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Abstract

Magnetic fields may play a crucial role in setting the initial conditions of massive star and star cluster formation. To
investigate this, we report SOFIA-HAWC+ 214 ym observations of polarized thermal dust emission and high-
resolution GBT-Argus C'®0(1-0) observations toward the massive Infrared Dark Cloud (IRDC) G28.37+40.07.
Considering the local dispersion of B-field orientations, we produce a map of the B-field strength of the IRDC,
which exhibits values between ~0.03 and 1 mG based on a refined Davis—Chandrasekhar—Fermi method proposed
by Skalidis & Tassis. Comparing to a map of inferred density, the IRDC exhibits a B—n relation with a power-law
index of 0.51 £0.02, which is consistent with a scenario of magnetically regulated anisotropic collapse.
Consideration of the mass-to-flux ratio map indicates that magnetic fields are dynamically important in most
regions of the IRDC. A virial analysis of a sample of massive, dense cores in the IRDC, including evaluation of
magnetic and kinetic internal and surface terms, indicates consistency with virial equilibrium, sub-Alfvénic
conditions, and a dominant role for B-fields in regulating collapse. A clear alignment of magnetic field morphology
with the direction of the steepest column density gradient is also detected. However, there is no preferred
orientation of protostellar outflow directions with the B-field. Overall, these results indicate that magnetic fields
play a crucial role in regulating massive star and star cluster formation, and therefore they need to be accounted for
in theoretical models of these processes.

Unified Astronomy Thesaurus concepts: Star forming regions (1565); Magnetic fields (994); Infrared dark clouds

(787); Polarimetry (1278)

1. Introduction

Magnetic (B) fields have been suggested to play a significant
role in the birth of massive stars and star clusters (e.g., see
reviews by Tan et al. 2014; Pattle et al. 2023). However, many
aspects remain uncertain, including the relative importance of
B-fields compared to turbulence, converging flows, feedback,
and self-gravity in setting the initial molecular cloud conditions
and fragmentation properties that ultimately lead to massive
star and star cluster formation (e.g., Tan et al. 2014; Pattle &
Fissel 2019; Pattle et al. 2023).

Depending on the morphology and strength of the B-fields,
various models of magnetically regulated star formation have
been proposed, including: fragmentation of magnetized
filamentary clouds (e.g., Li et al. 2013, 2017); collisions of
magnetized clouds (e.g., Wu et al. 2015); and collapse after
compression in feedback bubbles (e.g., Inutsuka et al. 2015).
For massive star formation/accretion, the two main scenarios
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are (i) Core Accretion (e.g., the Turbulent Core Accretion
(TCA) model of McKee & Tan 2003) and (ii) Competitive
Accretion (e.g., Bonnell et al. 2001; Vazquez-Semadeni et al.
2019; Padoan et al. 2020; Grudi¢ et al. 2022). The former is a
scaled-up version of the standard model of low-mass star
formation (Shu et al. 1987), although with the internal pressure
of the massive prestellar core dominated by turbulence and/or
magnetic fields rather than thermal pressure. The fiducial TCA
model involves near equipartition between turbulence and
magnetic fields, resulting in typical field strengths in massive
prestellar cores of ~1mG. In Competitive Accretion, stars
chaotically gain their mass in the crowded centers of
protoclusters, typically via the global collapse of a cluster-
forming clump, without passing through the massive prestellar
core phase. This mode has generally been seen in simulations
that are either unmagnetized or have relatively weak B-fields
(e.g., Bonnell et al. 2001; Grudi¢ et al. 2022).

To uncover the connections between larger-scale environ-
ments and smaller-scale star formation properties, and to test
theoretical star formation models, it is crucial to obtain
observational constraints on the magnetic field morphologies,
strengths, and energy balances of molecular clouds that are
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progenitors of massive stars and star clusters. Infrared dark
clouds (IRDCs), owing to their dense (ny > 10°cm ™3 ) and cold
(T <20K) conditions, are thought to be examples of such
clouds (e.g., Tan et al. 2014). However, measuring the
magnetic field strength and morphology in IRDCs is challen-
ging due to their relatively far distances (d = 3 kpc). Advances
in the polarimetric capabilities of various single-dish telescopes
(e.g., SOFIA-HAWC+, JCMT-POL2, LMT-TolTEC, and
IRAM-30m-NIKA2) and the full polarization capabilities of
interferometric facilities such as ALMA, SMA, and VLA (e.g.,
Pattle et al. 2017; Beltran et al. 2019; Dall’Olio et al. 2019;
Afiez-Lépez et al. 2020; Beuther et al. 2020; Cortés et al. 2021;
Fernandez-Lopez et al. 2021; Palau et al. 2021; Liu et al. 2023;
Maity et al. 2023; Beuther et al. 2024) are enabling the studies
of B-fields in IRDCs.

Such studies typically rely on mapping polarized thermal dust
emission to infer the plane-of-sky component magnetic field
morphology and utilizing the Davis (1951) and Chandrasekhar &
Fermi (1953; DCF) method to infer the magnetic field strength.
Other techniques to infer magnetic fields include via the Zeeman
effect (e.g., Crutcher & Kemball 2019; Ching et al. 2022),
employing velocity anisotropy observed in the spectral line cubes
(Gonzilez-Casanova & Lazarian 2017; Yuen et al. 2018; Luk
et al. 2022; Xu et al. 2023a), or via the Goldreich—Kylafis effect
(e.g., Goldreich & Kylafis 1981, 1982; Forbrich et al. 2008).
However, these non-DCF methods have so far been challenging
to apply to IRDCs. For example, Zeeman measurements
require strong emission lines, e.g., of CN, but these species are
typically relatively faint in the cold conditions of IRDCs, where
many heavy molecules are frozen out onto dust grains (e.g.,
Entekhabi et al. 2022). Similarly, the molecular line polarization
observations needed to measure the Goldreich—Kylafis effect
typically require a high sensitivity (<5 mK; Falgarone et al. 2008;
Pillai et al. 2016), which is observationally expensive to achieve.

Observations of the magnetic field properties toward IRDCs
have revealed ordered magnetic field morphology and
relatively strong B-fields of up to ~mG strength, which would
be strong enough to influence the cloud dynamics, including
fragmentation. A correlation between magnetic field morph-
ology and filament density structure indicating perpendicular
alignment with filament orientations has been reported (e.g.,
Liu et al. 2018; Soam et al. 2019). However, these studies have
concerned only a handful of IRDCs, e.g., G11.11-0.12 (the
“Snake”), G34.344-0.24, G35.39-0.33, and the “Brick” (Pillai
et al. 2015; Hoq et al. 2017; Liu et al. 2018; Soam et al. 2019;
Tang et al. 2019; Vahdanian & Nejad-Asghar 2022; Chen et al.
2023; Ngoc et al. 2023; Xu et al. 2023a; Gu et al. 2024).
Hence, a systematic study of IRDCs that span a range of
masses, sizes, and environments is an important next step
further to understanding the links between the magnetic field
and IRDC properties, and thus to better constrain the initial
conditions of massive star and star cluster formation.

To more systemically map and constrain the magnetic fields
properties in IRDCs, we have initiated the Polarized Light from
Massive Protoclusters (POLIMAP; PI: J. C. Tan) survey with an
original goal to map the polarized dust continuum emission of a
sample of 10 IRDCs (Clouds A to J) from the sample of Butler &
Tan (2009, 2012). POLIMAP utilizes SOFIA-HAWC+ observa-
tions at 214 m (Project ID: 09_0104),"* complemented by joint
Green Bank Telescope (GBT)-Argus 13CO(1-0) and C'¥0(1-0)

12 We note that the observation toward G28.37+0.07 is shared with the large
program (SIMPLIFI) with proposal ID 09,5 (PI: T. Pillai).
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observations to probe molecular gas kinematics at a high
angular resolution of ~7”. Before the shutdown of SOFIA,
POLIMAP HAWC+ observations were completed for IRDCs
B, C, F, H, I, and J, while GBT-Argus observations have been
completed for IRDCs B, C, F, G, H, 1, and J. In this paper, we
present the first results from POLIMAP for the massive IRDC
G28.3740.07 (Cloud C).

Located at a distance of d =5.0kpc from the Sun (Simon
et al. 2006), G28.37+0.07 is one of the most massive IRDCs
known, with a mass estimated to be about 70,000 M., (Butler
et al. 2014; Lim et al. 2016), and it hosts multiple massive
dense cores (Tan et al. 2013; Barnes et al. 2023). Figure 1
shows a Spitzer mid-infrared (MIR) view of the IRDC, along
with MIR extinction (MIREX) contours that help illustrate the
cloud’s global structure (Butler & Tan 2012; Kainulainen &
Tan 2013). Overall physical conditions of the cloud, including
the mass surface density distributions, gas kinematics, excita-
tion conditions, core mass function, high-mass protostellar
populations, and their outflows, have been explored in a variety
of studies (e.g., Butler & Tan 2009, 2012; Kainulainen &
Tan 2013; Hernandez & Tan 2015; Cosentino et al. 2018;
Kong et al. 2019; Moser et al. 2020; Entekhabi et al. 2022).
However, there has only been limited study of magnetic fields
in this IRDC (e.g., Liu et al. 2020), especially on global scales.

This paper is structured as follows. In Section 2, we describe
the observations and data reduction procedures used for the
SOFIA and GBT observations, as well as various ancillary data
sets. In Section 3, we present our main observational results for
the 214 ym polarimetric imaging (tracing B-field orientation),
C180(1-O) emission, derived B-field strength map, and associated
B-N and B-n relations. In Section 4, we discuss the dynamical
implications of the magnetic field, including presentation of the
mass-to-flux ratio map and a virial analysis of dense cores in the
IRDC. In Section 5, we explore the connections between
magnetic field morphology and gradients in the mass surface
density map and orientations of protostellar outflows. We present
a discussion and summary of our results in Section 6.

