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Abstract

The linear polarization of thermal dust emission provides a powerful tool to probe interstellar and circumstellar
magnetic fields, because aspherical grains tend to align themselves with magnetic field lines. While the Radiative
Alignment Torque (RAT) mechanism provides a theoretical framework for this phenomenon, some aspects of this
alignment mechanism still need to be quantitatively tested. One such aspect is the possibility that the reference
alignment direction changes from the magnetic field (“B-RAT"”) to the radiation field k-vector (“k-RAT”) in areas
of strong radiation fields. We investigate this transition toward the Orion Bar PDR, using multiwavelength SOFIA
HAWC+ dust polarization observations. The polarization angle maps show that the radiation field direction is on
average not the preferred grain alignment axis. We constrain the grain sizes for which the transition from B-RAT to
k-RAT occurs in the Orion Bar (grains > 0.1 um toward the most irradiated locations), and explore the radiatively
driven rotational disruption that may take place in the high-radiation environment of the Bar for large grains. While
the grains susceptible to rotational disruption should be in suprathermal rotation and aligned with the magnetic
field, k~-RAT aligned grains would rotate at thermal velocities. We find that the grain size at which the alignment
shifts from B-RAT to k-RAT corresponds to grains too large to survive the rotational disruption. Therefore, we
expect a large fraction of grains to be aligned at suprathermal rotation with the magnetic field, and to potentially be
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subject to rotational disruption, depending on their tensile strength.

Unified Astronomy Thesaurus concepts: Interstellar magnetic fields (845); Interstellar medium (847);
Photodissociation regions (1223); Dust physics (2229); Polarimetry (1278)

1. Introduction

Photodissociation, or photon-dominated, regions (PDRs)
designate the regions of the interstellar medium (ISM)
intensively affected by the radiative energy produced by
close-by massive stars (Tielens & Hollenbach 1985a). A PDR
has a layered structure consisting of the transition between a
hot plasma gas to the molecular region of the parental cloud.
Located at the edges of high-mass star formation regions, PDRs
harbor a variety of radiation-driven chemical and physical
processes (for a recent review, see Wolfire et al. 2022 and
references therein), in which interstellar dust grains have major
roles. Small and large grains absorb part of the intense far-UV
(FUV) radiation from O and B stars and reradiate it as infrared
(IR) continuum emission. Very small grains and large
molecules also heat the gas via the photoelectric effect (Bakes
& Tielens 1994; Weingartner & Draine 2001). In addition, H,
formation on dust grain surfaces is activated in such irradiated
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regions (Le Bourlot et al. 2012; Andersson et al. 2013; Bron
et al. 2014; Jones & Habart 2015).

Understanding the physical processes acting on dust grains
in PDRs enables us to constrain how the dust properties vary in
such environments and in turn affect the efficiency of the
mechanisms dictating the evolution of PDRs. Multiwavelength
photometric studies have already constrained the formation and
destruction of nanograins in PDRs (Arab et al. 2012; Van De
Putte et al. 2020; Schirmer et al. 2022). However, the properties
of large dust grains (i.e., 0.1 nm) are harder to constrain using
only the total intensity of the dust thermal emission. Analyzing
its linear polarization is a powerful tool to study those large
grains. The focus of this paper is thus to investigate the
polarized dust emission toward a well-studied PDR, in order to
study the radiation-driven mechanisms acting on dust grains.

It is well established that interstellar continuum polarization
is due to elongated dust grains aligned, generally, with the
magnetic field (Hiltner 1949; Andersson et al. 2015). A number
of physical processes are involved in the required grain
alignment. Grains must both achieve “internal alignment,”
whereby their rotation axis is aligned with a grain symmetry
axis (ensuring a constant projection of the individual grain
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shape) and “external alignment,” whereby the ensemble of
grains align along a common, external, direction—usually the
local magnetic field. Both of these processes rely on
paramagnetic effects in the grain bulk, in which the rotation
will flip some of the free spins (this is known as the “Barnett
effect”; Purcell 1979). This is the inverse of the Einstein—de
Haas effect, well-known in laboratory physics (Einstein & de
Haas 1915). An asymmetric grain rotating around a non-
symmetry axis will experience nutation. If this nutation is rapid
enough, the Barnett effect will not achieve a steady state but
will cause energy dissipation (Purcell 1979). Under angular
momentum conservation, the lowest-energy state of a rotating
grain occurs when the angular momentum axis is parallel to the
grain’s axis of maximum inertia (smallest axis). Hence, Barnett
relaxation leads to efficient internal alignment of paramagnetic
grains.'® Because quantum spins carry both angular momenta
and magnetic moments, in steady state the Barnett effect causes
magnetization of these grains. The interaction of this induced
magnetization and an external field then leads to the external
alignment.

Both of these effects rely on the rapid rotation of the grain.
This is now understood to be accomplished through the
interaction of the grain with an anisotropic radiation field,
described by the Radiative Alignment Torque (RAT) theory
(Dolginov & Mitrofanov 1976; Draine & Weingartner
1996, 1997; Lazarian & Hoang 2007), in which the right-
and left-hand circular polarization components of the radiation
field scatter differentially on an aspherical grain. In most ISM
cases, the grains align and cause polarization relative to the
magnetic field direction; this referred to as “B-RAT.” However,
in the case of a strong anisotropic radiation field, RAT theory
predicts that the alignment axis can change from the magnetic
field to the radiation field (also called “k-RAT”; Lazarian &
Hoang 2007; Tazaki et al. 2017; Hull et al. 2022). This effect is
stronger for large grains and can affect large internally aligned
grains located close to a strong radiation source, if rotating at
thermal velocities. However, an intense radiation field can also
trigger the RAdiative Torque Disruption mechanism (RATD;
Hoang et al. 2019), which results in the fragmentation of
grains. This occurs when the RAT-induced grain spin increases
to such rotation speeds that the rotational energy overcomes its
cohesion, or tensile strength, causing the grain to fragment.
Within PDRs, our interests are twofold. First, we aim to predict
the preferred axis of alignment in order to determine whether
polarized dust emission preferentially traces the orientation of
the magnetic field or the radiation field. Second, we study the
effect of the intense irradiation on the population of aligned
grains, to ascertain whether the radiation contributes signifi-
cantly to the evolution of dust toward PDRs.

Our study focuses on the Orion Bar, a PDR illuminated over
a very broad spectrum, including the FUV, by the O7-type star
6' Ori C, the most massive and luminous member of the
Trapezium young stellar cluster (O’dell 2001). Located at 390
pc from us (Kounkel et al. 2017, 2018), the Orion Veil nebula
forming the near-side shell around the HII region is strongly
shaped by the intense ionizing radiation and strong winds from
' Ori C that expand into the background Orion Molecular
Cloud (OMC; Giidel et al. 2008; Pabst et al. 2019; Kavak et al.
2022). The Bar forms a denser part of the foreground edge of

'3 Nuclear and inelastic relaxation effects also play an important role in the
alignment of dust grains (Lazarian & Draine 1999; Lazarian &
Efroimsky 1999).
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the Veil. The edge of the PDR is located at the ionization front
(IF), across which the gas converts from fully ionized to fully
neutral. The gas density in the atomic gas rises to
np=4-5 x 10* cm ™, as indicated by the [O1] and [CII]
forbidden line emission (Tielens & Hollenbach 1985b; Tielens
et al. 1993; Hogerheijde et al. 1995), which are the main
cooling agents of the gas phase (Herrmann et al. 1997;
Ossenkopf et al. 2013). The location of the dissociation front
(DF), i.e., where the H/H, transition takes place, depends on
the attenuation of the dissociating FUV photons, which in turn
depends on the dust FUV absorption cross section. In the Bar,
the DF is located at ~10"-15" from the IF (see Figure 1 of
Habart et al. 2022), at Ay ~ 0.5-2 mag (Allers et al. 2005).
Mid-infrared (MIR) photometry using SOFIA/FORCAST
(Salgado et al. 2016) suggests that the UV and infrared dust
opacities in the region are low by a factor of 5 to 10 compared
to the diffuse ISM. Grain growth through coagulation may be
responsible for this decrease. More recently, near-infrared
(NIR) and MIR observations of emission by polycyclic
aromatic hydrocarbons (PAH) pointed toward an efficient
destruction of small PAHs in this type of highly illuminated
PDRs (Murga et al. 2022). Schirmer et al. (2022) also
concluded that nanograins would suffer strong depletion in
the Bar, proposing a scenario where these grains are formed via
the fragmentation of large grains due to radiative pressure-
induced collisions and then are destroyed by photodissociation
processes. Far-infrared (FIR) photometry is primarily sensitive
to larger and colder dust, and it can also probe dust grain
evolution, such as coagulation (Arab et al. 2012). Interpreting
polarized dust emission as tracing the plane-of-the-sky
component of the magnetic field, FIR dust polarization studies
concluded that the support by magnetic field energy (Chuss
et al. 2019; Guerra et al. 2021) against the thermal expansion
and mechanical feedback from @' Ori C (Pellegrini et al. 2009;
Pabst et al. 2020) is such that it can play a role in the Bar
dynamics.

This paper is structured as follows. In Section 2, we present
the multiwavelength SOFIA/HAWC+ polarization observa-
tions of the Orion Bar and the data reduction steps. Results are
presented in Section 3, where we investigate variations of the
polarization quantities as function of wavelength, spatial
location, and environmental conditions. In Section 4, we
perform a grain alignment timescale analysis using the
available constraints on the environmental conditions toward
the Orion Bar. We estimate for what grain size the B-RAT to k-
RAT transition happens, i.e., the grain size parameter space
potentially affected by RATD. Finally, in Section 5, we discuss
the characteristics of dust grains populating the Orion Bar PDR
in light of the physical processes acting on them, i.e., radiative
alignment torques and rotational disruption. We draw our
conclusions in Section 6.

2. SOFIA/HAWC+ Polarization Observations

Polarization data of the Orion Bar were obtained using the
HAWC+ camera on board SOFIA (Vaillancourt et al. 2007,
Dowell et al. 2010; Harper et al. 2018) in two observing modes
under two separate programs. Standard chop-nod (C2N)
observations of the full Orion Molecular Cloud 1 (OMCI1)
region have been presented in Chuss et al. (2019), gathering
data acquired on flights 354, 355, 442, 444, 447, 450, and 454,
from December 2016 to September 2018, under the HAWC+
GTO programs 88_0005 and 07_0509 (PI: C.D. Dowell). To
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Table 1
Polarization Observation Summary

HAWC+ Band Band Center Field of View FWHM Beam Size Pixel Size Total Exposure Time SOFIA Archival ID
(pum) ) @] @] ®)

A 53 1.4 x 1.7 49 1.2 445 08_0209 and 09_0037

c 89 2.1 x27 7.8 2.0 3549 09_0107

D 154 3.7 x 4.6 13.6 3.4 254 08_0209

E 214 42 %62 18.2 4.6 127 08_0209

evaluate the possible impact of off-beam contamination of the
polarization, and gain additional signal-to-noise in the Orion
Bar region, we acquired additional observations of the Orion
Bar, using the on-the-fly-map (OTFMAP) polarimetric mode
(also called scan-pol mode throughout this paper), on 2020
September 11-12, Flight 686, and 2022 September 26-27,
flight 919, under program 08_0209 and 09_0037 (PL: B-G
Andersson). We also utilize archival OTFMAP observations
from program 09_0107 (PI: A. Tielens).

