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Abstract

We present 850 pm thermal dust polarization observations with a resolution of 14”4 (~0.13 pc) toward an infrared
dark cloud G16.96+0.27 using James Clerk Maxwell Telescope/POL-2. The average magnetic field orientation,
which roughly agrees with the larger-scale magnetic field orientation traced by the Planck 353 GHz data, is
approximately perpendicular to the filament structure. The estimated plane-of-sky magnetic field strength is
~96 G and ~60 pG using two variants of the Davis—Chandrasekhar—Fermi methods. We calculate the virial and
magnetic critical parameters to evaluate the relative importance of gravity, the magnetic field, and turbulence. The
magnetic field and turbulence are both weaker than gravity, but magnetic fields and turbulence together are equal to
gravity, suggesting that G16.96+4-0.27 is in a quasi-equilibrium state. The alignment between the magnetic field and
cloud is found to have a trend moving away from perpendicularity in the dense regions, which may serve as a
tracer of potential fragmentation in such quiescent filaments.

Unified Astronomy Thesaurus concepts: Magnetic fields (994); Star formation (1569); Molecular clouds (1072);
Infrared dark clouds (787); Interstellar filaments (842)

1. Introduction still under debate. Specifically, the role that the magnetic field
plays during this process remains far from being fully
understood (R. M. Crutcher 2012; H. B. Li et al. 2014;
K. Pattle et al. 2023).

Recent state-of-the-art ideal magnetohydrodynamic simula-
tions of large-scale filamentary cloud formation and evolution
(e.g., P. S. Li & R. I. Klein 2019) suggest that a strong

magnetic field perpendicular to the filament can support the

Filaments are ubiquitous in the interstellar medium (e.g.,
P. C. Myers 2009; P. André et al. 2010; D. Arzoumanian et al.
2011) with chains of dense cores embedded in them (e.g.,
Q. Zhang et al. 2009; P. André et al. 2014; V. Konyves et al.
2015; M. Tafalla & A. Hacar 2015; K. Morii et al. 2023),
indicating that the filamentary structure might be an important

stage in the star formation process (H. B. Liu et al. 2012; X. Lu
et al. 2018). The details regarding how filaments fragment into
dense prestellar cores and further evolve to form protostars are
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filamentary structure and guide gas flow along the field onto the
main cloud. Observationally, H.-B. Li et al. (2015) found that
the magnetic field orientation does not change much over the
~100 to ~0.01 pc scale in the filamentary cloud NGC 6334,
suggesting self-similar fragmentation regulated by the magnetic
field. Within nearby Gould Belt clouds (with distances smaller
than 500 pc), the parallel-to-perpendicular trend of cloud—field
alignment (the offset between the magnetic field orientation
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and the molecular cloud long axis) with increasing density
indicates that these clouds may have formed from the
accumulation of material along the field lines (Planck
Collaboration Int. XXXV et al. 2016). With high-resolution
submillimeter polarization observations, T. Liu et al. (2018a)
found that, in the massive infrared dark cloud (IRDC) G35.39-
0.33, the magnetic field is roughly perpendicular to the densest
part of the main filament but tends to be parallel with the gas
structure in more diffuse regions. A. Soam et al. (2019) and
Y.-W. Tang et al. (2019) found that the magnetic field lines are
more pinched by gravitational collapse at the core scale in the
more evolved filamentary IRDC G34.42+-0.24, where ultra-
compact HII regions have formed. T.-C. Ching et al. (2022)
reported that a strong magnetic field shapes the main filament
and subfilaments of the DR21 region. These results align with
the simulations, suggesting that the magnetic field is dynami-
cally important in the star formation process. However, active
star formation has already occurred in these filamentary clouds,
and feedback from star formation may have changed the initial
magnetic field. Therefore, observations of more quiescent
clouds are required to investigate the role of the magnetic field
in core formation inside filaments.

G16.96+0.27 is one of the brightest filaments in the James
Clerk Maxwell Telescope (JCMT) SCOPE survey (T. Liu et al.
2018b) and is located at a distance of 1.87 kpc, embedded with
few protostellar and starless cores (G. Kim et al. 2020;
E. Mannfors et al. 2021; K. Tatematsu et al. 2021). As shown
in the upper panel of Figure 1, G16.96+0.27 has a simple
filamentary structure and is dark at the infrared wavelength, so
it has not been illuminated by protostars in the infrared band,
suggesting it is a quiescent filament at the very early stage of
the star formation process. This makes G16.96+0.27 an ideal
target to study the magnetic field at the early stage of star
formation. Here, we use our 850 yum JCMT/POL-2 thermal
dust polarization observations toward G16.96+40.27 to inves-
tigate the properties of the magnetic field inside a quies-
cent IRDC.

