THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 283:65 (23pp), 2026 April

© 2026. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4365 /ac496f

CrossMark

B-fields and Dust in Interstellar Filaments Using Dust Polarization (BALLAD-POL). VI.
Grain Alignment Mechanisms in the Massive Quiescent Filament G16.96+-0.27 Using

Dust Polarization Observations from JCMT/POL-2

, Thiem Hoang Archana Soam'?®, Qi-Lao Gu’

Le Ngoc Tram®®, and Nguyen Bich Ngoc
! Indian Institute of Astroghysms II Block, Koramangala 560034, India; saikhom.singh@iiap.res.in, spravashl1@gmail.com
Pondicherry University, R.V. Nagar, Kalapet, Puducherry, 605014, India
3 Korea Astronomy and Space Science Institute, 776 Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Republic of Korea
University of Science and Technology, Korea, 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea

Saikhom Pravash'* Tie Liu’ @, Pham Ngoc Diep(”7

Shanghal Astronomical Observatory, Chinese Academy of Sciences, No. 80 Nandan Road, Xuhui, Shanghai 200030, People’s Republic of China

Vietnam
7 Graduate University of Science and Technology, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Hanoi, Vietnam
Lelden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
Received 2025 October 28; revised 2026 January 24; accepted 2026 February 22; published 2026 March 24

Abstract

Dust polarization induced by aligned nonspherical grains acts as an important tool to trace the magnetic field
(B-field) morphologies and strengths in molecular clouds and constrain grain properties and their alignment
mechanisms. The widely accepted grain alignment theory is the alignment induced by radiative torques (RATSs).
In this work, we investigate grain alignment mechanisms in a massive, quiescent and filamentary infrared dark
cloud G16.9640.27 using thermal dust polarization observation with JCMT/POL-2 at 850 ym. We observe the
so-called phenomenon of a polarization hole attributed to the decrease in polarization fraction in denser regions of
higher total intensity and gas density. Our study finds that the B-field tangling effect is a minor cause of the
polarization hole, and the dominant factor is the reduction in grain alignment efficiency in denser regions,
consistent with the RAT mechanism. To test RAT theory, we calculate various quantities describing grain
alignment, including the minimum size of aligned grains, magnetic and magnetic relaxation parameters, and show
that the RAT mechanism can explain observational data. Our study also reveals evidence for a magnetically
enhanced RAT (M-RAT) mechanism required to explain the observed high polarization fractions of above 10% in
the outer regions of the filament. Finally, we perform detailed modeling of thermal dust polarization using
DUSTPOL_PY based on M-RAT theory and find that the modeling could successfully reproduce the observational
data when the maximum grain size is around 0.45 ym accompanied by an increase in grain axial ratio, along with
the consideration of variations in the magnetic field’s inclination angle with the line of sight.

Unified Astronomy Thesaurus concepts: Interstellar dust (836); Interstellar filaments (842); Star forming regions
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(1565); Interstellar magnetic fields (845)

1. Introduction

Dust grains, although constituting only a minor fraction of the
interstellar medium (ISM) by mass, are fundamental and
indispensable components of the ISM. They play a central role
in the physical, chemical, and dynamical evolution of the ISM, by
significantly influencing in various astrophysical processes,
including star and planet formation, thermal balancing of the
ISM, and acting as catalytic surfaces for the formation of water
and other complex molecules (for a review, see
B. T. Draine 2003). The landmark discovery of interstellar
starlight polarization by J. S. Hall (1949) and W. A. Hiltner
(1949) revealed that interstellar dust grains are nonspherical and
preferentially aligned with interstellar magnetic fields (B-fields),
which induces starlight polarization through dichroic extinction.

Aligned dust grains also emit polarized thermal radiation,
known as thermal dust polarization, in far-IR /submillimeter/
millimeter wavelengths (R. H. Hildebrand 1988). Dust grains
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are aligned in such a way that their short axes are parallel and
long axes are perpendicular to the ambient B-field (e.g.,
A. Lazarian 2007; B. G. Andersson et al. 2015; A. Lazarian
et al. 2015). For starlight polarization, the observed polariza-
tion angle (PA) traces the plane-of-sky projected B-field
orientation, while it needs to be rotated by 90° in the case of
thermal dust polarization (e.g., R. H. Hildebrand 1988). Hence,
both the dust polarization, i.e., starlight (optical to near-IR)
and thermal dust polarization (far-IR to submillimeter/
millimeter), have been widely used to trace and study the
B-field morphologies and strengths in various environments,
ranging from the diffused ISM, molecular clouds to star-
forming regions (SFRs), and also to study properties of dust
grains like shape, size, and composition (e.g., B. T. Draine &
B. S. Hensley 2021a).

Magnetic fields are thought to have a significant role in the
formation and evolution of molecular clouds and star
formation processes (e.g., R. M. Crutcher 2012; K. Pattle &
L. Fissel 2019). The question of up to how much depth in
dense SFRs grains can still be aligned is not yet clear, which
affects the robustness of using dust polarization for tracing
B-fields in dense SFRs (A. Lazarian et al. 2015). To use dust
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polarization as a reliable tool to study B-fields in SFRs, a
detailed understanding of grain alignment mechanisms is of
utmost importance. Also, recently T. Hoang & B. Truong
(2024) and B. Truong & T. Hoang (2024) suggested in their
studies the potential of tracing the 3D B-field with full dust
polarization data including the polarization angle and the
polarization fraction by relying on the comparison of the
observed dust polarization with the accurate dust polarization
model predicted from the grain alignment theory and dust
properties like shape and composition.

The inefficiency of different proposed grain alignment theories
to explain and take into full account the various observational
results (see A. Lazarian 2003, 2007) renders the grain alignment
mechanism one of the most enduring and long-standing problems
in astrophysics. The advent of radiative torque (RAT) alignment
theory or RAT theory revolutionized the field. The RAT theory
was first introduced by A. Z. Dolginov & I. G. Mitrofanov
(1976), then numerically demonstrated in B. T. Draine &
J. C. Weingartner (1997) and later developed analytically by
A. Lazarian & T. Hoang (2007) and T. Hoang & A. Lazarian
(2008), positioning it as the leading theoretical framework for
grain alignment. In accordance with the RAT theory, large
nonspherical grains exposed to an anisotropic radiation field
acquire RATs that can induce suprathermal rotation of the grains
and align them with the ambient B-field (B. T. Draine &
J. C. Weingartner 1997; A. Lazarian & T. Hoang 2007).

The magnetic properties of dust grains are also very important
in the alignment efficiency of grains. The presence of iron atoms
as clusters embedded inside the grains, expected in dense regions
due to grain growth and evolution, can make the grains behave as
super-paramagnetic in nature (T. Hoang et al. 2022). This super-
paramagnetic nature of the grains in the presence of external
magnetic fields can enhance their magnetic relaxation strength,
thereby enhancing the RAT alignment efficiency of grains,
termed as the magnetically enhanced RAT (M-RAT) alignment
mechanism (T. Hoang & A. Lazarian 2016), and could increase
the dust polarization fraction. The M-RAT mechanism acts as the
unified grain alignment theory.

The RAT theory is well supported by numerous observational
studies in different molecular clouds using starlight polarization
(for reviews, see B. G. Andersson et al. 2015; A. Lazarian et al.
2015). However, the testing of RAT theory in the dense SFRs
using thermal dust polarization observations has only been
conducted recently (e.g., L. N. Tram & T. Hoang 2022;
N. B. Ngoc et al. 2023, 2024; S. Pravash et al. 2025b) with the
advancement in far-IR/submillimeter/millimeter polarimetric
instruments that facilitate the testing of grain alignment in these
dense regions. However, there is still a lack of comprehensive
testing of the grain alignment mechanisms in such dense regions.
The synergy between various observations, theoretical advance-
ments, and numerical modeling is essential to resolving the grain
alignment problem, which remains a cornerstone issue in our
understanding of interstellar dust and magnetic fields. In this
paper, we aim to perform a comprehensive testing of the grain
alignment mechanism in the context of the unified theory of the
M-RAT mechanism, in a massive and dense star-forming infrared
dark cloud (IRDC).

1.1. IRDCs: An Ideal Environment for Grain Alignment
Studies

IRDCs are considered as cradles for the formation of stars,
especially high-mass stars and star clusters (J. M. Rathborne et al.
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2006), and they are quiescent molecular clouds containing mostly
cold and dense molecular gas. For testing grain alignment
mechanisms, the gas column density or volume density and the
radiation field strength or equivalently dust temperatures are the
crucial physical parameters. A significant variation in these
parameters over the clouds can favor the study of grain alignment
mechanisms, which is shown by filamentary IRDCs, making them
ideal regions for grain alignment study in the context of the RAT
alignment mechanism. Our study focuses on a massive quiescent
filamentary IRDC G16.96+4-0.27, which is one of the brightest
filaments in the James Clerk Maxwell Telescope (JCMT) SCOPE
survey (T. Liu et al. 2018). It is located at a distance of 1.87 kpc
and shows several fragmentations, which have been identified as
cores MM1, MM2, MM3, MM4, MM5, and MM6, with MM1,
MM2, and MM6 as protostellar cores and MM3, MM4, and MM5
as starless cores (G. Kim et al. 2020; E. Mannfors et al. 2021,
K. Tatematsu et al. 2021). This IRDC is associated with a simple
filamentary structure and is dark at infrared wavelengths, with no
prominent bright embedded sources. It is a quiescent filament at
the very early stage of the star formation process. It shows
significant variations in gas density and dust temperature from the
outer region toward the inner region. All of these environmental
conditions make this filamentary IRDC an ideal region for our
study. We aim to perform a comprehensive study using thermal
dust polarization observations and detailed numerical modeling to
constrain dust grain alignment mechanisms and dust properties in
this filament.

The rest of the paper is organized as follows: Section 2
provides the details on the observational data; Section 3
presents the data analysis and results; Section 4 presents the
numerical modeling of dust polarization and the results;
Section 5 discusses our results; and Section 6 summarizes
our work.

2. Observational Data
2.1. Archival Polarization Data

For our work, we use the archival thermal dust polarization
data from Q.-L. Gu et al. (2024). The polarimetric observations of
G16.964-0.27 were done with the POL-2 instrument mounted on
the JCMT, from 2020 August to 2020 October using SCUBA-2/
POL-2 DAISY mapping mode (W. S. Holland et al. 2013;
P. Friberg et al. 2016, 2018) under Band 2 weather conditions.
The JCMT/POL-2 has an effective beam size of 147414 at
850 pm (S. Mairs et al. 2021), which corresponds to ~0.13 pc at
a distance of 1.87 kpc of the G16 filament. The data were reduced
using the pol2map routine in the Sub-Millimeter User Reduction
Facility (SMURF) package (E. L. Chapin et al. 2013) of the
STARLINK software (M. J. Currie et al. 2014). For the details on
the polarimetric observations and data reduction processes, please
refer to Q.-L. Gu et al. (2024). For our analysis, we use debiased
polarization data with the selection criteria of 1/6;> 10,
PI/6p; >3, and 6p < 5%, where §; is the uncertainty of the
Stokes 1, PI is the debiased polarized intensity with its uncertainty
opp, and 6p is the uncertainty of the polarization fraction P.

