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Abstract

We investigate the internal 3D magnetic structure of dense interstellar filaments within NGC 1333 using
polarization data at 850 um from the B-fields In STar-forming Region Observations survey at the James Clerk
Maxwell Telescope. Theoretical models predict that the magnetic field lines in a filament will tend to be dragged
radially inward (i.e., pinched) toward the central axis due to the filament’s self-gravity. We study the cross-
sectional profiles of the total intensity (/) and polarized intensity (PI) of dust emission in four segments of filaments
unaffected by local star formation that are expected to retain a pristine magnetic field structure. We find that the
filaments” FWHMs in PI are not the same as those in I, with two segments being appreciably narrower in PI

37 NAOJ Fellow.
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(FWHM ratio ~0.7-0.8) and one segment being wider (FWHM ratio ~1.3). The filament profiles of the
polarization fraction (P) do not show a minimum at the spine of the filament, which is not in line with an
anticorrelation between P and / normally seen in molecular clouds and protostellar cores. Dust grain alignment
variation with density cannot reproduce the observed P distribution. We demonstrate numerically that the I and PI
cross-sectional profiles of filaments in magnetohydrostatic equilibrium will have differing relative widths
depending on the viewing angle. The observed variations of FWHM ratios in NGC 1333 are therefore consistent
with models of pinched magnetic field structures inside filaments, especially if they are magnetically near-critical

or supercritical.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar magnetic fields (845); Interstellar
filaments (842); Star formation (1569); Polarimetry (1278); Submillimeter astronomy (1647)

1. Introduction

It is widely recognized that filaments in the interstellar
medium (ISM) play an essential role in the star formation
process (e.g., André et al. 2014). Theoretical studies indicate
that the magnetic field (B-field hereafter) contributes to the
evolution of these filaments (e.g., Hennebelle & Inutsuka 2019).
It is, therefore, crucial to observe the B-field in quiescent
filaments before the onset of star formation to understand their
dynamical importance in shaping these ubiquitous structures.

Specifically, the plane-of-sky (POS) component of the B-
field can be traced with polarimetric observations of the
thermal continuum emission from interstellar dust particles
(e.g., Hildebrand 1988). Aspherical dust particles irradiated by
incoming radiation fields are spun up by radiative alignment
torques (RATs; Lazarian & Hoang 2007), which align their
rotation axes parallel to the ambient B-field direction. As a
result, the thermal emission from so-aligned dust particles is
polarized, and the polarization angle is perpendicular to the
POS-projected B-field (Stein 1966; Hildebrand 1988).

For a uniform B-field along the line of sight (LOS), the
polarized intensity (PI) and, similarly, the polarization fraction
(P) relative to the total intensity (/) depend on the degree of
alignment of the dust particles. Assuming that the alignment is
produced by the surrounding radiation field (i.e., RAT theory),
P will become smaller in high gas density regions shielded
from this radiation (Hoang et al. 2021).

Also, P has a dependence on the viewing angle of the B-
field. If the B-field is highly inclined relative to the POS, P can
be lower, since the rotation axes of aspherical dust particles
become nearly parallel to the LOS in such arrangements.
Moreover, the B-field itself can be complicated within the
observational beam or along the LOS by, e.g., gas turbulent
motions. Unresolved polarization structures will result in
depolarization, as multiple position angles within the telescope
beam cancel out and reduce the observed P (geometric
depolarization).

In the Perseus molecular cloud, NGC 1333 is an active star-
forming region with a complex network of massive (grav-
itationally supercritical) filaments (e.g., Hacar et al. 2017). Doi
et al. (2020, hereafter Paper I) made a polarimetry study of
NGC 1333 as a part of the B-fields In STar-forming Region
Observations (BISTRO) survey using the Sub-millimeter
Common-User Bolometer Array 2 (SCUBA-2) camera and
its polarimeter (POL-2) on the James Clerk Maxwell Telescope
(JCMT). The distance to this area is estimated to be ~300 pc
(Zucker et al. 2018, 2019; Pezzuto et al. 2021), giving a spatial
resolution of 0.02pc for the 14".1 JCMT beam (FWHM;
Dempsey et al. 2013) at 850 um. With this high spatial
resolution, Paper I spatially resolved the polarized emission
from these filaments for the first time. In this paper, we take

advantage of these same data to investigate the 3D morphology
of the B-field inside several quiescent massive filaments.