This paper is organized as follows: in Section 2, we present
our JCMT/POL-2 850 pum observations; in Section 3, we show
the results from our observations and calculate the magnetic
field strength; in Section 4, we discuss the equilibrium state and
multiscale cloud—field alignment; and we provide a summary in
Section 5.

2. Observations

G16.96+4-0.27 was observed 19 times from 2020 August to
2020 October (project code: M20BP043; PI: Tie Liu) using
SCUBA-2/POL-2 DAISY mapping mode (W. S. Holland
etal. 2013; P. Friberg et al. 2016, 2018) under Band 2 weather
conditions (0.05 < 75,5 < 0.08, where 75,5 is the atmospheric
opacity at 225 GHz), with a total integration time of ~12.8 hr.
The effective beam size is 14”4 at 850 ym (S. Mairs et al.
2021), corresponding to ~0.13 pc at a distance of 1.87 kpc.

The raw data were reduced using the pol2map routine of the
STARLINK (M. J. Currie et al. 2014) package, SMURF
(E. L. Chapin et al. 2013) with the 2019 August instrumental
model,>* following the same procedures as described in Q.-
L. Gu et al. (2024). The final Stokes I, Q, and U maps are in
units of pW with a pixel size of 4”, and are converted into the

2 The details can be found at https://www.eaobservatory.org/jcmt/2019/
08 /new-ip-models-for-pol2-data /.
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unit of Jybeam™' by applying the 850 um flux conversion
factor of 668 Jy beam ' pW ' (S. Mairs et al. 2021). For the
following analysis, we regrid these maps to a pixel size of 8”
for a balance of good signal-to-noise ratio (S/N) level
and enough data points. The rms noise levels of the
background regions are ~5.3 mJybeam ' in the / map and
~4.0mJybeam ' in the Q and U maps. The polarization
information catalog is created simultaneously from these
Stokes maps following the procedures described in
Appendix A. Figures 1(b) and (c) show the final Q and U
maps; (a) shows the final 7 map that is combined with Planck
353 GHz flux via the J-comb algorithm (S. Jiao et al. 2022) as
described in Appendix B.

3. Results

3.1. Dust Polarization Properties and Magnetic Field
Morphology

The projected plane-of-sky (POS) magnetic field orientations
are derived by rotating the observed polarization pseudovectors
by 90°, based on the grain alignment assumption that the
shortest axis of dust grains tends to align with the local
magnetic field (A. Lazarian 2003). The polarization pseudo-
vectors are selected by criteria of 1/6; > 10, PI/6p; >3, and
8, < 5%, where 0y is the uncertainty of Stokes /, PI and dp; are
the debiased polarized intensity and the corresponding
uncertainty, and §, is the uncertainty of the polarization
fraction. The inferred magnetic field orientations are shown in
Figure 2 (a) overlaid on the column density (N(H,)) map,
which is generated from level 2.5 processed archival Herschel
images by the J-comb algorithm, as described in Appendix B
(S. Jiao et al. 2022). The magnetic field is roughly perpend-
icular to the main filament structure with an average orientation
of 60 +20°%* (Figure 2(c)).

Figure 2(d) shows a decreasing polarization fraction trend
with increasing initial dust emission intensity fitted with a
power-law index of —0.73 £ 0.04. Figure 2(e) exhibits the
distribution of the polarization fraction, which peaks at ~6.5%
with a tail extending to ~15%-25%. The average and median
of polarization fractions are 7.8 £ 3.6% and 7.0%.

As shown in Figure 2(a), the magnetic field is roughly
perpendicular to the filament structure. In general, the small-
scale (14”4, ~0.13 pc) magnetic field traced by POL-2 agrees
with the large-scale (48, ~2.6 pc) magnetic field traced by
Planck, showing similar average orientations, 60 + 20° (POL-
2) and 43 4 5° (Planck). However, in the center of the filament,
the small-scale magnetic field shows a ~45° difference from
the large-scale one, suggesting the magnetic field orientation
varies with increasing N(H,), which may reflect the effects
from gravity and turbulence (see Section 4 for further
discussions).