Quantitative comparison and discussion between the polar-
ization quantities obtained with the C2N mode and those
obtained with the OTFMAP mode (using different data
reduction techniques) are presented in Appendix A. However,
throughout the body of this paper, we only use the OTFMAP
polarimetric maps for our results and analysis. Here, we briefly
present the mapping and reduction methods of the OTFMAP
observations used in this study. The general characteristics of
the observations are presented in Table 1. We use the standard
pixel size of the pipeline, given the large dynamic range of
OMCI1. We note that lower resolution using Nyquist sampling
during the mapmaking algorithm is a more optimal approach
for fainter objects (Lopez-Rodriguez et al. 2022a; Li et al.
2022).

We reduced the data using the SOFIA data reduction
pipeline'* v.1.2.3 that integrates the CRUSH algorithm
(Kovacs 2006, 2008). The OTFMAP polarimetric mode
performs successive scans over a specific region (generally
no larger than a few fields of view) parameterized with a
Lissajous pattern. For each half-wave plate position angle (5°0,
27°5, 50°0, and 72°5), a scan is taken and reflective and
transmissive data are collected as time series. Each set of four
scans are reduced by the CRUSH algorithm, which estimates
and removes the correlated atmospheric noise, removes the
instrumental signals, and performs gain estimations and noise
weighting in an iterated framework.

While the main advantage of the OTFMAP mode over the
C2N mode is the optimization of the total observing time to
reach a given level of signal-to-noise ratio (S/N), it has some
difficulties in recovering large-scale, diffuse, and faint emission
(see Lopez-Rodriguez et al. 2022a; Li et al. 2022 for a
description of the OTFMAP mode of HAWC+). Indeed, a
comparison by eye between the C2N data of OMCI1 (Chuss
et al. 2019) with the OTFMAP data we present here reveals that
the C2N mode is more efficient at recovering the diffuse
polarized emission of the background cloud, between the Orion
KL and the Orion Bar for example. In order to improve the S/
N of the the faint polarized dust emission of the Orion Bar, we
applied different numerical filters and filtering options of the
pipeline (e.g., faint, extended, deep) and varied the
number of iterations, while paying careful attention to the
different polarization quantities produced by the full pipeline

' hitps:/ /github.com/SOFIA-USRA /sofia_redux

reduction algorithm. For the Band A, D, and E data, comparing
with the nominal reduction pipeline configuration, we find that
the extended and deep filters produce artificial polarization
signals. For example, we retrieve significant rotation of
polarization position angles, and modification of the structure
in Stokes I and high-polarization fractions in regions of S/N
with a total intensity of >200, compared to the nominal
reduction. We also retrieve uniform polarization position
angles toward some regions of faint emission, not recovered
by the nominal reduction. This is likely because the corresp-
onding integration times are not long enough to ensure most of
the faint emission to be at a reasonable level of S/N. However,
the faint filter worked reasonably well on these data,
offering a slight increase in S/N in the polarized dust emission.
The Band C data are of much higher S/N due to longer
integration time (see Table 1), and the recovery of the extended
and diffuse emission improves significantly by using the
faint and deep filters. However, the Orion Bar is already
completely detected with a reasonable S/N criteria by the
standard pipeline using the nominal configuration for CRUSH.
Therefore, for consistency, no specific filters were ultimately
used in the four OTFMAP data sets we use here. In addition,
we explored a range of iterations rounds for the reduction of
each data set. Increasing rounds systematically increases the
S/N of the polarized dust emission in regions of S/N> 200 in
total intensity, up to a point where artificial polarization
increases significantly. Applying a conservative approach, we
use rounds of 30, 15, 10, and 10, for Bands A, C, D, and E,
respectively.

An important step in the reduction of HAWC+ data is the
estimation of the zero-level background of the observations.
Because the instrument is subject to both the variable
atmosphere and the emission from the astrophysical source,
the reduction algorithm may produce areas of negative flux
where the emission from the source and the atmosphere are at
similar levels. This can, in turn, potentially cause a loss of flux,
but it can be corrected by the reduction algorithm. In order to
correct for the zero-level background, we have determined a
region of faint emission using Herschel archival images at 70,
100, 160, and 250 pum, covering the HAWC+ field for each
observation wavelength (see the corresponding regions high-
lighted in Figure 15). We require the pipeline to estimate the
mean of this zero-level region and to add this value to the entire
map in each scan. Following the method presented in Li et al.
(2022; see their Section 2.3), we find that the zero-level
background correction contributes a median of 2.5% =+ 0.6%,
0.55% £ 0.07%, 1.5% =+ 0.5%, 0.3% =+ 0.3%, in the Band A, C,
D, and E data, respectively.

The properties of the linear polarization of thermal dust
emission are expressed by the Stokes parameters Q and U.
Stokes I represents the total intensity of the emission. Here, o,
0o, and oy are the errors of Stokes /, O, and U, respectively.
For linear polarization, the polarized intensity is defined as
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P = /0% + U?, which we have systematically debiased using
the expression in Wardle & Kronberg (1974), Vaillancourt
(2006), and Hull & Plambeck (2015). The polarization fraction
is the part of the total intensity that is linearly polarized, and is
defined as Py, = P/I. Finally, the polarization position angle
E-vector is defined as ¢ = 0.5 arctan (U/Q). The corresp-
onding uncertainties op, op,, ., and o,, are derived following
Gordon et al. (2018). We apply three conservative cuts in S/N
on the HAWCH+ polarization quantities throughout this paper,
which are: I/o; > 100 (we use sometimes a S/N value of
200 for more conservative quantification), P/op > 5, and
Prae < 30%. After correction for instrumental polarization,
HAWC+ has an absolute error of 3° in polarization position
angle and 0.4% in polarization fraction (Harper et al. 2018).

3. Results

In this section, we analyze the spatial variation of the
polarization quantities along and across the Orion Bar, as well
as how these quantities vary as a function of wavelength. We
are particularly interested in analyzing how the polarization
varies along the minor axis of the Bar, transitioning from the
lines of sight (LOSs) toward the irradiated side to the colder
region exposed to much lower UV intensity, but also along the
major axis of the Bar, along which the Bar also experiences a
gradient in radiation field strength.

A transition in the grain alignment mechanism from B- to k-
RATs would change the alignment axis of the grain, but
detecting such transitions highly depends on the projection of
the relative orientation of the 3D magnetic and radiation fields,
on the plane of the sky (POS). The detectability of the B- to k-
RAT transition is maximal when the plane defined by (k; B)
(where k and B are the radiative and magnetic field vectors,
respectively) is parallel to the POS, in which case we could
measure a change in polarization angle of Z(k, B) passing from
B- to k-RATS. If the plane defined by (k; B) and the POS are
orthogonal to one another, any such transition would not be
detectable in dual polarization. In practice, radiative transfer
effects must also be taken into account to predict the apparent
change of polarization angle, because the entire population of
grains susceptible to RAT alignment, i.e., both the k-aligned
and B-aligned grain populations, will contribute to the observed
polarized dust emission. In addition, the relative level of grain
alignment efficiency of B- and k-RATs, as well as the potential

—_— —_—
differences between the Z(k, LOS) and Z(B, LOS) angles,
will also affect the resulting dust polarization signal.

Salgado et al. (2016) estimated an inclination of the Bar of
4°, which means that the anisotropic component of the
radiation field received by the Orion Bar is roughly in the
POS. The magnetic field from the Orion KL nebula of OMCI,
which is located behind the Orion nebula (Genzel &
Stutzki 1989), is mostly perpendicular to the major axis of
the dense filament (Hough et al. 1986; Chrysostomou et al.
1994; Rao et al. 1998; Schleuning 1998; Tang et al. 2010; Hull
et al. 2014; Pattle et al. 2017; Ward-Thompson et al. 2017;
Chuss et al. 2019; Cortes et al. 2021). From the observations
presented here, we can see that the component of the OMCl1
magnetic field projected on the POS has roughly the same
orientation of the radiation field vector as the Trapezium
cluster, for the medium between the Bar and the Trapezium. As
a consequence, if all the aligned grains of the Orion Bar were
aligned via k-RATS, or via B-RATSs with respect to the initial
large-scale magnetic field of OMCI1, the polarization B vectors
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would be uniform and roughly aligned with the minor axis of
the Bar, i.e., pointing toward 8" Ori C. This is clearly not the
case (Figure 1). Therefore, the magnetic field of the Bar is
likely more complex, and a precise analysis of the polarized
dust emission and the grain alignment conditions (dependent
on the dust characteristics and the environmental conditions of
the Bar, e.g., the gas density and dust temperature) is required
in order to investigate whether the aligned dust grains are
susceptible to the k~-RATs mechanism in the Bar.

3.1. Multiwavelength Analysis of the Polarization Quantities in
the Orion Bar

We present in Figure 1 the maps of the flux density in the
Orion Bar at each of the four HAWC+ bandpasses overlaid
with the polarization position angles showing the apparent
magnetic field lines (rotating the polarization E vectors by 90°),
adopting a sampling pattern of 1-2 vectors per beam resolution
element. The rectangular gray box shows the location of the
Orion Bar and denotes the region discussed in detail in the
following sections. The box’s major axis has a position angle
with respect to north of 55°, and its dimensions are 90" x 340",
centered on the FIR emission. In the four plots of Figure 1, we
conserve the original resolution of the observations. However,
later on in the analysis, we do regrid and smooth the band A, C,
and D observations to the band E gridding and resolution, ' to
ensure accurate and quantitative comparisons across different
wavelength (using the reproject Python package of
astropy; see Appendix B). The magnetic field exhibits a
complex morphology, with several subregions having homo-
geneous polarization patterns but different from one another.
Indeed, different organized components of the magnetic field
coexist, as seen in the southwest of the Bar in the band C, D,
and E observations, where two patches of polarized dust
emission exhibit orthogonal magnetic field orientations. Band
A observations, which have the highest spatial resolution,
retrieve several structures in Stokes I, not observed in the
lower-resolution band C, D, and E maps. Different wavelengths
can preferentially probe different regions if the distribution of
dust temperature is not uniform on the line of sight. If those
regions have different magnetic field geometries, they will
contribute to polarization angles disparities across wavelengths.