This paper is organized as follows. In Section 2, we outline
our data reduction, with full details given in Paper I, together
with our estimation of the cross-sectional profiles of filaments
in 7, PI, and P. In Section 3, we describe the characteristics of
the estimated cross-sectional profiles. In Section 4, we compare
our observations with a magnetohydrostatic simulation (Tomi-
saka 2014) and investigate the 3D B-field morphology inside
the filament. We discuss the assumptions and caveats of this
work in Section 5. In Section 6, we conclude with a summary
of our results.

2. Observations and Methods

We use the same polarimetry data as in Paper I (see that
paper for full details of the observations and data analysis). The
observation covers the main part (~1.5 pc x 2.0 pc) of NGC
1333, and an intricate network of filaments with a column
density above ~10%* H,cm 2 is detected in / and PI with a
good signal-to-noise ratio (S/N) of I/6I > 10 and PI/6PI > 3.
A central cutout of the observation is shown in Figure 1. We
check the I and PI sensitivity as a function of the spatial
frequency by estimating the spatial power spectra of I and PI
along the blue dashed line in Figure 1. We confirm that two
observations trace the small-scale structure comparable to the
filament width with equal sensitivity (Appendix A).

In Paper I, we identified five filaments in the observed
region. Here we obtain cross-sectional profiles of these
filaments for locations that satisfy each of the following
conditions.

1. The S/N of the PI emission PI/6PI >3 over more than
three contiguous observational beams.

2. No star formation activity is found in its vicinity (see
Figure 1 and Appendix C). Thus, the radiation and
dynamic interaction via, e.g., bipolar outflows from active
star-forming regions that may affect the filament profile is
expected to be negligible.

We identify four filament segments, A, B, C, and D, in
Figure 1 that fulfill these conditions. All but segment D are in
fact identified with PI/éPI > 5. Segments B and C are bridged
by radiation with PI/6PI>3, but we treat them as two
independent regions because of their clear separation, which
can be seen in the contour with PI/éPI =35 (Figure 1).

We measure the Stokes I, O, and U intensities in each
segment in the same way as in Paper 1. Additionally, we
smooth the data in the direction along the segment five times
the beam to boost the S/N by a factor of J5. See Appendix B
and Figure A2 for the details of the derivation method and the
resulting intensity maps.
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Figure 1. Four NGC 1333 positions where we measure cross sections of filaments. The red dotted lines are the positions of cross sections shown in Figure 2. The red
boxes correspond to the smoothed maps we show in Figure A2 (see text). The blue dotted lines with blue boxes are the locations of the example filament profiles for
the active regions for comparison, shown in Figures A4 and 5. These profiles are briefly described in Section 5. The blue dashed line is the position where we estimate
spatial power spectra of / and PI to confirm that we observe small-scale structures in these emissions with equal sensitivities. The gray scale is the 850 pm Stokes /
map, and black contours indicate PI/éPI > 5 (Paper I). White line segments indicate the POS magnetic field orientations (Paper I). We plot the magnetic field
orientations for the data points with 7 > 25 mJy beam ™' and PI/6PI > 3. Note that the length of the line segments has been normalized to show only the orientation of
the magnetic field. The positions of the main infrared sources indicated in the figure are taken from Sandell & Knee (2001). Red symbols are embedded YSOs (Ay > 3
mag; Evans et al. 2009; Young et al. 2015). Circles: class 0/I; squares: flat; crosses: class II; stars: class IIl. The JCMT beam (14".1) is shown in the lower left corner.
A reference scale for 0.1 pc is shown, for which we assume the distance to the source to be 300 pc (Ortiz-Leén et al. 2018; Zucker et al. 2018; see Paper I).

The positions over which we estimate the filament cross-
sectional profiles are shown as horizontal dotted lines in
Figure 1. For segment A, the dotted lines correspond to the
peak in PI intensity. For segment B, the PI profile of the peak
position shows the contribution of another peak visible in the
upper right part of the PI map (the southern extension of
segment C; see Figures 1 and A2), resulting in a relatively large
fitting error. Hence, we choose a location one beam south of the
PI peak to avoid the influence of this additional peak to achieve
a Gaussian fit with reasonable accuracy. The difference in
fitting results between these two positions is not statistically
significant, and this position shift does not affect the following
discussion. For segment C, the PI and I intensities increase
continuously toward HH12 in the north, so we set the position
of C near the middle of the filament to also exclude a class 0/I

young stellar object (YSO; J032901.56+312020.6; see
Figure A2) from the evaluation of the cross section. For
segment D, we ignore one class II YSO (J032856.12
+311908.4; see Figure A2) as a foreground source because it
has an estimated Ay=0 mag (Evans et al. 2009), and the
source probably does not affect the filament’s internal structure.
We thus set the position of D at the peak in PI intensity.

