength of 185 ¢G in the P2 clump are
used when calculating Ex and Ejp.

The estimated kinetic, gravitational, and magnetic energies
of the P2 clump are 12 x 10*® erg, 21 x 10*® erg, and
6 x 10* erg, respectively. We emphasize that these values are
order-of-magnitude estimates only and are subject to significant
systematic and statistical uncertainties (e.g., K. Pattle et al.
2017), but their relative values can nonetheless inform our
discussion of the region. The gravitational potential energy is
the dominant term in the energy budget of the P2 clump. This
result is consistent with our mass-to-flux ratio analysis. The
kinetic energy is also comparable to the gravitational energy.
However, we note that we used our estimated plane-of-sky
magnetic field strength to calculate the magnetic energy.
Considering that 3D magnetic field vectors are randomly
oriented, the 3D magnetic field strength can be a factor of
4/ larger than the plane-of-sky magnetic field strength
(R. M. Crutcher 2004). If we applied this correction to our
value, the magnetic energy would become 9.8 x 10*erg,
which is still smaller than the gravitational energy. However,
this is a statistical correction that may not be relevant to this
region. Future Zeeman measurements of the magnetic field
strength along the line of sight would allow us to determine
the 3D magnetic field strengths in the region and thus
calculate more accurate magnetic energy values (e.g.,
J. Hwang et al. 2024).

4.3. Scenarios Changing Magnetic Field Orientations

We have shown that the magnetic field orientations on core
and clump scales are roughly perpendicular to each other in the
P2 clump (Figure 2). The JCMT and ALMA observations show
the magnetic fields on different physical scales. The JCMT
observations trace scales from ~2 to 0.3 pc, and the ALMA

observations trace scales from ~0.3pc (the maximum
recoverable scale of the ALMA observations of 13”) down to
0.02 pc. We can see that there is little to no overlap in size
scales: the ALMA observations are probing the magnetic field
within the beam of the JCMT. Therefore, we need observations
on intermediate scales between those mapped by the JCMT and
ALMA to find the size scale on which the transition between
magnetic field orientations occurs.

We suggest two possible scenarios to explain the change in
magnetic field orientations between the clump and the core in
G28. In the first scenario, gravitational collapse could change
the magnetic field orientations from the P2 clump to the core.
In the ambipolar diffusion model, magnetic field lines are
aligned along the minor axis of an initially magnetically
subcritical clump or core (e.g., T. C. Mouschovias &
G. E. Ciolek 1999). In this model, neutral particles in the
clump or core decouple from the ions and fall in under gravity.
Once the core becomes magnetically supercritical, the ions drag
the magnetic field inward, creating a characteristic “hourglass”
geometry. In a theoretical hourglass model of a collapsing core,
the mass-to-flux ratio changes from transcritical to supercritical
as the density increases from the edge to the center (e.g.,
G. Bino & S. Basu 2021). While field lines are only slightly
curved on the clump scale, the lines are highly curved on the
core scale, where the densities are highest. Figure 8 shows that
the mass-to-flux ratios we measure are similar to this
prediction, transitioning from magnetically subcritical to
supercritical from the outer diffuse to the inner dense regions
of the P2 clump. We note that the fractional uncertainty on the
mass-to-flux ratio is about 33%, and so the clump could be
transcritical rather than supercritical, although, as discussed
above, there is reason to expect that the clump’s supercriticality
may in fact be underestimated by our analysis. We would need
Zeeman measurements to determine the 3D magnetic field and
estimate a more accurate mass-to-flux ratio. The dense core is
embedded in the densest part of the P2 clump, in which the
magnetic field strength is the highest, but is magnetically
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Figure 9. A schematic view showing a possible scenario to explain the
differing magnetic field orientations on clump (radius R =1 pc) and core
(R = 0.15 pc) scales. Red lines show magnetic field lines.

supercritical and undergoing gravitational collapse (J. Liu et al.
2020). The magnetic field lines are dragged toward the central
core, and the field orientations are shifted by 90° with respect to
the large-scale field (Figure 9). J. Liu et al. (2020) found that
the magnetic field revealed by ALMA is preferentially aligned
with the direction of gravity in the P2 clump, which further
supports this scenario.

The second scenario posits that the observed magnetic field
geometry is the effect of the outflow from the core. J. Liu
et al. (2020) detected an outflow from the core embedded in
the P2 clump using ALMA CO (2-1) line observations (see
Figure 11 in Appendix C). The CO outflow is aligned along
the northwest/southeast directions, with a wide opening
angle. The IRS 2 source is located in the core observed by
ALMA (R.A. = 18"42"51:92, decl. = —03°59’ 54”). How-
ever, it cannot be confirmed that the outflow arises from the
IRS 2 source, due to the differences in their positions.
Although the kinetic energy is significant in this region and an
outflow 1s detected, it is hard to constrain the effect of the
outflow on the magnetic field orientations. To do so,
observing other outflow or dense core tracers would be
necessary. We cannot rule out the second scenario, but
gravitational collapse could be the primary cause of the
observed magnetic field geometry based on the mass-to-flux
ratios in G28 (Section 4.1).