To quantitatively estimate whether any regions of the Bar
can exhibit dust polarization consistent with k-RATs, Figure 2
presents histograms of polarization position angles (B vectors)
in five subregions, obtained by splitting the Orion Bar along its
major axis. The three central regions experience a stronger
radiation field given their higher proximity to the Trapezium
cluster. Data at the four wavelengths, each with a gridding and
resolution corresponding to those of band E, are presented. In
each histogram, the orientations of the anisotropic radiation
fields emanating from 6' Ori C and pointing to the centers of
the five boxes are indicated by vertical dotted—dashed lines.
Then, if a given region exhibits B-vector angles similar to those
of the radiation field, those vectors would be consistent with the
k-RAT mechanism. In each box, and at all four observation

15 Smoothing polarization and the covariance map must account for the fact
that the polarization reference direction frame on the celestial sphere varies
over a projected map, and thus within the smoothing 2D kernel. However, this
effect is ignored because of the relatively small size of the HAWC+ maps.
Therefore, the Stokes maps and their uncertainty are smoothed independently,
and we rebuild the polarization quantities from the smoothed and
regridded maps.
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Figure 1. Polarization maps of the Orion Bar, observed with SOFIA HAWC+- using the OTFMAP polarimetric mode at 53 ym (band A, top left), 89 um (band C, top
right), 154 pm (band D, bottom left), and 214 ym (band E, bottom right). Line segments represent the magnetic field orientation, rotated by 90° from the E-vector
polarization angle maps. Vectors are plotted if //o; > 100 and P/op > 5. The lengths of the vectors do not represent any quantity. The color scale is the total
intensity (Stokes /) of the thermal dust emission, shown from 35 o;. The black contours trace the dust continuum emission. The beam size is shown in the bottom right
corner of each field (see Table 1). The position of the #' Ori C star, the most luminous star of the Trapezium cluster, is indicated. The rectangular gray box shows the

location of the Orion Bar and denotes the region that this paper is focusing on.

wavelengths, none of the main peaks of the different histogram
components correspond to the vertical lines. This indicates that
the ambient radiation field direction does not dictate the
direction of grain alignment in the Bar. However, two small
areas in Figure 2 exhibit B-vector polarization angles consistent
with the radiation field: the center of box # 3 in the band E
data (toward one equivalent beam surface area), and the bottom
left of box # 4 in the band C, D, and E data (toward one
equivalent beam surface area at band C, two at bands E and D).
This latter one corresponds to the cold and dense dust
component in the southwest of the Bar mentioned above, not
recovered by the band A observations (see below).

Toward the northern and middle regions (boxes # 1, 2, 3) of
the Bar, the polarization angles across the four wavelengths are
consistent within 20° (based on the differences across

wavelength of the peaks of the histogram components).
However, the southern region (histogram in box # 4) shows
clear differences between the band A observations and the
observations taken at bands C, D, and E, because the band C,
D, and E data have picked up the emission from a dense
(N, > 5 x 1022 cm %) and cold (T,; < 30 K) region that is
visible in total intensity (the Ny, and T; maps are from Chuss
et al. 2019; see their Figure 3, as well as Section 3.2 of this
paper). In contrast, the emission from the band A observations,
sensitive to warmer dust, corresponds to regions closer to the
irradiated front of 7; > 40 K. The B vectors in box # 4 of
band A are mainly parallel to the minor axis of the Bar, which is
also a pattern of emission seen with the three other
wavelengths, alongside this component of colder dust. The
polarization angles of box # 5 are consistent across the band C,
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Figure 2. Histograms of polarization position angles in the Orion Bar in the four HAWC+ bandpasses. The polarization maps from each bandpass have been
smoothed and regridded to the band E resolution and pixel size (see Table 1). In each panel, the upper figure shows the total intensity in color scale and polarization
position angles in the form of line segments, for the region highlighted in Figure 1 with gray rectangles. We split the Orion Bar into five regions along its major axis.
The five subregions are indicated with colored boxes. The polarization angle B vectors are shown with respect to north, which is indicated by a white arrow. The white
circles represent the band E beam resolution element. The lower figure presents the histograms of polarization position angle B vectors taken from the north. Each
colored line represents the histograms of the polarization angles within each of the five subregions. The orientations of the radiation fields emanating from 6" Ori C and
pointing to the centers of the five boxes are indicated by the vertical dotted—dashed lines of the corresponding colors. The S/N criteria for the polarization angles are
S/N(I) > 100, S/N(P) > 5, Piac < 30%. The error bars correspond to the mean of the uncertainty in the values of ¢ within each bin of the histograms. The
histogram lines have been smoothed with a 1D Gaussian kernel with a size of 4°, for clarification. Grains aligned via <-RAT would produce B-vector polarization
angles parallel to the radiation field. However, the peaks of the different histograms do not correspond to the vertical lines, which indicate the average radiation field
direction in each box.

D, and E observations within 10°. Finally, the polarization distribution of polarization angles differences between the
angles exhibited by the HAWC+ band E observations are also HAWC+ band E and POL-2 data is ~20°, similar to what is
consistent with the 850 yum dust polarization observations obtained among the HAWC+ bands (see Figure 3).

obtained with POL-2 on the JCMT (Pattle et al. 2017; Ward- In order to go further in quantitatively comparing polariza-
Thompson et al. 2017). The standard deviation of the tion angles across wavelength, Figure 3 presents comparisons
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Figure 3. Histograms of polarization angle difference in the Orion Bar between various pair of observations at different wavelengths, from the OTFMAP mode (top
panels) and the C2N mode (bottom panels). For each pair of observations, the observations of highest angular resolution have been smoothed and regridded to the
lowest-resolution observation. The mean and standard deviation of each distribution are indicated as y, and o, respectively. The data points come exclusively from the
Orion Bar region denoted in Figure 1. In order to calculate an angle difference to plot in the histograms for each distribution, at any specific point in the map, we
require that the two differenced values both have S/N(/) > 200, S/N(P) > 5, and Ppye < 30%.

(as pair-wise differences) of the polarization angles between the
various pairs of observations at different wavelengths, using the
OTFMAP mode maps, and the C2N mode data presented in
Chuss et al. (2019). The distributions peak around 0° and the
standard deviations are within 15°-25°, while o, <5° in the
regions of Bar where S/N(/) >200 and S/N(P) > 5.
Comparing the difference between the mean and the standard
deviation of the polarization angle difference distributions, it is
not possible to separate them with statistical significance, even
if we increase the S/N criteria on the polarized intensity and
Stokes 7, in which case we also deselect too many data points.
The distributions of the polarization differences between band
A and band C, and between band A and band E, show a
significant number of points outside the central peak of the
distribution, corresponding to typical differences of +30 ° and
—30°. Those data points come from the southeast side of the
Bar, where the S/N of band A detections are the lowest.

However, if we weight the polarization difference by their
relative uncertainty (i.e., computing (¢, — ¢,,) / J(&j)il + 5¢§2)),
we find that the histograms using the band A still exhibit larger
standard deviations compared to the others. We thus suspect
those data points may be artifacts from the data reduction.
Figure 4 presents the variation of Stokes 7, P, ¢, and P, for
the four wavelengths’ OTFMAP observations as a function of
the position along the minor axis of the Bar (i.e., the minor axis
of the gray rectangle used as a reference so far, which is shown
in Figure 1), which is directed toward the irradiation front. We
highlight that the data points of Figure 4 are S/N-selected
independently across bands. The goal is to determine how
important the effects of the environmental conditions are for
the emission. Indeed, our region of interest, defined by the
rectangle highlighted in Figure 1, shows a clear dust
temperature gradient (see Chuss et al. 2019). The peak in
Stokes I and P for band A is clearly closer by 15” to the
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Figure 4. Polarization quantities across the Orion Bar at the resolution of band E (18”2) from the OTFMAP mode observations. The total intensity (top left panel),
polarized intensity (top right panel), polarization position angle (bottom left panel), and polarization fraction (bottom right panel) profiles have been obtained by
averaging the S/N-selected data along the major axis of the Orion Bar (long axis of the rectangle shown in Figure 1). The profiles thus represent average quantities
across the Orion Bar, as a function of position along its minor axis, which is directed toward the irradiation front. The shaded areas represent =+ the standard deviation
of each bin of points. The S/N criteria for the total intensity, polarized intensity, polarization position angle, and polarization fraction data are S/N(/) > 200, S/N
(P) = 5,S/N(I) > 200 and S/N(P) > 5 and Ppae < 30%, and S/N(Prrac) = 5 and Paae < 30%, respectively.

irradiation front compared to the Stokes / and P peaks of band
C, D, and E observations, which is likely a dust temperature
effect. As suggested above, band A is more sensitive to the hot
dust layer located at the irradiated edge of the Bar, compared to
the dust emission emanating from the colder region not directly
exposed to the irradiation of the Trapezium cluster.

The B-vector map exhibits several components, which
explains why the variations of the mean polarization angle
across the Bar in Figure 4 show significant discrepancies
between the bands. The band A observations at band E
resolution do not have a large number of independent
polarization detections. This explains the marked rotations at
the beginning and end of the profile of ¢ as a function of
position across the Bar for this band, which are not statistically
significant. Band C data, having a much higher signal-to-noise
ratio than those of the other bands, more reliably trace the
underlying polarized dust emission emanating from the more
tenuous outer part of the Bar and/or from the background
OMCI1 cloud. Band D and E polarization angle profiles also
show significant differences (up to 80° between the mean
polarization angles) compared to those of bands A and C for
positions <20” from the cold side of the PDR. Again, lack of

uniform detections toward these faint regions explains the
retrieved discrepancies. Finally, the polarization fraction
profiles follow opposite trends compared to the total intensity
profiles. Effects due to both dust temperature and gas density
must play a role in the resulting Pp,. profiles. We will
investigate these in Section 3.2.

In this data analysis, no variations of the polarization
position angles as a function of wavelength are detected with
statistical significance. In all our observations, the polarization
angles analyzed alongside the radiation field direction along the
Bar show no evidence for k&-RAT aligned grains. However, the
analysis of the dust polarization observational data alone is
limited by the complexity of the apparent structure of the
magnetic field lines, the observational wavelengths probing
different environmental conditions across the Orion Bar, and
the observation data quality.

3.2. Variations of the Polarization Degree as a Function of
Environmental Conditions

The effects of the radiation field and the gas density govern
the radiative torques and the efficiency of dealignment by
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gaseous collisions, respectively. This in turn regulates the
polarization level of the dust emission. We use the work of
Chuss et al. (2019; see also Arab et al. 2012), who gathered
HAWCH+-, Herschel PACS and SPIRE (Abergel 2010; André
et al. 2010; André 2011; Bendo et al. 2013), JCMT/SCUBA-2
(Mairs et al. 2016), and GBT and VLA (Dicker et al. 2009)
observations of the Orion nebula and fitted modified blackbody
spectra for each pixel. These fits yielded column density, dust
temperature, and emissivity maps with 18”7 angular resolution
and a 377 square pixel size. To ensure statistical independence,
we regrid these maps to a Nyquist sampled map of four pixels
per beam area, resulting in a pixel size of 8”3. We then smooth
and regrid the maps of the four bands of HAWC+- observations
to the resolution and pixel sampling of the dust temperature and
gas column density maps, i.e., to 18”7 angular resolution with
83 square pixel size.