The projected distances to the neighboring YSOs from the
centers of the cross sections are >0.05 pc. Stellar flux from a
classical T Tauri star at 0.05 pc corresponds to ~0.03-0.3 of
the average interstellar radiation field (France et al. 2014). The
flux will be smaller if there is absorption between the star and
the filament. Thus, we judge that the radiation from the
neighboring YSOs on the selected filament segments is
negligible. We further check the dust temperature distribution
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Figure 2. Cross-sectional profiles of the selected NGC 1333 filamentary structures. The X-axis points west, and the positions of the cross sections are indicated as red
dotted lines in Figure 1. See Appendix B for the intensity and its error estimations. We performed Gaussian fits using PI/6PI > 3 data, displayed in black in the cross-
sectional profiles, and we do not use the data with PI/éPI < 3, shown in gray for the fitting (Appendix B). The fitting results are shown as blue dashed lines in those
panels. The gray dashed lines are the beam profile of the observation (FWHM = 14".1) for comparison. Note that the data points in each cross section are plotted twice

per beam, while fitting is performed using only one point per beam.

(Pezzuto et al. 2021) and find that both embedded heating
source(s) and nonuniform external heating from nearby sources
are negligible (Appendix C). In addition, there is no signs of
outflows from YSOs in these filament segments (Dionatos et al.

2020). Also, we find no indication of interaction between
outflows and filaments in the observed B-field morphology
(Paper I).

3. Results

We show the measured cross-sectional profiles of /, PI, and
P of the filament segments in Figure 2. We estimate the FWHM
of the I and PI profiles with PI/éPI > 3 (black symbols in the
figure) by fitting 1D Gaussian profiles (see Appendix B for the

details), which we show as blue dashed lines. The results are
summarized in Table 1.

The estimated FWHM of the PI is appreciably narrower than
that of I (FWHM(PI)/FWHM(I) < 1) for segments A and B.
The differences from a ratio of 1.0 are statistically significant:
430 for segment A and 8.70 for segment B. The differences
become even more significant if we deconvolve the observa-
tions with the observational beam: 5.2¢ for segment A and
10.00 for segment B (the numbers with parentheses in Table 1).
For segment C, FWHM(PI)/FWHM(/) ~~ 1. For segment D, on
the other hand, FWHM(PI)/FWHM(J) > 1 by 2.10, though the
PI profile is not well fitted with a single Gaussian, partly due to
the lower S/N of the PI signal.
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Table 1
Estimated FWHM Values

FWHM(PI)

Segment FWHM(J) FWHM(PI)

FWHM(I)
(pe) (po)
A 0.043 + 0.001 0.034 + 0.002 0.81 & 0.04
(0.036 & 0.001) (0.027 £ 0.002) (0.74 £ 0.05)
B 0.055 + 0.002 0.037 £ 0.002 0.69 + 0.04
(0.050 + 0.002) (0.031 £ 0.002) (0.63 £ 0.04)
C 0.044 + 0.002 0.042 + 0.003 0.98 £ 0.07
(0.037 £ 0.001) (0.037 £ 0.003) (0.98 + 0.08)
D 0.050 + 0.003 0.064 + 0.006 1.314+0.15
(0.044 £ 0.003) (0.061 £ 0.006) (1.37 £0.17)

Note. We tabulate observed values without parentheses and beam-deconvolved
values with parentheses. See Appendix B for the details of the derivation.

As for the P profiles, segment B shows an apparent, albeit
slight, increase in P right at its spine position. This P increase at
the filament’s spine is consistent with the filament’s narrower
PI profile compared to that of 1. On the other hand, this P
increase in the filament interior is not in line with the negative
correlation between P and / normally found in the interior of
dense clouds (e.g., Arzoumanian et al. 2021). In segment C,
where FWHM(PI)/FWHM(/) >~ 1, the P value is nearly
constant within the filament. In segments A and D, P increases
from one side of the filament to the other. This is due to the
offset of the filament center positions in [ relative to PI by
~0.01 pc. In summary, none of the P profiles show the
anticorrelation with 7 normally found in molecular clouds and
protostellar cores.

As a result, we find that the FWHM(PI)/FWHM(J) ratio
varies between 0.7 and 1.3 depending on filament segment. The
relatively narrow and more centralized cross-sectional profile
of PI to that of I (FWHM(PI)/FWHM(J) < 1) results in an
increase of P at the spine of the filament (e.g., the P profile of
segment B). As described in Section 1, the increase in P is
caused, for example, by a more efficient alignment of dust
particles. However, according to the RAT theory, increasing
dust alignment inside dense filaments shielded from the
ambient radiation field is challenging (Section 1). On the other
hand, the observed variation of FWHM(PI)/FWHM(/) may be
characterized by the LOS variation of the B-field orientation.
The observed narrow and distinct PI profiles suggest that we
need to consider the change of orientation angle of the POS-
projected B-field along the LOS within a filament.