2.2. H, Column Density, Volume Density, and Dust
Temperature Maps

In this work, we use the H, column density N(H,) and the
dust temperature 74 maps of the G16 region from Q.-L. Gu
et al. (2024). The maps were obtained using level 2.5
processed archival Herschel PACS/SPIRE data at 70, 160,
250, 350, and 500 pm and JCMT 850 pum through the J-comb
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Table 1
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Properties of Cores Identified on the G16 Filament

Core ID R.A. (J2000) Decl. (J2000) Major Size Minor Size Effective Size Effective Size
(deg) (deg) (arcsec) (arcsec) (arcsec) (pc)
MMI1 275.150 —14.072 25.16 17.00 20.69 0.19
MM2 275.168 —14.082 17.39 14.91 16.10 0.15
MM3 275.181 —14.089 12.44 8.82 10.48 0.09
MM4 275.188 —14.093 15.63 9.31 12.06 0.11
MM35 275.195 —14.106 18.41 11.03 14.25 0.13
MM6 275212 —14.101 15.41 11.04 13.04 0.12
MM7 275.201 —14.116 18.85 11.11 14.47 0.13
MMS8 275.111 —14.066 23.57 12.82 17.38 0.16

Note. (i) The major and minor sizes are deconvolved with the beam, i.e., size = \/ sizeZ comecied — beam? (D. S. Berry 2015). (ii) The effective sizes both in
arcseconds and parsecs are the geometric means of the major and minor sizes, i.e., effective size = \/ major size X minor size. (iii) The physical effective size in

parsecs is estimated considering a distance of 1.87 kpc of the G16 filament.
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Figure 1. (a) Map of gas column density N(H,) of the whole observed field of the G16 region, with the white rectangle indicating the region of the G16 filament. (b)
Zoomed-in map of N(H,) for the rectangular region. (c) Map of gas volume density n(H,). (d) Map of dust temperature 7y4. The black circles overlaid in panel (a)
represent the dense cores identified on the whole observed field of G16 region, and those in panels (b) and (c) with black and panel (d) with magenta represent the
dense cores MM1, MM2, MM3, MM4, MM5, MM6, MM7, and MM8 identified on the G16 filament. The black contours are drawn at JCMT/POL-2 850 pm total
emission intensity / values of 50, 100, 150, 200, 250, 280, 300, and 350 mJy beam™ . The "+" symbols in (b), (c), and (d) indicate the pixels of the outermost and

innermost regions having polarization measurements.

algorithm (S. Jiao et al. 2022), and the derived maps have
resolutions of 18”. For the details of the derivation, please refer
to Appendix B in Q.-L. Gu et al. (2024).

We derive the H, volume density map using the column
density map. We assume a cylindrical geometry of the overall

filament so that the depth of the filament can be considered to
be equal to its width. However, since this filament hosts dense
cores MM1, MM2, MM3, MM4, MM5, MM6, MM7, and
MMBS, we cannot use the overall filament width value in the
core regions. We assume the core regions to have spherical
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Figure 2. Map of total emission intensity / of the G16 filament observed by JCMT/POL-2 at 850 m with a resolution of 14”414 indicated with a solid black circle.
The black circles overlaid on the map represent the dense cores MM 1, MM2, MM3, MM4, MM5, MM6, MM7, and MMS identified on the filament and are labeled
with black colors. The black contours are drawn at / values of 50, 100, 150, 200, 250, 280, 300, and 350 mJy beam ™.

geometries so that their widths or diameters are equal to
their depths. To detect the dense core regions and get the
estimated size of the cores, we apply FellWalker algorithm
(D. S. Berry 2015) to the 850 pum total emission intensity map.
In the process, we use pixels with intensities >30, where
o = 5.3 mJy beam ' is the rms noise level of the background
region in the intensity map. To identify real dense cores, we
use a peak intensity threshold >100 and a size greater than the
beam size of 14”414. For the condition of having neighboring
peaks, these two peaks are considered to exist separately if the
difference between the peak values and the minimum value
(dip value) between the peaks is >20. We find 24 cores over
the whole observed field of the G16 region. We find eight
dense cores in the filamentary region, named MM1, MM2,
MM3, MM4, MM5, MM6, MM7, and MMS. The dense cores
MM1, MM2, MM3, MM4, MM5, and MM6 were identified in
earlier detections (G. Kim et al. 2020; E. Mannfors et al. 2021;
K. Tatematsu et al. 2021). In our detection, we also find two
more clumps/cores, which we name as MM7 and MMS. The
properties of the detected eight dense cores are listed in
Table 1. We use the core sizes given in the last column of
Table 1 to derive the volume density for these core regions.
Q.-L. Gu et al. (2024) estimated the average width of the
filament to be ~0.46 £ 0.06 pc. We use this value of 0.46 pc
as the depth value of the overall region of the filament except
for the core regions to derive the volume density as follows:

N(Hy)

n(Hy) = J

ey

where d is the depth of the filament. We also note that the
estimation of the width or depth of the filament is biased based on

the angular resolutions of the observations (G. V. Panopoulou
et al. 2022). Figure 1(a) shows the H, column density map
overlaid with circles that denote the dense core regions, and the
region of the filament is marked with a solid rectangle;
Figure 1(b) shows the zoomed-in region of the rectangular
region; Figures 1(c) and (d) shows the derived volume density
map and the dust temperature map, respectively. We find that the
gas column density and volume density increase from the outer
regions toward the inner regions, with the core regions showing
higher values. MM6 core is the densest of the other cores. The
core regions have a typical volume density value of the order of
10°cm . The dust temperature significantly reduces from the
outer regions toward the inner regions, with the lowest values of
around 16 K observed in the MM2, MM3, MM4, and MMG6 core
regions. This implies the absence of bright embedded sources
inside the filament. The only source of grain heating, and thus
grain temperature, is the diffused interstellar radiation field
(ISRF), which is strong in the outer regions but attenuates
significantly toward the inner denser regions.

3. Analysis and Results
3.1. Data Analyses

3.1.1. Stokes 850 um Total Intensity and Magnetic Field
Orientation Maps

Figure 2 shows the 850 pum total emission intensity Stokes /
map of the G16 filamentary region observed by JCMT/POL-2.
We see that the intensity increases from the outer regions
toward the inner regions of the filament. The dense cores
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Figure 4. Variation of total emission intensity with the gas column density for
the pixels having polarization measurements. The magenta dashed line
represents the running mean.

MMI1, MM2, MM3, MM4, MM5, MM6, MM7, and MMS,
indicated with black circles on the figure, show higher values
of total intensity, with the highest being found in the densest
core MM6.

Figure 3 (left panel) shows the same intensity map of
Figure 2 but overlaid with the polarization half-vectors
(hereafter, we use the term vectors to denote half-vectors for
simplicity) with PI/§p; > 3. The orientations of the vectors
determine the B-field orientations, and the lengths are
proportional to the polarization fraction. A reference length
scale of 20% polarization fraction is also indicated in the
figure. We observe that the polarization fraction is higher in
the outer regions associated with lower / values and gets
decreased toward the inner regions of the filament associated
with higher [ values. Figure 3 (right panel) shows the
histogram distribution of the polarization fraction, which
shows a right-skewed distribution with a median value of
7.3% + 2.3%. We observe high P values of above 10% up to
around 23%.

3.1.2. Relations among Total Intensity, Gas Column Density, and
Dust Temperature

We see the relations among I, N(H,), and Ty for the pixel
coordinate regions where polarization is detected. Figure 4
shows the variation of / with N(H,), which shows a strong
correlation, implying that higher dust emission intensity or
denser regions are associated with higher gas column densities.

Figure 5 shows that T4 decreases with increasing / and
N(H,), implying the decrease in dust temperatures in the
denser regions. This could be due to the absence of bright
embedded sources inside the filament and the dust heating, and
hence, the dust temperature relies only on the diffused ISRF,
which is strong in the outer, less-dense regions but attenuates
significantly in the denser regions.

After analyzing the relations among I, N(H,), and T4, we
analyze the variations of polarization fraction P with the
increase of the different parameters I, N(H,), and Ty in the
following subsection.

3.1.3. Variations of Polarization Fraction with Total Intensity, Gas
Column Density, and Dust Temperature

Figure 6 shows the variations of polarization fraction P with
increasing total intensity / (left) and N(H,) (right). We find that
P is very high, reaching up to around 23% in the outer regions
with / < 80 mJybeam ' and N(H,) < 2.3 x 10*?cm ™ but
decreases with the increase in both I and N(H,) toward the
filament’s spine. Best power-law fits of the forms P = k%
and P = k[N (Hy)]*2 are plotted with solid lines for the P — I
and P — N(H,) plots, respectively, where k; and k, are some
proportionality constants, and a; and a, are the respective
slopes. The power-law fits yield an a; value of —0.71 £ 0.01
and an a, value of —1.44 4+ 0.02. We mark some data points
with green colors to indicate the data points that correspond to
the minimum size of aligned grains, d,jg, > 0.21 pm. For
more details on the a,;,n, parameter and the reason for marking
these data points, please refer to Sections 3.2.1 and 5.3.

Figure 7 shows the variation of P with T4. We find that P
increases overall with an increase in Ty. The best power-law fit
of the form P = kT, where k3 is the proportionality constant
and aj is the slope, is plotted with the solid line, thereby
yielding an az value of 6.33 + 0.14. An increase in P with
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increasing T4 or, equivalently, radiation field strength is an
expectation of the RAT alignment mechanism of grains.

The decreases in P with increasing / and N(H;) as observed
in Figure 6 are termed a polarization hole or depolarization.
The exact cause of depolarization is not yet fully clear.
However, popular explanations include the decrease in grain
alignment efficiency in the denser regions or magnetic field
tangling due to turbulence or a combination of both. To
investigate whether there is any significant role of magnetic
field tangling to cause the observed depolarization, we
estimate the polarization angle dispersion function and analyze
the effect of magnetic field tangling in the following section.

3.1.4. Polarization Angle Dispersion Function: Magnetic Field
Tangling Effect

To assess for any significant contribution of magnetic field
tangling to cause the observed polarization hole, we derive the
polarization angle dispersion function denoted by S and

calculate the product P x S. The value of S provides an
insight into the local nonuniformity in the distributions of the
magnetic field morphology, and P x S provides information on
the averaged grain alignment efficiency along the line of sight
(Planck Collaboration et al. 2020). A higher value of S implies
stronger magnetic field tangling, which can decrease the
polarization fraction, and a lower S value implies weaker
magnetic field tangling, which can result in higher polarization
fraction, considering a constant grain alignment efficiency
along the line of sight.

For calculating S, we refer to the definition described in
Planck Collaboration et al. (2020). The relation is given as
follows:

N
9m®:%2wv+®—¢mﬁ @

i=1

where the sum extends over the N pixels, indexed by i and
located at positions r + §;, within a circle centered on r and
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Figure 7. Variation of polarization fraction with the dust temperature. The
dashed magenta line represents the running means, whereas the solid magenta
line represents the weighted best power-law fit.

having radius of ¢ taken as 2 times the beam size of JCMT/
POL-2. The term [¢(r + 6;) — 1(r)] is the difference in the
polarization angles at positions r + §; and r. We note that in
this paper we compute N as the number of pixels within a
circle of radius 6, following D. Alina et al. (2016). Other
approaches exist, including counting all pixels within an
annulus with inner and outer radii of 6/2 and 36/2,
respectively (Planck Collaboration et al. 2020), or selecting
pixels that lie on the circle of radius 6 (N. B. Ngoc et al.
2023, 2024).