We compare our polarization results with three physical
quantities describing the local environmental conditions: the
line-of-sight dust temperature and column density, and the
derived gas column density between the Bar and the Trapezium
cluster Ny, from¢ oric. That is, the column density “seen”
toward the Trapezium by each location we map in the Orion
Bar. The dust temperature will serve as a proxy for the
radiation field intensity, a major parameter that governs the
efficiency of radiative torques, and we use Ny, x /T; as a
proxy for the efficiency of dealignment by gaseous collisions
because the gaseous collisional rate is proportional to this
quantity (Draine & Weingartner 1996).

In order to compute Ny, from ¢ ori ¢, We first estimate the gas
column density of the Bar itself, Ny,, by subtracting 2 X 10%!
cm 2 from the derived column densities, corresponding to the
background cloud OMCI based on the SED fitting of the maps.
We then estimate the gas volume density in the Bar ny by
dividing Ny, by 0.28 pc, the size of the Bar along the LOS
derived by Salgado et al. (2016), who used an estimation of the
absorbing area at the surface of the PDR. We finally sum the
gas density values along the lines separating each pixel in the
Bar from the Trapezium cluster to derive the value of
NHZ from 6! Ori C-

Figure 5 shows the two-dimensional histogram of the gas
column density after the correction for the background OMC1
material as a function of dust temperature toward the Orion
Bar. The gas column density is inversely proportional to the
dust temperature for the complete range of 7, values probed
here. We note that Chuss et al. (2019) performed Markov
Chain Monte Carlo tests to evaluate the systematic covariance
between the SED fitting parameters (i.e., 7, Nu,, and G, the
dust emissivity spectral index; see their Section 3.1.5). While
there is some covariance between T, and Ny,, the width of the
likelihood functions are such that we can consider that the
trends of Figure 5 have a physical origin. The RAT alignment
theory predicts that the minimum size of aligned dust grains
decreases with increasing radiation field and with decreasing
volume density. We note this point because Tram et al. (2021c)
flagged values below a specific dust temperature, below which
gas column density was positively proportional to the dust
temperature. In our case, we expect the polarization degree to
increase (decrease) as a function of T, (Ny, X \/Td ), for the full
range of our T, (N, X \/Td) values. A departure from this
trend can be explained by an evolution of dust properties as a
function of the environmental conditions. In this context, Tram
et al. (2021a, 2021b, 2021c) proposed that the decrease of P;se
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as a function of T, observed at high dust temperature
(T; 2, 40-50 K) with HAWC+ toward star-forming clouds/
dense cores can be caused by RATD. In addition, we note that
the Ny, X JT; and Ny, from ¢ oric are used here to quantify
the effect of two different physical quantities on the efficiency
of radiative torques. While we use Ny, X \/Td as a proxy for
the efficiency of collisional gaseous dealignment, we use
Nu, from ¢ oric as a proxy for the reddening of the radiation
field emanated from the Trapezium cluster. Because the
radiative torque efficiency strongly decreases for grains smaller
than the wavelength of impinging photons, the grain alignment
efficiency induced by RATs should be affected by the
reddening (Lazarian & Hoang 2007).

The disorganized component of the magnetic field can be a
source of depolarization due to cancellation of the polarization
signals on the line of sight, as shown by Jones et al. (1992). It
can also cause a decrease in the observed polarization when the
typical scales of the POS magnetic field fluctuations are smaller
than or comparable to the spatial resolution. Therefore,
alongside the polarization fraction Ppg,., we also consider the
dispersion of polarization angles in the POS S, which allows us
to quantify the level of disorganization of the apparent
magnetic field lines. Loss of grain alignment also directly
impacts the fractional polarization. To disentangle between
these effects, one needs to analyze S and Py, together, using
the disorganized component of the magnetic field provided by
S to determine whether changes in P, can be attributed to
changes in the grain alignment efficiency. Several studies have
revealed that Py, and S are correlated, showing the role of
depolarization due to magnetic field disorganization (Fissel
et al. 2016; Chuss et al. 2019; Le Gouellec et al. 2020; Planck
Collaboration et al. 2020). We use the nearest neighbors
approach to derive S (Le Gouellec et al. 2020), given the pixel
sampling of our maps. To obtain S, we debias the maps of
measured dispersion S, by subtracting its uncertainty:

S = S% — 0%, following the relation of Alina et al.

(2016). We then use S X Py, as a proxy for the polarization
degree corrected for the depolarization effects induced by the
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disorganized component of the magnetic field. We use S/N
(Pirac) = 5 and S/N(I) > 200 for our data selection criteria.

Figure 6 presents the evolution of Py, (right-hand axes), S,
and S X Py (left-hand axes) as functions of T, Ny, X \/Td ,
and the Ny, from ¢' ori ¢, for the four wavelength observations
(see Section 5.3 for the polarization fraction spectra specifi-
cally). With this approach, we want to determine whether the
evolution of polarization degree (tentatively corrected from
depolarization caused by the disorganized component of the
magnetic field) as a function of environmental conditions
suggests varying alignment conditions. Given the limited
sensitivity of the band A observations, and the large dynamic
range between the band A initial resolution and the angular
scale at which we smooth the maps to, i.e., 18”7, the
corresponding distributions shown in Figure 6 are not
conclusive and must be interpreted with caution. However,
bands C, D, and E, present clearer systematic trends.

3.2.1. Polarization Quantities versus Ty

The slope of the P, trends as a function of T, appears to be
on average slightly decreasing or flat at 53, 89, and 154 ym. A
small increase is seen at 214, and 154 um, for T, > 50 K. At
the four wavelengths of observation, S is flat or decreasing
with increasing T, Given the anticorrelation of Ny, with T,
this decrease of S with T, can be explained by an increase of
the apparent disorganization, or structure complexity, of the
magnetic field with the line-of-sight depth in the Bar, which is
know to harbor high-density substructures (Habart et al. 2022).
S X Prc systematically decreases with T, or exhibits a flat
trend. As S X Pgac iS proposed to trace grain alignment
corrected for depolarization by the B-field structure, the grain
alignment efficiency is on average found to slightly decrease
with T,. These trends are not able to be explained by the basic
RAT theory alone, and they suggest an evolution of dust grain
properties as a function of temperature, which could be caused
by RATD.

A line of sight with a given derived value of dust
temperature may actually correspond to multiple dust compo-
nents of different inherent dust temperatures. This could
explain the different distributions of Pg,. at the different
wavelengths, for the same range of dust temperatures. Shorter-
wavelength observations are more sensitive to hotter dust,
which is more affected by RATD. This could explain why the
decrease of S X Py versus T, at 89 pm is more important
than at 154 and 214 um. We note that if RATD were strongly
efficient throughout the Orion Bar (see Section 4.2), we would
expect a clear and ubiquitous anticorrelation between polariza-
tion degree and dust temperature. In addition, the grain
alignment efficiency within the hotter side, i.e., where T; 2>
50 K, remains high, with S X Pg,e values around 0515-073,
suggesting that the radiative feedback does not totally hinder
grain alignment.

3.2.2. Polarization Quantities versus the Ny, from 6! oriC

In the four bands, Pg,. decreases with the Ny, from 6 orics
except in the 154 ym data, where Pg,. increases with
increzasing NHZ from 6' Ori C» for NHZ from 6' Ori C = 4 x 1021
cm ~. S systematically increases with the Ny, from ¢' oric-
The situation of S X Py is less clear; it exhibits mostly flat
trends and is potentially increasing at high Ny, from ¢ oric-
While the complexity of the environment precludes us from
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drawing clear conclusions about the evolution of grain
alignment versus Ny, trom ¢' oric, the flat or increasing trends
of grain alignment efficiency versus Ny, from ¢! oric 1S hard to
explain with basic RAT theory, because the increase of
reddening is supposed to reduce the number of grains
susceptible to alignment. The region where T; < 45 K and
N, from 0'oric 29 % 10! em ™2 corresponds to the southern
side of the Bar, which is nominally not exposed to significant
heating. If deep into the cloud the effects of higher reddening
on the grain alignment efficiency are compensated by the
increase of the minimum grain size of aligned grains caused by
the loss of RATD efficiency with increasing density, the
potential increase of S X Pryc at high Ny, from ¢ oric can be
explained by an evolution of dust properties across the Bar
caused by RATD. Hence, we may probe a significant gradient
in the alignment properties of dust grains, from the PDR edge
where the radiative feedback via photofragmentation of
aggregates and/or RATD is effective, to the inner quiescent
part of the Bar, where larger aggregates survive.

3.2.3. Polarization Quantities versus Ny, X /Ty

The evolutions of both Pac and S X Py versus Ny, X /Ty
(a proxy for the gas—dust collision rate) show clear decreases at
the four wavelength of observations. The trends of S are either
flat or increasing with Ny, x /T;, which suggest that a part of

the decrease of Pryc versus Ny, x /T, is due to the magnetic
field structure. From these results, we conclude that the grain
disalignment by gas pressure is effective in the Bar.

To summarize, we suggest that the evolution of the grain
alignment efficiency with the local conditions (using the
available constrains on the dust temperature and gas density)
cannot be explained by basic RAT theory alone, without
considering dust evolution. The evolution of dust properties
throughout the Bar can explain the slight decrease (increase) of
alignment efficiency with dust temperature (reddening), which
might be caused by RATD. However, we note that RATD, if
occurring, does not totally hinder grain alignment in the Bar.
The disalignment by gas collisions efficiently decreases the
grain alignment degree. We now confront the hypothesis raised
above with the predictions provided by the computation of the
different grain alignment timescales as a function of the
characteristic grain sizes describing the alignment and disrup-
tion of grains.

4. Modeling of Grain Alignment Timescales and
Characteristic Grain Sizes

Studying the grain alignment timescales allows us to
estimate for which grain sizes the k-RAT mechanism can be
important, and in parallel, what grains are potentially affected
by RATD. Ultimately, the goal is to determine whether the
aligned grains that are susceptible to be aligned via the k-RAT
alignment can survive the RATD phenomenon, which in theory
also affects those aligned grains. We see below that the k&-RAT
and RATD phenomena affect the large end of the typical ISM
dust grain size distribution, where the relative number of grains
is low (Mathis et al. 1977). However, those grains are the origin
of the FIR to (sub)millimeter polarized dust emission. The
spatial resolution of this grain alignment timescale analysis
corresponds to the resolution of the original dust temperature
and column density map of Chuss et al. (2019), i.e., with 1877
angular resolution and 3”7 square pixel size.
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Figure 6. Function of the mean of S (blue lines), Pr.c (red lines), and S x Py (green lines), as a function of the dust temperature 7, (left column), Ny, x /T,
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power-law fit to the data. A broken power law is used when it fits the distribution with more accuracy (based on a x criteria). The shaded area represents + the
standard deviation of each bin of data points. At each wavelength, the maps have been regridded to four pixels per beam area, to ensure statistical independence.