2. Observations
2.1. SOFIA-HAWC+

We observed the POLIMAP IRDC sample with the Strato-
spheric Observatory for Infrared Astronomy (SOFIA) using the
HAWC+ instrument (Harper et al. 2018) observing in band E
(214 pm). HAWCH+- is a Half-Wave Plate (HWP) and wire-grid
polarimeter operating from ~50 to 214 ym. Rotating the HWP
allows the four required angles to be probed at # = (0°, 22°5,
45°, and 67°5). It should be noted that HAWC+ is not
sensitive to circular polarization, and thus it only measures the
linearly polarized emissions.

The SOFIA-HAWC+ observations of G28.3740.07 were
carried out on 2022 September 21, 27, and 28 (Proposal ID:
09_0104) as part of SOFIA Cycle 9. The full width at half
maximum (FWHM) of the beam is 18”2, and the surveyed map
size is about 1270 x 11/4 (see Figure 1). The observations were
performed using the Nod-Match chop mode with a Lissajous scan
pattern to have fast enough measurements such that the variations
in the background do not overwhelm the polarization signal.

The raw data were processed by the HAWC+ data reduction
pipeline version 3.2.0."* This pipeline includes different data

13 https: //www.sofia.usra.edu/data/data-pipelines#faq
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Figure 1. Global MIR view of IRDC G28.37+40.07. MIR extinction (including NIR correction) contours (Ay = 7, 15, 30, and 60 mag) (Kainulainen & Tan 2013) are
overlaid on a three-color Spitzer GLIMPSE image (RGB: 8, 5.8, and 4.5 um) (Churchwell et al. 2009). The yellow contour shows the region mapped by SOFIA-
HAWCH at 214 um. The white rectangle is the region mapped by GBT-Argus to trace >CO and C'®0(1-0) emission. The green ellipse shows the IRDC region

defined by Simon et al. (2006).

processing steps, such as corrections for dead pixels and the
intrinsic polarization of the instrument and telescope. The final
data output of the pipeline is “Level 4,” flux-calibrated, and the
resulting pixel size of these data products are 4”55.

2.2. GBT-Argus

We mapped '*CO(1-0) and C'®O(1-0) emissions of the
IRDC sample with Argus instrument of the GBT between 2022
January and April. The observations of G28.3740.07 were
carried out on the 2020 April 20th from UTC 6:00 to 10:15.
The total on-source integration time was 176 minutes,
with overheads of 79 minutes. Argus (Sieth et al. 2014) is a
16-element heterodyne “radio camera” operating in the
85-116 GHz range. Argus has 16 heterodyne pixel receivers
mounted in a 4 x 4 layout and with a beam separation of 3074
in both the elevation and cross-elevation directions.

The observations utilized a “fast-mapping” method in which
the heterodyne pixel receivers are scanned across the sky in rows
of Galactic longitude, separated by 5”58 (i.e., 0.8 x the beam
size). This might be expected to undersample the plane of the
sky in comparison with Nyquist sampling, in which a separation
of less than 0.5 x of the beam size is required. However, the
effects of sky rotation in relation to the scan direction and the
fact that multiple beams observe any given point in the sky allow

for a relaxation of this requirement without a significant effect on
the data quality. The map coverage toward G28.374-0.07 has an
area of 16/2 x 13!2 (see Figure 1).

The data were reduced using the GBTIDL package, with
calibration achieved through observations of the Argus “Vane,”
essentially a warm load placed in the beam of the receiver.
Atmospheric opacity estimates were taken from the forecast
values obtained from the CLEO'* application, which are the
average of the values from three surrounding local sites. After
baseline fitting and removal were performed on the spectra of
each Argus feed, the data were then gridded using the GBO
tool gbtgridder with a Gaussian beam assumption and a pixel
size of 3”0. The resulting cube was then subjected to further
iterative baseline fitting and removal to equalize background
noise levels. Both the final '*CO(1-0) and C'*0(1-0) position—
position—velocity (PPV) cubes have a pixel scale of 2”57 and a
spectral resolution of 0.182kms™'. The rms noise level is
estimated by taking the average value of rms noise levels
measured from spectra obtained within beam-sized regions
over the velocity range of 50-65 kmsfl, i.e., away from the
emission of the IRDC or other clouds. We find a noise level of
0.55 K per channel (with a 0.182km s~ velocity range).

' https: //www.gb.nrao.edu/~rmaddale/GBT /CLEOManual /index.html
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Figure 2. The SOFIA-HAWC+ Stokes / intensity map of G28.3740.07 at 214 pum. Inferred magnetic field position angles are shown with black line segments,
separated from each other by a beam size of 18”2, i.e., 0.441 pc. The size of the beam is shown by the black circle in the lower left corner. The contours show constant

levels of extinction (same as Figure 1).

2.3. Ancillary Data

We utilize previously published maps of the mass surface
density, X, of the IRDC. First, Butler & Tan (2012) constructed
a mid-infrared (MIR) extinction (MIREX) map based on 8 ym
Spitzer-IRAC imaging data. A near-infrared (NIR) extinction
corrected version of this map was published by Kainulainen &
Tan (2013), whose work improves the accuracy of the large-
scale, lower column density base level of the map. These
MIREX maps have a relatively high angular resolution of 2,
set by the Spitzer-IRAC resolution. They also have the
advantage of not requiring knowledge of the temperature of
the IRDC material, with the main uncertainty arising from the
choice of the opacity per unit mass at MIR wavelengths,
estimated to be ~30% from comparison of different dust
models (Butler & Tan 2012). However, the MIREX maps have
a disadvantage in that they cannot measure Y in MIR-bright
regions, e.g., MIR-bright sources, which appear as “holes” in
the map. In addition, the MIREX method has a maximum level
of X that it is able to probe, which for IRDC Cis ~0.5 g cmfz,
so in high-¥ regions it will tend to underestimate the true mass
surface density.

An alternative method of estimating X is from modeling the
far-infrared (FIR) emission. Lim et al. (2016) derived a ¥ map
of IRDC C by fitting a graybody emission model to Herschel-
PACS and SPIRE fluxes from 160 to 500 ym. This analysis
also yields a map of the dust temperature of the IRDC. Since
the IRDC is close to the Galactic plane, there is significant FIR
emission from material in the diffuse ISM along the line of
sight. Lim et al. (2016) explored various methods for correcting
for this background and foreground emission. Our analysis uses
the map derived from their Galactic Gaussian (GG) fore-
ground-background subtraction method. The FIR emission
derived ¥ map has a resolution of 18" (i.e., the “hi-res”

version), while the temperature map has a resolution of 36” (see
Lim et al. 2016, for details).

3. Results
3.1. 214 wm Polarimetric Imaging

The 214 pm intensity (Stokes /) map of the IRDC is shown
in Figure 2. This map also shows 90°-rotated polarization
vectors, which are expected to trace the material’s emission-
weighted plane-of-sky magnetic field orientations along the
line of sight. The spacing of these vectors is set to one SOFIA-
HAWC+ beam at 214 pm, i.e., 18”2. The inferred magnetic
field position angle orientations follow the IAU convention,
measured counterclockwise from Galactic north. In Figure 3,
we also show the expected B-field orientation in the form of a
“drapery” pattern overlaid on the Spitzer-IRAC 8 um map.
Appendix A presents maps of Stokes O, U, and the debiased
polarization fraction (P’), and signal-to-noise ratio (S/N) of
Stokes I. Since SOFIA-HAWC+ does not measure circular
polarization, the Stokes parameter V is assumed to be 0.

The Stokes I map shows strong, concentrated emissions at
several locations. In particular, the brightest region in Figure 1
corresponds to a MIR-bright region at the eastern side of the
IRDC, with Irj4 ,;m = 10" MJy st '. The main spine of the
IRDC extends SW and then W from this location and is seen as
an emission feature at 214 ym with intensity values of
~10°MJysr—'. Two other FIR-bright regions with
Dis ym =™ 10* Mly st ! are present to the north of the main
IRDC spine, with corresponding MIR-bright sources visible in
Figure 1.

The typical uncertainties of Stokes / in the main part of the
map are at a near-constant level of ~9 MJy sr™', but with local
peaks of ~16 MJysr—' at the locations of the brightest FIR
regions. Thus, the S/N map of Stokes I (see Appendix A)
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extinction contours of Figure 1 are shown in black. The magenta + marks the position of massive protostar Cp23 (Moser et al. 2020), while the white + symbols mark

28.42

the dense starless/early-stage core/clump sample of Butler et al. (2014). Each symbol size is equivalent to one SOFIA-HAWC+ beam of 182.

shows typical values of ~150 in the main IRDC spine, rising to
~500 in the FIR-bright sources.

In this paper, we focus on analysis of the orientation of the
polarization vectors. We defer analysis of the degree of
polarization, i.e., polarization fraction, as well as the implica-
tions for dust grain alignment mechanisms and size distribu-
tions for a future paper in this series. Nevertheless, we note that
the map of P’ (see Appendix A) shows typical values from a
few to ~10% in the main spine of the IRDC, but with the
values dropping to ~0.5% toward the brightest MIR region.
Furthermore, in Table 1, we list the values of the derived
Stokes parameters I, O, and U, the magnetic field position
angles (0), and the degrees of polarization (P and P’) for
selected regions in the IRDC, i.e., the massive protostar (Cp23
Moser et al. 2020), which corresponds to the brightest FIR
source, and 16 massive starless/early-stage core/clumps from
the sample of Butler et al. (2014); the locations of these sources
are shown in Figure 3). For each of these sources, the quantities
have been evaluated within a circular aperture of radius of 97,
i.e., at the resolution of the 214 yum HAWC+ image. The
polarization percentages shown in Table 1 follow what was
noted above, i.e., the bright protostellar source has P’ ~ 0.5%,
while the starless/early-stage cores/clumps generally have
larger values, typically from a few to ~10%. We return to the
discussion of the dynamics of these sources in Section 4.2.