As the Stokes parameters Q and U are associated with noise,
S becomes biased. This bias of S can be positive or negative
depending on whether the true value is smaller or larger than
the random polarization angle of 52° (D. Alina et al. 2016). An
estimation of the variance of S (o) resulting from noise along
with the debiased values of S (S4,) is described in Planck
Collaboration et al. (2020) and is given by the following
relations:

(N[ 2
JS( 6) N2s2 Z’l/J(V + 6) - ¢(r)
Nz zzou(7+5)[¢(r+5)—w(r) 3)
and
S3(r,8) =S — 0} if S > os. @

We take only those values of Sy, with § > og, and other
values not meeting this criterion (around 3%) are discarded.
Hereafter, we will denote Sy, by S for convenience. Then, we
analyze the variation of P with the increase in S as shown in
Figure 8(a). We plot the weighted running means with a black
dashed line. We do not find a significant correlation between P
and S, and the data shows a large spread. Most of the values of
S are concentrated below 25°, signifying weak magnetic field
tangling and a more ordered magnetic field.

We analyze the variations of the averaged grain alignment
efficiency P x S with increasing / and N(H,) as shown in
Figures 8(b) and (c). We find that P x S decreases with I and

Pravash et al.

N(H,) almost similarly to the decreases in P with I and N(H,)
shown in Figures 6(a) and (b). We mark those data points that
correspond tO @,jign > 0.21um in green, similar to Figure 6.
Again, we analyze the variation of P x § with Ty as shown in
Figure 8(d) and find that P x § increases with T4 almost
similar to the increase of P with Ty shown in Figure 7. These
imply that the effect of magnetic field tangling in causing the
depolarization is minor and not significant. The observed
depolarization is mainly due to the decrease in grain alignment
efficiency in the denser regions, in good agreement with the
RAT alignment mechanism of grains.

3.2. Grain Alignment Mechanisms
3.2.1. Minimum Alignment Size of Grains

The study of grain sizes is of great importance in the context
of RAT-A theory to explain the grain alignment mechanism.
According to RAT-A theory, efficient alignment of the grains
can be achieved only when they rotate suprathermally with a
rate exceeding about 3 times the thermal angular velocity
(T. Hoang & A. Lazarian 2008, 2016). Under these conditions,
the randomization of grains by gas—grain collisions can be
ignored. The size distribution of aligned grains, spanning from
the minimum alignment size, dyjigy to the maximum size, @max
(T. Hoang & A. Lazarian 2014; H. Lee et al. 2020) determines
the polarization fraction. In order to get an insight into the
variations in the polarization fractions in different regions of
the filaments in the context of grain sizes, we estimate the
values of aug, over all the filament regions using the
analytical relation given below as established in T. Hoang
et al. (2021)

2/7 2/7
Aalign —OOSSA 1/7(7[]) (%)
0.1 103 cm™3

T. 2/7 Y 4/7
x(“) A ) a4+ mY. )
10K) \12um

where p = p;/(3 g cm73) with p4 being the dust mass density;
7 is the anisotropy degree of the radiation field; A represents
the mean wavelength of the radiation; U is the radiation field
strength; ny is the number density of hydrogen atoms; Tg, is
the gas temperature, and Fi is the ratio of the IR damping to
the collisional damping rate. For the diffused interstellar
radiation field, v = 0.1 (B. T. Draine & J. C. Weingart-
ner 1997; T. J. Bethell et al. 2007). We use pg = 3gcm73,
A= 12 um, and ny = 2n(H,), where n(H,) is the volume
density of molecular hydrogen gas, and T, = Ty is considered
to be a thermal equilibrium between gas and dust that is valid
for dense and cold environments. For dense molecular clouds,
F) IR < 1

To calculate U, we use the relation between dust temper-
ature and the radiation strength for silicate grains having sizes
in the range of 0.01-1 pm with dust heating and cooling
balance and radiation strength U < 10* (275 K), ie, U ~
(Tq/16.4 K)® (B. T. Draine 2011). A map of the alignment size
and the histogram distributions are shown in the left and the
right panels of Figure 9, respectively. The regions of the dense
cores show higher a,ji,, values compared to the other regions,
and a,e, increases from the outer regions toward the inner
regions of the filament. The histogram of a,j;s, shows a right-
skewed distribution with a median value of 0.17 £ 0.01 pm.
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Figure 8. Variations of (a) P with S; (b) P x S with I; (c) P x S with N(H,); and (d) P x S with T4. The solid magenta lines represent the weighted best power-law
fits. The data points in green correspond to @ujigy > 0.21um, the same as mentioned in Figure 6.

Within the framework of the RAT-A theory, the size
distributions of aligned grains range from a,jig, t0 dmax, and the
polarization fraction is determined by this range of grain size
distributions. The processes of grain growth and destruction
determine the value of a,x. When a,,, is fixed, an increase in
the value of a,jien produces a narrower size distribution of
aligned grains, which decreases the polarization fraction P.
Again, a decrease in aqj;g, results in a wider size distribution of
aligned grains, which increases P (see Figure 7 in L. N. Tram
& T. Hoang 2022). Therefore, an anticorrelation is expected
between d,jign, and P. Also, RAT-A theory expects djign t0
increase with the increase in total intensity / or in denser
regions in starless clouds.

Figure 10 shows the variation of ay,, with I. We find that
Qgiign increases with the increase in I as expected by the RAT-A
mechanism. Again, we analyze the variations of P and P X §
with @ign, as shown in Figure 11 and find that both P and P x §
overall decrease with increasing aien, Which implies that the
effect of magnetic field tangling on the decrease in polarization
fraction is minor, and the major cause of the decrease in P is the
decrease in the grain alignment efficiency with the increase in
Qalign- The decrease in the polarization fraction as dqjg, increases
is due to the reduction in the fraction of aligned grains, as shown

in the numerical modeling in H. Lee et al. (2020) and T. Hoang
et al. (2021). Equivalently, the decrease in the polarization
fraction is due to the decrease in the RAT alignment efficiency of
grains in the denser regions, which are associated with higher
total dust emission intensity, higher gas column density, lower
dust temperature, and hence higher a,;y, values. However, if we
closely observe the variations of P and P x § with ays,, we see
that both P and P x S decrease significantly up to an ayis, value
of 0.21 pm, and then after 0.21 pm, we see an increment and
become nearly flat. Therefore, we see a tendency of the larger
aligned grains with auign > 0.21 pm to produce higher
polarization fraction. For a discussion on these observed features,
please refer to Section 5.3.

Table 2 summarizes the slope values of all of the different
analyses of relations among different parameters as described
above.

3.3. Effect of Magnetic Relaxation on RAT Alignment

In the study of grain alignment mechanisms, the magnetic
properties of dust grains are crucial, as these properties enable the
grains to interact with the external magnetic field. When there is
diffuse distribution of iron atoms within a silicate grain, the grain
behaves as an ordinary paramagnetic material. However, when
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Figure 10. Variation of minimum alignment size of grains with the total
emission intensity. The magenta dashed and solid lines represent the running
means and the best power-law fit, respectively.

iron atoms are distributed as clusters, the grain becomes super-
paramagnetic (T. Hoang et al. 2022). A paramagnetic grain that
rotates with an angular velocity w in the presence of an external
magnetic field B undergoes paramagnetic relaxation (L. J. Davis
& J. L. Greenstein 1951) that induces dissipation of the rotational
energy of the grains into heat, resulting in the gradual alignment
of angular velocity and angular momentum with B, known as the
classical Davis—Greenstein mechanism, which is applicable to
any magnetic material. However, the efficient alignment of grains
cannot be achieved by the paramagnetic relaxation alone due to
the randomization of grains by gas—grain collisions. Again, only
RATSs may not be able to produce perfect alignment of grains, as
the RAT alignment efficiency depends on various factors such as
the angle between the radiation and the magnetic field directions,
grain properties like shape and compositions (T. Hoang &
A. Lazarian 2016; J. Herranen et al. 2021). In the filament of our
study, it is observed that there are high P values of more than
10% and reaching up to around 23%. Therefore, we explore the
effect of the magnetic relaxation on the RAT alignment efficiency
by considering super-paramagnetic grains having embedded iron
atoms as clusters, to explain the observed high P values,

especially in the outer regions of the filament. This consideration
of the super-paramagnetic nature of the grains is expected in
denser regions due to the evolution of grains.

A dimensionless parameter 6,,,, Was introduced in T. Hoang
& A. Lazarian (2016) to describe the aligning effect of
magnetic relaxation relative to the disalignment caused by gas
collisions. This parameter 6,,,, provides the strength of the
magnetic relaxation and is defined as the ratio of the gas
collision damping timescale, Tg,,, to the magnetic relaxation
time, Tpag p- FOr super-paramagnetic grains having embedded
iron atoms as clusters, the strength of the magnetic relaxation
is given by the following relation:

2
~ Tgas _lNCI ¢sp,72p2B3 ksp(Q)
6mag,sp = = 56a_5 ~ /2 > (6)
Tmag,sp pngy Tgas, 1 Ty

where a_s = a/ (107° cm), with a being the grain size taken as
a4 = Gigns B3 = Biot/(10° 1G), ny = ny/(10*ecm™?) with
ny ~ 2n(H,) for molecular gas, Tgu1 = Tgas/(10 K),
Tq1 = T4/(10 K), p =p/55 with p =~ 5.5 being the
coefficient describing the magnetic moment of an iron atom,
N gives the number of iron atoms per cluster, ¢, is the
volume filling factor of iron clusters with ¢y, > = ¢5,/0.01,
and kg,(€2) is the function of the grain rotation frequency 2,
which is of order unity (T. Hoang et al. 2022).

When the magnetic relaxation occurs much faster than the
gas collision damping, the magnetic relaxation strength is
considered to be effective for the alignment of grains. The
degree of RAT alignment of grains can be significantly
enhanced by the combined effect of both the suprathermal
rotation of grains by RATSs and the strong magnetic relaxation
strength, which is termed as magnetically enhanced radiative
torque (M-RAT) mechanism of grain alignment.