4.1. Grain Size Parameter Space for k-RAT

To estimate which grain alignment mechanism is dominat-
ing, we derive the different timescales that describe the
efficiency of the different phenomena involved in the alignment
of dust grains by radiative torques. RATs can be presented as a
balance between gaseous dealignment induced by collisions of
gas particles onto dust grains, the precession speed of the
grain’s magnetic moment induced by grain rotation (for
paramagnetic grains) around the magnetic field, and the
efficiency of the radiative torques applied by the anisotropic
radiation field impinging onto grains. We neglect the infrared
emission damping and plasma drag effects (Draine &
Lazarian 1998). The efficiencies of these three processes can
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be compared to one another from comparing the relevant
characteristic timescales, i.e., the collisional gaseous damping
timescale Ty, the Larmor precession timescale 7y armor» and the
radiative precession timescale 7,4 (Lazarian & Hoang 2007;
Tazaki et al. 2017). Ultimately, the minimum size of aligned
grains a,jig, denotes the grain size over which dust grains can
be considered aligned (Hoang & Lazarian 2008).

The collisional gaseous damping time of the grain is
estimated by

3 ]

9
4T ngpmyvn a*

ey

Tgas =



THE ASTROPHYSICAL JOURNAL, 951:97 (26pp), 2023 July 10

where vy, = 2k Tyas/pmy is the thermal velocity of gas
atoms of mass my, ny is the gas density, Ty, is the gas
temperature (we will use T, as a proxy for Ty, which is not
necessarily true in PDRs; see Koumpia et al. 2015), I; is the
principal grain moment of inertia (which scales as pa’, where p
the dust grain density), a is the grain effective size, and p is the
mean molecular weight per hydrogen molecule.

The Larmor precession timescale, describing the precession
of the magnetized grain’s angular momentum around an
external magnetic field B resulting from the interaction of the
grain magnetic moment with B is given by

~

anl N
TLamor =~ 1.3 p§72/3asB ' yr,

@)

where B = B/5 uG is the magnetic field, p = p/3 g cm >,

§ = 5/0.5 the grains’ aspect ratio, and § = x(0)/10~* the
grains’ paramagnetic zero-frequency susceptibility. In our
calculations, we fix the magnetic field strength to B = 200 p
G, given the results of Chuss et al. (2019) and Guerra et al.
(2021). We adopt p=3 gem > and s=0.5 (Hildebrand &
Dragovan 1995). The zero-frequency susceptibility of a dust
grain depends on its paramagneticity. For a super-paramagnetic
grain, we have from Morrish (2001):

15K
X(0) = Xyp(0) = 1.2 x 1o—chl¢Sp(T), ?3)
d

where ¢, is the fraction of atoms that are super-paramagnetic,
and N, is the number of atoms per cluster. The GEMS
measurements yield derived values of ¢g, = 0.03 (Bradley
1994; Goodman & Whittet 1995; Martin 1995), and N is
expected to be Ny = 10°-10° (Kneller & Luborsky 1963; Jones
& Spitzer 1967). Last, we consider an ordinary paramagnetic
grain, with

x(0) =42 x 10—%(%), 4)
T
where f, is the fraction of atoms in the grain that are
paramagnetic, evaluated at 10% (Tazaki et al. 2017). Results
obtained from modeling and observations of dust polarization
of the diffuse ISM and dense cores tend to favor the scenario
where the efficiency of RATs can only be reproduced if grains’
magnetic relaxation is sufficiently fast, ie., for super-
paramagnetic grains (Hoang & Lazarian 2016; Le Gouellec
et al. 2020; Reissl et al. 2020). We also note that H, formation
occurring at the grains’ surfaces provides additional torque that
also increase the grain rotational velocity, eventually bringing
the grain to suprathermal rotation (Purcell 1979; Hoang et al.
2015), especially toward PDRs (Le Bourlot et al. 2012;
Andersson et al. 2013; Soam et al. 2021). These both effects of
grains’ super-paramagneticity and H, formation supplemental
torque increase the fraction of grains with high angular
momentum, i.e., the fraction of grains at the the so-called
high-J attractor point (Lazarian & Hoang 2007; Hoang &
Lazarian 2009b, 2016). While grains at high J can be
considered perfectly aligned, grains with a low angular
momentum (i.e., at the the so-called low-J attractor point)
would be poorly aligned and produced, exhibiting a Rayleigh
reduction factor of ~0.1 (Hoang & Lazarian 2016). The
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relative fraction of grains at high J, i.e., fhigh—j, would increase
with increasing grains’ magnetic susceptibility and magnetic
field strength, and decreasing grain size, gas density, and
temperature (Chau Giang et al. 2022).

Finally, the radiative precession timescale 7,4 iS given by

—1 -
N A1/2 A
Ta = 110p71/25713a1 2T/ (M) (

—1
UISRF 1.2 ym )
s v\l
NQr(V)|
X | — T, 5
( 001 ) ®)
where a_s=a/ 1073 cm, f"d = T;/100 K, u.q is the radiation
field intensity, v is the anisotropy of the mean radiation field
(equation from Tazaki et al. 2017), Qr()) is the RAT efficiency
- ™ Nitraad\
(see the relation 10 in Hoang et al. 2021), and A = f‘)id is
Urad

the mean wavelength of the radiation field. We estimate the
radiation field using the relation from Draine (2011):

6
o T 4 1/15
1764101 pm '

To estimate )\, i.e., the reddening of the radiation field, we use
the relation from Hoang et al. (2021), who, using an analytical
model, derive the mean wavelength X as a function of the
blackbody temperature of a star and the gas column density
integrated between the star and the region where X is estimated.
We use T =39,000 K (corresponding to 0' Ori C; Simén-
Dfaz et al. 2006), and the value of Ny, from ¢ oric derived
above with the SED fitting performed in Chuss et al. (2019) to
estimate the reddening of the radiation field X in every pixel of
the Bar.

Finally, we note that line-of-sight integration of the back-
ground OMCI1 cloud must affect the results from the SED
fitting that we use, especially for the determination of the dust
temperature. In addition, the coarse resolution of this SED
modeling, i.e., 18”7, precludes us from resolving the hotter
layer of dust. This is more efficiently traced by the mid-infrared
photometry study performed with FORCAST in Salgado et al.
(2016), where a cold and a warm modified blackbody
component were used. Therefore, the grain alignment timescale
analysis does not probe physical scales corresponding to this
hot dust layer where 7, > 100 K. However, the Orion Bar is
resolved in its minor axis such that we can establish a clear
gradient in dust temperature with a range of 35-75 K and in
projected column density with a range of 10*'-2 x 10**cm 2.

Equation (5) is only valid for grains aligned at low J. High-J
aligned grains are most likely be aligned with the magnetic
field, because the spin-up effect of RATs dominate over the
radiative precession (Hoang et al. 2022). We will thus compare
the radiative precession timescale with the Larmor precession
timescale of ordinary paramagnetic grains.

Figure 7 presents the grain alignment conditions of the Orion
Bar, showing the different timescales discussed above. The Bar is
divided into 3 x 5 subregions, i.e., five along its major axis, and
three along its minor axis (in other words, each of the five boxes
displayed in Figure 2 are simply separated into three sub-boxes
along the minor axis of the Bar). Dust grains larger than the
typical size at which 7y yrmor > Traq Can be considered as aligned
at low J with the radiation field (Lazarian & Hoang 2007).

(6)
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Grain alignment timescales along and accross the Orion Bar
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Figure 7. Grain alignment timescales as a function of grain size along and across the Orion Bar. The results of each box have been obtained using the average
environmental conditions of a specific spatial location in the Orion Bar. The Orion Bar (gray rectangle in Figure 1) is divided in 5 x 3 boxes, with five boxes along
its major axis such that box #1 is the most northern one, and three boxes along its minor axis such that the top row corresponds to the irradiated edge of the Bar close
to 0" Ori C and the bottom row corresponds to the southern, colder edge of the Bar. In each plot, we show the Larmor 3prt:ct:ssion timescale Ty ,mor (fOr a grain without
super-paramagnetic inclusions with the dotted line, and for two values of N, i.e., the number of atoms per cluster: 10” and 105, with the dotted—dashed and solid blue
lines, respectively), the radiative precession timescale 7,4, and the collisional gaseous damping time of the grain 7, (dotted—dashed brown line). The minimum grain
size of aligned grains a,ig, is shown by the vertical dotted green line. The ranges of grain sizes affected by rotationally disruption dgisr — @disr,max)> for Smax = 103 and
10° erg cm >, are shown by the horizontal dark and gray lines, respectively. At a given grain size, the shortest precession timescale between Ty ymor and Ty,q dictates

the direction of alignment, i.e., with the magnetic field or the radiation field.

This transitional grain size is referred to as ay,s hereafter.
Toward the region probed by box #2, corresponding to the
highest irradiation conditions that we probe, ., ranges from
~0.1 to 0.5 um. In the southern section of the region in box #35,
corresponding to the coldest and densest conditions that we
probe, dy.ns would be ~1 pm.

The evolution of the transitional a,,s values as a function of
the proximity to the irradiated front is shown within the five
boxes distributed along the major axis of the Bar in Figure 8.
The southern boxes #4 and #5 exhibit on average higher
values of Gyans and a@qign compared to those of boxes #1-3.
These latter boxes must correspond to most of the radiation
absorbing area at the surface of the PDR.

4.2. Constraints from Grain Alignment Disruption

The constraints on the grain alignment timescales obtained
above determine which grains are potentially aligned with the
radiation field, depending on its strength. However, aligned
dust grains subject to high irradiation can also trigger the so-
called RAdiative Torque Disruption (RATD; Hoang et al.
2019) mechanism, which causes in the disruption of grains into
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fragments, occurring when the grain rotational energy induced
by radiative torques exceeds the grain cohesion forces.
Comparing the angular velocity at which dust grains are
rotationally disrupted with the rotation speed induced by RATSs
allows us to constrain which grain sizes are affected by the
RATD mechanism. Grains subject to RATD would thus be
those with high angular momentum, i.e., at high J. Given the
two regimes of radiative torque efficiency, i.e., whena > X or
a < X, it is possible to define the grain size interval
[@dist; Qdisrmax), 1nside which the aligned dust grains are
rotationally disrupted. From Hoang et al. (2021), we have:

1/2
5 O.SHH\/WkTgas (Smax )1/4
YUrad P
x (1 + Fr)'/?,

< —1/2
Vibrad A (Smax) /

16nH1/27rmHk7;,as P
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Figure 8. Grain size corresponding to the k- to B-RAT transition as function of the position across the Orion Bar. In this figure, the Orion Bar is divided into five boxes
along its major axis such that box #1 is the most northern one. In each panel, the x-axis is the position along the minor axis of the Orion Bar (spanned by the three
rows of Figure 7), with increasing values corresponding to locations closer to 8' Ori C. For each position across the Orion Bar, the grain size at which the k- to B-RAT
transition occurs is found by equating the radiative precession timescale with the Larmor precession timescale for a grain without super-paramagnetic inclusions (blue
dotted line), and for two values of N, i.e., 10> and 10° (blue dotted—dashed and solid blue lines, respectively). Grain sizes larger than this transition size d,s can be
affected by k-RAT. The dotted green line is the minimum grain size of aligned grains, @ajgn. The ranges of grain size affected by rotational disruption dgisr — @disr,max»
for Spmax = 10° and 10° erg cm >, are shown by the shaded regions encompassed by the dark and gray lines, respectively.

where S, is the tensile strength of dust grains, and Fy is the
rotational damping coefficient due to the emission of infrared
photons emitted by the grain, which reduces the grain’s angular
momentum (see Draine & Lazarian 1998; we adopt the relation
of Hoang et al. 2021). The tensile strength of interstellar dust is
uncertain, because it depends on both the grain structure, i.e.,
compact versus composite, and the grain composition. Dust
grain evolution in the ISM is ruled by fragmentation and
coagulation processes, as well as the formation of ice mantles.
Dust grains with a core-mantle structure (Desert et al. 1990;
Jones et al. 1990) as well as dust composite models composed
of silicate and carbon grain aggregates (Mathis & Whif-
fen 1989; Zubko et al. 2004; Kohler et al. 2015; Draine &
Hensley 2021) have been proposed. We explore the range
10°-10° erg cm > for Smax in order to consider both the case of
large aggregates and the case of compact silicate core grains
(Hoang 2019). Figures 7 and 8 show [ag;s; and dgisr,max] for the
two extreme values of S, that we consider here.