3.2. The Magnetic Field Strength

Before calculating the magnetic field strength, we estimate
the gas density (p) and line-of-sight nonthermal turbulent
velocity dispersion (o,). As shown in Figures 2((a)-(b)),
we choose three cross sections to apply the Gaussian fit
of N(H,) profiles, and the average half maximum
N(H,) is (2.38 +0.17) x 10”2 cm ? with an average FWHM

2 All position angles shown in this paper follow the IAU-recommended
convention of measuring angles from the north toward the east.
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Figure 1. Upper: Spitzer infrared pseudo-color map toward G16.96+0.27 (Red: 24 pum; Green: 8 ym; Blue: 5.8 um). A 1 pc scale bar is shown in the lower-right
corner. The white box marks the region of the lower panels. Lower (a—c): JCMT/POL-2 850 pm Stokes 7, Q, and U maps of G16.96+0.27, and the Stokes I shown
here is a combination of SCUBA-2 850 ym and deconvolved Planck 353 GHz data using the J-comb algorithm (S. Jiao et al. 2022) considering the large-scale flux.
Color bars are shown on the top of the lower panels. Details can be found in Appendix B. MM1 to MM6 mark the possible fragments observed at the resolution of
14/4; star and diamond symbols represent protostellar and starless cores, respectively. Beams and the 1 pc scale bars are shown in the left and right corners,
respectively. Contours in (a) show the intensity of 450 um Stokes / at levels of [240, 480, 720] mJy beam ' with an average rms noise level of 44 mJy beam '. The
rms noise of the 450 um Stokes Q and U maps is ~41 mJy beam ', which is not good enough for effective utilization, except in this figure; we do not show any other
450 pm results in this paper, and hereafter 7, Q, and U refer to 850 pm data only. Contours in (b) show the column density generated from the Herschel data by the
J-comb algorithm (S. Jiao et al. 2022) at levels of [2.22, 3.22, 4.22] x 10?* cm ™. Contours in (c) show the intensity of combined 850 pm Stokes I using the J-comb

algorithm at levels of [150, 200, 250, 300, 350] mJy beam ™' with an average rms noise level of 5.3 mJy beam ™.

18h20m48s RA 36°

~0.46 + 0.06 pc. Most of the magnetic field segments are and density are then calculated as M ~ 868ng M., and

inside the contour of N(H,)~ 2.38 x 10*2cm 2. Thus, we
estimate the mass and p using the N(H,) map by assuming the
filament within the 2.38 x 10** cm ™2 contour as a cylinder with
a length of ~2.70 & 0.20 pc and a diameter of ~0.46 £ 0.06 pc.
As shown in Figure 2(a), there are several small red contours
not conjunct with the main structure and that lack magnetic
field segments, so we do not count them in further calculations.
Also, the protostellar core MM6 has the highest N(H,) and
strong NoHT(J =1 — 0) (Figure 3(a)) emission but lacks
magnetic field segments, so we mask MM6 to avoid bias when
estimating the mass and velocity dispersion as well. The mass

p~1.31x 1071 gcmf‘g, respectively, and, further, the line
mass M;~321 £43M,pc . The corresponding volume
density (ny,) is derived as ~2.80 x 10*cm ™ from p=
Py, Muny,, where py =~ 2.8 is the molecular weight per
hydrogen molecule (J. Kauffmann et al. 2008), and my is the
atomic mass of hydrogen.

We fit the FWHM line width, Av, by a hyperfine structure
line fitting based on Nobeyama 45 m N,H™(J/ = 1 — 0) data
(Figures 3(a)—(c), adopted from K. Tatematsu et al. 2021) with
a resolution of 18”. The average o, is then derived as

~0.52kms™"'  from Av/,/Sln(Z) = Jou® + 0,2, where
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Figure 2. (a) Magnetic field orientations of G16.96+0.27 overlaid on the N(H,) map with black contours showing 850 um Stokes / levels of [150, 200, 250, 300,
350] mJy beam ', The short white and long black segments represent the magnetic field inferred from JCMT /POL-2 850 pum observations and Planck 353 GHz data,
respectively. The 1474 beam size and a 1 pc scale bar are shown in the left and right lower corners. The dashed lines mark the cross sections used for the N(H,) profile
fitting shown in (b), and the red contours represent the average FWHM N(H,) value of ~2.39 x 10%? cm 2. (b) Gaussian fittings of N(H,) profiles from the three cross
sections in (a); the offset is counted from northeast to southwest. Dashed and solid lines represent the observed data and best-fitting results, respectively. The red
horizontal line marks the average FWHM N(H,), and the gray region shows the uncertainty. The green double-headed arrow shows the average FWHM value of
0.46 £ 0.06 pc. (c) Distribution of magnetic field orientations; the blue dashed line represents the average value, and the gray region marks the standard deviation
range. The black dashed line marks the average value of magnetic field orientations inferred from Planck 353 GHz data. (d) Polarization fraction vs. initial Stokes /
(not the combined one using the J-comb algorithm); the dashed line shows the power-law fit, and the best-fit parameters are shown in the top-right corner. (e)

Distribution of polarization fraction.