When considering the derived orientations of the polariza-
tion vectors, it is important to note the uncertainties in 6.
Figure 4 presents a map of these uncertainties. These are also
presented in Table 1 for the example sources, which range from
a few to ~30°. Such values are also typical in the main spine of

the IRDC, but larger uncertainties are found in regions away
from the cloud that are relatively faint in their FIR emission.

3.2. GBT C"%0(1-0) Spectrum and Moment Maps

In Figure 5, we present the average spectrum of C'®0(1-0)
emission observed by the GBT extracted from the IRDC
ellipse region (see Figure 1). This spectrum shows a single
main emission feature extending from about 70 to 86kms '
and with a central peak near 79kms~!, which is the well-
established value for dense gas in G28.37+0.07 (e.g., Tan et al.
2013; Hernandez & Tan 2015). A simple Gaussian fit to this
feature results in an average velocity centroid of 78.9kms ™'
and a total 1D velocity dispersion of o, =2.58 kms ™.

In Figure 6, we present the zeroth-, first-, and second-
moment maps of C'"®0(1-0) emission of G28.37+0.07,
evaluated over the velocity range from 70 to 86 kms . Peak
values of integrated intensity reach values of about
12Kkms .. However, there is significant emission at levels
of ~6 Kkms ™' over most of the mapped region. Over most of
the field of view, the first-moment map shows quite constant
values between about 78 and 80kms ' However, some
localized, higher-velocity features are seen in the SW region of
the map. The second-moment map shows values of just over
3kms ™! in the dense regions of the IRDC, with moderately
larger values in the surroundings. Finally, Figure 6(d) presents
a map of the uncertainty of the velocity dispersion, estimated
utilizing the bettermoments Python package (Teague 2019).
We see it takes typical values of about 0.5 km sfl, i.e., about a
15% uncertainty.



Table 1
The Stokes Parameters, Rotated Polarization Angles, Polarization Fraction, and the Corresponding Uncertainties of Selected Clumps from Butler et al. (2014)

Name Coordinates I Al 0 AQ U AU 0 Af P AP P

1 (deg) b (deg) Mly st MJy st h Mly st h My st My st My st h (deg) (deg) (%) (%) (%)
Cp23* 28.3969 0.0793 2.3 x 10* 15.7 -99 11.4 63.6 11.5 28.7 2.76 0.520 0.0512 0.518
C1 28.3245 0.0665 3.98 x 10? 12.4 39.3 16.8 17.1 17.0 —33.2 11.5 10.8 4.20 10.0
c2 28.3438 0.0602 1.60 x 10° 11.6 24.0 13.6 12.8 139 -31.2 14.6 1.76 0.859 1.56
C3 28.3522 0.0945 1.02 x 10° 8.04 32.4 9.96 -25.9 10.1 —64.0 7.14 4.10 1.02 4.06
Cc4 28.3542 0.0707 8.25 x 107 9.15 —18.6 11.1 1.36 11.2 42.7 16.8 2.29 1.35 1.86
C5 28.3562 0.0565 4.97 x 10* 10.6 3.76 13.1 23.4 13.3 —4.70 15.9 4.83 2.69 4.04
(€ 28.3627 0.0515 9.32 x 107 11.0 7.39 14.1 222 14.2 —9.28 17.4 2.50 1.52 2.00
Cc7 28.3643 0.1195 453 x 10? 8.40 —11.64 10.8 12.6 10.7 20.7 18.5 3.79 2.43 2.93
Cc8 28.3878 0.0382 0.437 x 107 11.6 6.35 16.2 11.0 16.2 —15.0 34.4 46.1 70.3 o°
c9 28.3995 0.0822 1.29 x 10* 15.4 —84.1 12.0 47.6 12.1 30.4 3.71 0.831 0.111 0.847
C10 28.3649 0.0840 2.74 x 107 7.92 21.2 10.0 —3.49 10.2 —49.5 13.2 8.08 3.77 7.24
C11 28.3760 0.0528 4.80 x 10* 9.89 15.0 12.9 22.0 13.0 —17.4 13.9 5.67 2.70 5.02
C12 28.3872 0.0613 1.10 x 10? 9.36 42.6 11.0 17.3 11.0 —33.8 6.68 4.30 1.03 423
C13 28.3332 0.0590 6.58 x 107 12.2 40.8 15.9 —1.45 16.3 —46.2 11.3 6.28 2.43 5.84
Cl4 28.3340 0.0538 433 x 10? 11.5 36.5 14.9 4.24 15.2 —41.9 12.5 8.66 3.57 7.93
C15 28.3342 0.0637 434 x 10* 11.5 35.7 14.9 3.13 15.1 —42.8 12.2 8.50 3.60 7.76
Cl16 28.3299 0.0672 3.69 x 107 11.4 30.8 15.2 13.7 15.4 —32.7 13.7 9.10 4.15 8.12
Notes.

4 Moser et al. (2020).
® If the error in the polarization fraction is larger than the polarization fraction, then the debiasing will fail, and the debiased polarization will be flagged as 0%.
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Figure 4. Map of polarization angle uncertainties toward G28.37+0.07 (note
that the scale is truncated at 45°). Generally, the typical uncertainties in the
main spine of the IRDC range from a few to 30°.

3.3. Mapping Magnetic Field Strength

We construct maps of the magnetic field strength of G28.37
+0.07 using the data presented in the previous sections. We
first use the Davis—Chandrasekhar-Fermi (DCF) method
(Davis & Greenstein 1951; Davis 1951; Chandrasekhar &
Fermi 1953) to estimate the plane-of-sky component of the
magnetic field strength. This method assumes the following:
(1) flux-freezing, i.e., the gas is perfectly attached to the field
lines; (2) magnetic field line perturbations propagate in the
form of small-amplitude incompressible magnetohydro-
dynamic (MHD) waves; and (3) equipartition between
turbulent and magnetic energies. The DCF method then
estimates magnetic field strength via

Bop = Q\4mp 2, )
9

where Q is a factor related to the geometry (Heitsch et al. 2001;
Ostriker et al. 2001; Padoan et al. 2001 usually set equal to
0.5), p is the gas density, o, is the 1D velocity dispersion, and
0y is the dispersion in polarization position angles in radians.
A modified version of the DCF method has been proposed
by Skalidis & Tassis (2021; ST); their method relaxes the
incompressibility assumption of DCF and will hereafter be
referred to as “refined” DCF (r-DCF). Here, the magnetic field

strength is estimated via

Bop = 2mp—~. 2

2D 4 75 (2)

In general, the r-DCF method is expected to be more accurate
in regions of sub- to trans-Alfvénic turbulence, where it derives
lower magnetic field strengths than the DCF method. We also
note that, from the above equations, the two methods will give
the same estimate of field strength (for the same input physical
conditions and with Q = 0.5) when oy = 0.5 radians, i.e., 28°6.
The procedure to construct these magnetic field strength
maps is as follows. We first regrid the original Stokes
parameter maps into a coarser pixel scale with a size that
corresponds to the SOFIA band-E beam FWHM = 18”2, so
that the measurements in each pixel are spatially independent
of each other. We then compute the polarization angle
quantities, including the polarization position angles and the

Law et al.
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Figure 5. GBT C'®0(1-0) spectrum averaged over the ellipse in Figure 1.
Based on this spectrum, we set the velocity range of 70-86 km s~ to construct
the moment maps (see text). The average velocity centroid of 78.9 km s~ and
the total 1D velocity dispersion, i.e., =0, with o, = 2.58 km s ™', are shown by
the vertical gray lines.

rotated angles (i.e., magnetic field directions) from these
regridded maps. We then measure oy from these maps via

N
oy = \/[%2(90 = 1090 — 18 — (ENHDD* |, )

i=1

where the summation is done over a set of measured
polarization angles 6; and (6) is the mean polarization
orientation within the region of consideration. The expression
inside involves the absolute values of angle difference to ensure
the angles remain in the range —90° to +90° (Pelgrims 2019).

To construct a B-field strength map with the highest possible
resolution, we work with a 2 x 2 pixel grid (i.e., 36”4 x 36"4)
as an input window in which to evaluate oy. This window is
then translated one pixel at a time for the next evaluation. Thus,
most pixels in the image, except for those at the edge, receive
four measurements of oy, with the final reported value being
the average of these measurements. We also carry out a version
of our analysis with a 3 x 3 pixel grid window, with these
results presented in Appendix B.

The map of the mean polarization angle, (), is presented in
Figure 7(a), and the map of polarization angle dispersion in
Figure 7(b). We notice a typical angle dispersion toward the
main spine of the IRDC of a few degrees to ~15°. We also note
an increase in the angle dispersion in the midpoint of the main
spine, which is where a global change of field orientation from
mainly perpendicular to mainly parallel to the filament is seen.
A few thin “lines” of higher dispersion of ~25° are consistent
with boundaries between regions that have particular orienta-
tions of field directions.