In the following section, we discuss the possible cause of the
variation of FWHM(PI)/FWHM(D).

4. Pinched B-field Predicted by the Tomisaka (2014) Model

Paper I observed that the B-field aligns with different offset
angles with respect to the major axis of each filament. They
attributed this distribution to observing mutually orthogonal B-
fields and filaments at different viewing angles. The probability
distribution of the offset angles between each pair of a POS B-
field and its associated filament is also consistent with this
claim (Paper I).

Tomisaka (2014) studied the magnetohydrostatic equili-
brium solution for an isothermal gas in a filament that is
orthogonal to the B-field (also see Tomisaka 2015; Tomi-
saka 2021; Kashiwagi & Tomisaka 2021). His model (hereafter
the Tomisaka model) parameters include the radius of the
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hypothetical parent cloud*® normalized by the scale height (Ry),
the plasma 3°° of the surrounding interstellar gas (), and
center-to-surface density ratio (p./ps). Figure 3(a) shows an
example cross-sectional profile of one of his filament models.
Due to the axisymmetric mass accretion onto the filament
during filament formation and evolution, the B-field shows a
pinched structure dragged toward the filament center (see also,
e.g., Bino & Basu 2021).

In Figures 3(c)—(h), we show the cross-section profiles of /
and PI when we observe the model filament shown in
Figure 3(a) with various orientations. To estimate the profiles,
we assume a homogeneous dust alignment and dust properties
in the filament. This is to demonstrate that the FWHM(PI)/
FWHM(/) variation can be caused solely by a pinched B-field
morphology without changing the dust alignment level and
dust properties. We also assume that the filament is optically
thin for submillimeter radiation at 850 ym. Under these
assumptions, we can estimate / and PI for each LOS looking
through the filament as follows (Tomisaka 2015):

1= fe p(l . Pmax($ - %))ds, (1

0 = Puax fe p cos 2 cos?y ds, )
U = P fE p sin 24 cos?~y ds, 3)
Pl = (Q* + U/, 4)

P =PI/I, ©)

where the integration is performed along the LOS; € is the dust
emissivity; p is the gas density; Py, is the maximum possible
polarization fraction, for which we adopt a fiducial value of
0.15 (e.g., Tomisaka 2015; King et al. 2018); ~ is the offset
angle of the local B-field with respect to the POS (see
Figure 3(b)); and ) is the local B-field position angle.

If the B-field is pinched in a filament, ¢ and + in
Equations (1)-(4) vary spatially. The ) variation along the
LOS causes geometrical depolarization. The spatial variation of
this geometrical depolarization and ~ as a function of angular
distance from the filament’s major axis result in different
profiles of PI from that of I (Figures 3(c)—(h)). The greater the
degree of B-field pinch, the more significant the difference
between the two profiles.

We show in Figure 4(a) the probability distribution function
(PDF) of FWHM(PI)/FWHM(/) when we observe a filament
with a given parameter set from random orientations in the 3D
space,’’ predicted by the Tomisaka model for typical sets of
parameters. Insets in Figure 4(a) show cross-sectional views of
the filament gas density and B-field structure corresponding to
each parameter set. When p./p, is small and the B-field
pinching inside the filament is negligible (e.g., the case of
pe/ps=10 in the figure), the probability of the FWHM(PI)/
FWHM(/) ratio concentrates around 1. On the other hand,
when p./ps becomes large, the B-field is pinched significantly

38 The radius within which the filament accumulates its mass when it forms.
39 . .
The ratio of thermal to magnetic pressure.