To study the effect of magnetic relaxation strength on the
RAT alignment efficiency of grains, we estimate the Opag «p
values in all regions of the filament using Equation (6). For the
plane-of-sky magnetic field strength Bppos, we use the
estimated results from Q.-L. Gu et al. (2024) using different
methods. The mean Bpos values using angular dispersion
function (ADF) and classical Davis—Chandrasekhar—Fermi
(DCF) methods are estimated to be 60+ 10uG and
96 + 17 uG with an average value of 78 =20 4G for both
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Table 2
Slope Values of Different Analyses

Relation between Slope

P versus 1 —0.71 £ 0.01
P versus N(H,) —1.44 £ 0.02
P versus Ty 6.33 + 0.14
P x S versus [ —0.88 £ 0.01
P x S versus N(H,) —1.84 £ 0.02
P x S versus Ty 9.53 £+ 0.13
Qalign Versus [ 0.27 + 0.01

P versus dyjign —1.48 & 0.03 (overall) —2.58 £ 0.05 (@ajign < 0.21

pm)

P xS versus dgiign —1.96 + 0.03 (overall) —3.58 £ 0.05 (@ajign < 0.21

)

the methods. The total magnetic field strength By is 1.3 times
the Bpos values, as shown in R. M. Crutcher et al. (2004). We
calculate B, for each of the methods. We use N, = 100 and
¢sp = 0.1 (about 30% of iron abundance as iron clusters;
T. Hoang & A. Lazarian 2016). We estimate the {p,g sp Values
from Equation (6) using each of the By, values derived from
the ADF and DCF methods and the average of these two
methods, while keeping the values of the other parameters the
same. The magnetic field strength and the magnetic relaxation
strength values for each of the B, values derived from the
ADF, DCF, and average of the ADF and DCF methods are
given in Table 3.

Since there is a lack of information on the pixel-by-pixel
values of magnetic field strength using the ADF or DCF
methods and we have only the mean B, values, we use the
relation By ~ nﬁ/ 3 from R. M. Crutcher et al. (2010) to
estimate the pixel-by-pixel values of By, as a function of ny.
We estimate the scaled By, values using the scaling relation

10

Table 3
Magnetic Fields Derived from the ADF, DCF, and Average of the ADF and
DCF Methods Plus Magnetic Relaxation Strength Values Derived Using the
Magnetic Field Values from Each Method

Parameters ADF DCF (ADF+DCF)/2
Mean Bpos® 60 £ 10 uG 96 + 17 uG 78 + 20 uG
Mean B" 78 £ 13 uG 124.8 + 22.1 uG 101.4 £ 26 G
Median 6pag.p 16.6 426 28.1
Range of mag sp 16.1 — 179 412 — 459 27.2 — 303

Note.
 Bpos values are taken from Q.-L. Gu et al. (2024), and B, values are derived
using the relation given in R. M. Crutcher et al. (2004).

given below:

n 2/3
Bm(nﬂ)=Bm(ﬁH)(_—H) : )
ny

where By (7iy) is the mean By, value taken from the ADF,
DCF, and average of the ADF and DCF methods.

The maps of the polarization fraction and the magnetic
relaxation strengths for each of the ADF, DCF, and average of
the ADF and DCF methods are shown in Figure 12. We see
that the 6y, > 10 overall and becomes stronger in the
denser regions than in the outer regions. The polarization
vectors with P > 8% are shown in gray in the figure, and these
high P values are associated with Opmaesp > 10, implying the
potential significance of magnetic relaxation strength in
enhancing the RAT alignment efficiency of grains to produce
the high P values in the outer regions. Hence, it provides an
implication for the M-RAT mechanism. The value of
Omag,sp > 10 and increases slightly toward the denser regions.
However, the P values show lower values in these denser
regions compared to the outer, less-dense regions, which can
be due to the saturation of M-RAT and an increase in dqjign
values.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 283:65 (23pp), 2026 April

P (%)
25 5.0 75 100 125 150 175 200 225
qacoz ; I -
.
2
.
04 L
.

8 o5 L
S
(o]
=

8 06'4 :'- . L

o) e
.

074 (o . L

a

08'4 (a)p

T T T T T T

18"20M54° 485 425 36° 30° 245

RA (J2000)

Dec (J2000)

08'

(©f

T
245

T T T
425 36° 30°

RA (J2000)

T
18M20m54°

Pravash et al.

6mag,sp
1650 1675 1700 1725 1750  17.75  18.00
-14°03'
20% %
04' \'.4;\ o '\'\-
HeN
_ .\.\ AN
o .
S 05'4
<
~
] 06'
o
07'd
08' (b){
T T T T T T
18"20m54° ags 428 36° 308 285
RA (J2000)
6mag,sp
28.0 28.5 29.0 29.5 30.0 305
| — |
-14°03'4 =~ - """ T
20% &.\\
0a'd ~
N
8 o5
S
I
] 06'
o
. -
N5
08'4 (d);
T T T T T T
18720543 ags 428 365 308 285

RA (J2000)

Figure 12. (a) Map of observed polarization fraction P. (b) Map of magnetic relaxation strength &, , estimated using the magnetic field strength values derived
from the ADF method, and overlaid with polarization vectors of P > 8% shown in gray color. (c) The same as panel (b) but for the DCF method. (d) The same as

panel (b) but for the average of the ADF and DCF methods.

Figure 13 shows the variation of P with ay;g, With the colors
representing the O, sp values for each data point. We see that
the data points for @yie, > 0.21 pm show a significant increase
in P and are also associated with higher values of Omag sps
which may imply the significance of the magnetic relaxation
strength to produce perfect alignment of the available large
aligned grains by M-RATs. However, due to the increase in
the agj., values, the fraction of available aligned grains
becomes less, considering a constant ap,y, and here we expect
that there could be significant influence by the changes in the
grain properties like increase in size and more elongation to
produce the higher observed P values of 5%—8% in the denser
regions. The perfect alignment of the large and more elongated
aligned grains in these denser regions by M-RATs could result
in a significant increase in P values. In the subsequent section,
we try to constrain the grain properties like the grain size and
the axial ratio by performing numerical dust polarization
modeling.

3.4. Grain Alignment Behavior: Fast or Slow

The unified model of grain alignment by M-RAT mech-
anism can explain the efficient alignment of grains. For an
ensemble of grains having different shapes and magnetic

11

properties, only a fraction of grains can be aligned at an
attractor with angular momentum above the thermal value,
termed as high-J attractors. For those grains at high-J
attractors, if they have initially random orientations, a fraction
of the grains can be rapidly aligned at high-J attractors, known
as fast alignment. The other grains are driven at an attractor at
thermal angular momentum (low-J attractors). The collisional
and magnetic excitations by gaseous random collisions with
these grains can pump the grains out of low-J attractors and
slowly transport them to high-J attractors, which can result in
the perfect alignment of grains within several gaseous damping
timescales due to M-RATs, and this is termed as perfect slow
alignment (A. Lazarian & T. Hoang 2021).

The local radiation field strength (U), gas number density
(ng), and the gas temperature (Tg,) are the very crucial
parameters that can determine the nature of general astro-
physical environments. Usually, the dimensionless parameter
U/(n,T>), where U ~ (Ty/16.4 K)°, n; = ny/(10cm ™), and
T, = T,/100 K, describes the general astrophysical
environments in two regimes based on the ratio U/(n;T>). If
U/(nT,) < 1, then the region is in a collision-dominated (CD)
regime, whereas for U/(n,T,) > 1, the region is in a radiation-
dominated (RD) regime. For the case of the CD regime, the
grains undergo perfect slow alignment, whereas for the RD
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Figure 13. The same as Figure 11(a), but the data points are shown with colors that denote the values of magnetic relaxation strengths derived using the magnetic

field strengths from (a) ADF, (b) DCF, and (c) average of ADF and DCF methods.

regime, only a fraction of grains can undergo fast alignment at
high-J attractors by M-RATSs, and the majority of grains are
trapped at low-J rotation due to strong RATSs, a new effect
known as RAT trapping introduced in T. Hoang (2025). The
astrophysical environments under the CD regime include the
standard ISM and SFRs, including molecular clouds and
filaments, to dense cores and protostellar environments.

We estimate the value of U/(nT,) for our cold filament
G16, the map of which is shown in Figure 14. We find that
U/(mT,) < 1 over the filament, implying that G16
filamentary region is in the CD regime. Therefore, the grains
can achieve perfect slow alignment due to M-RATs. We note
this observed feature to consider the maximum alignment
degree of grains f; . to be 1 in our polarization modeling, as
described below in Section 4.

4. Dust Polarization Modeling and Results

In this section, we present the theoretical approaches and
methods of thermal dust polarization modeling using RAT
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theory to test the RAT paradigm and constrain the grain
properties in our G16 filament. For the modeling, we use the
latest version of DUSTPOL_PY® code, first presented in
H. Lee et al. (2020) and then in L. N. Tram et al.
(2021, 2024, 2025) with subsequent improvements in the
code. Initially, we first compute the model dust polarization
fraction at 850 pum wavelength for an ideal condition,
assuming that the B-fields lie in the plane of the sky (the
inclination angle of ¢y = 90°) and are uniform with negligible
effects of B-field tangling on depolarization.

However, this ideal condition may not reflect correctly the
actual condition of the polarization, as other parameters like
the inclination angle of B-field with the line of sight, and the B-
field tangling along the line of sight, can contribute to the
depolarization effect. For our modeling, we estimate the model
dust polarization, taking into account the B-field tangling
effect and considering the plane-of-sky B-field, and then

° https: //github.com/lengoctram /DustPOL_py
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Table 4

Physical Input Parameters for the Model
Parameter Value
Anisotropic degree, v 0.1
Mean wavelength, X (jzm) 1.2
Gas temperature, Ty, (K) Ty
Grain composition ASTRODUST
Dust mass density, p (g cm ™) 3
Minimum grain size, dp, (©m) 1073
Maximum grain Size, dmayx (fom) 0.3-1
Grain size distribution power index, (3 3.5
Maximum alignment efficiency, f; .. 1
B-field inclination angle, v 90°

compare with the observational data. The effect of variation in
the B-field’s inclination angle 1 is discussed later in
Section 5.4.

We briefly describe the approaches and methods of the
modeling using DUSTPOL_PY along with the important
physical input parameters listed in Table 4. Our modeling
using DUSTPOL_PY is based on the dust alignment physics by
RATs and is well suited for pixel-by-pixel polarization
modeling at single-wavelength data.

4.1. Approaches and Methods of Modeling
4.1.1. Gas Density, Temperature, and Radiation Fields

The properties of gas like the gas number density
ng = 2n(H,) and the temperature Ty, determine the
randomization and alignment of dust grains in the framework
of RAT alignment theory (e.g., T. Hoang et al. 2021) and are
crucial physical parameters in our model. We use the values of
these parameters from the observational data and provide as
input to the DUSTPOL_PY for the modeling.
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Again, other key physical parameters in the realm of RAT-A
theory are the radiation field strength (U), which is equivalent
to the dust temperature T4, and the anisotropy degree of the
radiation v (see T. Hoang et al. 2021). The value of v can
range from 0-1, with v = 1 representing a unidirectional
radiation field from a nearby star and v = 0.1 for the case of
diffused ISM (see B. T. Draine & J. C. Weingartner 1997).
The mean wavelength of the radiation X depends on regions,
and the typical value for the diffuse ISRF is 1.2 um. For the
dense and cold environments, the gas and dust can be
considered to be in thermal equilibrium, and hence for our
G16 filament, we consider Ty, = Tg.

4.1.2. Distribution of Grain Size

We make use of a power-law grain size distribution,
dn/da ~ a” 5 with 3 being in the range of 3.5—4.5. For our
ISM, the grain size distribution follows the Mathis—Rumpl-
Nordsieck (MRN) distribution with 3 = 3.5 (J. S. Mathis et al.
1977). We take the minimum grain size, an, to be 10*3um,
whereas the maximum grain size, dy,x is taken up to 1 pm.