To measure o,, we utilize the C180(1-0) data shown in
Figure 6(c), but with a small correction to subtract off, in
quadrature, the thermal broadening of the line. For this, we
utilize the dust temperature map of Lim et al. (2016), assuming
gas and dust are at similar temperatures. However, it should be
noted that this correction is a very minor effect, given the
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Figure 6. (a) Top left: Integrated intensity map of C'*0(1-0) emission of IRDC

1(°)
G28.37+0.07, evaluated from 70 to 86 km s~ '. (b) Top right: As (a), but now showing

the first-moment map. (c) Bottom left: As (a), but now showing the second-moment map. (d) Bottom right: As (a), but now showing the uncertainty in the second-

moment map.

observed values of velocity dispersion of >3 kms ' and the
low temperatures (<15 K) of the IRDC.

To estimate the density of the region, we utilize the mass-
weighted density map of Xu et al. (2023b), which is derived
from the mass surface density map via machine-learning
methods, with the algorithm trained on a set of numerical
simulations of magnetized GMCs. The density map is shown in
Figure 7(d).

Combining the above information, we then create two
versions of the magnetic field strength map, i.e., one based on
the DCF (Equation (1)) and one based on the r-DCF
(Equation (2)). Logarithmically and linearly scaled versions
of these maps are shown in Figure 8. We note that the
resolution of the maps is 36”4, i.e., 0.85 pc, set by the 2 x 2
pixel grid size used for the oy measurement. As expected, the
DCF method returns higher B-field strength estimates than the
r-DCF method. In the DCF B-field strength map, we see B-field
strengths up to about 3 mG in localized regions, especially at
the western end of the main filament of the IRDC. Based on
results from numerical simulations (Skalidis et al. 2021), we
regard the r-DCF map as being more accurate. Here, the peak
B-field strengths are about 1.5 mG at the western end of the

IRDC. Going along the main spine to the east, these values
decrease to be ~0.5 mG.

The uncertainties in magnetic field strength are computed
given estimated errors for the density, velocity dispersion, and
polarization angle dispersion. Uncertainties in velocity disper-
sion over a 2 x 2 pixel grid are relatively small, i.e., about 5%-—
10%, and so they are negligible in the final uncertainty of field
strength. For the uncertainty in density, based on the results of
Xu et al. (2023b), we adopt Any/ny=0.5. We estimate the
uncertainty in oy by sampling the individual polarization
orientations within their estimated errors, running our algo-
rithms on these maps, and then examining the dispersion in the
resulting derived values of oy. A map of the uncertainty in oy,
ie., Aoy, is shown in Figure 9. Maps of the overall
uncertainties of B-field strength via the DCF and r-DCF
methods are shown in Figure 10. These have typical values of
20% and 15% in the IRDC for the DCF and r-DCF maps,
respectively.

We also note that observational uncertainties in polarization
position angle tend to inflate the measured dispersion in these
angles, thus leading to a systematic bias of underestimation of
B-field strengths. These uncertainties then also set a minimum
value for gy, and thus a maximum value for B-field strength



THE ASTROPHYSICAL JOURNAL, 967:157 (26pp), 2024 June 1

0.15°
Z o.10°
= \

0.05°

0.15°f
Z ol10°-

0.05°

Heam FWHM

1
28.45°

Law et al.

ny (xlf):' cm 4:})

.40° 28.35°
1(%)

B - ——

Figure 7. (a) Top Left: Map of mean magnetic field position angle, (#). (b) Top Right: Map of dispersion in magnetic field position angle, 0. (¢) Bottom Left: Map of
1D nonthermal velocity dispersion, o,. (d) Bottom Right: Map of mass-weighted H nuclei number density, ny.

that can be measured in a given region (see also Pattle et al.
2017; Skalidis et al. 2023).

3.4. The B-N and B-n Relations

The dependencies of magnetic field strength on mass
surface density, > (or equivalently Ny), and volume density, p
(or equivalently ny), including both mean and dispersion, are
constraints on theoretical models and simulations of molecular
clouds as they undergo collapse to form stars. The magnetic
field strength estimated by the DCF and r-DCF methods is the
plane-of-sky (POS) component, i.e., Bpos = B>p. To make an
approximate estimate of the 1D component, e.g., one useful
for comparison with previous work based on Zeeman studies
that measure the line-of-sight (LOS) component of magnetic
field, we assume that the three components of the 3D magnetic
field have comparable magnitude so that Bjp = Byp/ J2.
We note that this relation is expected to hold on a statistical
basis, but only if there is no overall large-scale preferred
magnetic field direction. We note also that the normalization
of the estimated 1D magnetic field value does not affect the
scaling analysis that follows. However, in the next section,
where we estimate mass-to-flux ratios, we will assume
Bios = Bip.

Figure 11 presents the DCF and r-DCF B;p versus Ny
relations for IRDC G28.37+0.07. Note that here we have
measured Ny from the Herschel, i.e., FIR, derived > map. In

addition to the full data set shown by the black dots, we also
display the median values of binned data, using bin widths of
0.2 dex in Ny unless such a bin would contain fewer than five
data points (relevant only for the lowest column density bin).
We fit a power-law relation of the form

Bip = BynNy%y', “)

where Ny 2, = Ny/ 10?? cm 2. For the DCF method, we derive
ap_n=10.384 £ 0.028 and By>> =0.269 £ 0.151 mG. For the
r-DCF method, we find ap_ny=0.3844+0.017 and By =
0.149 + 0.089 mG. We note that the values of ap_, derived
from the DCF and r-DCF methods are nearly identical.

Figure 12 presents the DCF and r-DCF B;p versus ny
relations for IRDC G28.37+0.07. Note that here we have
estimated ny to be the machine-learning inferred value derived
from the Herschel, i.e., FIR-based, > map. We fit a power law
to the binned median values of the form:

Bip = Buang® ", ©)

where ny 4 =ny/ 10*cm 3. For the DCF method, we derive
ag_,=0.511£0.045 and B,;=0.352+0.182mG. For the
r-DCF method, we find ag_,=0.512+0.024 and B, =
0.193 £ 0.092 mG. Again, the DCF and r-DCF methods return
very similar values of the power-law index, with ag_, ~0.5.
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Figure 9. Map of uncertainty in oy, i.e., Aoy (see text).

The indices of the B-N and B-n relations provide constraints on
the relative importance of magnetic fields in cloud contraction and
dense core collapse (Crutcher et al. 2010; Li et al. 2015; Skalidis
et al. 2022; Konstantinou et al. 2024). In the paper by Crutcher
et al. (2010), the B—n relation was characterized by a piecewise
function in which the magnetic field remains uniform until a
threshold density of ni ~ 300 cm ). At higher densities, the field
strength increases with an index ap ,, ~2/3. Such an index is

10

expected for the case of isotropic collapse, where the magnetic
field has only a minor role in the cloud dynamics (Mestel 1966;
Crutcher et al. 2010). On the other hand, for magnetic-field-
regulated  contraction (e.g., via ambipolar diffusion;
Mouschovias 1976a, 1976b), a scaling index shallower than
0.67 is expected, as suggested by multiple studies (e.g., Li et al.
2015; Tritsis et al. 2015; Cao & Li 2023). Thus, our results appear
to favor a field-regulated contraction and collapse.

4. Dynamical Implications of the Magnetic Field

We have constructed magnetic field strength maps of IRDC
G28.374-0.07 based the SOFIA-HAWC+H polarized dust
emission data via the DCF and r-DCF (ST) methods,
combining the GBT-Argus 1D velocity dispersion map of
C'®0(1-0) and the number density map derived from a
machine-learning method that is inferred from a Herschel
FIR-derived ¥ map (Xu et al. 2023b). In this section, we
characterize the dynamical state of IRDC G28.374-0.07, its
dense starless/early-stage core/clump population (Butler et al.
2014), and the massive protostellar core Cp23 residing at the
MIR/FIR peak position (Moser et al. 2020).

4.1. Mass-to-flux Ratio Maps

We first consider the mass-to-flux ratio (M/®) map of IRDC
G28.3740.07 in order to evaluate the relative importance of
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power-law fit to the data (see text) is shown by the solid line. (b) Right: As (a), but now for the r-DCF method for magnetic field strength.

gravity to the magnetic field. The equation that computes the
corresponding mass-to-flux ratio maps in units of the critical
value is (e.g., Myers & Basu 2021)

E )

M/ E(B_
1D

(M / (P) crit

where G is the gravitational constant, ¥ is the mass surface
density, and B;p is the 1D magnetic field strength (obtained by
scaling the plane-of-sky magnetic field by 1/+/2). Here,
(M/®)y is the critical mass-to-flux ratio, defined as

(ﬂ)m - 27TIJE '

)
If g > 1, magnetic fields are not able to support the cloud
against gravity. Conversely, if g < 1, then magnetic fields are

strong enough to counter gravitational collapse. Note that here
some uncertainty has been introduced by assuming the LOS

(6)

Ko Los =

)

11

magnetic field strength can be inferred from the POS
component.

Given that the DCF-type methods measure POS magnetic
fields, we also consider an analogous estimate of the mass-to-
flux ratio, pg pos, based on Byp = Bpps. For each pixel in the
map, we calculate the flux as ® = B,pA, where the area, A, is
assumed to be A ~ AxAz, where Ax is the pixel size in the
POS and Az is the depth along the line of sight. We estimate
Az =3/p, where p is the mass-weighted volume density from
Xu et al. (2023b). Note that here there is some uncertainty
introduced by having to make this estimate of the depth, Az,
via this indirect method. As a result of this, we also ignore the
modest (order unity) factor related to how the orientation of
Bpos would impact A in a given pixel.