We find that, for the most irradiated region of the Bar (boxes
#1, #2, and #3 in Figure 7), the RATD mechanism can
disrupt aggregates of tensile strength Sp, = 10°erg cm™3
and size a = 0.01 um toward the northern side exposed to the
irradiation (top row panels), and grains 20.1 yum toward the
southern, colder regions (bottom row panels). Compact grains
of tensile strength S;,.x = 10° erg cm™3 appear to be affected
by RATD only toward the northern irradiated side of the Bar,
where grains 0.1 yum can be rotationally disrupted. Setting
aside the considerations about fyen—y, which does not depend
only on the grain’s characteristics, Figure 8§ clearly shows that
in boxes #1, #2, and #3, grains potentially aligned with the
radiation field, i.e., larger than a,.,,s, are generally disrupted by
RATD if they are aggregates. Compact grains of high tensile
strength are also affected by RATD close to the irradiation
front. Large and compact grains can in theory be aligned via k-
RAT in this region if a > duuns and a > dgisrmax, 1-€.
a 2 1-10 pm. However, such large grains, which are expected
to be formed by collisions, are likely to be aggregate types, and
they are likely to be rotationally destroyed if they are efficiently

14

aligned. In addition, it is unlikely that such large grains
dominate the polarized dust emission in the FIR.

5. Discussion
5.1. Where Could the k-RAT Alignment Operate?

We note that, with its 18”7 (i.e., 0.035 pc at 390 pc) angular
resolution, our grain alignment timescale study does not
resolve the hot dust layer close to the dissociation front, where
the temperature can reach 400-700 K (Goicoechea et al.
2011, 2017, Parikka et al. 2017). In addition, observations and
models have suggested that the Orion Bar PDR actually
consists of high-density clumps ny = 10°-10” cm > embedded
in a lower-density medium of ny ~ 5 x 10*cm™ mainly
responsible for the extended PDR emission (Lis &
Schilke 2003; Andree-Labsch et al. 2017; Habart et al. 2022
and references therein). These substructures could have been
induced by compression driven by UV radiation (Gorti &
Hollenbach 2002; Tremblin et al. 2012), advecting the
molecular gas through the atomic gas (Goicoechea et al.
2016). Based on the results of Sections 4.1 and 4.2, it is
possible to predict if those specific environmental conditions,
toward these denser and warmer substructures, could trigger k-
RAT. Fixing all other parameters, we have: dgis min X
ul?n/? X and Ggans < Uy ® A%, From Hoang et al.
(2021), A o Ay,, with o ~ 0.6, where Ay, is the visual
extinction measured from the illuminating star to a given
location in the cloud. Therefore, an increase in density of two
orders of magnitude, with a stronger or equal apparent radiation
field, could sufficiently decrease the ratio dyns/dgisr,mn Such
that grains with radii of 0.1-1 um can potentially be subject to
k-RATs, depending on their compactness. In parallel, the
fraction fpen—y would also decrease with increasing dust
temperature and density, enabling a larger fraction of k-RAT
aligned grains to contribute to the polarization.

The results from the HAWC+ polarimetric observations
presented in the histograms of Figure 2 does not show that
grains are aligned with the radiation field emanating from the
Trapezium cluster. The low-J aligned grains cannot dominate
the FIR dust polarized emission because the polarization
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fraction would be much lower (i.e., <1%) than what is
observed. In addition, if large low-J aligned grains were to
dominate the polarization, they would generate a rotation of the
polarization angle with increasing wavelength, where those
large grains contribute more to the total emission, which is not
observed. This latter effect would also induce a clear decrease
of polarization fraction with wavelength, which is not the case
in the Bar (see Section 5.3 and Figure 11). Finally, given the
transition sizes of ~ 0.1-0.5 um probed in Section 4.1 and the
maximum size of the dust size distribution (<0.5 ym; see
Schirmer et al. 2022, who proposed that fragmentation of large
grains due to collisions caused by radiative pressure is an
efficient mechanism in the Bar), the low-J k-RAT aligned
grains are not expected to dominate the FIR emission.
Therefore, while there may be a population of k-RAT aligned
grains, there is no evidence that they are the dominant cause of
the FIR dust polarization observations. FIR polarization thus
probes grains efficiently aligned at high J with the magnetic
field. We also note that mechanically aligned grains can
produce the same polarization pattern as k-RAT aligned grains.
Because such patterns are not favored in our analysis, we do
not consider this mechanism further in our discussion.
However, Appendix C present an analytic exploration of this
grain alignment mechanism, where we find that it should not
dominate the origin of the polarized dust emission.

5.2. On the Depletion of Large Silicates

We find that a population of high-J aligned grains should
contribute significantly to the dust polarization because the k-
RAT nondetection implies that the population of low-J aligned
grains is negligible. However, the analysis of Figure 6 showed
that the level of grain alignment efficiency toward the irradiated
side (i.e., Prac ~20%-10%) of the Bar suggests that a
significant fraction of grains is still aligned. We now discuss
the efficiency of RATD for those efficiently aligned grains.
RATD is a mechanism that is relatively hard to precisely
constrain observationally from emission data, as the abundance
and sizes of the largest aligned grains are difficult to measure.
Indeed, as shown in Section 4.2, RATD can be efficient at
fragmenting all the large grains of 0.1-10 um in size if they are
aggregates of low tensile strength. However, we also note that
RATD cannot be so efficient that it would deplete all grains
> 0.1 yum in size, because we expect the grain alignment
efficiency to be limited for small grains (Lazarian &
Hoang 2007; Andersson et al. 2015), i.e., <0.01 ym in size.
Besides, the polarized dust we observe with HAWC+ does not
indicate a scenario where only small poorly aligned grains are
present. Therefore, one needs to determine whether the
efficiency of this mechanism is limited, and/or to characterize
the structure of grains in such environment.

To investigate the hypothesis of high RATD efficiency
precluding the survival of 0.1 pm sized grains, we investigate
the impact of such a depletion of large silicate grains on the
SED of the Orion Bar PDR. To do this, we use the photometry
files used in Chuss et al. (2019) for their SED fitting, as well as
the SOFIA FORCAST MIR observations (19.4, 31.7, and
37.1 pm) from Salgado et al. (2016), which we smooth and
regrid to 18”7 resolution and 3”7 pixel size with a flux-
conserving algorithm. In parallel, we use DustEM (Compiegne
et al. 2011) to simulate the effects of both the irradiation level
Gy and the diminution of the maximum size of silicates on the
SED of a standard ISM dust grain population, using

15

Le Gouellec et al.

10-18 4
10-194
10-204
I‘I} 10—2],
T
n
B0 -
B 1072y
jas
g
—23 |
< 10
E —— Gy =10 x 10
< —— Gy =10 x 10°
o | — Go =90 x 10"
10724 Gy = 1.0 x 10!
— . Ogilmax = 2pm
L = 0.5 um
_ = 0.05 pm
107254 . 0Silmay = 0-005 ym
% Observations irradiated side
4 Observations cold side
.| — Greybody fit
107264 —— Greybody fit
L

10 10°

wavelength A (pm)

Figure 9. DustEM models using Compiegne et al. (2011) ISM dust models, for
different levels of irradiation field strength G, and different maximum grain
sizes of the silicate power-law distribution dagsjj—max (2, 0.5, 0.05, and
0.005 pm). Two sets of flux measurements, taken on the irradiated side of
the PDR (7, ~ 65 K, black points) and on the cold embedded (7, ~ 40 K,
gray points) side of the PDR, are represented. The corresponding graybody fits
of Chuss et al. (2019) are shown with the black and gray solid lines.

compositions of Compiegne et al. (2011). Results are shown in
Figure 9. For each level of G, that we implement, we vary the
maximum size of silicates agj_ma.x among the following values
of 2, 0.5, 0.05, and 0.005 yum. The impact of removing large
silicates on the SED is to increase the emission in the MIR, thus
reducing the SED slope between the MIR and FIR (the MIR-to-
FIR slope we are referring to here is the slope of the flux versus
wavelength, calculated with the FORCAST data between 19.4
and 37.1 ,um).lf’ Indeed, as the mass of dust is kept constant,
cutting out the distribution toward the largest grains redis-
tributes the mass toward small grains, whose emission is thus
increased. We also note that the spectral signature of the
~15 pm band can also help to identify a scenario of a higher
abundance of small silicates.

Also shown in Figure 9 are two sets of flux measurements,
taken from the irradiated side of the PDR (7; ~ 65 K; star
symbols) and on the cold embedded (7, ~ 40 K; plus
symbols) side of the PDR.'” These data points correspond to
relatively low Gy, ~ 10—100 in Habing units, compared to the
known FUYV radiation field incident on the Orion Bar PDR, i.e.,
Gy~ 1-4 x 10* (Marconi et al. 1998), because of the low
angular resolution of our photometric maps. The two SEDs
shown in Figure 9 exhibit a shallower MIR-to-FIR slope than
the model with no large silicate depletion, i.e., with
asil—max = 2 pm.

In order to investigate whether the evolution in the MIR-to-
FIR slope in the observational data can be caused by a
depletion of silicates, we show in Figure 10 the slope versus the
minimum size of rotationally disrupted grains dgis; min derived

16 For reference, we also did this analysis using the THEMIS dust model
(Jones et al. 2013, 2017), and also noticed a evolution of the MIR-to-FIR slope
when decreasing the maximum size of the silicates grains. However, this
evolution is different from that of using the Compiegne et al. (2011) model.
Precise dust modeling would be required, but this goes beyond the scope of this
paper.