4.1.3. RAT Alignment Function of Grains

Two crucial aspects of RAT alignment are the smallest grain
size that RATs can align and how effectively this alignment is
achieved. The minimum grain size that is aligned by RAT is
known as the alignment size (djign), Which is determined when
the grain rotates suprathermally (that is, the angular velocity is
3 times the thermal angular velocity; see Equation (5)). For a
typical diffuse ISM, @gign >~ 0.055 ppm. Within the submilli-
meter wavelength observations used in this work, the
alignment of small grains is neglected, and thus, the efficiency
is close to zero for a < a;gn and achieves a certain value of
maximum alignment efficiency f .. for a >> aujgn. This
transition is known as the alignment function, defined as

f@ =fo, [1 — ef(O-Sa/aaugnP]_ (8)

T. Hoang & A. Lazarian (2016) showed that super-
paramagnetic grains can achieve perfect alignment due to the
M-RAT mechanism. We find that the G16 filament is effective
for the M-RAT mechanism, as described in Section 3.3, and
also that the filament is found to be in the CD regime, as
shown in Section 3.4. Hence, large grains can achieve perfect
slow alignment due to M-RATs. Therefore, we consider
Jnax =1 (referred to as a perfect alignment of grains) in our
modeling.

4.1.4. Thermal Dust Polarization Model Using DUSTPOL_PY for an
Idealistic Case

The dust models developed over the past decades assumed
the two-component model, which is attributed to the presence
of two separate populations of dust as silicate and carbon
grains (e.g., J. S. Mathis et al. 1977; B. T. Draine &
H. M. Lee 1984; J. C. Weingartner & B. T. Draine 2001).
However, recent studies favored a one-component model or
composite dust model (a single grain containing a mixture of
silicate and nonsilicate materials) that could explain observa-
tional results. For example, B. T. Draine & B. S. Hensley
(2021b) found that the observations of far-infrared polarization
fraction from 250 pm to 3 mm favored the composite model,
ASTRODUST. This composite model is likely expected in the
diffuse, and cold and dense regions because of many
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competing processes such as photoprocessing, coagulation,
accretion, erosion, and gas—grain collisions (see, e.g.,
B. T. Draine 1990, 2009; A. P. Jones et al. 2013).

For the case of the two-component model, only the silicate
dust grains could be aligned with the magnetic field because of
their paramagnetic nature, whereas the ideal carbonaceous
grains (e.g., pure graphite) could not be efficiently aligned with
the magnetic field because of their diamagnetic nature (see
T. Hoang & A. Lazarian 2016). The nonideal carbonaceous
grains, e.g., hydrogenated amorphous carbons and polycyclic
aromatic hydrocarbons, develop some degree of paramagnetic
nature and could be aligned with the magnetic field (e.g., see
T. Hoang et al. 2023). The separate populations of silicate and
carbonaceous grains are expected in the environment of newly
formed dust, e.g., the envelopes of asymptotic giant branch
(AGB) stars. Mostly carbon-rich grains are expected in the
envelopes of carbon-rich AGB stars. For the case of the
composite model, the bulk of the grain could be aligned with
the magnetic field.

Considering the cold and dense environment of our study,
where separate populations of silicate and carbonaceous grains
are less likely expected and composite dust grains most likely
dominate, we use the single composite dust model ASTRO-
DUST (B. T. Draine & B. S. Hensley 2021a, 2021b;
B. S. Hensley & B. T. Draine 2023) for our dust polarization
modeling. The ASTRODUST grain is a mixture of silicate
(=~50% of the grain mass), carbonaceous, and hydrocarbon
materials in a single grain. The bulk of the ASTRODUST grain
could be aligned with the magnetic field due to the presence of
silicate composition and could emit polarized radiation.
S. Reissl et al. (2024) showed that the centrifugal force
resulting from the fast rotation of grains can make them oblate
in shape. For our modeling, we consider the oblate ASTRO-
DUST grains.

The total and the polarized intensity for the thermal dust
polarization can be derived analytically as given in H. Lee
et al. (2020), L. N. Tram et al. (2021), T. Hoang & B. Truong
(2024), and L. N. Tram et al. (2024). For the composite
ASTRODUST model, the total emission intensity is given by the
following equation:

Iem()\) _ @max

N )

Qusa? x By(Ty)—— da,
ny da

A min

where Q. is the absorption efficiency (taken from ASTRO-

DUST database), a function of @ and A for a given grain axial
ratio, and B,(7Ty) is the Planck function.

The intensity of polarized emission with 1) = 90° is given by
the following equation:

I A an]ﬂx
fpa ) — [ f@ofna* x Bu(T)——" 4a,  (10)
NH i ny da

Qalign

where QP is the absorption polarization efficiency, deter-
mined by the residual of the absorption efficiencies in the
two components, where the electric field E is perpen-
dicular and parallel to the grain symmetry axis (a;) as
0.5 [Qups(E L @) — Qups(E||@)] (H. Lee et al. 2020). These

components were taken from the ASTRODUST database.
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The degree of polarization of thermal dust emission is then
given by the following equation:

. 1
Pl gy — 100% x 22,

em

(1)

where the subscript “mod” denotes the model polarization, and
the superscript “ideal” denotes the ideal condition of
estimating the polarization degree assuming uniform B-fields
in the plane of the sky.

4.1.5. Thermal Dust Polarization Model for a Realistic Case

When we consider the ideal case in computing the thermal
dust polarization degree in our modeling, the polarization
degree could achieve the maximum value (Equation (11)).
However, for a realistic case, there are depolarization effects
contributed by the inclination angle 1) of B-fields with the line
of sight due to the projection effect, and also by the
fluctuations of B-fields along the line of sight due to
turbulence. The depolarization due to B-field fluctuations can
be described by a parameter F,,, which is a function of the
angle between the local B-field and the mean B-field and is
anticorrelated with the polarization angle dispersion function §
(T. Hoang & B. Truong 2024). The realistic degree of dust
polarization can be described by the following equation:

Prod = P8 sin2t) Fiyp. (12)

The parameter Fy,, decreases with S as Fyy, ~ S™', as shown
in the numerical simulations in T. Hoang & B. Truong (2024),
where 7; is dependent on the inclination angle. Again, Planck
Collaboration et al. (2015) showed the correlation between the
average of the B-field inclination angle and S, described as
(sin’1)) ~ S~". Moreover, there can be another depolarization
factor caused by the B-field tangling within the beam size or B-
field fluctuations in the plane of the sky and described by Feam
(T. Hoang & B. Truong 2024). Taking into account all of the
depolarization effects, the effective net degree of polarization
of thermal dust emission can be described by the following

equation:
ideat[ S )"
mod lo >

where ¢ is a coefficient that describes the depolarization effect
due to the inclination angle of B-field, and n > 0 is a power
index that describes the depolarization effect due to B-field
fluctuations along the line of sight and in the plane of the sky.
We obtain the value of 1 from the slope in the variation of P
with S. In our modeling, we consider the plane-of-sky
magnetic field or ¢ = 1 and discuss the depolarization effect
due to the variation in the magnetic field’s inclination angle
with the line of sight in Section 5.4.

Piod = ¢ (13)

4.2. Results of Modeling

In this section, we will present the results of our modeling of
thermal dust polarization in the G16 filament.

Our model assumes that the magnetic fields lie on the plane
of the sky. We use the polarization fraction of the model, Foq
as given by Equation (13) considering ¢ = 1 to compare and
analyze with the trends in the observational data. Figure 15
(left panel) shows the variations of polarization fraction (from
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Figure 15. The left panel shows the comparison of our model polarizations for different an,,x but fixed grain axial ratio of 1.4, with the observations in their
variations with the total intensity. The model polarization predicted for apm,x = 0.45um seems to follow the observational trend more closely. The right panel depicts
a comparison of the model polarizations for a fixed am,x value of 0.45 pm but variable grain axial ratio or grain elongation, with the observation. The green data
points correspond to dyjign > 0.21 pm. Models with an increase in grain elongation could reproduce the observational data.

both observations and our models with different a,,x values)
with the total intensity. We see that the different F,oq values
for different ay,, in the range from 0.4-0.5 pum seem to follow
the trends that could reproduce the depolarization in the denser
regions found in the observational data, whereas Py, for
higher values of a,x > 0.6m becomes larger, and the slopes
become nearly flat in the denser regions due to increase in
polarization fraction, which could not reproduce the observa-
tional trend. The Py for the value of ay.x = 0.45um more
closely follows the variation trend of the observational data.

However, it shows lower values than the observational data,
and the values would be decreased further, if the realistic
situation of the variation in the magnetic field’s inclination
angle with the line of sight is considered, because of the
reduction factor ¢ < 1 from the magnetic field’s inclination
angle and the model with a fixed grain elongation of 1.4 with
Amax = 0.45um could not fully reproduce the observational
data, suggesting that the grain elongations should be increased
to reproduce the observational data. We fix ap,x = 0.45um
and vary the grain axial ratio from 1.4-3, as shown in the right
panel of Figure 15. We see that the model could better
reproduce the observational data as the grain elongation
increases, most effectively at axial ratios in the range [1.6-2].
A further elongation with axial ratio ~3 is required to
reproduce the upper bound of the observed higher polarization
fraction of the thermal dust emission. The observed data points
shown in green correspond (o dgjign > 0.21 pm (we see an
increase in P after an d,jig, value of 0.21 pm, which then
becomes nearly constant, as shown in Figure 11), and some of
these data points with observed higher polarization fractions
could be reproduced by higher grain elongation with an axial
ratio of [2-3].

We also plot the variations of polarization (from both
observation and model) with the gas column density, as shown
in Figure 16. This plot provides information on the gas
damping effect. We find similar results in this variation also.
Again, we analyze the variations of polarization (from both
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observation and model) with the dust temperature, or
equivalently, the radiation field strength, as shown in
Figure 17. In this variation, we get similar results. Hence,
our modeling of the polarization implies the requirement of
grain growth, with an any,x value typically of around 0.45 pm,
accompanied by an increase in the grain elongation to
reproduce the observational data. We also see from
Figures 15, 16, and 17 that to reproduce the observed
polarization, micron-sized grains of a,,,x = 1 pum are required
in the outermost regions if the typical axial ratio of the ISM
grains of 1.4 is adopted. However, these large grains are not
expected in the outer, less-dense regions. Hence, the model
with am,x = 0.45 um with grain axial ratio = 2 could
reproduce the observational data well.

In our modeling, we assume a constant a,,x value along an
individual line of sight; however, it could vary due to the local
variations in the physical parameters like gas density,
temperature, and radiation field. A constant value of
amax = 0.45 pm is more likely valid for the denser regions
compared to the outer, less-dense regions. Hence, the results of
our modeling are in particular more suitable toward the denser
regions, and we get implications for grain growth and
elongation in these denser regions.