On = lka—T+ is the thermal velocity dispersion of N,H™, kg is
NoH

the Boltzmann constant, my,p+ ~ 4.85 X 102 kg is the
molecular mass of N,H", and T is the dust temperature (the
average value is ~17.4 K with a standard deviation of ~0.6 K)
derived when generating the N(H,) map by using the J-comb
algorithm (8S. Jiao et al. 2022). It is worth noting that, as shown
in Figure 3(d), o, shows a bimodal distribution with peaks of
~0.18 kms ™' and ~0.88 kms ™', and the larger ones appear in
the transition areas between the two velocity peaks shown in
Figure 3(b), which may be a signature of two velocity
components. If so, o, is likely to be overestimated by a factor
of 2-3. However, considering the data quality is insufficient for
a deeper analysis, we still apply the average value
~0.52kms™" as o,. This may result in an overestimation of
the strength of the magnetic field in the following analyses.
We apply the Davis—Chandrasekhar-Fermi (DCF) method
(L. Davis 1951; S. Chandrasekhar & E. Fermi 1953a) to
estimate the magnetic field strength. The DCF method relies on
the following assumptions: the turbulence is isotropic; there is
equipartition between the transverse turbulent magnetic field

energy and kinetic energy; and the turbulent-to-ordered (B,/B,)
or turbulent-to-total (B,/B,) magnetic field ratio can be traced
by the statistics of the magnetic field orientations. Then, the
ordered and total POS magnetic field strength could be
estimated from

g,
B, = Jar Y 1
o ft‘icf 14 Bt/Bo ( )
and
g,
Bt = Jarp —2—, 2
o = AT @

where fy.r is the correction factor. When the ordered magnetic
field is prominent, B,/B, and B,/B, are usually estimated from
B,/B, ~ B,/B, ~ 0y, Where oy is the angular dispersion of
POS magnetic field orientations.

We note that there are many versions of the DCF method
showing different ways to quantify B,/B, more accurately
(e.g., D. Falceta-Gongalves et al. 2008; J. Cho & H. Yoo
2016; J. Liu et al. 2021). Here, we use two of them to estimate
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Figure 3. (a) Integrated line emission of the isolated hyperfine component of N,H™ with an S/N higher than 3. (b) Centroid velocity map of N,H™. (c) Nonthermal
velocity dispersion of N;H'. Contours in (a)—(c) are the 850 um Stokes I levels of [150, 200, 250, 300, 350] mJy beam™!; the 18" beam size and a 1 pc scale bar are
shown in the left and right lower corners, respectively. (d) Distribution of the velocity dispersion shown in (c). The red curve shows the best fitting of the bimodal
distribution with peaks of ~0.18 km s~ and ~0.88 km s~ '; dashed curves represent the two single Gaussian fittings. (¢) ADF of G16.96+0.27. The diamond symbols
represent the observed data points. Blue and cyan lines indicate the best-fitted result and the large-scale component of the best fit, respectively. The horizontal line
marks the angular dispersion function value of a random field (0.36, J. Liu et al. 2021).

the magnetic field strength for comparison and analysis: the
classical DCF method (E. C. Ostriker et al. 2001) and the
calibrated angular dispersion function (ADF) method
(R. H. Hildebrand et al. 2009; M. Houde et al. 2009;
M. Houde et al. 2016), a modified DCF method. Using the
faer = 0.5 derived from the numerical models (E. C. Ostriker
et al. 2001) and the estimated o, of 2041° we
obtain Byer ~ 0.5./4mpo,/op ~ 96 + 17 uG.

J. Liu et al. (2021) calibrated the ADF method and found it
accounts for the ordered magnetic field structure and beam
smoothing. The turbulent correlation effect is derived from

(B,%)
(B?)

x (1 — 6712/2(1}+2W2)) +d, lz’

1 — (cos[AD())]) ~

3)

where A®(J) is the angular difference of two magnetic field
angles separated by a distance of /, /5 is the turbulent correlation
length for local turbulent magnetic field, W = lyean/~/81In2 is
the standard deviation of the Gaussian beam size, and the
second-order term a’, I? is the first term of Taylor expansion of
the ordered component of the ADF. Figure 3(e) shows the ADF
of G16.96+4-0.27; we fit the ADF by reduced X2 minimization

with the best-fitted ((B,%)/(B*))** of 0.23; thus, by using
B ~ 0.21J4rpa,((B,2)/(B))*° (J. Liu et al. 2021), we
obtain B,g;~ 60+ 10 uG. Thus, we estimate an average
strength of Bpos = 0.5(Bgcr + Baar) ~ 78 =20 uG for further
analysis.

4. Discussion

As G16.96+0.27 has a relatively simple filamentary shape,
for further analysis, we identify the skeleton of this structure by
applying the FilFinder algorithm (E. W. Koch &
E. W. Rosolowsky 2015) to the N(H,) map. As shown in the
upper panel of Figure 4, we mask MM6 when finding the
skeleton for the reasons mentioned in Section 3.