5. Summary

We present observations of polarized 850 pum dust emission
performed using the JCMT as part of the JCMT BISTRO
Survey and N,H" (1-0) line observations performed using
the TRAO of the massive star-forming region G28. We
investigate the magnetic field orientations and strengths on
clump scales in the P2 clump of G28 using the JCMT
observations. We compare the magnetic field orientations
with those seen on core scales using archival ALMA data.
The magnetic field segments obtained using the JCMT and
ALMA are oriented nearly perpendicular to one another in the
central parts of the P2 clump. We obtain the distribution of
magnetic field strengths using volume density, velocity
dispersion, and polarization angle dispersion. Using the
DCF method, we use these quantities to derive estimated
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magnetic field strengths, which vary from 54 to 432 uG, with
a mean value of 185 £ 65 uG. The magnetic field is strongest
in the center of G28, where a core detected by ALMA is
embedded. We also estimated the mass-to-flux ratios to
investigate the relative importance of magnetic fields and
gravity. We find mass-to-flux ratios ranging from 0.3 to 3.2,
with a mean value of 1.5+ 0.5. The mass-to-flux ratio is
larger than 1 in the central parts of the P2 clump and
decreases with increasing distance from the peak intensity
position of the P2 clump. Overall, the clump is magnetically
supercritical, which indicates that the magnetic field is not
large enough to resist gravitational collapse. We also estimate
the kinetic, gravitational potential, and magnetic energies of
12 x 10*® erg, 21 x 10*® erg, and 6 x 10*° erg, respectively,
in the P2 clump. The gravitational potential energy is the
dominant energy term in the P2 clump. We interpret the
perpendicular magnetic field orientations on clump and core
scales as potentially resulting from the gravitational collapse
of the P2 clump.
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Appendix A
Data Reduction Procedures

The raw data were reduced using the Submillimetre User
Reduction Facility (SMURF) package (E. L. Chapin et al.
2013) from the Starlink software suite (M. J. Currie et al.
2014). The pol2map command is run twice to reduce the POL-
2 data.*’” In the first run of pol2map, raw bolometer time
streams for each observation are converted into separate Stokes
I, O, and U time streams. In this process, the SMURF routine
makemap (E. L. Chapin et al. 2013) produces individual Stokes /
maps from the Stokes / time streams and then coadds those maps
to form an initial Stokes 7/ map. The initial Stokes / maps are used
to make masks defining areas of astrophysical emission. The
second run of pol2map creates final Stokes I, O, and U maps and
a polarization segment catalog. In this second run, we used the
skyloop and mapvar parameters in pol2map. The skyloop
parameter improves the signal-to-noise ratio and image fidelity
by reducing all 45 observations concurrently. The mapvar
parameter calculates the variances of the Stokes 7, Q, and U maps
from the spread of pixel data values between the individual
observations. We used the 2019 August instrumental polarization
model to correct the Stokes Q and U maps.

Appendix B
N,H*

Figure 10 shows maps of integrated intensity and centroid
velocity of N,H' obtained by the TRAO observations. We
integrated N,H" data from 60 to 110kms~'. The centroid
velocity is determined from the Gaussian fit value of the
isolated component (Section 3.4).

v [km s™1]

405

- 50°
Right Ascension (J2000)

18" 437 00°

Figure 10. Maps of integrated intensity (left) and the centroid velocity (right) of N;H ™ obtained by the TRAO observations. Contours in both panels are the same as in

Figure 5.
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Appendix C
CO Outflow

Figure 11 shows the blueshifted and redshifted CO
outflows obtained by the ALMA observations (J. Liu et al.
2020). Magnetic field orientations are overlapped in the
figure. The yellow star in the figure is the location of the IRS 2
source. It is hard to constrain outflow direction from the IRS 2
source.

Hwang et al.

Intensity [mJy beam ]

1073

-3° 59' 45"

S 50"
o
o
el
c
g -
T 55" (7
£
v
[0
a
-4° 00’ 00

187 42m 5255 52.0°
Right Ascension (J2000)

T S15° 18 42m525¢
Right Ascension (J2000)

1072 1071

Cs

52.0° ~ 51.5°

Figure 11. Maps of molecular outflows detected in CO (2-1) by the ALMA observations. The cyan segments show magnetic field orientations obtained by ALMA. In
the left panel, CO emission is integrated from 45 to 74 km s~ for the blue robe and from 84 to 115 km s~ for the red robe. In the right panel, high-velocity CO
emissions are integrated from 45 to 59 km s~! for the blue robe and from 99 to 115 km s~ for the red lobe. The blue and red contour levels indicate 5%, 15%, 25%,
35%, 45%, 55%, 65%, 75%, 85%, and 95% of the integrated values. The yellow stars in both panels indicate the location of the IRS 2 source.
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