Our model assumes the plane-of-sky magnetic field with
¢ = 1. However, in reality, ¢ could vary from the outer to the
inner regions of the filament, and this variation implies the
evolution of the 3D magnetic fields. We can derive
quantitatively the magnetic field’s inclination angle 1 or the
factor ¢ using the technique as described in T. Hoang &
B. Truong (2024). First, we see the models that could
reproduce the polarization fraction at the outermost region
associated with the lowest gas column density. From
Figure 16, we find that the models with parameters of
amax = 1 pm with axial ratio = 1.4, and ap.,x = 0.45 um
with axial ratio = 2 could reproduce the polarization fraction
at the outermost region associated with the lowest gas density.
Then, for each of these models, assuming that the model
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Figure 16. The same as Figure 15, but for the variations of the polarizations with the gas column density.
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Figure 17. The same as Figure 15, but for the variations of the polarizations with the dust temperature.

parameters are constant from the outer to the inner regions, we
can infer the mean ¢, which gives the regular component of the
magnetic field, as ¢ = Py,/Pnoq. We make several bins of
N(H,), and for each bin, we estimate the ¢ values using the
above relation. Figure 18 shows the variations of ¢ with N(H,)
for each of the above models. We see that ¢ is nearly 1 at the
outermost region and decreases with the increase in the gas
density for the model of a,x = 1 um with axial ratio = 1.4.
For the model of ap,x = 0.45 pm with axial ratio = 2, the
value of ¢ is also nearly 1 at the outermost region and then
decreases with the increase in the gas density, but shows some
spread at the higher gas density regions. The increase in the
value of ¢ at the denser regions could be due to the steepness
of the model polarization slope and matching more closely
with the observational slope (see Figure 16). The value of ¢
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would depend on the model parameters; however, the variation
trends may be similar. We see a nearly similar trend in the
variation of ¢ with N(H,) in each of the models. The value of ¢
decreases overall from the outermost region with a value of
nearly 1 to the inner denser regions with values <1 in each of
the models, which gives an insight into the evolution of the 3D
magnetic fields over the filament. For a more detailed
discussion, please refer to Section 5.4.

5. Discussions

In this section, we will discuss the results of the various
analyses made in the previous sections from both observational
and theoretical modeling perspectives, to explain the grain
alignment mechanisms and the grain properties in the filament.
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Figure 18. Variations of the factor ¢ with the gas column density N(H,) for the ¢ values estimated from the model polarizations with parameters of ay,.x = 1 pm
and grain axial ratio = 1.4 (left panel), ;md amax = 0.45 pm and grain axial ratio = 2 (right panel). The black data points are the mean values of ¢ in each bin of N

(H,) with bin size of 1.45 x 10*!' cm 2

5.1. Evidence for Grain Alignment via the RAT-A Mechanism

5.1.1. Anticorrelation of Polarization Fraction with Total Intensity
and Gas Density: Polarization Hole

An anticorrelation of the polarization fraction P with the
total emission intensity and the gas density, known as a
polarization hole, is an expectation of the RAT theory (e.g.,
see H. Lee et al. 2020; T. Hoang et al. 2021), and is observed
in various studies in dense SFRs (e.g., K. Pattle &
L. Fissel 2019; T. Hoang et al. 2021; N. B. Ngoc et al.
2023, 2024; S. Pravash et al. 2025b). The exact origin of the
polarization hole is not yet clear. However, the possible
explanations are (1) the decrease in grain alignment in denser
regions of high gas density, (2) magnetic field tangling along
the line of sight, and (3) a combination of both. The main
causes of magnetic field fluctuations are the turbulence in the
molecular clouds (T. J. Jones 1989; T. J. Jones et al. 1992;
D. Falceta-Gongalves et al. 2008).

In our study of the G16 filament, we also observe the
polarization hole phenomenon (see Figure 6). We investigate
whether there is any significant role of magnetic field tangling
in causing the observed polarization hole or not by analyzing
the variations of P with S and P x S with I, N(H,), and T4 (see
Figure 8). We show that the effect of magnetic field tangling to
cause the polarization hole is minor and not significant. The
G16 filament is a quiescent filament that is in the early stage of
star formation and lacks bright embedded sources inside. The
denser regions of higher N(H,) and I values are associated with
lower dust temperatures or equivalently lower radiation field
strength (see Figures 1 and 2). In these denser regions of weak
radiation field strength, a large fraction of grains will not be
able to achieve suprathermal rotation and would be easily
randomized due to gas—grain collisions, thereby resulting in a
decrease in the fraction of aligned grains and, hence, a
decrease in the net polarization fraction, as expected by RAT-
A mechanism. Hence, the decrease in the polarization fraction
in the denser regions of the filament is primarily due to the
decrease in the RAT alignment efficiency of grains in these
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denser regions, providing evidence for the RAT-A mechanism
of grain alignment.

5.1.2. Correlation of Polarization Fraction with Dust Temperature

In the framework of RAT-A theory, another expectation is
the increase in polarization fraction with increasing dust
temperature or equivalently radiation field strength (see, e.g.,
H. Lee et al. 2020; T. Hoang et al. 2021). The higher the dust
temperature or radiation field strength, the larger the fraction
of grains rotating suprathermally. Hence, it would result in
higher grain alignment efficiency, producing higher polariza-
tion fraction. Our study finds that the polarization fraction
overall increases with increasing dust temperature (see
Figure 7). Again, the averaged grain alignment efficiency also
increases with increasing dust temperature (see Figure 8), in a
similar way to the variation in Figure 7, implying a less
significant role of magnetic field tangling. The observed
features are in agreement with the expectation of RAT-A
theory, further supporting the evidence for the RAT-A
mechanism of grain alignment.

5.1.3. Testing Using RAT theory: Increase in agq, with I; Decrease in
P and P x S with ae,

We test whether the RAT theory can reproduce our
observational results or not by estimating the minimum
alignment size of grains using the RAT theory and considering
the local physical parameters. In the framework of RAT-A
theory, the size distributions of aligned grains range from aign
to amax, and this range of grain size distribution determines the
polarization fraction. When we consider a fixed value of @p,x,
an increase in dyigy can result in a narrower size distribution of
aligned grains, thereby reducing the polarization fraction,
while a decrease in @iy can result in a wider size distribution
of aligned grains, thereby increasing the polarization fraction
(see Figure 7 in L. N. Tram & T. Hoang 2022). Hence, an
anticorrelation is expected between P and auen by RAT
theory. Also, RAT theory expects a correlation between a,ign
and [/ in starless clouds.
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In the G16 filament, which lacks bright embedded sources
inside, a,jign increases with increasing I (see Figure 10) and
becomes larger in denser regions. Again, the polarization
fraction P and the averaged grain alignment efficiency P x S
decrease with the increase in a,yieq OF equivalently as moving
to the denser regions (see Figure 11). Also, we do not find a
significant correlation between P and S (see Figure 8(a)). The
lack of correlation between P and S, and the decreases of both
P and P x S with a,;g, suggest that the decrease in the
polarization fraction is not due to magnetic field tangling, but
to the reduction in the fraction of aligned grains in the denser
regions or equivalently the decrease in the RAT alignment
efficiency of grains in the denser regions. Hence, under the
application of the well-established analytical RAT model using
the observational data of gas density and dust temperature, and
assuming the best values of other parameters suitable for the
particular region of our study, we find that the results of the
model could reproduce the observational results. The assumed
values of the parameters may be subject to change, but this
would not affect the results significantly. The consistency
between the model and the observation provides an implication
that favors the alignment of grains by RATs and helps in
further strengthen our explanation of the evidence for the
RAT-A mechanism, as we find from the observational
analysis.

From the above discussions from different perspectives in
Sections 5.1.1, 5.1.2, and 5.1.3, we find potential evidence that
the RAT-A mechanism could explain the observed depolariza-
tion. However, we note that the polarization fraction decreases
by an order of magnitude in a limited narrow range of gas
column density associated with a factor of 2. The grain
alignment efficiency depends not only on the gas density, but
also on the dust temperature or equivalently the radiation field
intensity and grain properties like size and shape. For the G16
filament, there is no nearby strong radiation source, and the
main radiation source is the diffused interstellar radiation field.
Since the optical depth is proportional to the gas column
density, and the radiation field gets attenuated exponentially
with the optical depth, a small change in the gas column
density could produce a significant decrease in the radiation
field intensity and also produce changes in other physical
conditions.

Quantitatively, we estimate the minimum alignment sizes,
Qalign, Of grains for two cases: one for the outermost region
with Ty(outer) ~ 19 K and n(H,)(outer) ~ 1.3 x 10*cm ™, and
the other for the innermost region with T4(inner) ~ 16 K and
n(H,)(inner) ~ 9 x 10*em ™3 using Equation (5) (the
outermost and innermost regions mentioned here are indicated
with "4" symbols in Figure 1). The grain alignment is more
precisely dependent on the gas volume density n(H,) than the
column density N(H,), and the gas volume density differs
by nearly an order of magnitude (see Figure 1(c)). The ayjign
value is found to increase from =~0.14 pym at the outermost
region to ~0.29 pm at the innermost region when the gas
volume density is increased by a factor of [n(H,)(inner)]/
[n(H)(outer)] ~ 7, and the radiation strength U is decreased
by a factor of [T4(outer)/ Td(innelr)]6 ~ 3 (see Figures 1 and 9).
Therefore, grains with sizes equal to or above 0.14 pm could
be aligned at the outermost region, and grains with sizes equal
to or above 0.29 pum could be aligned. Those with sizes below
0.29 pm could not be aligned at the innermost region. If the
maximum grain Size or dy,x is small, e.g., 0.3 um, the increase
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in ay,jign value from 0.14 to 0.29 um would significantly reduce
the polarization fraction by a factor of 4, as shown in Figure 16.
In our numerical modeling of thermal dust polarization
using the RAT paradigm, it is found that to reproduce the
observational data, an increase in the an,x value, accompanied
by an increase in the grain elongation, is required. However, the
decrease in grain alignment is still found to be insufficient to
reproduce the steep decrease in the polarization fraction by an
order of magnitude (see Figure 16), and a consideration of the
localized variations in the inclination angle of the magnetic field
with the line of sight, which introduces a depolarization factor ¢
(see Equation (13)), is important to be taken into account, as
inferred by our numerical modeling (see Figure 18, and for a
detailed discussion, see Section 5.4). The combination of the
observational data and the modeling results help identify the
factors contributing to the steep decrease in the polarization
fraction within a narrow range of gas column density, and is
attributed to two main effects: a decrease in the grain alignment
efficiency by RATSs in the denser regions, and changes in the
magnetic field’s inclination angle relative to the line of sight as
one moves from the outer to the inner regions.

5.2. Significance of Magnetic Relaxation Strength on RAT
Alignment: Implication for M-RAT Alignment Mechanism

The magnetic properties of dust grains are crucial for the
alignment of the grains with the external magnetic field. A
strong magnetic relaxation strength can help to achieve
efficient alignment of grains. Super-paramagnetic grains,
which are expected in denser regions due to grain evolution,
can acquire stronger magnetic relaxation strength in an
environment of strong external magnetic fields. A stronger
magnetic relaxation strength combined with suprathermal
rotation of the super-paramagnetic grains induced by RATS
can result in higher grain alignment efficiency, producing
higher polarization fraction (T. Hoang & A. Lazarian 2016;
T. Hoang et al. 2022). Super-paramagnetic grains can achieve
perfect alignment by the M-RAT mechanism when
Omag,sp > 10 (T. Hoang & A. Lazarian 2016). N. Chau Giang
et al. (2024) found that observed high polarization fractions in
the envelopes of protostellar cores could be produced by the
thermal emission of aligned super-paramagnetic grains with
N, ~ 10*~10°, which can produce high intrinsic polarization
fraction. The significance of the combined effect of magnetic
relaxation strength and suprathermal rotation of grains by
RATS to explain the observation of high polarization fractions
was studied and quantified in previous studies in G11.11-0.12
filament by N. B. Ngoc et al. (2023) and in G34.43+0.24
filament by S. Pravash et al. (2025b).