40 We estimate the probability distribution of FWHM(PI)/FWHM() by
randomly changing 6 (the relative angle of the filament with respect to the
LOS) and ¢ (the rotation angle of the magnetic field with respect to the long
axis of the filament) 6208 times for each parameter set. See Figure 3(b) for
definitions of 6 and ¢.
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Figure 3. (a) Cross-sectional density profile of a filament perpendicular to the X—Y plane (solid contours) and its magnetic field line shapes (dashed lines), predicted by
Tomisaka (2014). The density contour levels are p/p. = 0.1, 0.3, ..., 0.9. The assumed model parameters are initial gas distribution radius Ry =5, thermal-to-
magnetic pressure ratio Sy = 0.1, and filament center-to-surface density ratio p./ps; = 1000 at equilibrium (Tomisaka 2014). (b) Definitions of the relative angle of the
filament with respect to the LOS (6), relative angle of the magnetic field to the POS (), and rotation angle of the magnetic field with respect to the long axis of filament
(¢). The origin of ¢ is defined as the angle when the magnetic field is on the POS. (c)—(h) Predicted profiles of 7 (solid line), PI (dashed line), and P (dotted line) when
observing the filament shown in panel (a) from various directions of 6 and ¢. The r in the upper right corner of each figure denotes the FWHM ratio of PI to 1. We
assume 2 x 107! (g cm ™) as the surface density of the filament when converting the radial distribution of the gas to a physical scale in parsecs.

toward the filament center to support the filament gas against its
self-gravity (e.g., the case of p./p, = 1000 in the figure). This
significant pinch of the B-field results in a significant
probability of FWHM(PI)/FWHM(J) = 1, which is consistent
with the observed results.

Indeed, we find FWHM(PI)/FWHM(J) < 0.8 for two of the
four observations (Section 3). It is difficult to reproduce
FWHM(PI)/FWHM(/) < 1 by modifying the dust alignment
level, since the level needs to increase inside the dense filament
to produce FWHM(PI)/FWHM(/) < 1 (Section 3).

To verify whether the geometrical depolarization predicted
by the Tomisaka model can reproduce the observation, we
estimate the probability that the model predicts FWHM(PI)/
FWHM() < 0.8. We plot the probability as a function of
filament line mass ()\) in Figure 4(b) and X’s ratio to the
magnetically critical line mass (\/).) in Figure 4(c).

We find that the model predicts up to ~30% probability of
reproducing FWHM(PI)/FWHM(J) < 0.8, depending on the
choice of input parameters. Paper I estimated
A~ 50-100 M, pc~! for the filaments that contain segments
A-D (shaded area in Figure 4(b)). Figure 4(b) suggests that the
cases of Ry=2, (p=0.01-0.1 or Ry=5, [y=0.1-1 are
preferred. In addition to that, Figure 4(c) suggests that the near-
critical (or supercritical) values of A, with A/\.>0.9, are
preferred to reproduce the observation using the model. Since
the B-field pinching depends on A/, the larger the A/, the
more significant the amount of B-field pinching and, as a result,
the larger the probability of FWHM(PI)/FWHM(/) < 0.8.

Thus, we conclude that the observed variation of the FWHM
(PI)/FWHM(/) ratio can be explained by pinched B-field
structure inside the filament. We note that the data with FWHM

(PD)/FWHM(/) <1 are obtained from a single filament
(Figure 1). Therefore, the observed PDF may be biased toward
small values of FWHM(PI)/FWHM(). We need more
observations to discuss further details. At this moment,
however, we can point out that the PDF estimated by the
model should predict FWHM(PI)/FWHM(/) = 1 with suffi-
cient probability. In other words, our observations strongly
suggest a significant pinch of the B-field inside the filament.

5. Discussion

In the previous section, we have shown that the Tomisaka
model can naturally explain the variation of observed FWHM
(PT)/FWHM(J) only by changing the filament’s viewing angle.
It does not mean, however, that we can exclude other
possibilities.

When assessing the model predictions, we assume that the
dust alignment level and dust properties are homogeneous
inside and outside the filament. We think it is unlikely that the
dust alignment level increases at the filament center to produce
FWHM(PI)/FWHM() < 1 (see Section 3). On the other hand,
it may be possible that the spatial variation of the dust
properties causes more efficient polarization of emission at the
filament center. However, in such a case, it would be necessary
to explain naturally how P, which generally decreases in the
molecular cloud, becomes locally higher in, e.g., segment B.