4.1. Equilibrium State

For an unmagnetized filamentary cloud, the virial mass per
unit length is My, = 20,,>/G (J. D. Fiege & R. E. Pudritz

2000), where 0y, = /¢, > + o, is the total velocity dispersion,

lkB—T ~ (.25 km s~ ! is the isothermal sound speed with
L, My

an avera:ge T of ~17.4K, and p,, ~2.37 is the mean molecular
weight per free particle (J. Kauffmann et al. 2008). The virial

Cs —
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Figure 4. Upper: magnetic field orientation map overlaying the N(H,) map
with contours showing 850 ym Stokes 7 levels of [150, 200, 250, 300,
350] mJy beam . The black curve shows the filament skeleton derived from
FilFinder. The two red points mark the two ends of the skeleton. The six
fragments are marked as MM1-6. Lower: the filament skeleton and magnetic
field angle difference. The blue curve shows the angle difference between the
local magnetic field and the filament skeleton; the offset is counted from the
southeast to the northwest of the skeleton. The gray and green curves are the
magnetic field orientation and filament orientation along the skeleton,
respectively. The dashed black line marks the angle difference between the
mean filament skeleton orientation and the mean POL-2 magnetic field
orientation, 65.7°. In contrast, the dotted black line shows the angle difference
between the mean filament skeleton orientation and the mean Planck magnetic
field orientation, 81.8°. The two red dashed lines mark the locations of the two
endpoints in the upper panel and the five blue dashed lines mark the locations
of MM1-5.

parameter is then defined as

My; 20,
fo— = 4
v M, GM, @

My, of G16.964+0.27 is ~153 M. pc™ ', and thus a~
0.48 4 0.07, suggesting that turbulence is weaker than gravity.

Taking the magnetic field into account, the maximum mass
per length that the magnetic field can support against gravity is
My, = <I>l/ 27JG), where ®, is the magnetic flux per unit
length. The local magnetic stability critical parameter
(R. M. Crutcher et al. 2004) is then defined as

M, pgmaN(H)

" B/2iiG)

A= = 7.6 x 1072
My,

1 NV (Hy)
PR &)
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where N(H,) is the column density in units of cm~ 2, and B is the
total 3D magnetic field strength in units of uG. For G16.96+0.27,
the average N(H,) is ~(3.10£0.52) x 102cm > and
Bpos ~ 78 G, considering B = %B;OS ~ 99 G (R. M. Crutcher
et al. 2004); X is derived aé ~2.56 £ 0.74, indicating the
magnetic field is also weaker than gravity. However,
R. M. Crutcher et al. (2004) proposed that the observed M/®,
will be overestimated by up to a factor of 3 due to geometrical
effects; this correction results in a lower limit of A as
Amin ~ 0.86 £ 0.25, showing a possibility of the magnetic field
being stronger than gravity at some certain inclination angles.

R. Kashiwagi & K. Tomisaka (2021) found that, when a
filamentary cloud is supported by both a perpendicular magnetic
field and thermal and turbulent motions, the maximum stable
mass per unit length is My = M(Mz + M., 2, which
implies

M, _ 1 ©)

Mo X2+ o2,

(M;/M_ i) is ~1.62 £ 0.23, suggesting the magnetic field and
turbulence together are weaker than gravity. However, the
lower limit (M;/Mcit)min ~ 0.79 £ 0.20 if applying
Amin ~ 0.86, suggesting the magnetic field and turbulence
together are stronger than gravity. Thus, a (M;/Mcg) ~ 1 is
more convincing, indicating G16.9640.27 is in a quasi-
equilibrium state. However, considering the magnetic field
strength could be overestimated (see Section 3.2), (M;/Mcyir.;)
could be even larger, and thus the filament is more likely to be
a gravitationally bound system.

4.2. Fragmentation inside the Quiescent Filament

As shown in Figures 1(a)—(c), there are several possible frag-
ments along the filament major axis, which have been identified
as protostellar (MM1, MM2, and MM6) and starless (MM3,
MM4, and MM5) cores (G. Kim et al. 2020; E. Mannfors et al.
2021; K. Tatematsu et al. 2021). Such fragmentation can be
explained by the so-called “sausage instability” of a cylindrical
gas structure (e.g., S. Chandrasekhar & E. Fermi 1953b;
S.-I. Inutsuka & S. M. Miyama 1992; K. Wang et al. 2014;
Y. Contreras et al. 2016). In an isothermal gas cylinder with a
helicoidal magnetic field, F. Nakamura et al. (1993) predicted a
typical spacing of fragments by