17 We do not expect to fit the SED with the DustEM models. We only illustrate
the impacts of the depletion of large silicates on the SED.
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Figure 10. Two-dimensional distribution of MIR-to-FIR slope (using the
FORCAST data at 19.4, 31.7, and 37.1 um from Salgado et al. 2016) vs.
Agisr,min (derived in Section 5.1). The color scale indicates the dust temperature.
The black line is the running mean, and the associated error bars represent the
standard deviation of each bin of data. The dotted—dashed line is a broken
power-law fit, whose indices are shown in the legend.

in Section 4.2 for Smxx = 10°ergcm™3. We find a clear
bimodal change in the MIR-to-FIR slope as a function of
Qgisrmin, Where it initially increases with dgisrmin, Up to
Adist.min ~ 1 X 1072,um, after which it decreases. The different
slopes are mirrored in the dust temperature, such that positive
slopes correspond to larger dust temperatures (7, > 50 K),
with negative slope corresponding to cooler dust temperatures.
This decrease of the MIR-to-FIR slope slope, for agis min<
1 x lO_zum, for decreasing (increasing) dgisrmin (T) 1S
consistent with RATD affecting the size distribution of the
silicate grains by increasing the abundance of small silicates,
assuming that the MIR-to-FIR slope is sensitive to such effects.
For larger ag;g min, the decrease of the MIR slope for increasing
(decreasing) dgisr.min (T) is likely due to a dust temperature
effect.

The interpretation that RATD is responsible for the decrease
of the MIR slope for decreasing dgisrmin at 7, > 40 K, is,
however, subject to several caveats. For example, in a PDR, the
NIR-to-FIR flux ratio is smaller than in the diffuse ISM
because of the intense dust evolution processes at the PDR
irradiation front (Goicoechea & Le Bourlot 2007). While
nanograins are efficiently photodestroyed, large grains frag-
ment due to collisions caused by radiative pressure, in addition
to the RATD effect, which in turn can reform nanograins via
sticking collisions at higher extinction (Schirmer et al.
2020, 2022). This also can have an impact on the MIR slope
of the SED.'® In addition, the characteristic timescale of the
photofragmentation of large grains, i.e., the collision timescale
Teols 18 Of the same order of magnitude as the rotational
disruption timescale 74, Indeed, Schirmer et al. (2022)
derived T.o; ~5 x 10'-10° yr for the Orion Bar, while we
find 74r ~ 10°-10% yr (using Hoang et al. 2019; Lazarian &
Hoang 2021), for grains of 0.1-1 um. Therefore, RATD is not
the only process responsible for the fragmentation of the large
grains in the Orion Bar. These two timescales are dependent on
grain size, and the effects of RATD are more important for
large grains (Hoang 2019), while the photofragmentation of
grains is more efficient for small grains. Therefore, the idea of

18 Using the PDR-constrained THEMIS parameters derived in Schirmer et al.
(2022), however, we find that this only affects marginally the MIR-to-FIR
slope.
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using the MIR-to-FIR slope to probe the depletion of the
largest aligned grains caused by RATD remains to be explored.

Finally, the effect of RATD is also hard to calibrate because
of the uncertain degree of mixing of carbon and silicate grains
in aggregates. Indeed, as carbon grains are diamagnetic and
unlikely to align (Andersson et al. 2022), they are not subject to
RATD. Because we have assumed a maximum efficiency of
RATSs when calculating the RATD parameters, this effect is not
included here. The effects of “wrong” alignment of grains with
respect to the magnetic field for large grains in the absence of
internal alignment are also not included in this study (Hoang &
Lazarian 2009a). An even more important factor affecting the
efficiency of RATD is the size of iron clusters embedded in
dust, which significantly change the magnetic susceptibility of
dust grains—and in turn their inclination to experience fast
alignment and potentially disruption (Chau Giang et al. 2022).

5.3. Next Steps—What Is Needed to Further Test and Verify
Grain Alignment Theories?

The Bar is not optically thin along the direction of the
radiation field, and the UV photons are quickly attenuated. This
affects the radiation field spectrum responsible for the heating
of the dust that produces most of the IR emission across the
Bar. Therefore, a radiative transfer modeling of the Orion Bar
can be useful to produce a spatially resolved SED model across
the PDR. Synthetic observations of such polarization radiative
transfer modeling could thus evaluate the potential contribution
of k-RAT aligned grains to the polarized dust emission
retrieved by HAWC+, as well as the RATD survival of large
silicates grains in suprathermal rotation. While the radiative
transfer code POLARIS (Reissl et al. 2016) has been recently
updated to include the calculation of the fractions of high-J
aligned grains as a function of grain size and environmental
conditions (Chau Giang et al. 2022), the k-RAT and RATD
mechanisms are not implemented yet. Such modeling would
need to be run on a radiation-magneto-hydrodynamic simula-
tion code that includes a proper gas cooling scheme, in order to
reliably reproduce the magnetic field morphology and the
subdensity structures lying below the spatial resolution of our
SOFIA observations. The magnetic field morphology that
affects the polarized dust emission via depolarization effects
may be hard to reproduce, and they can make the comparisons
between such models and dust polarization observations
challenging. In theory, if deeper and higher angular resolution
MIR-to-FIR dust polarization observations are made to resolve
the typical dust evolution spatial scale, one can constrain the
dust evolution scenario via a joint modeling of the grain
alignment mechanisms and SED of the (polarized) dust
emission.

Additionally, the polarization fraction spectrum can be a
powerful tool to constrain grain alignment theories or dust
characteristics. Indeed, it is known to vary with the local
physical conditions (i.e., dust temperature, grain alignment
efficiency, and dust grain characteristics such as their
composition) that affect the polarized dust emission differently
across wavelengths (Hildebrand et al. 1999; Vaillancourt et al.
2008; Vaillancourt & Matthews 2012; Fanciullo et al. 2022).
With optical thickness decreasing with wavelength, the
polarization fraction is expected to increase with wavelength
toward the dense interior of cores (Hildebrand et al. 1999).
However, for less dense regions, the polarization fraction is
expected to decrease with wavelength, as warm dust traced at
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Figure 11. Polarization fraction spectra calculated across the five wavelengths of our observations (the SOFIA OTFMAP mode observations we present in this paper
and the JCMT observations presented in Pattle et al. 2017). We normalize each spectra by the polarization fraction value at 154 pm. In each of the top three panels, we
T4, and the Ny, from ¢! o c» indicated by the color bars. The last panel shows the
normalized polarization fraction spectrum averaging all data points. The error bars associated with the data points represent the standard deviation of each bin of data.

plot the normalized polarization fraction spectrum for four ranges of T, Ny, x

short wavelengths is more easily aligned, due to the higher
efficiency of radiative torques. The available polarization
spectrum models (Draine & Fraisse 2009; Guillet et al. 2018;
Hensley & Draine 2022) predict the 50—200 pm spectra to be
approximately flat toward irradiated regions, i.e., regions close
to the irradiation front in our case. Figure 11 presents the
normalized polarization fraction spectra of the Orion Bar, for
four ranges of T, Ny, X {/T;, and the Ny, from ¢ oric, and
averaging all data points (selecting the pixels meeting the S/N
() = 200 and S/N(P) > 5 and Pp,c < 30% conditions at all
wavelengths). We note here again that the radiation field
interacting with the grains is a function of both the input
radiation field and the density of the cloud, which make the 7,
and Ny, from ¢! ori cquantities probe the same area of the Bar
(i.e., the high-T, locations correspond to l1ow Ny, from 6! OriC
and vice versa; see Figure 5). Data from the SOFIA HAWC+
OTFMAP mode observations are used alongside the JCMT
POL-2 observations presented in Ward-Thompson et al. (2017)
and Pattle et al. (2017). The data have been smoothed to the
lowest resolution of the observations we consider, i.e., the
214 pm data, and regridded to Nyquist-sample the beam.
Michail et al. (2021) measured a falling 50—220 pm polariza-
tion fraction spectrum toward OMCI1, which they attributed to
variation of dust grain population and grain alignment
efficiency in the LOS. Given the uncertainties in the spectra of
Figure 11, we find that the spectra are on average flat.
However, there is a slight decreasing tendency—the spectra
have either a minimum at 154 ym or at 850 um, and they
appear to be tentatively falling between 53 and 154 um (this
latter trend has also been observed in starburst galaxies; see
Lopez-Rodriguez et al. 2022b). We also notice that the
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apparent dip at 154 pm is more prominent at high temperature
and low reddening (i.e., in the low-density region toward the
irradiated side of the Bar) within the covered range of physical
conditions. However, the error bar on the the mean polarization
of the band A data is large, and as noted in Appendix A, the
polarization fractions values of the band A data may suffer from
systematics. Future FIR observatories with multiwavelength
polarization capabilities will be able to put stronger constraints
on the dust grain properties and grain alignment mechanisms at
play in PDRs.

Finally, optical and NIR spectro-polarimetry observations of
background stars represent a strong tool to constrain the size
distribution of foreground aligned grains. The shape of the
polarization fraction versus wavelength curve, i.e., the
Serkowski curve, is sensitive to the total-to-selective extinction
Ry, which is a good tracer of dust grain evolution (Serkowski
et al. 1975; Whittet & van Breda 1978; Andersson &
Potter 2007; Fanciullo et al. 2017; Giang et al. 2020;
Vaillancourt et al. 2020). Such a method can precisely
constrain the maximum size of aligned grains, but it would
require a good number of polarization detections of background
stars as a function of the depth in the Bar, along the direction of
the radiation field, to constrain the dust evolution throughout
the PDR. Such work shall also be enabled by future FIR
polarization capabilities (see Appendix D).

6. Conclusions and Summary

We present multiwavelength SOFIA HAWC+ polarimetric
scan-pol dust polarization observations of the Orion Bar. Our
goal is to characterize the origin of such polarized dust
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emission in such a highly illuminated region. In particular, we
investigate the possibility that the reference direction for the
grain alignment might change from the magnetic field (“B-
RAT”) to the radiation field k-vector (“k-RAT”) in the regions
of strongest illumination of the Bar. In addition, we explore the
grain size parameter space in which aligned dust grains would
be affected by the RAdiative Torques Disruption (RATD)
mechanism, which fragments the largest aligned grains in
efficient grain alignment conditions. The main results and
conclusions of this study are as follows:

1. We find overall consistent polarization position angles
across all wavelengths, at 53, 89, 154, and 214 ym,
within 15°-25°. The linear polarization presents a chaotic
morphology, precluding us from building precise predic-
tions of the mechanism responsible for grain alignment in
the Bar. However, the maps of polarization angles show
that the radiation field direction is not the preferred grain
alignment axis. We thus conclude that no evidence of the
k-RAT grain alignment mechanism is found throughout
the Orion Bar in our FIR dust polarization observations.