In contrast to the quiescent filament interior, the dust
alignment level and dust properties may be spatially nonuni-
form in active regions. We show two example emission profiles
at SVS 3 and SVS 13A in Figure 5 (see Appendix D for the
derivation details). Both the / and PI profiles show a distorted
shape and do not match with each other, which is considerably
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Figure 4. (a) PDF of the FWHM(PI)/FWHM(/) ratio obtained for typical parameters of the model by Tomisaka (2014) when we observe the filament from a random
orientation in 3D space (colored lines). We assume Ry = 5, 5y = 0.1, and p./p; = 10, 30, 100, and 1000 in the figure. See text for the definition of Ry, Sy, and p./py.
Vertical dotted lines are the observed ratios (beam-deconvolved) with their +1o error indicated as shaded areas (segments B, A, C, and D from left to right; see
Table 1). Insets show cross-sectional views of the filament gas density and B-field structure corresponding to each parameter set. Solid contours are relative density p/
pe=0.1,0.3, ..., 0.9, and dashed lines represent B-field lines. We apply the same assumption as in Figures 3(c)—(h) when converting the radial distribution of the gas
to a physical scale in parsecs. (b) Comparison of the filament line mass () and the probability that we observe FWHM(PI)/FWHM(/) < 0.8 for each model parameter
set. We assume a gas temperature of 15 K and a corresponding critical line mass of thermally supported filaments of Ac thermal = 2¢2 / G ~ 24 M pc™!
(Stodélkiewicz 1963; Ostriker 1964; Inutsuka & Miyama 1997). The color of the lines indicates 5, = 0.01, 0.1, 1, and 5, and the line types (solid and dashed) indicate
Ry =5 and 2, respectively. Tick marks in the colored lines indicate p./ps = 2, 3, 5, 10, 20, 30, 50, 100, 200, 300, 500, and 1000. The larger p./p, data may not have
been plotted due to numerical difficulties in obtaining equilibrium solutions at such high densities. The shaded area indicates the estimated line mass of the filament
that contains regions A-D (49-106 M, pc’l; Paper I). (c) Same as panel (b) but for the ratio of A to the magnetically critical value (A/)\).

discussing B-field structure in quiescent filaments and do not
discuss these profiles in active regions further in this paper.
The Tomisaka model assumes that an initially uniform B-
field intersects a cylindrical filament perpendicularly. However,
it may be possible to consider a more complex B-field. Fiege &
Pudritz (2000; also see Reissl et al. 2018) showed that a helical
B-field structure can reproduce observed decreases in P in
dense molecular cores (“polarization holes”). We do not

different from the quiescent filaments seen in regions A-D,
where a single Gaussian fits well each profile. Furthermore, the
PI/6PI value in these regions shows considerable spatial
variation, and our criterion of achieving PI/éPI>>3 over more
than three consecutive beams is not met. This distortion of
emission profiles is potentially due to the spatial variation of
the dust properties and alignment level. We limit ourselves to
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Figure 5. Same as Figure 2 but for the filaments’ cross-sectional profiles in two
active regions (SVS 3 and SVS 13A).

discuss the comparison between helical B-fields and our
observations in this paper. Instead, we want to emphasize that
the lateral B-field assumed in the Tomisaka model explains
well the observed offset angle between the filament and the B-
field (Paper I) and can also reproduce the polarization hole as
demonstrated in Figure 3(h), where the B-field at the center of
the filament is almost parallel to the LOS.

Disturbance of the B-field due to turbulence may be less in
the center of quiescent filaments. In such a case, geometrical
depolarization due to unresolved small-scale B-field turbulence
may be less inside the filament than outside, resulting in a
larger P and FWHM(PI)/FWHM(/) < 1. However, if it is the
primary cause of FWHM(PI)/FWHM(J) variation, we need to
understand why B-field turbulence is low inside one quiescent
filament and high in another quiescent filament where FWHM
(PI)/FWHM(/) > 1 and the central P is small.

The variation of P inside the filament may not only be due to
the geometrical effect of the pinched B-field. In fact, the
observed P is ~1/3 of the model-predicted values assuming
the same efficiency of polarized dust emission in the diffuse
region and the filament interior (Figure 3). Thus, the efficiency
of polarized dust emission may be reduced inside the filament
in addition to the geometrical depolarization.

We note that the filaments in NGC 1333 may not be in exact
magnetohydrostatic equilibrium, as suggested by Hacar et al.
(2017). However, the equilibrium solutions of Tomisaka (2014)

Doi et al.

are probably a good representation of the structures that arise in
the dynamical formation of a filament, even if equilibrium has
not been achieved. In fact, Figure 4(c) indicates that the line
mass may be supercritical (A\/A.>0.9). If the filament is
supercritical and the gas in the filament, which is dynamically
contracting, is dragging the B-field lines toward its center, the
observations should be well reproduced.

The Tomisaka model predicts a flattened filament profile, as
shown in Figures 3(a) and 4(a). It results in a variation in the
FWHM of the filaments’ I profiles observed from different
directions, as demonstrated in Figures 3(c)—(h). This variation
due to the viewing angle could be an explanation of the
variance on the canonical 0.1 pc FWHM reported by, e.g.,
Arzoumanian et al. (2011, 2019; also see Auddy et al. 2016).