The resulting mass-to-flux ratio maps, utilizing the FIR-
derived mass surface density map, are shown in Figure 13. As
expected, the DCF-based maps show smaller values of 15 than
the r-DCF-based maps. Considering the cloud defined by the
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for magnetic field strength.

ellipse from Simon et al. (2006), we find an average LOS mass-
to-flux ratio of jig10s ~ 0.38 £ 0.24 for DCF and 0.54 £ 0.36
for r-DCF (see panels (c) and (d)). Considering the main spine
of the IRDC, we notice that whether or not this structure is
magnetically supercritical (ug > 1) depends on whether the
DCF or r-DCF method is used. To the north of the main IRDC
spine, we see two localized spots and a connecting arc region
where there are high supercritical mass-to-flux ratios. Panels (e)
and (f) show the maps of 1ig pos based on the DCF and r-DCF
field strength maps. For both cases, compared to the POS
estimates, we find lower average cloud mass-to-flux ratios of
0.22 +0.17 and 0.30 £ 0.17 for DCF and r-DCF, respectively.
Figure 13 shows a consistent trend among the maps (panels
(c)—(D): the diffuse part of the cloud remains subcritical
irrespective of the employed methods and assumptions, while
the inner parts of the cloud become less subcritical or
supercritical. This picture is consistent with star formation
theories regulated by dynamically important magnetic fields
(Mouschovias 1976a). However, the exact fraction of the IRDC
that is supercritical depends on which method is employed.
These fraction are 31% and 20% for the cases of 1i¢ pcELOS
and [ sTLOs, respectively, and 20% and 11% for pg perpos

and e sT,POS-

4.2. Energetics

Here, we study the energy budget of the global IRDC and
some of its dense substructures, to characterize the relative
importance of gravity, turbulence, and magnetic fields.

The dynamical state of a spherical cloud is described by the
virial theorem. Following Bertoldi & McKee (1992; hereafter
BM92), a cloud in virial equilibrium satisfies the following
condition:

0 =2Ex + Eg + Eg, ®)
where Ey, Ep, and Eg are the total kinetic, magnetic, and
gravitational energies, respectively. The gravitational energy of

12

an ellipsoidal cloud is given by

3 GM?
EG:_galaz R

©))

where G is the gravitational constant, M is the cloud mass, R is the
cloud radius, a; is a parameter that describes the effect of the
internal density distribution of the cloud, and a, is a parameter that
describes the effect of cloud ellipticity. For a power-law density
distribution, p o< r=%, a; = (1 — k,/3)/(1 — 2k,/5). Following
the study of Butler & Tan (2012), we adopt k,=1 so that
a; =10/9. We will only consider the effects of ellipticity for the
case of the global IRDC, which has a ratio of major to minor axes
of 1.25. For this case, the value of a; = 1.05 (BM92).

Following BM92, the kinetic energy is defined by

Ex = 2003 — ooV (10)
where o, is the total 1D velocity dispersion, V is the volume of
the cloud, and subscript “0” refers to ambient conditions
around the cloud. Finally, the magnetic energy is
Ep= (B} — Bho)V. (an

87
where Bip = /3 Byp is the total magnetic field in the cloud.

With our mass surface density, velocity dispersion, and
magnetic field strength maps we are able to estimate Ek, Ep,
and Eg, and thus test Equation (8). For a cloud defined by a
given aperture on the sky, the mass is most simply estimated
from the total mass surface density times the projected area of
the aperture. However, we expect that some of the material
along the line of sight should be considered to be part of the
surrounding ambient cloud, so for the dense core sample within
the IRDC, we also evaluate “background-subtracted” masses in
which the background X is evaluated in an annulus from R to
2R around a given aperture.

Our estimates of the IRDC and core masses are listed in
Table 2. The core masses span about an order of magnitude,
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Figure 13. (a): Mass surface density in pixel scale equivalent to SOFIA beam FWHM. (b): Dense cores from Butler et al. (2014) overlaid on the magnetic field
strength G28.37+0.07 measured via the ST method. Each circle is centered at the coordinate of each dense core and with a fixed aperture radius equivalent to 1
SOFIA-HAWC+ beam FWHM. The ellipse shows the IRDC region defined by Simon et al. (2006) (c): Mass-to-flux ratio (1) map toward G28.374-0.07 based on
magnetic field strength estimated via the classical DCF method. (d): As (c), but now showing mass-to-flux ratio (1) based on magnetic field strength estimated via the
refined DCF method (Skalidis & Tassis 2021). (e): As (c), but now showing the plane-of-sky mass-to-flux ratio (1) based on the magnetic field strength estimated via
the classical DCF method. (f): As (e), but now showing the plane-of-sky mass-to-flux ratio (1) based on the magnetic field strength estimated via the refined DCF

method.

ranging from ~200 M, to ~2000 M. We also notice that the
FIR-based masses are generally larger than the MIREX-based
masses by about a factor of 1.5. This level of difference is
within the systematic uncertainties of the two methods, e.g.,

13

involving assumptions about dust opacities. We also notice that
in some cases (i.e., C3, C9-MIR, Cl12, and Cl14), the
background-subtracted mass becomes very small, i.e., <20%
of the non-background-subtracted mass. Especially in these
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Table 2
Physical Properties of IRDC G28.37+0.07 (Cloud C) and Its Dense Core Sample®
E M ny nHYO g, Btnt E(; EK EB
(gem™?) M.) (10%m™3) (10%m™3) (kms™") (mG) (10%7 erg) (10%erg) (10%erg)
CloudC 0.0868(-) 78,400(-) 0.114(-) ) 3.42 0.474(-) 314(-) 273(-) 5240(-)
0.0601(-) 54,300(-) 0.0787(-) ) [-] [-] 151(-) 189(-)
Cp23 0.326(0.0941) 1270(351) 10.2 7.41 1.52 0.687 1.47(0.111) 0.0229(0.00632) 0.124
[1.50] [0.665]
Cl 0.372(0.217) 1540(808) 11.7 5.12 1.48 1.49 1.91(0.591) 0.217(0.121) 7.99
0.246(0.128) 959(500) 7.7 3.69 [1.30] [0.558] 0.833(0.226) 0.143(0.0747)
Cc2 0.505(0.230) 1970(857) 15.8 8.96 1.38 0.928 3.52(0.664) 0.273(0.119) 1.43
0.299(0.128) 1170(500) 9.40 5.38 [1.20] [0.721] 1.24(0.227) 0.162(0.0693)
C3 0.127(-) 497(-) 4.00 5.16 1.02 0.641 0.224(-) 0.224(-) 0.332
0.107(-) 417(-) 3.35 ) [1.20] [0.576] 0.157(-) 0.129(-)
C4 0.400(0.123) 1560(457) 12.5 8.87 1.25 0.745 2.21(0.189) 0.243(0.0712) 0.193
0.252(0.081) 985(316) 7.92 [1.02] [0.714] 0.879(0.0907) 0.154(0.0493)
C5 0.462(0.193) 1810(721) 14.5 8.72 1.44 0.841 2.95(0.47) 0.341(0.136) 1.13
0.283(0.109) 1100(427) 8.87 5.44 [1.20] [0.662] 1.10(0.165) 0.209(0.0807)
Co6 0.422(0.172) 1650(642) 13.2 8.09 0.922 0.848 2.46(0.373) 0.418(—0.113) 1.31
0.262(0.105) 1020(411) 8.22 4.92 [1.20] [0.639] 0.948(0.153) 0.260(—0.0723)
Cc7 0.143(0.0522) 559(195) 4.49 2.92 1.44 0.508 0.282(0.0343) 0.183(0.0638) -0.322
0.119(0.0492) 464(192) 3.72 2.18 [0.987] [0.578] 0.195(0.0334) 0.152(0.063)
Cc8 0.266(0.151) 1040(562) 8.35 3.84 1.62 0.725 0.978 0.367(0.199) 1.11
0.188(0.0955) 735(373) 5.90 291 [1.20] [0.512] 0.489(0.126) 0.260(0.132)
C9 0.646(0.514) 2520(1910) 20.3 4.89 1.17 1.14 5.77(3.32) 1.03(—0.520) 3.98
0.139(0.0232) 541(90.5) 435 3.62 [1.51] [0.579] 0.265(0.00742) 0.221(—0.0246)
C10 0.249(0.0585) 972(218) 7.81 6.06 1.6 0.774 0.855(0.0431) 0.495(0.111) 0.997
0.179(0.062) 698(242) 5.60 3.66 [0.924] [0.602] 0.441(0.0531) 0.355(0.123)
Cl1 0.418(0.179) 1630(668) 13.1 7.76 1.26 1.14 2.42(0.405) 0.216(0.0883) 3.94
0.256(0.0992) 1000(388) 8.04 493 [1.07] [0.605] 0.907(0.136) 0.132(0.0512)
C12 0.263(0.00266) 1030(9.91) 8.24 8.16 1.23 0.771 0.952(8.90e-05) 0.0369(0.000356) 0.474
0.195(0.0408) 762(159) 6.12 4.84 [1.18] [0.694] 0.525(0.023) 0.0274(0.00573)
C13 0.360(0.121) 1410(451) 11.3 7.67 1.21 1.19 1.79(0.184) 0.614(—0.0446) 3.89
0.240(0.0923) 938(360) 7.53 4.64 [1.34] [0.701] 0.796(0.118) 0.410(—0.0356)
Cl4 0.272(0.0347) 1060(130) 8.53 7.49 1.22 0.803 1.02(0.0152) 0.746(0) 0.656
0.176(0.0226) 686(88.2) 5.51 4.80 [1.22] [0.699] 0.426(0.00705) 0.291(0)
Cl15 0.430(0.204) 1680(762) 135 7.39 1.33 1.43 2.56(0.525) 0.141(0.0637) 6.66
0.283(0.140) 1110(548) 8.89 4.49 [1.22] [0.677] 1.11(0.271) 0.0926(0.0458)
Cl6 0.435(0.252) 1700(941) 13.7 6.09 1.56 1.46 2.61(0.801) 0.516(0.286) 7.60
0.274(0.140) 1070(548) 8.60 4.20 [1.19] [0.578] 1.04(0.272) 0.325(0.166)
Note.