~ 2T 1/3 _ ~1

L~ O.72H[(1 + ) 0.6, @)
where v = B.2/(87p,0?), p. and B, are the density and
magnetic field strength in the center, and H is the scale height.
According to F. Nakamura et al. (1993), for a cylindrical gas
structure with a magnetic field of B= (0, B, B,), the scale

height (H) is defined from

B2
47Gp H* = 0? + ——(1 + cos?0), (®)
l6mp,

where § = lim,_, tan"' B, /B, denotes the ratio of B, and B,;
when =0, the magnetic field is parallel to the filament.
o=cs~025km s~ is the isothermal sound speed, and it is
replaced by o,~0.52kms™' when the fragmentation is
governed by the turbulence rather than thermal Jeans instability.
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In G16.96+0.27, we estimated 6 as the angle between the mean
POS magnetic field orientation and filament skeleton (~65.7°),

and  po~192x10 Y gem™>  from p, =22 where

nH,
ny,c ~ 455 x 10%2 cm~2 is the column density in the center.
And we assume B.~ B~ 99 uG. Therefore, we have thermal
support Hyerma ~ 0.04 pc and turbulent support Hyputen ~ 0.05 pe.
Further, we have Lyerma of ~0.31 pc and Lyypyiene Of ~0.75 pe.

The separations between two nearby fragments are counted
from center to center with an average of ~0.47 £0.15pc
(range in ~0.21-0.65 pc). Considering the possible effect of
projection, the separations would be 2/7 times the 3D ones on
average (P. Sanhueza et al. 2019). And the possible 3D
separations are ~0.33-1.02pc with an average of
~0.74 £0.23 pc, which favors turbulent support rather than
thermal support. It is worth noting that the popularly used
spacing equation L~22H with H = o0,/4nGp, is under the
condition of v=0 (i.e., ignorance of the magnetic field).
Though Equation (7) cares about the magnetic field, it is under
a helicoidal magnetic field assumption. For G16.964-0.27, we
have no evidence of a helicoidal magnetic field, thus the result
of L is for reference only.

4.3. Multiscale Cloud—field Alignment

As mentioned in Section 3, the ~0.13 pc scale magnetic field
shows rough agreement with the ~2.6 pc scale one but with
some discrepancies in high-density regions. For further
analysis, we use the histogram of relative orientations (HROs;
J. D. Soler et al. 2013, 2017) method. The HRO parameter ¢ is
defined as

_Ag — Ag

§= ,
Ao + Ago

©)

where A and A represent the areas under the histogram of the
® (the angle between the POS magnetic field orientation and
the isocolumn density structure) value from 0° to 22.5° and
67.5° to 90°, respectively. While the derivation of £ completely
ignores angles from 22.5° to 67.5°, D. L. Jow et al. (2018)
improved the HRO analysis with the projected Rayleigh
statistic (PRS) to overcome the shortcoming. Thus, we also
use the normalized version of the PRS, the alignment measure
(AM) parameter (A. Lazarian et al. 2018; J. Liu et al. 2022), to
study the relative alignment. The AM parameter is defined as

AM = (cos28y), (10)

where 8y represents the relative orientation angle between the
magnetic field and gas structure. A positive value of AM and &
means the magnetic field tends to be parallel with the N(H,)
contour while a negative value stands for a perpendicular
alignment.

We use POL-2 magnetic field (1474) data and N(H,) from
the J-comb algorithm (18”) to calculate the small-scale AM and
&. For the large-scale ones, we derive the column density by
T3s3/N(H) =12 x 10 2° cm 2 to match the Planck 353 GHz
magnetic field data, where 7353 is the Planck 353 GHz dust
optical depth (Planck Collaboration Int. XI et al. 2014). We
mask regions with Galactic latitude lower than 0.185° to avoid
the effect of the emission from the Galactic plane.

As shown in the right panel of Figure 5, AM and ¢ exhibit
the same behavior with increasing N(H,). They go from
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positive to negative at a large scale (red curve, low N(H,)
traced by Planck data) but have the opposite behavior at a small
scale (blue curve, high N(H,) traced by Herschel), showing a
positive slope.

The behavior of AM and ¢ indicates the following cloud—
field alignment phenomenon. In the diffuse environment (with
a N(H,) of ~5.0 x 10*! cm ™2, shown in light blue in the left
panel of Figure 5), the magnetic field tends to be parallel with
the gas structure. In the host structure (with a N(H,) of
~1.3x 10”%cm 2, shown in green in the left panel of
Figure 5), the magnetic field turns to be perpendicular to the
gas structure, which is perpendicular to the Galactic plane and
extends to the northwest conjunct with M16, an active high-
mass star-forming cloud (e.g., J. J. Hester et al. 1996;
K. Sugitani et al. 2002; K. Pattle et al. 2018). In the outskirts
(with a N(H,) of ~2.5 x 10*?> cm™2) of the main structure (the
middle panel of Figure 5), the alignment keeps perpendicular as
in the host structure. In the dense center (with a N(H,) higher
than ~3.2 x 10*? cmfz), it becomes ~45° and shows a
possible trend to be closer to parallelism.