Following the discussion above, we conclude that the
pinched B-field predicted by the Tomisaka model is a plausible
explanation of the observed FWHM(PI)/FWHM(J) variation of
quiescent filaments in NGC 1333. The B-field that is dragged
inward by the contracting ISM has been observed in some
cases as an “hourglass” structure of the B-field around star-
forming cores and is recognized as a sign of magnetically
regulated collapse of spherical cores (e.g., Girart et al. 2006;
Stephens et al. 2013; Kandori et al. 2017; Maury et al. 2018;
Kwon et al. 2019; Hull et al. 2020). We do not see such an
hourglass morphology in the observed B-field structure
(Figure 1; however, see Pattle et al. 2017 for an example
found in the Orion A filament). Instead, our result is an indirect
observation of the possibly pinched internal B-field structure in
dense interstellar filaments in star-forming regions as a result of
an axisymmetrical contraction of the filament ISM. The
FWHM(PI)/FWHM(J) ratio, especially its deviation from 1
as we observed, may be an essential indicator of the degree of
B-field pinching in filaments.

6. Conclusions

We performed submillimeter-wavelength polarization obser-
vations using SCUBA-2/POL-2 on JCMT and characterized
the POS magnetic field (B-field) of NGC 1333. Following
Paper I, we investigated the 3D B-field distribution inside
filaments that do not show evident star-forming activity and
thus are thought to retain their initial formation state. We found
that the filaments’ FWHMSs in PI are not the same as those in 1,
with two segments being appreciably narrower in PI (FWHM
(PI)/FWHM(/) ~0.7-0.8) and one segment being wider
(FWHM(PT)/FWHM(J) ~~ 1.3) out of four investigated filament
segments. None of the profiles of P inside filaments show an
anticorrelation with / normally found in molecular clouds and
protostellar cores.

We showed that the magnetohydrostatic equilibrium solution
of a filament threaded by a lateral magnetic field (Tomi-
saka 2014) well reproduces the observed variation of FWHM
(P)/FWHM(J), although we do not exclude other possibilities.
The B-field inside a filament is radially dragged inward
(pinched) along with the matter contraction during the
formation of the filament. This pinched B-field structure causes
the local directional changes of the B-field within the filament
and thereby the geometrical depolarization that can reproduce
local variations of PI and P. The appreciable deviation of
FWHM(PI)/FWHM(/) from 1 indicates that the B-field is
pinched significantly. In other words, quiescent filaments in
NGC 1333 are suggested to be magnetically near-critical or
supercritical.
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The FWHM(PI)/FWHM(]) ratio can provide important
information about the pinched B-field structure expected inside
the filament and, consequently, help us better understand the
role of the B-field in the formation of filaments.
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Appendix A
Evaluation of Stokes Parameters and Their Sensitivity as a
Function of Spatial Frequency

We estimate the Stokes I, O, and U parameters at each
position in the sky from the standard pipeline pol2map
(Parsons et al. 2018, software version on 2018 November 17)
in STARLINK (Currie et al. 2014; see Paper I for further details).
As described in Paper I, we apply a 2D least-squares fit of a
second-order polynomial using a Gaussian kernel to the Stokes
I, O, and U data. We debias PI to correct a possible offset due
to the square-sum of the Q and U errors. We then use only PI/
OPI > 3 data for the following analyses to make the debiasing
effect negligible. The assumed FWHM of the Gaussian kernel
is 14".1, which corresponds to the JCMT/POL-2 beam at
850 um if we fit the beam with a single Gaussian profile
(Dempsey et al. 2013).

The Stokes I intensity is estimated by removing background
atmospheric emission from the observed data, resulting in a
reduced sensitivity for the large-scale emission. On the other
hand, Q and U are measured in AC mode performed while
rotating a half-wave plate; thus, the sensitivity is retained for
the large-scale emission. We estimate the spatial power spectra
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Figure Al. Top panel: spatial power spectra of I, Q, U, and PI signals
measured along the blue dashed line in Figures 1 and A3. Bottom panel: ratio
between PI and I spectrum amplitudes.

Table A1
Estimated Position Angles of the Filaments

Segment Position Angle
(deg)
A —-209+11.6
B —-78+44
C —144+3.7
D 125+ 129
SVS 3 —359+1.8
SVS 13A —47.1£35

Note. See text for the details of the derivation.

of these emissions and PI along the blue dashed line in Figure 1
to test if the sensitivities of I, Q, and U are consistent for the
small-scale emission, which is the subject of this paper. As
shown in Figure Al (top panel), the spectral shapes are
consistent with each other. Also, we find the nearly constant
PI/I ratio of spectral amplitude, as shown in Figure A1 (bottom
panel). Thus, we confirm that the sensitivities of / and PI are
consistent for the small-scale (<2’) structures.