# An effective radius of 7.06 pc, ie., 5’37, is used for the global IRDC, while a radius of 0.399 pc, i.e., 07303, is used for the dense cores. For each source, the top row
reports mass surface densities and masses based on the Herschel (FIR) mass surface density map, while the bottom row uses the MIREX map. Values in “()” are

background-subtracted estimates. When a background-subtracted mass or density is found to be negative, it is not evaluated and the symbol “-” is used. The values of
o, and By, in “[]” in the second rows are background values, i.e., 0, o and By .

instances, we consider that the background-subtracted mass is
not reliably measured, and we will set the level of the
background as a measure of the uncertainty. Table 2 also
reports an estimate of the volume density (in terms of ny) of the
sources, with this being based on a simple assumption of
spherical geometry of the structure. The density of the
background, which is used for the surface terms around the
core, is estimated in a similar way.

Table 2 next reports the 1D velocity dispersion of the
sources, based on the C'®0(1-0) emission. The velocity
dispersion of the background region is also estimated from
the spectrum of its CISO(I—O) emission. Note that we do not
attempt to estimate a background-subtracted velocity disper-
sion. The final primary measurements reported in Table 2 are
the total magnetic field strengths, B;p, as measured from the
r-DCF (ST) map (i.e., scaling B,p by 4/3/2) of the source and
background. We note that the magnetic field in the annular

14

region is often at a similar level to that in the core. For this
reason, we also do not attempt to estimate a background-
subtracted magnetic field strength for the core.

With the above measurements of primary quantities, we then
estimate Eg, Ex, and Ep. Note that Ex and Ep include a
subtraction of surface terms, and in certain cases where the
background is relatively strong, these can then take negative
values. To test the condition of virial equilibrium, in Figure 14
we plot 2Ex + Ep versus |Eg|. Here, we examine four cases
resulting from whether we measure mass and density via the
FIR or MIREX ¥ maps and whether or not we carry out
background subtraction to measure the core properties of mass
and density.

From Figure 14, we see that, for the FIR-derived core
properties and the case before background subtraction, the core
population scatters quite closely about the condition of virial
equilibrium. The most extreme outlier to the gravity-dominated
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Figure 14. (a) Top Left: Test of virial equilibrium of IRDC dense cores. Here, masses are estimated from the FIR ¥ map and no background subtraction is done when
evaluating source mass, velocity dispersion, and B-field strength. (b) Top Right: As (a), but now with masses estimated from the MIREX X map. (c) Bottom Left: As
(a), but now with background subtraction when evaluating source mass. (d) Bottom Right: As (c), but now with masses estimated from the MIREX ¥ map.

regime is the massive protostellar source Cp23. The most
extreme outlier to the 2Ey + Ez-dominated regime is the C1
core/clump that is a prime candidate for hosting massive
prestellar and early-stage cores (Tan et al. 2013, 2016; Kong
et al. 2018). Indeed, here we see that Ep dominates the
energetics. The effect of using MIREX-based masses and
densities is a modest shift toward supervirial conditions, as
expected given the systematically lower masses found by the
MIREX method. However, as discussed by Butler & Tan
(2012), the MIREX masses may be somewhat underestimated
in the densest regions, given the effects of “saturation” limiting
the maximum X that can be probed by the method.

The effect of background subtraction on the mass and
density estimates is more significant. As noted above, there are
cases where the mass of a core is reduced by a large factor (>5)
after attempting background subtraction. Such estimates thus
become highly uncertain, and care should be taken with the
interpretation of the results.

15

To gauge the effects of the surface terms, Figure 15 shows
the same quantities as Figure 14, but now with Ex and Ep
evaluated without the influence of the surface terms. We see
that the surface terms have a large impact on the position of
cores in this energy ratio diagram. Thus, it is important to
attempt to include them, even if their evaluation is somewhat
uncertain.

Traditional studies of cloud dynamics have focused mostly
on measuring the virial parameter, which describes the ratio
between kinetic and gravitational energies (BM92):

2 2
Qyir = SJVR = 50\; . (12)
GM GXmR

To place our sources in the context of such previous studies,
here we also evaluate their virial parameters, which are shown
in Figure 16 and listed in Table 3.

For the case of no background subtraction in estimating core
mass, we find average and dispersion of o, = 1.11 4+ 0.587 for
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Figure 15. (a) Top Left: As Figure 14(a), but now surface terms are not considered when evaluating Ex and Ep. (b) Top Right: As (a), but now with masses estimated
from the MIREX X map. (c) Bottom Left: As (a), but now with background subtraction when evaluating source mass. (d) Bottom Right: As (c), but now with masses

estimated from the MIREX ¥ map.

FIR-derived masses and 1.65+0.666 for MIREX-derived
masses. If we consider background-subtracted masses,
the corresponding average virial parameter values are 9.22 +
25.8 and 2.89 £7.89 for FIR- and MIREX-traced cores,
respectively.

Next, we evaluate the Alfvén Mach number, m,, of the
cores, given by my = J3 av/ VA = J3 av(Bmt/ J4mp). These
values are also shown in Table 3. For the case of no
background subtraction in estimating core mass, we find an
average and dispersion of ma = 0.438 = 0.130 for FIR-derived
masses and 0.344 +0.104 for MIREX-derived masses. If we
consider background-subtracted masses, the corresponding
values are 0.277 £0.100 and 0.218 +0.0756 for FIR- and
MIREX-traced cores, respectively.

Similarly, the mass-to-flux ratios are also presented in
Table 3. For the case of no background subtraction in
estimating core mass, we find an average and dispersion of
1 =0.878 +0.284 for FIR-derived masses and 0.539 £ 0.155
for MIREX-derived masses. If we consider background-

16

subtracted masses, the corresponding mass-to-flux ratios are
0.380 4 0.231 and 0.219 £ 0.0820 for FIR- and MIREX-traced
cores, respectively.

Finally, we compare the observed quantities to the prediction
of the Turbulent Core Model (TCM) of McKee & Tan (2003).
The TCM describes the properties of virial equilibrium
pressure-truncated singular polytropic spheres that are partially
supported by large-scale B-fields and partially by turbulence.
The expected 1D velocity dispersion of such a core in the
fiducial case of Alfvén Mach number of unity is given by Tan
et al. (2013):

1/4 1/4
Oevir — 1.09 M ol kms~l.  (13)
60M., lgem™2

In Figure 17, we compare the observed velocity dispersion of
the cores to the expected velocity dispersion from a fiducial
virialized core of given mass, M., and background clump mass
surface density, > (see also Table 3). For the FIR-based
masses, we find that most observed velocity dispersions are
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Figure 16. (a) Top Left: Test of virial equilibrium of IRDC dense cores. Here, masses are estimated from the FIR > map, and no background subtraction is done when
evaluating source mass, velocity dispersion, and B-field strength. (b) Top Right: As (a), but now with measurements from the MIREX ¥ map. (c) Bottom Left: As (a),
but now with background subtraction when evaluating source mass. (d) Bottom Right: As (c), but now with measurements from the MIREX 3 map.

smaller than predicted, by about a factor of 0.8. For masses
based on the MIREX X map, the observed velocity dispersion
is closer to that predicted by the TCM.

We also estimate the magnetic field at which a core is
virialized as predicted by the TCM, i.e., assuming an Alfvén
Mach of unity. We compare in Figure 18 the predicted
magnetic field strengths and the observed field strengths.
Typically, the observed field strengths are stronger than
predicted by factors of up to a few. For the predicted TCM
field strengths to be larger would imply sub-Alfvénic
conditions in the cores. Tan et al. (2013) used the ratio of the
observed velocity dispersion to the predicted velocity disper-
sion to estimate what magnetic field strength is needed in order
to support a core in virial equilibrium. In Figure 19, we plot the
corresponding corrected magnetic field strengths to the
observed field strengths and find that, with these corrections,
the predicted field strengths are now in better agreement with

17

those that are observed in the cores. This indicates that the
observed magnetic field strengths are at such a level as to
control support of the cores under sub-Alfvénic conditions.