In our study for the GI16 filament, we observe high
polarization fractions of above 10% up to around 23%,
especially in the outer regions of the filament. We investigate
the role of magnetic relaxation strength on the RAT alignment
efficiency of grains to explain these observed high P values.
We estimate the Opyagsp values using each of the scaled By
values derived from the ADF, DCF, and the average of ADF
and DCF methods. We find that the outer less-dense regions
with P>8% and reaching 23% are associated with
Omagsp > 10 in each case (Omagsp > 10 in the case of the
DCF method; see Figure 12). These outer, less-dense regions
have lower ;g values and stronger RATs. Also, we find that
the magnetic relaxation is effective in these regions. An
effective magnetic relaxation strength can increase the RAT
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alignment efficiency of grains. Hence, we get an implication
that the observed high polarization fraction of 8%—-23% in the
outer regions of the filament could be potentially due to the
combined effect of both the effective magnetic relaxation
strength and the stronger RAT alignment efficiency of grains,
supporting the M-RAT mechanism. Again, we see a significant
increase in P in the denser regions for d,jig, > 0.21 um, and
this increase in P is associated with higher magnetic relaxation
strengths (see Figure 13). In these denser regions with higher
a1ign Values, we expect an increase in maximum grain size and
grain elongation to produce the observed high P values.
However, the large and more elongated grains of a > dyjign
need to be perfectly aligned. The perfect alignment of these
grains could be produced by the combined effect of both the
RAT alignment and the stronger magnetic relaxation strength
in these regions, implying the M-RAT mechanism. Hence, we
find implications for the alignment of grains by M-RAT
mechanism over all of the filaments.

Also, we observe that the G16 filament is in the CD regime
and, hence, grains can achieve perfect slow alignment by
M-RATSs as shown in A. Lazarian & T. Hoang (2021) and
T. Hoang (2025). Our numerical modeling of dust polarization
that considers the RAT alignment model with f . =1 and
composite ASTRODUST model could successfully reproduce
the observational data, implying the perfect alignment of large
magnetic dust grains of @ >> ay;gn. Such a perfect alignment of
dust grains could not be achieved by the classical RAT theory
alone, and it requires the M-RAT mechanism. As mentioned
earlier, super-paramagnetic grains can achieve perfect align-
ment by the M-RAT mechanism when 6p,e¢ > 10. Our
estimation of Op.g¢p taking ¢y, = 0.1 (about 30% of iron
abundance as clusters) results in the value of 6,0 p > 10. The
chosen 30% iron abundance is well within the observational
constraint of ~ 95% of iron abundance as clusters in dust
grains. We also estimated 6., taking a lower value of
¢sp = 0.01 (about 3% of iron abundance as clusters) and found
that the value of 6,5 p < 5 that could not produce the perfect
alignment of grains with f, . =1 as required by our modeling.
Therefore, our analysis and modeling also suggest a high
fraction of iron abundance as clusters inside the grains.

If we consider that the classical RAT theory is sufficient and
M-RAT is not required, by taking a lower value of f <1,
then this consideration can be allowed if there is an increase in
the grain elongation to have an axial ratio >3. This may be
possible, because our modeling shows that the grain growth is
accompanied by an increase in the grain elongation. However,
such extremely elongated grains are less expected. Again, the
consideration of the classical RAT theory can also be allowed
if there is a more intense radiation field near or inside the
filament to produce a high polarization fraction. However,
there is no high radiation source present near or inside the
filament.

5.3. Implication for Anisotropic Grain Growth of Aligned
Grains

The upper limit of the grain size distribution in the ISM is
~0.25 pum, as suggested by observational studies (J. S. Mathis
et al. 1977; known as the MRN distribution). However, dense
starless molecular clouds could acquire the process of grain
growth, thereby increasing the maximum grain size, because of
gas accretion and grain—grain collisions in these dense regions
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(e.g., H. Hirashita & Z. Y. Li 2013). Dust polarization can be
used as a tracer for grain growth in dense molecular clouds.

From the maps of ayie, (Figure 9) and polarization fraction
P (Figure 3), we constrain the lower limit for the maximum
grain size any.x, Which is required to reproduce the slope value
of —0.71 in the variation of polarization fraction with total
intensity (Figure 6, left panel). High polarization fractions are
observed in the outer regions, and therefore, an,, needs to be
much larger than the typical values of a,jign ~ 0.14-0.16 um in
these outer regions. This can be satisfied with the ISM value of
Amax ~ 0.25 pum from the MRN distribution. In particular, in
the densest regions of the filament’s spine, the slope value of
|—0.71| < |—1]| implies that there still exist aligned grains that
can emit polarized radiation in these densest regions. This can
be satisfied when grain growth occurs within the filament,
which increases the maximum grain size beyond the djign
values of the filament’s spine of 0.28 pum, ie.,
@max > Galign ~ 0.28 pum. We also note another possible
scenario that may explain the observed slope value without
the need for grain growth if we consider a temperature gradient
along the line of sight for our filament that assumes a
cylindrical model. The outer region of the filament along a
particular line of sight is associated with higher dust
temperature and lower a,iq, values, whereas the inner denser
region along this particular line of sight is associated with
lower dust temperature and higher a,jig, value, which means
that the emission of the polarized radiation could also be from
the outer aligned grains, while the inner region can be highly
depolarized due to higher a,j;s, values. However, the best-fit
dust temperature T4 value for each pixel is derived from the
spectral energy distribution fitting of fluxes at multiple
wavelengths, which trace the different temperature regions of
the dust layers along the line of sight. From the T4 map, as
shown in Figure 1(d), we see that Ty decreases in the denser
regions. Along a particular line of sight toward the central
denser region, the single effective best-fit T4 has a lower value
that is more weighted to the inner denser region having higher
intensity than the outer region, and hence, the estimated single
Qaiign value based on the single Ty value along the line of sight
is more weighted to the inner denser region. In this dense
region, we find an aye, value of ~0.28 pm, which could imply
the presence of large aligned grains with sizes > djign =~ 0.28 pm
that emit polarized radiations.

The unknown accurate 3D structure of the filament and the
assumption of a single averaged dust temperature value along
a particular line of sight stand to be a limitation in the exact
explanation. However, this is expected for possible grain
growth in the inner densest regions of the cold and massive
filament having a typical dust temperature of around 16 K and
n(H,) of the order of ~10°cm >, which could explain the
observed slope. Further, we perform numerical modeling of
thermal dust polarization using M-RAT theory to constrain the
amax Vvalue, and our modeling could reproduce the observa-
tional data for ap, values in the range of 0.4-0.5 um,
accompanied by a higher grain elongation of axial ratio 2 (see
Figures 15, 16, and 17). Hence, we get an implication that the
observed slope could be possibly explained by a moderate
grain growth in the inner very dense regions of the filament.

Although grain growth is expected in dense molecular
clouds, a detailed study of the physics of grain growth in these
dense regions is still required. The grain growth is assumed to
be isotropic in the case of nonaligned grains due to the random
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motions of gas and grains, and it could result in the increase in
grain size isotropically from all directions and can evolve the
grains toward spherical shapes. However, recently T. Hoang
(2022) showed that grain growth can become anisotropic for
the grains aligned with the magnetic field, due to anisotropic
gas accretion to the aligned grains, and it could result in the
increase of not only the grain size but also the elongation of the
aligned grains, with the grains of larger radii or larger grains
showing higher elongation. The grain elongation determines
the polarization cross-sectional efficiency or the intrinsic
polarization. A higher grain elongation in the denser regions
would increase the polarization efficiency of the grains toward
denser regions, as long as the grains are still aligned.

We see data points showing higher polarization fractions in
the denser regions that correspond to d,jgn > 0.21 um (see
Figures 6, 8(b) and (c), and 11), instead of an expected
significant decrease. This may imply the insignificant effect of
magnetic field tangling in these denser regions and the
presence of organized components of magnetic field. If the
magnetic fields were more disorganized or nonuniform, the
polarizations would have shown lower values due to polariza-
tion cancellations, which is not the case. Therefore, we try to
determine the possible factors that could explain the observed
higher polarization fractions in these denser regions. These
data points are associated with higher magnetic relaxation
strengths (see Figure 13). The observed significant increase in
P values in these denser regions could possibly be produced by
the perfect alignment, by M-RATS, of those aligned grains that
undergo significant grain growth with aue, > 0.21 um,
accompanied by an increase in the elongation of those grains.
A significant increase in the elongation of the large aligned
grains in the denser regions, which can increase the intrinsic
polarization efficiencies of each of the individual aligned
grains, could be caused by the anisotropic grain growth due to
anisotropic gas accretion to the aligned grains. Our numerical
modeling of thermal dust polarization using M-RAT theory
implies the requirement of grain growth accompanied by an
increase in the grain elongation to reproduce the observational
data (see Figures 15, 16, and 17), providing observational
evidence that supports the anisotropic grain growth model of
aligned grains as predicted in T. Hoang (2022).

The first observational evidence of the anisotropic grain
growth model was provided in the study of the isolated starless
core 109 in the Pipe Nebula (Pipe-109) in L. N. Tram et al.
(2025). The grain elongation could also be caused due to the
effect of the centrifugal force that arises from the fast rotation
of the grains by RATSs (S. Reissl et al. 2024). However, the
dust temperature, or equivalently the radiation field strength, is
rather weak in the dense regions of the G16 filament, which
does not have bright embedded sources and cannot signifi-
cantly make the grains more elongated in the denser core
regions through the effect of centrifugal force.

5.4. Evidence for Varying 3D Magnetic Field and Its Effect

Our numerical modeling assumes that the magnetic fields lie
on the plane of the sky with the inclination angle 1) = 90° or
the depolarization factor ¢ = 1. However, in a realistic
situation, ¥ may not be 90° and could vary from region to
region over the filament. In this situation, the polarization
fraction will be reduced by a factor of ¢ < 1 or £, sin?%.
The polarization slopes from our modeling are found to be

shallower than the observed data (see Figures 15 and 16). This
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can be due to our assumption of a constant value of ¢ = 1 or a
constant magnetic field’s inclination angle ¢y = 90° with the
line of sight, over the whole filament. For our model to better
reproduce the observational slope, the factor ¢ should decrease
from the outer to the inner regions with the gas density, instead
of a constant value all over the filament. Hence, our modeling
infers the requirement of variation in the inclination angle
from the outer to the inner regions of the filament, which is
also evident from the observation that the magnetic fields
appear to be curved toward the filament bone in the main
filament in Figure 3. Numerical simulations for the formation
of cores by P. Mocz et al. (2017) show that the magnetic field
inclination angle varies from the outer to the inner region for
the case of moderate and strong magnetic fields. M. Tahani
et al. (2018) found the bending of magnetic fields toward
several filaments. The curved magnetic fields are also observed
in the filament bones of the massive filament G11.11-0.12 (see
N. B. Ngoc et al. 2023) and G34.43+0.24 (see A. Soam et al.
2019). Also, L. N. Tram et al. (2024) showed a bow-shaped
magnetic field around OMC-1. The bending of the magnetic
fields toward the bone of the G11.11-0.12 filament is also
inferred through the fitting of the starlight polarization with the
modeling (B. Truong et al. 2025). Hence, different studies in
different environments from both theoretical and observational
perspectives show that the magnetic field’s inclination angle is
found to vary from the outer to the inner regions in SFRs or
filaments. Therefore, our assumption of a constant ¢ value or
constant magnetic field’s inclination angle over the whole
filament limits the accuracy of our modeling to compare and
better reproduce the observational data. We need to consider
the localized variation in the value of ¢/ from region to region
for accurate modeling, which requires accurate information on
the 3D magnetic field geometry. There is a lack of information
on the precise 3D magnetic field geometry for the filament of
our study. However, we derive quantitatively the magnetic
field’s inclination angle v or the factor ¢ using the technique
as described in T. Hoang & B. Truong (2024). The value of ¢
decreases overall from the outermost, less-dense regions with a
value of nearly 1 to the inner denser regions with values <1
(see Figure 18), implying the varying nature of the magnetic
field’s inclination angle.