Appendix B
Evaluation of Filaments’ Cross-sectional Profiles

We select the data with PI/6PI > 5 for segments A, B, and C
and PI/éPI > 3 for segment D and estimate the position angles
of the major axes of the filaments at each position. By
assuming that we can approximate filaments locally by straight
lines, we estimate the position angles by least-squares linear fits
to the spatial structures in I, weighted by [ intensity. The
estimated position angles are listed in Table A1, together with
those of active regions described in Appendix D. We then set
the FWHM of the Gaussian kernel as 14".1 in the direction
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Figure A2. Spatially smoothed distribution of 850 um Stokes / and polarized emission PI of the four selected regions. The positions of the regions are indicted in
Figure 1. We assume 14".1 spatial resolution (FWHM) across the filament direction and 70".5 in the filament direction to achieve good S/Ns in the cross-sectional
profiles of the filaments. The YSOs found near the positions of the cross sections (Evans et al. 2009; Young et al. 2015) are marked with red symbols. We set the
position of segment C so that we can exclude one class 0/1 YSO (J032901.56+312020.6) from the evaluation of the cross section (Section 2). We ignore one class II
YSO (J032856.124-311908.4) in region D as a foreground source since the estimated Ay, = 0 mag (Evans et al. 2009). The assumed Gaussian beams are indicated in

the bottom left corners of the figures.

perpendicular to the filament and 70".5, or five times the beam,
in the direction along the filament and reestimate the Stokes 7,
0, and U parameters at each position in the sky to estimate the
cross-sectional profiles of filaments with improved S/Ns. We
show the estimated Stokes / maps and the PI maps, which are
estimated from the Stokes Q and U maps in Figure A2, together
with the assumed beam profile.

We estimate errors by performing a Monte Carlo simulation
by assuming a Gaussian distribution for the pol2map-estimated
error. We repeat the polynomial fitting 1000 times with
Gaussian random errors at each position. We take the mean of
1000 samples as the estimated values and the standard
deviation as the estimation error of each position.

We fit the estimated cross-sectional profiles of / and PI with
Gaussian curves as shown in Figure 2. We use the data that
satisfy both 1/61 > 3 and PI/6PI > 3 for fitting  and PI profiles.
Practically, all data points with PI/éPI> 3 satisfy 1/61> 3.
When making Gaussian fittings, we assume the baseline
intensity of I and PI as zero and judge the residual low S/N
seen in PI (Figure 2) as residual noise of the debiasing. If we
estimate the Gaussian baseline level with these signals, positive
baseline levels lead to narrow PI profiles.

We then deconvolve the fitted Gaussian by the observational
beam by assuming the beam as a 14".1 single Gaussian
(Dempsey et al. 2013) as follows:

_ 2 2
Odeconvolved = O observed — O beam »

(BI)

10

where Ogeconvolveds Tobserveds aNd Opeam are the variances of
deconvolved, observed, and the beam’s Gaussian, respectively.

Appendix C
Dust Temperature

We refer to Pezzuto et al. (2021; Figure A3) and estimate the
dust color temperature at the filament profiles. We confirm that
there are no significant heating sources embedded in the
regions, and there is no significant nonuniform external heating
from nearby sources. The estimated dust temperature at each
profile is 7= 12.2-15.8 K for region A, 12.6-16.0 K for region
B, 13.1-17.0 K for region C, and 12.9-13.7 K for region D.

Appendix D
Filament Profiles in Active Regions

We estimate two example cross-sectional profiles of
filaments in the active region. We set the positions at SVS 3
and SVS 13A, as shown in Figures 1 and A3. For these regions,
we select the data with /> 25 (mly beam ') and estimate the
local filament position angles as described in Appendix B. We
do not restrict the data based on PI/6PI to estimate the
filament’s position angles, as the S/N of PI largely fluctuates in
the active regions. The estimated position angles are shown in
Table Al. We then estimate 7 and PI intensity maps smoothed
along the major axes of the filaments as described in
Appendix B. The estimated intensity maps are shown in
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Figure A3. Same as Figure 1 but for the dust color temperature estimated by Herschel and Planck observations (Pezzuto et al. 2021). The resolution of the map (36".1)

is shown in the upper left corner of the figure.

Figure A4. The cross-sectional profiles of I, PI, and P are
shown in Figure 5.
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Figure A4. Same as Figure A2 but for maps of two active regions. The two
regions are centered at SVS 3 and SVS 13A.
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