Along the filament, we average the magnetic field orientation
and skeleton orientation using a 32” filter, as 32”(~0.29 pc) is
similar to the diameter of the filament, and calculate 6y between
them. As shown in the lower panel of Figure 4, regions beyond
SE and NW points have few magnetic field segments and
substantial uncertainties on 8y, so we mainly discuss the
skeleton in between. ¢y shows fluctuations along the skeleton; it
is ~65°=80° at both ends, but becomes ~40°-50° at the center.
The behavior of 8y indicates that the local magnetic field tends
to be perpendicular to the filament at the two diffuse ends but
shows a trend to have a smaller offset with the filament at the
dense center, which agrees with the behavior of AM and &
shown in Figure 5.

T. G. S. Pillai et al. (2020) found a similar positive slope of £
in dense regions of the hub-filament system Serpens South,
suggesting the gas filaments are merging into the central hub
and reorienting the magnetic field in the dense gas flows.
W. Kwon et al. (2022) found that the £ of Serpens Main shows
large fluctuations with increasing N(H,), which is interpreted as
the density gradient along the elongated structures becoming
significant and the magnetic field being dragged along with the
increasing density. Furthermore, in the massive IRDC G28.34
(the Dragon cloud), J. Liu et al. (2024) found that the AM
parameter also goes from negative to positive with increasing
N(H,), and fluctuates around O in the very dense region traced
by Atacama Large Millimeter/submillimeter Array (ALMA),
suggesting G28.34 is located in a trans-to-sub-Alfvénic
environment.

However, compared to Serpens South, Serpens Main, and
G28.34, G16.96+0.27 has a much simpler structure and less
star formation activity. As shown in the upper panel of
Figure 1, MM1 and MM6 are not connected with the main
structure from the infrared view, and most of the rest (MM3—
MM5) are still starless cores. All the fragments have an average
POS separation of ~0.47pc, which may favor turbulent-
supported rather than thermal-supported fragmentation (see the
discussion in Section 4.2). These results may indicate the
following phenomenon: the G16.96+0.27 filament as a whole
is quiescent and in quasi-equilibrium, as reflected by the dark
infrared morphology shown in Figure 1 and the M;/M_ .,
value. However, in the center region, the star formation process
may have already begun, as reflected by the fragments shown
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Figure 5. Left: column density inferred from Planck dust optical depth map at 353 GHz (7353) overlaid with the one (within the outer black dashed circle) inferred
from Herschel data by using the J-comb algorithm (S. Jiao et al. 2022). The segments show the magnetic fields derived from Planck 353 GHz polarization data; the
black circle shows the beam of Planck 353 GHz data with a resolution of 4’8, and the black solid line and dashed line represent 0° and 0.185° Galactic latitude,
respectively. The two dashed circles mark the central regions of 12/ and 6’ radius, respectively. A 5 pc scale bar is shown in the lower-right corner. Middle: column
density inferred from Herschel data by using the J-comb algorithm with a resolution of 18” (the beam is shown in the lower-left corner); overlaid segments represent
the magnetic field orientation inferred from JCMT/POL-2 850 pm polarization data. The dashed circle marks the central 6’ region, which has a useful level of
coverage in the POL-2 observations. The contours show the 850 xm Stokes 7 levels of [150, 200, 250, 300, 350] mJy beam . A 1 pc scale bar is shown in the lower-
right corner. Right: alignment measure parameter AM and HRO parameter £ calculated for the different N(H,) bins in G16.96+0.27. Red data points show the AM
values (light red for &) inferred from Planck 353 GHz data, and the blue ones show the AM values (light blue for &) inferred from the Herschel N(H,) and POL-2

magnetic field.

in Figure 1 and the discussion in Section 4.2. Thus, gravity has
overcome the support of the magnetic field and turbulence, and
dragged the field lines to align with the filament structure, as
has been observed at smaller scales in different targets (e.g.,
P. Sanhueza et al. 2021; P. C. Cortes et al. 2024). Further,
higher-resolution observations toward the center region are
needed to investigate whether AM and ¢ would fluctuate
around O like G28.34 (J. Liu et al. 2024) or turn around,
showing the decreasing trend seen in the very dense regions
(N(H,) > 1.6 x 102 cm ™) in Serpens Main (W. Kwon et al.
2022).