2. Using graybody SED fits of FIR and submm archival
data, we derive the local environmental conditions that
we use a proxy for the grain alignment conditions: the
dust temperature, the reddening of the radiation field, and
the gas pressure. We compare them with the polarization
quantities, i.e., the polarization fraction with and without
a correction for the depolarization caused by the
disorganized magnetic field lines. While the grain
alignment efficiency drops with increasing dust temper-
ature, the dust polarization exhibits a high grain
alignment efficiency toward the embedded side of the
Bar, where the temperature is the lowest, and the
reddening is the highest. This evolution of the polariza-
tion degree as a function of the local environmental
conditions cannot be explained by the RAT theory alone
without considering dust evolution. This suggests that the
alignment properties of the large grains change from the
cold to the hot side of the Bar, which can be explained by
an evolution of dust properties across the Bar, possibly
caused by RATD.

3. The level of grain alignment efficiency obtained from
these FIR dust polarization observations across such a
highly illuminated PDR suggests that RATD does not
totally hinder grain alignment. The exact grain size
distribution of the population of aligned grains respon-
sible for the FIR polarization in the Bar remains to be
constrained.

4. We calculate the grain size parameter space affected by k-
RAT and RATD, as function of the depth into the Bar.
The typical grain sizes above which the alignment shifts
from B-RAT to k-RAT (from 0.1 to 10 um depending on
the location within the Orion Bar and the grain
characteristics) corresponds to grain sizes too large to
be the dominant source of polarized dust emission (given
that this transition size is close to the expected maximum
grain size <0.5 ym), and that should be rotationally
disrupted before they reach this typical size. However, the
grains subject to k-RAT and RATD may not be the same
population of aligned grains, i.e., as they correspond to
low versus high grain angular momentum states,
respectively (low or high J). The evolution of the fraction
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of grains at high J in the typical environmental conditions
encountered in PDRs remain to be explored.

5. Extrapolating our analytical calculations, we predict that
k-RAT may be active toward the edge of the denser
ny = 10°-10" cm ™ substructures lying at the dissocia-
tion front.

While the effective impact of RATD seems to remain
moderate throughout the Bar, higher angular resolution multi-
wavelength dust polarization observations will be required to
truly quantify the effects of this mechanism. Our analysis
tentatively suggests that this could be an active factor of dust
grain evolution at the edge of highly illuminated PDRs,
controlling the size distribution of the large aligned dust grains.
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Appendix A
Chop-nod and OTFMAP Modes Comparisons

Figure 12 present4 quantitative comparisons between the
polarization quantities Stokes I, P, Pr,c, and ¢, obtained with
OTFMAP and the C2N HAWC+ polarimetric mode, at the
four wavelengths used in this paper. The same comparisons are
shown in Figure 13, but these new histograms take into account
the off-beam contamination corrections (Novak et al. 1997)
performed in Section 3.4 of Chuss et al. (2019).

In all four bands, we analyze how does the fractional
difference distribution evolve with increasing S/N criteria.
The fractional difference distributions of P and Stokes I are
narrower for increasing S/N criteria (from 100 to 1000 for
Stokes I, and from 3 to 20 for P). For the fractional
difference distributions of ¢ and Py, the increase of the S/
N criteria also decreases the dispersion of the distributions,
but this decrease is peculiarly significant on the band A data.
This suggests that the quality of the band A OTFMAP
observations is lower. From the shape of the distributions,
one can check if any distributions present a clear departure
from zero with a statistical significance and with sufficiently
high S/N criteria. This would suggest a systematic over- or
underestimation of a given polarization quantity. Among all
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Figure 12. Comparisons of the dust polarization quantities between the C2N and OTFMAP mode, for the band A (top left panel), C (top right panel), D (bottom left
panel), and E observations (bottom right panel). In each panel, distributions of the fractional difference of Stokes I, P, P, and ¢ are shown. Each color corresponds
to the S/N criteria specified in the legend along with the mean (1) and the standard deviation (o) of the corresponding distribution.

the distributions, only the fractional difference distribution
of polarization fraction values in band A data present a
statistical signiﬁcant offset from zero with a mean value |

u| = 20 (where o is the standard deviation) for all S/N
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criteria. Finally, the distributions presented in Figure 13 are
on average slightly narrower with the additional flag on the
C2N data that selects out pixels with overly high off-beam
contamination.
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Figure 13. Same as Figure 12, but using the masks of Figure 10 in Chuss et al. (2019) for the polarization quantities. These masks flag all pixels whose off-beam
polarization affects the polarization angles more than 10°.

Appendix B
Additional Dust Polarization Observations Plots

Figure 14 presents the four HAWC+ observations shown in
Figure 1, but smoothed and regridded to the band E angular
resolution and pixel size, using a flux-conserving algorithm.
These maps are the same as those used throughout Sections 3
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and 5 of this paper. We also show in Figure 15 the region taken
to perform the zero-level background correction in each band
(see Section 2). The location of this region is consistent for
bands C, D, and E, which correspond to low average emission
in the 100, 160, and 250 pm Herschel maps. For band A, we
were limited by the field of view of the observations.
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Appendix C
Can Mechanical Torques Contribute to the Alignment of
Dust Grains?

We now discuss the potential contribution that Mechanical
Torques (METs) can have on the alignment of grains within the
Orion Bar. Similarly to RATs, METs consist of the torque applied
to dust grains induced by an anisotropic flow of colliding gas
particles (Lazarian & Hoang 2007). Numerically tested by Hoang
et al. (2018) and Reissl et al. (2022), the MET mechanism can
contribute to the alignment of grains with the magnetic field (or
even with the gas flow direction for high enough velocity), if
internal alignment is ensured. There is, as of yet, no direct
observational evidence for METs, given that is it highly
degenerate to measure separately the orientation of magnetic field
lines and gas—dust drift velocity. However, we can estimate the
drift velocities of aggregates in the Orion Bar driven by the
radiation pressure using a one-dimensional approach. We follow
the method developed in Section 6.3 of Schirmer et al. (2022),
which consists of deriving the asymptotic drift velocity vg;s of a
grain subject to a radiative pressure force (induced by radiation
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field spectrum of #' Ori C), a drag force induced by gaseous
collisions, and a gravitational force (assuming the local gravita-
tional potential is governed by the Trapezium cluster). The left
panel of Figure 16 shows the drift velocities obtained for the range
of gas volume density values encountered in the Orion Bar (using
the density values derived above from Chuss et al. 2019; see
Section 3.2) as a function of grain sizes. We also show the thermal
velocities vy, (i.e., the typical velocity of gas particles, with
vin = /2kgTy/my) for the range of temperature values of Bar
(assuming here T; ~ T,). We compute the ratio vag /v, for every
pixel of the Bar, and show in the right panel of Figure 16 the
average evolution of the vayg/ vy, ratio as a function of the position
along the minor axis of the Bar, directed toward 9" Ori C, for
different grain sizes. On the irradiated side of the Bar, we reach
Vasif/Vin values of ~ 3-8 for grains of 0.01-1 um in size, and
values of ~0.6-3 for grains of < 0.01 ym in size.

These calculations are, however, subject to several caveats.
We assume that the drag force is totally anisotropic and entirely
due to gas collisions. The plasma drag and Lorentz forces are
thus not taken into account, even though they are expected to
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Qrat = OmET-

play an important role in the development of instabilities that
decouple gas from dust (see the work of Hopkins et al. (2022)
for H1I regions). Additionally, because of its spatial resolution,
the map of gas volume density used in our study does not
reflect the presence of high-density clumps (ng=
10°-107 cm™>; see Lis & Schilke 2003; Andree-Labsch et al.
2017; Habart et al. 2022). Such high-density layers should be
efficient at reprocessing the radiation field from the Trapezium
cluster. Indeed, the subsequent modification and attenuation of
the spectrum of the heating source (taken as the blackbody of
6" Ori C in the equation) can significantly decrease the
efficiency of the radiative pressure force, which in turn can
decrease the gas—dust drift velocity. Therefore, the drift
velocities derived here are most likely overestimates, especially
for the values past the dissociation front.

In order to determine which of the two alignment mechanisms
between RATs and METs dominate within the Orion Bar, we
show in Figure 17 the ratio of the respective grain rotational
velocities Qrat/CMmer as a function of the position across the
Orion Bar, for different grain sizes. We use equations from
Sections 3.2 and 3.4 of Hoang et al. (2022), with our derivation of

23

the gas—dust drift velocities presented in Figure 16. We treat the
spin-up efficiency of METs as a free parameter, and use explore
the range Qgpin—upMET = 107°-1073, given the numerical calcula-
tions of Hoang et al. (2018), Reissl et al. (2022). We find that the
deeper into the Orion Bar, the more important the contribution of
METs is, due to the strong attenuation of the radiation field.
However, this is where we trust our derivation of the gas—dust
drift velocities the least, for the reasons discussed above. Close to
the irradiated edge of the Bar, RATs dominate if we assume a low
value of MET spin-up efficiency, i.e., 10*5, and METSs can
contribute to the alignment of grains < 0.01 ym in size if we
assume Qgpin—up = 1073, In summary, the degeneracies generated
by the estimation of the gas—dust drift velocities and the MET
spin-up efficiencies make prediction of the role played by MET
challenging. Staying conservative with those degeneracies, we do
not predict that METs are dominant in the Orion Bar PDR.

Appendix D
Starlight Polarization

Figure 18 presents detections of H-band (1.65 ;#m) and K-band
(2.2 pm) starlight polarization detection toward the Orion nebula,
on top of the HAWC+ band C dust polarization map. The
starlight polarization data (D. P. Clemens et al. 2023, in
preparation) was taken with the Mimir instrument (Clemens
et al. 2007) on the the 1.83 m Perkins telescope, located outside
Flagstaff, AZ. We retrieve the distance of those stars with Gaia
DR3 (Gaia Collaboration et al. 2022) and separate them into three
subgroups, i.e., foreground (d <390 pc), within the cloud
(410 <d < 390 pc), and background (d > 410 pc). Our goal is
to analyze the evolution of the starlight polarization angle as a
function of distance, in order to constrain the 3D magnetic field
topology and to quantify the contribution of the background
OMCI cloud in the dust polarized emission, in the LOSs of the
Bar. Unfortunately, not enough stars have been detected within
our region of interest to compute statistics. However, we highlight
that such comparisons between polarization in extinction and
polarization seen in emission is promising, toward environments
experiencing intense gradients in grain alignment conditions.
Figure 18 shows that such work can be done toward the Orion
Veil nebula with future, more sensitive FIR polarization
observations.
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field vectors, obtained from the 89 ym HAWCH polarimetric observations. H-band and K-band starlight
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polarization vectors indicate the distance range in which the star is thought to be, using the Gaia DR3 (Gaia Collaboration et al. 2022). Starlight polarization vectors

polarization vectors (MIMIR; Clemens et al. 2007) are shown by the colored line segments in the left and right panels, respectively. The colors of the starlight
are plotted as Ppac/opp,. > 2.

Figure 18. Maps of K- and H-band starlight polarization and 89 ym dust polarization in emission. Like in the top right panel of Figure 1, the color scale here is the

total intensity and the white line segments are the B-
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