Due to the variation in the value of 1, the polarization
fraction from our model, which assumes ¢ = 90°, would get
decreased by a factor of ¢ < 1; hence, the model with a fixed
grain elongation of 1.4 with ay,,x = 0.45 pm could not fully
reproduce the observational data. This implies that the grain
elongation should be increased to reproduce the observa-
tional data.

In the future, a consistent model that incorporates the
precise 3D magnetic field geometry could help in an accurate
modeling, and it could better reproduce the observational data
and constrain precisely the grain alignment mechanism and
grain properties.

5.5. Comparison with Other Studies and Future Directions

Several studies in dense SFRs use the parameters S and
P x S to investigate whether observed depolarization in the
denser regions is due to a decrease in grain alignment
efficiency or magnetic field fluctuations. For example, in the
study of the dense SFRs G11.11-0.12 by N. B. Ngoc et al.
(2023), Musca by N. B. Ngoc et al. (2024), G34.434-0.24 by
S. Pravash et al. (2025b), and the Cocoon Nebula by
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S. Pravash et al. (2025a), using the dust polarization
observations from SOFIA/HAWC+ and JCMT/POL-2
instruments, they found no significant correlation between P
and S, and the P x S decreases in the denser regions, almost
similar to the decrease of P in the denser regions, implying that
the observed depolarization is primarily due to the decrease in
grain alignment efficiency in the denser regions, and the effect
of magnetic field tangling is minor. However, the above
studies are associated with data of around 18” and 14"
resolutions, which could not fully resolve the dense core
regions. In our present study with 14” resolution, we obtain
similar conclusions to the above studies. However, for the
dense core regions, the depolarization may be caused by less
uniform orientations of magnetic fields due to gravity,
turbulence, outflows, etc.

In several studies in dense SFRs using higher angular
resolution data with the Submillimeter Array (SMA), the
Combined Array for Research in Millimeter-wave Astronomy,
the Atacama Large Millimeter/submillimeter Array (ALMA),
etc., it is found that the morphology of magnetic field gets
changed from the large scales toward the small scales (see,
e.g., C. L. H. Hull et al. 2014; T.-C. Ching et al. 2017;
C. L. H. Hull et al. 2017; P. M. Koch et al. 2018; J. Hwang
et al. 2026). Several of these studies show that the magnetic
fields in the dense core regions show different morphologies
compared to the outer less-dense regions. It is not always the
case that the magnetic field becomes random in the dense core
regions. When the magnetic fields become more random, some
of the polarizations may get canceled, resulting in net decrease
in the polarization fraction. There could also be organized or
ordered components of the magnetic field, and the polarization
observation could result from those grains aligned with this
ordered component. There is still a lack of proper investigation
to explain the depolarization, particularly in the dense cold
cores using high-resolution data.

However, some studies on protostellar cores have been done
that use the parameters P and P X S using high-resolution data
from ALMA. For example, V. J. M. Le Gouellec et al. (2020)
performed a statistical analysis of thermal dust polarization
toward 11 class O protostellar cores, observed by ALMA at
wavelengths ranging from 870 pm to 3 mm. The study found a
significant anticorrelation between P and S, which could imply
a significant contribution of magnetic field tangling to cause
the depolarization. The study also found that the parameter
P x S shows a constant profile as a function of gas column
density in each of the cores. Also, P. M. Koch et al. (2018)
studied the polarization properties and magnetic field struc-
tures on protostellar cores in the high-mass SFR W51 using
high-resolution ALMA dust polarization observations. They
studied the relation between P and S for each of the dense
cores and found that the lowest P value is associated with
maximum S values, which may imply that the decrease in P
with higher § can be due to the cancellation of some
polarizations because of rapid changes in the magnetic field
orientations. Hence, the explanation for the depolarization
could be favored toward the changing of the magnetic field
morphology, in the case of fully resolved dense cores.
However, an extensive study is still required on different
types of dense cores (starless, prestellar, and protostellar
cores). In the future, employing high-resolution data and fully
resolving the dense cores would help reveal the detailed
physical mechanisms occurring there.
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5.6. Limitations of Our Analysis and Modeling

In our numerical modeling of thermal dust polarization
using DUSTPOL_PY, we first compute the model polarization
for an ideal condition of uniform magnetic field on the plane of
the sky. Then, we compute the model polarization taking into
account the depolarization effects resulting from the magnetic
field tangling along the line of sight and within the beam by
incorporating the factor S~ ", but considering the plane-of-sky
magnetic field. Our polarization model is based on the
assumption of optically thin emission, which is successfully
tested with synthetic observations of MHD simulations using
POLARIS in T. Hoang & B. Truong (2024). Although our
modeling could reproduce the observational data, there are
limitations also.

One limitation of our modeling is the assumption that the
maximum grain size is the same in different lines of sight
(pixels), which is expected to vary with the local physical
parameters like density. Accurate models that consistently
constrain the maximum grain size as a function of local
physical conditions could help better compare with the
observations. Another limitation is that we assume the
ASTRODUST grains over the whole filament, which may be
subject to uncertainty if separate populations of silicate and
carbonaceous grains are found at some regions of the filament.
However, we expect that the overall results of our modeling
would not be significantly affected, considering the environ-
ment of our study.

Again, in this study, our analysis of grain alignment
mechanisms and modeling of dust polarization are based on
previously derived estimates of the magnetic field strength,
which are subject to uncertainty. Our estimation of the gas
volume density based on the assumption of a cylindrical model
of the overall filament with a spherical model for the
embedded cores could be subject to uncertainty since there
is a lack of information on the precise 3D structure of the
filament. These uncertainties can influence the derived grain
alignment size and magnetic relaxation, and polarization
degree from our modeling. Nevertheless, we expect that our
overall conclusions will remain valid when more accurate
measurements of the gas density and magnetic field strength
become available.

6. Conclusions

In this work, we investigate the grain alignment mechanisms
in a massive, quiescent, and filamentary star-forming IRDC
G16.96+0.27 or G16 using thermal dust polarization observa-
tions toward this filament with JCMT /POL-2 at 850 ym. We
perform a comprehensive testing of the unified grain alignment
theory (M-RAT mechanism) and constrain the grain properties
in this filament. Our main results are summarized as follows:

1. We find that the observed polarization fraction P
decreases with the increases in the total emission intensity /
and the gas column density N(H,), termed as a polarization
hole or depolarization, and increases with the increase in the
dust temperature 7.

2. We investigate for any role of magnetic field tangling to
cause the observed polarization hole by estimating the
polarization angle dispersion function S and the averaged
grain alignment efficiency P X S and then analyzing the
variations of P with S and P x S with I, N(H,) and Ty4. We find
that the effect of magnetic field tangling on the observed
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polarization hole is minor and not significant, and the observed
polarization hole is mainly due to the decrease in RAT
alignment efficiency of grains in the denser regions.

3. We further test whether the analytical RAT-A theory can
reproduce the observational results by estimating the minimum
alignment size of grains, agjgn, using RAT-A theory and
analyzing the variations of aj;g, With 1, and P and P x § with
Qalign- Also, we perform detailed numerical modeling of
thermal dust polarization using the physics of grain alignment
by RATS, and our modeling could reproduce the observational
results, further strengthening the evidence for RAT-A
mechanism.

4. Using the magnetic field strengths estimated over the
filament with the ADF, DCF, and the average of ADF and
DCF methods, we study the significance of magnetic
relaxation strength on the RAT alignment for each case. We
find that the higher polarization fractions of above 8% up to
around 23% observed in the outer regions of the filament are
associated with effective magnetic relaxation strengths with
Omagsp > 10 and stronger RATs. The observed high
polarization fractions could be due to the combined effect of
both the stronger RAT alignment efficiency of grains and the
effective magnetic relaxation strengths, providing an implica-
tion for the alignment of grains by the M-RAT mechanism.
Again, the observation of a significant increase in the
polarization fractions in the denser regions for a,je, > 0.21
pm, associated with higher magnetic relaxation strength,
implies the significant role of the stronger magnetic relaxation
strengths on the RAT alignment efficiency of those large
grains with @ >> dyjign, supporting the M-RAT mechanism. Our
numerical modeling of dust polarization, which considers the
perfect alignment of grains with f,, =1, could successfully
reproduce the observational data, and hence, it further supports
the M-RAT mechanism.

5. We also find an implication for a possible grain growth in
the densest regions of the filament’s spine, based on the slope
value of the variation of polarization fraction with the total
intensity and the RAT alignment theory. In the outer regions,
the maximum grain size an,x values are larger than the typical
Qalign Value of ~0.15 ym. In the densest regions of the
filament’s spine, apax needs to be larger than the ayjigy value of
~0.28 um to reproduce the slope of —0.71. The observed
slope could also be due to the emission of polarized radiations
from the aligned grains in the outer region along the line of
sight without the need for grain growth in the inner denser
region, if we consider a temperature gradient along the line of
sight for our filament that assumes a cylindrical model. Our
further study with numerical modeling of thermal dust
polarization constrains the an,x value to around 0.4-0.5 um;
this could reproduce the observational data, providing
implications of moderate grain growth in the filament.

6. Apart from the overall implication of grain growth in the
densest regions, our numerical modeling of thermal dust
polarization requires an increase in the grain elongation of the
large aligned grains to reproduce the observational data,
providing evidence for the anisotropic grain growth model of
aligned grains.

7. Our numerical modeling of thermal dust polarization
implies the requirement of variations in the magnetic field’s
inclination angle with the line of sight, such that it should
decrease from the outer to the inner regions of the filament, to
reproduce the observational data, providing insight into the
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evolution of the 3D magnetic fields over the filament. This
could potentially explain the steep decrease in the polarization
fraction nearly by an order of magnitude within a narrow range
of gas column density associated with a factor of 2, which is
insufficient to be solely explained by the decrease in grain
alignment efficiency by RATs in the denser regions.

8. The success of our modeling in reproducing the
observational data paves the way forward for testing grain
alignment mechanisms and constraining the grain properties in
other dense SFRs.
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