5. Connection of B-field Morphology to Massive Star
Formation

5.1. Magnetic Field Orientation and Mass Surface Density
Gradient

Here, we examine potential connections between magnetic
field morphology and the formation of dense gas structures in
the IRDC. First, we examine the distribution of angles, P,
between the direction of the plane-of-sky magnetic field
orientation and the gradient in the mass surface density. We
carry out a histogram of relative orientations (HRO) analysis
following the method described in Soler et al. (2013). We
examine cases with the Herschel (FIR)-derived > map and the
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Table 3
Additional Dynamical Properties of IRDC G28.37+0.07 and Its Dense Core Sample®
Qyir ma M Ovir Bvir Bvir,corr
(kms™ ") (mG) (mG)
CloudC 1.93(-) 0.230(-) 0.430(-) 3.56(-) 0.116(-) 0.124(-)
2.79(-) 0.19(-) 0.298(-) 2.79(-) 0.0804(-) 0.0595(-)
Cp23 1.33(4.83) 0.670(0.350) 1.12(0.322) 1.77(1.18) 0.59(0.0616) 0.736(0.0506)
Cl 1.10(1.99) 0.320(0.240) 0.587(0.343) 1.89(1.31) 0.675(0.0508) 0.999(0.218)
1.67(3.21) 0.260(0.190) 0.298(0.324) 1.53(1.08) 0.445(0.232) 0.537(-)
C2 0.707(1.63) 0.560(0.370) 1.28(0.583) 2.2(1.53) 0.915(0.0741) 1.95(0.48)
1.19(2.79) 0.430(0.280) 0.388(0.256) 1.69(1.19) 0.543(0.232) 0.973(0.141)
C3 1.53(-) 0.300(-) 0.466(-) 1.1(¢-) 0.231(-) 0.249(-)
1.83(-) 0.270(-) 0.758(-) 1.01(-) 0.194(-) 0.186(-)
C4 0.733(2.5) 0.560(0.300) 1.26(0.388) 1.96(1.31) 0.725(0.074) 1.5(0.266)
1.16(3.62) 0.440(0.250) 0.393(0.305) 1.56(1.06) 0.457(0.147) 0.814(0.0934)
C5 0.841(2.11) 0.610(0.390) 1.29(0.540) 2.11(1.46) 0.838(0.075) 1.56(0.343)
1.38(3.56) 0.480(0.300) 0.792(0.291) 1.65(1.15) 0.512(0.198) 0.791(0.0788)
C6 0.378(0.97) 0.370(0.230) 1.17(0.477) 2.01(1.39) 0.765(0.0678) 2.58(0.648)
0.608(1.51) 0.290(0.190) 0.727(0.228) 1.58(1.11) 0.475(0.191) 1.44(0.28)
Cc7 2.72(7.8) 0.560(0.330) 0.662(0.242) 1.17(0.803) 0.259(0.03) 0.106()
3.28(7.9) 0.510(0.330) 0.551(0.310) 1.07(0.749) 0.215(0.0892) nan(nan)
C8 1.85(3.42) 0.610(0.450) 0.863(0.490) 1.6(1.11) 0.482(0.04) 0.418(-)
2.62(5.15) 0.510(0.360) 0.610(0.0479) 1.34(0.949) 0.341(0.173) 0.188(-)
Cc9 0.397(0.524) 0.430(0.380) 1.33(1.06) 2.49(1.56) 1.17(0.0499) 3.81(1.03)
1.85(11.1) 0.200(0.0800) 0.287(0.188) 1.15(0.704) 0.251(0.042) 0.47(-)
C10 1.93(8.6) 0.540(0.260) 0.757(0.178) 1.54(0.994) 0.451(0.0504) 0.370
2.69(7.74) 0.460(0.270) 0.544(0.188) 1.31(0.903) 0.324(0.112) 0.163()
Cl1 0.712(1.74) 0.380(0.240) 0.862(0.369) 2.00(1.39) 0.758(0.0679) 1.61(0.38)
1.16(3) 0.290(0.180) 0.528(0.205) 1.57(1.09) 0.464(0.18) 0.839(0.117)
C12 1.08(112) 0.430(0.0400) 0.802(0.00812) 1.59(0.496) 0.476(0.0667) 0.718(nan)
1.45(6.95) 0.370(0.170) 0.595(0.124) 1.37(0.872) 0.353(0.0739) 0.468(nan)
C13 0.763(2.38) 0.320(0.180) 0.712(0.239) 1.86(1.26) 0.652(0.0639) 1.31(0.249)
1.14(2.98) 0.260(0.160) 0.474(0.182) 1.52(1.06) 0.435(0.167) 0.764(0.112)
Cl4 1.03(8.42) 0.420(0.150) 0.797(0.192) 1.61(0.922) 0.493(0.0661) 0.777(0.0118)
1.59(12.4) 0.340(0.120) 0.516(0.0662) 1.3(0.751) 0.318(0.0409) 0.411(nan)
C15 0.771(1.7) 0.320(0.220) 0.707(0.336) 2.03(1.42) 0.78(0.0618) 1.55(0.383)
1.17(2.37) 0.26(0.180) 0.466(0.230) 1.65(1.17) 0.513(0.254) 0.888(0.153)
Cl16 1.05(1.89) 0.370(0.280) 0.701(0.406) 2.04(1.42) 0.788(0.0579) 1.22(0.279)
1.66(3.25) 0.290(0.210) 0.442(0.226) 1.62(1.15) 0.497(0.254) 0.617(nan)
Note.

# An effective radius of 7.06 pe, ie., 5737, is used for the global IRDC, while a radius of 0.441 pc, i.e., 07303, is used for the dense cores. For each source, the table
reports: virial parameter (ov;,); Alfvén Mach number (m,); mass-to-flux ratio (11); fiducial TCM-predicted virialized 1D velocity dispersion (oy;,); fiducial TCM-
predicted core B-field strength (B,;,); and TCM B-field strength needed to achieve virial equilibrium give observed velocity dispersion (Byi.corr)- The top row for each
source reports quantities based on masses and densities measured from the Herschel (FIR) mass surface density map, while the bottom row uses the MIREX map.
Values in “()” are background-subtracted estimates. When a background-subtracted mass or density is found to be negative, it is not evaluated and the symbol “-” is
used. Background subtraction is not evaluated for the global properties of Cloud C.

MIREX ¥ map, each regridded to the 18”2 pixel scale of the
HAWC+ image. We compute the gradient by convolving with
a Gaussian kernel with a FWHM of 3 pixels (i.e., 54”6). The
HROs are presented in Figure 20. We set the ranges of > such
that each HRO set contains 25% of the pixels.

The results of Figure 20 generally show a greater number of
pixels having smaller values of @, i.e., indicating that magnetic
field direction tends to align with gradient in ¥ (and thus also
volume density). However, the distributions are quite broad,
with significant numbers of pixels at large values of ®. There is
no clear trend of the HROs varying systematically with 3.

We evaluate the significance of any overall parallel/
perpendicular alignment by evaluating the projected Rayleigh
statistic (PRS; e.g., Jow et al. 2018; Fissel et al. 2019). The
PRS is used to test for the existence of a preference for
perpendicular or parallel alignment and has the following
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equation:
B Z,N cos b;
JN/2

where N is the number of relative orientations between the two
sets of angles. The corresponding uncertainty in the PRS is
given by Jow et al. (2018):

Jzz?(cos 0 — (Z,)?
Oz, = .
N

We apply the PRS and present the Z, values in Table 4. A value
of Z, > 0 indicates a preferred parallel alignment, while Z, < 0
indicates a preferred perpendicular alignment. While the values
are all > 0, given the uncertainties, there is no strong evidence
for preferred parallel alignment in any of the individual

Z, (14)

5)
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Figure 17. (a) Top Left: Observed total 1D velocity dispersion against predicted 1D velocity dispersion from the TCM prediction based on the mass derived from the
FIR mass surface density map. (b) Top Right: Similar to (a), but the predicted velocity dispersions are derived from the background-subtracted mass. (c) Bottom Left:
Observed velocity dispersion against predicted 1D velocity dispersions from the TCM with masses are derived from the MIREX map. (d) Bottom Right: Similar to (c),
but the predicted velocity dispersions are derived from the background-subtracted mass.

quartiles. Table 4 also reports the value for the PRS of the
whole pixel sample.

The PRS can infer if there is a unimodal distribution, but it
cannot reflect on the existence of any multimodal, nonuniform
distributions, e.g., a bimodal distribution. Thus, next we
perform a Kuiper test, which is closely related to the
Kolmogorov—Smirnov (KS) test. The Kuiper test compares
the distribution to the cumulative density function of a certain
distribution, which in this case is a uniform distribution with
the same number of measurements within 0°-90°, i.e., no
preferred direction. We use the Python function kuiper_two in
astropy to carry out the Kuiper two-samples test. The output p-
value reflects whether the sample distribution differs from that
of a uniform distribution. We also summarize the Kuiper test
results in Table 4. We see that certain quartiles, corresponding
to the ones with the largest PRS values, have small (<0.05)
values of pgyiper, indicating distributions that are inconsistent
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with a uniform, i.e., random, distribution. In addition, the result
for the entire pixel set shows a significant result indicating that
the distribution is inconsistent with that of a uniform
distribution.

5.2. Magnetic Fields and Protostellar Outflows

Here, we investigate if there is any correlation between
magnetic field orientation and protostellar outflow axis
orientation. We use the sample of 64 averaged blue- and
redshifted CO(2-1) plane-of-sky outflow axis position angles,
Ooufiow» presented by Kong et al. (2019). These authors already
noted that their sample tends to align perpendicularly to the
main IRDC filament.

Figure 21 shows a scatter plot of 00w versus 0z. Note that
multiple outflows can be located within a SOFIA beam, i.e.,
sharing the same 18”2-size pixel in the B-field map. In this
case, we assume that all the outflows share that same field
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Figure 18. (a) Top Left: Scatter plot of the observed total magnetic field strength (B = V3B,) to the magnetic field strength, assuming the core is at equilibrium,
based on the mass derived from the FIR mass surface density map. (b) Top Right: Similar to (a), but here the predicted virial magnetic field is based on the
background-subtracted mass (c) Bottom Left: Scatter plot of the observed total magnetic field strength (B = J3B,) to the magnetic field strength, assuming the core
is at equilibrium, but based on mass derived from the MIREX map. (d) Bottom Right: Similar to (c), but here the predicted virial magnetic field is based on the

background-subtracted mass.

orientation. Indeed, the distribution of outflows is clustered so
that 49 of the outflows are found to be launched from within
just 7 of the pixels of the B-field map. Examining Figure 21, we
notice that there seems to be a tentative trend that the relative
orientations between outflows and local magnetic fields are
either parallel or perpendicular. However, there are also
significant numbers of sources that have no preferential
orientations. We also color code the outflows with masses that
are measured based on the ALMA continuum image (Kong
et al. 2019).