5. Summary

In this paper, we have presented JCMT/POL-2 polarization
observations toward an IRDC, G16.96+0.27, and the main
conclusions are as follows:

(1) The average magnetic field orientation traced by JCMT/
POL-2 is ~60°, and a significant number of magnetic
field segments exhibit a perpendicular alignment with the
filament structure of G16.96+0.27, with an average angle
difference of ~66°. This result is consistent with the
larger-scale magnetic field orientations traced by Planck
353 GHz data. The POS magnetic field strength is
estimated to be Bposgcr~ 96 G and Bpos aar ~ 60 pG
using the classical DCF method and the ADF method,
with an average strength of ~78 uG.

(2) The virial parameter and magnetic stability critical
parameter are calculated as ay;;~0.48 and A\ ~2.56
with Ayn ~ 0.86, respectively. And the estimated
M/ Msieep) is ~1, indicating that G16.9640.27 is in a
quasi-equilibrium state, but is more likely to be in a
gravitationally bound state when considering the magn-
etic field could be overestimated.

(3) We calculate the HRO parameter & and the AM parameter
based on Planck and JCMT data to study multiscale
cloud-field alignment. With increasing N(H,), they first
go across 0 to a negative minimum and then move back

to 0. Along the filament, we apply the FilFinder algorithm
to identify the skeleton of G16.96+0.27 and find that the
local cloud—field alignment varies along the filament. The
alignment is perpendicular at both diffuse ends but turns
to be ~45° at the dense center, which is consistent with
the behavior of AM and £. We also find that the observed
separations among the fragments are in agreement with
the predicted spacing from the “sausage instability”
theory under the turbulent support assumption
(Section 4.2). These results may reflect that, although
G16.96+0.27 is in quasi-equilibrium overall, fragmenta-
tion has already begun in the center of the filament, and
such a phenomenon of cloud—field alignment inside
IRDCs may be a possible sign of an early stage of star
formation activity.
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Appendix A
Data Reduction Procedures of JCMT/POL-2 Data

As the polarization fraction is forced to be positive, a bias is
thus introduced (J. E. Vaillancourt 2006), and the therefore
debiased polarized intensity (PI) and corresponding uncertainty
(6py) are calculated from

PI= 0% + U* — 058> + 6,°) (A1)

Q25 2+ U2(5 2
Spr = ,/ﬁ, (A2)

where 6, and 0, are the uncertainties of Q and U. The debiased
polarization fraction (p) and corresponding uncertainty (6,) are
then derived by

and

p=Pl/I (A3)
and
Sp>  PI®?
A 41,
I? I
where 6; is the uncertainty of /. Next, the polarization angle (6)

and corresponding uncertainty (6y) are calculated
(J. Naghizadeh-Khouei & D. Clarke 1993) from

0 = 0.5tan"'(U/0) (AS)

260 + Uy

Appendix B
J-comb Algorithm

Op = (A4)

and

We get the column density map by applying the J-comb
algorithm (S. Jiao et al. 2022) based on level 2.5 processed
archival Herschel data and this JCMT 850 pum data; the main
procedures are as follows: 1. derive the combined Stokes [/
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map. We extrapolated an 850 ym flux map from the spectral
energy distribution (SED) of Herschel 250/350/500 um data
using the Spectral and Photometric Imaging REceiver (SPIRE;
obsID: 1342228342; M. J. Griffin et al. 2010). Taking this map
as a model image, we deconvolved the Planck 353 GHz map
(Planck Collaboration Int. XIX et al. 2011) with the Lucy—
Richardson algorithm (L. B. Lucy 1974). The obtained
deconvolved map has an angular resolution close to the SPIRE
500 pm data and preserves the flux level of the initial Planck
map. Then, the combined Stokes I map (as shown in
Figure 1(a)) was generated via the J-comb algorithm (S. Jiao
et al. 2022) by combining the deconvolved map with the JCMT
850 pm Stokes I map in the Fourier domain. 2. SED fitting. We
smoothed the Herschel images at 70/160 um using the
Photodetector Array Camera and Spectrometer (obsID:
1342228372; A. Poglitsch et al. 2010), SPIRE 250 ym, and
the combined JCMT 850 ym Stokes / map to a common
angular resolution of the largest beam. We weighted the data
points by the measured noise level in the least-squares fits. As a
modified blackbody assumption, the flux density S, at the
frequency v is given by

S, = QmBV(T)(l - eiﬂ/)’ (Bl)

where €, is the solid angle, and B,(7) is the Planck function at
temperature T4, Then the column density is derived from

N(H2) = TI//H:I//‘LmH7 (BZ)

where x, = 0.1cm” gfl(y/ 1000 GHz)" is the dust opacity assum-
ing a gas-to-dust ratio of 100 and an opacity index [ of 2
(R. H. Hildebrand 1983; S. V. W. Beckwith et al. 1990), 1 =2.8
is the molecular weight per hydrogen molecule (J. Kauffmann
et al. 2008), and my is the atomic mass of hydrogen.
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