In Figure 22, we present a histogram of the relative
orientations between the average outflow orientations and the
magnetic field orientations. The apparent bimodality is also
apparent in this histogram. However, when we apply the PRS
and Kuiper tests to the distribution of relative orientations, the
results are Z, = 1.81 +2.59 and p = 0.65. Thus, the data do not
indicate any significant evidence for a preferential alignment
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direction or a distribution that is distinct from a random,
uniform distribution.

6. Discussion and Conclusions

In this paper, we have presented the first global, relatively
high-resolution (18”) magnetic field strength map of the
massive IRDC G28.3740.07 utilizing SOFIA-HAWC+
214 pm polarized dust emission data, combined with a velocity
dispersion map obtained with GBT-Argus C'*0(1-0) observa-
tions and mass surface density and associated inferred volume
density maps derived from Herschel FIR emission and Spitzer
MIR extinction maps. We have assessed the role of magnetic
fields on the star formation of G28.3740.07 based on an
evaluation of the B—Y and B—p relations in the maps, and more
directly by measuring the energy balances between magnetic
fields, turbulence, and gravity in the global cloud and a sample
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Figure 19. (a) Top Left: Scatter plot of the observed total magnetic field strength (Bioy = J3 B,) to the magnetic field strength, assuming the core is at equilibrium,
with correction of higher magnetic field support (Tan et al. 2013) based on mass derived from the FIR mass surface density map. (b) Top Right: Similar to (a), but the
predicted virial magnetic field is based on the background-subtracted mass. (c) Bottom Left: Scatter plot of the observed total magnetic field strength (B = \/§ B,) to
the magnetic field strength, assuming the core is at equilibrium, with correction of higher magnetic field support but based on mass derived from the MIREX map. (d)
Bottom Right: Similar to (c), but here the predicted virial magnetic field is based on the background-subtracted mass.

of dense cores. We have also examined the morphological
connection of the magnetic field orientation with density (i.e.,
X)) gradients and protostellar outflow axis orientations. Here,
we discuss the implications of these results for a more general
understanding of the role of magnetic fields in massive star
formation.

The relative importance of magnetic fields compared to
gravity may influence the observed B—% and B—p relations of
the cloud. Gravity-dominated isotropic contraction is expected
to lead to a B-p index of about 2/3, while our results imply a
shallower index of about 0.5 4 0.05. Such a shallow value
may be consistent with dynamically important magnetic-
field-regulated collapse via ambipolar diffusion (e.g., Cao &
Li 2023).
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More directly, the mass to flux ratio maps indicate that magnetic
fields are dominant (or at least significant) in large regions of the
IRDC. This is especially true for values of B-fields estimated by
the DCF method. However, even for the lower B-field values of
the r-DCF method of Skalidis & Tassis (2021), we find that major
parts of the IRDC, including the eastern end of its dense
filamentary spine are magnetically subcritical (u<1). An
assessment of the global energetics reveals that magnetic energy
is much larger than gravitational and turbulent energies. We note
here that a caveat of the DCF and r-DCF methods is that they
ignore the influence of self-gravity in bending B-field orientations.
However, such effects would lead us to systematically under-
estimate true B-field strengths, so our conclusions about the
dynamical importance of the fields are quite conservative.
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Figure 20. (a) Left: HROs constructed from the FIR mass surface density (X) map with a constant bin width of 10 degrees (solid lines) for four quartiles of the >

distribution (each with Ny, = 179), as labeled. Shaded regions show +10, where 0 = |/N,;x is the Poisson error of the count in a given bin. (b) Middle: As (a), but

now for ¥ derived from the MIREX map. (c) Right: HROs for the entire pixel sets from the FIR mass surface density () map (gold) and from the MIREX map
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Table 4
Results of PRS and Kuiper Tests of the HROs Constructed from the FIR and
MIREX ¥ Maps

such an effect, even though a preferred orientation of the
outflow axes has been claimed (Kong et al. 2019) and such
effects have been noted for mainly low-mass protostellar

Stat Test Zx PXKuiper

p— outflows (Xu et al. 2022).

A summary of our main conclusions is as follows:
Whole Cloud > 5134 4.86 0.000571 1. We derived the B-field strengths maps for G28.37+0.07
0.144 < X(gem™ 7)) < 0.719 0.902 £ 3.62 0.164 ith both the DCFE and r-DCF (Skalidis & Tassis 2021
0.072 < (g cm ™ 2) < 0.144 227 + 3.44 0.260 with both the and r-DCF (Skalidis & Tassis )
0.035 < X(g cm ) < 0.072 591 +3.16 0.0001 methods, with the latter cons@ered to be most accurate,
0.012 < X(g em ) < 0.035 1.80 + 3.41 0.208 given the sub- to trans-Alfvénic conditions in the IRDC.
The B-field strengths in the r-DCF map range from about

MIR 0.03 to 1 mG.
Whole Cloud 6.05 & 4.76 0.000138 2. From the r-DCF map, we derive a B—Ny relation of the
0.108 < X(g em ) < 0.375 1.65 + 3.46 0.693 form Bip = 0.15N{35 mG and a B-ny relation of the

—2 . . .

0.0673 < 2(g em ) < 0.108 e 0.011 form Bip = 0.19n3' mG. The latter index is relatively
0.0455 < (g Cmfz) <0.0673 521£3.16 0.005 shallow compared to some previous estimates, e.g., the
0.0207 < X(gem ©) < 0.0455 2.33 £3.41 0.238

Zooming into subregions of the cloud, while there are some
variations in the mass to flux ratio, overall, we see that for most
cores, magnetic fields play a dynamically important role
compared to turbulence. A detailed study of virial balance
indicates that cores may be close to virial equilibrium but with
relatively strong B-fields that imply sub-Alfvénic conditions.
Such B-fields with ~1 mG strengths are also likely to be
important for setting the mass scale of the cores at a level of
~100 M., and by preventing fragmentation to much smaller
masses, such B-field strengths may be an essential requirement
for the formation of massive stars (e.g., Butler & Tan 2012;
Tan et al. 2013).

From the morphological point of view, we find strong
evidence for a preferential alignment of B-field orientation with
density gradient across the full range of ¥. This is consistent
with previous results that found dense filaments have
orientations perpendicular to B-field orientation (e.g., Soler
et al. 2013). It appears that most of the range of ¥ that is probed
by our maps is in this regime. Again, the implication is that
magnetic fields are helping to shape the collapse of gas into
structures that then tend to align perpendicularly to the field.

Once protostellar sources form and drive outflows, one may
also ask if the direction of the outflows is influenced by the
large-scale B-field. Here, we do not find strong evidence for

classic relation of Crutcher (2012) with a power-law
index of 0.65. This difference may reflect the particular
environment of IRDC G28.37+0.07 or be the result of
different methodologies in the estimation of B-fields and
density.

3. Magnetic fields appear to be playing a dynamically
important role on both the global and local, dense core
scales of the IRDC. Conditions in the dense cores are
consistent with virial equilibrium, although there are
significant uncertainties, especially associated with esti-
mation of mass and the effect of clump envelope
background subtraction. The most massive protostellar
source in the IRDC (Cp23) is seen to be the most gravity-
dominated source, while the highly deuterated massive
prestellar core candidate (C1) is the most magnetically
dominated source.

4. A morphological study of magnetic field orientation with
gradients in the mass surface density map finds strong
evidence for a preferentially alignment of the B-fields
with the density gradients, again indicating the fields play
a role in regulating the collapse. However, the is no
evidence that the field is able to control directions of
protostellar outflows.

The overall findings of the study demonstrate that magnetic
fields play an important role in regulating the formation
processes of massive stars by setting up the initial conditions in
the massive IRDC G28.374-0.07. Such strong magnetic field
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local magnetic field orientations.
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may leave traces in anisotropic gas kinematics. A follow-up
work toward this IRDC (C. Y. Law et al. 2024, in preparation)
aims to investigate this aspect.
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Appendix A
Stokes Q, U, p’, and S/N Maps

Figure Al presents maps of Stokes O, U, p’, and S/N.
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Figure Al. (a) Top Left: Stokes Q map of G28.37+0.07, with other contours following format of Figure 2. (b) Top Right: As (a), but now showing the Stokes U map.
(c) Bottom Left: As (a), but now showing the debiased polarization direction map of G28.3740.07 in logarithmic scale. (d) Bottom Right: As (a), but now showing
S/N in Stokes 1, overlaid with the vectors in which the lengths are scaled with the S/N in polarization fraction.

Appendix B
Effects on Number of Pixels in Measuring Dispersion in
Polarization Angles

We have presented maps of angle dispersion and the
corresponding magnetic field strength maps. We select the
smallest window size of four pixels (equivalent to two SOFIA-
HAWC+ beams). However, the low-number statistics in the
number of vectors in computing the field strengths via (refined)
DCF methods may underestimate the angle dispersion, thus
overestimating the field strength. We present the mean
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polarization angle and the dispersion in the polarization angle
based on a 3 x 3 window centered at each pixel (panels (a) and
(b) of Figure B1). This analysis shows results similar to the
map constructed using the 2 x 2 window, but with a slightly
higher level of angle dispersion, given that it is averaging over
a larger region. We notice that the magnetic field strength is
thus on average slightly lower (panels (c) and (d) of Figure B1).
Therefore, we conclude that there is no significant impact on
our main findings by the use of a 2 X2 window function
compared to a 3 x 3 window function.
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magnetic field strength map based on the r-DCF method.
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