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Abstract

We present the first polarized dust emission measurements of the Horsehead Nebula, obtained using the POL-2
polarimeter on the Submillimetre Common-User Bolometer Array 2 (SCUBA-2) camera on the James Clerk
Maxwell Telescope. The Horsehead Nebula contains two submillimeter sources: a photodissociation region (PDR;
SMM1) and a starless core (SMM2). We see well-ordered magnetic fields in both sources. We estimated plane-of-
sky magnetic field strengths of 56 + 9 and 129 £ 21 uG in SMM1 and SMM2, respectively, and obtained mass-to-
flux ratios and Alfvén Mach numbers of less than 0.6, suggesting that the magnetic field can resist gravitational
collapse and that magnetic pressure exceeds internal turbulent pressure in these sources. In SMM2, the kinetic and
gravitational energies are comparable to one another, but less than the magnetic energy. We suggest a schematic
view of the overall magnetic field structure in the Horsehead Nebula. Magnetic field lines in SMM1 appear to have
been compressed and reordered during the formation of the PDR, while the likely more-embedded SMM2 may
have inherited its field from that of the pre-shock molecular cloud. The magnetic fields appear to currently play an
important role in supporting both sources.
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1. Introduction

Massive stars emit strong ultraviolet (UV) radiation, which
ionizes their parental molecular clouds, creating H II regions
(e.g., Arthur et al. 2011; Walch et al. 2012). This radiative
feedback can also help to trigger further star formation by
compressing the gas and dust surrounding massive stars (Walch
et al. 2012). The compressed neutral gas structures bounding
H 1I regions are known as photodissociation regions (PDRs).
PDRs are dense, often shell-like, cloud structures, with
elongated dense structures protruding into the H II region,
typically referred to as “pillars” or “elephant trunks.” These
pillars are created as the shock from the expanding H 1I region
is driven into the surrounding molecular cloud, although their
formation mechanism remains under debate (e.g., Arthur et al.
2011). Magnetic fields within PDRs may play an important role
in supporting their structures against thermal pressure from the
surrounding H 1I region or against collapse under self-gravity
(e.g., Pattle et al. 2018). However, to date there have been only
a few studies that have observed and analyzed magnetic fields
within PDRs.

The Horsehead Nebula, shown in Figure 1, is one of the
most well-known PDRs. Also known as B33, (Barnard 1919),
it is located at the western edge of the L1630 molecular cloud.
The nearby 09.5V star ¢ Orionis (hereafter o Ori), located to
the southwest of the Horsehead Nebula, emits ionizing
radiation that drives the H II region, IC 434, and thus sculpts
the Horsehead Nebula and its PDR (Abergel et al. 2003;
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Pound et al. 2003). The distance to ¢ Ori has been measured as
387.51 £ 1.32 pc using interferometric parallax observations
(Schaefer et al. 2016). We thus adopt 388 pc as the distance to
the Horsehead Nebula. Two submillimeter sources were
identified in the Horsehead Nebula using the SCUBA camera
on the James Clerk Maxwell Telescope (JCMT) by Ward-
Thompson et al. (2006). These two sources are named as B33-
SMM1 and B33-SMM2, and are located in the “head” and
“neck” of the “horse’s head” structure, respectively. B33-
SMMI is the PDR driven by ¢ Ori, while B33-SMM2 is an
embedded starless core (Ward-Thompson et al. 2006).

Magnetic fields within PDRs have been studied using
polarized dust emission (e.g., Pattle et al. 2018). Dust grains
spun up by radiative torques imparted by interactions with
stellar photons process around magnetic field lines with their
minor axes parallel to the magnetic field direction (Lazarian &
Hoang 2007). Plane-of-sky magnetic field orientations are thus
determined by rotating the polarization angle of polarized dust
emission by 90°. Magnetic field strengths can be estimated
from polarized dust emission measurements using the Davis—
Chandrasekhar-Fermi (DCF) method (Davis 1951; Chandra-
sekhar & Fermi 1953).

By observing polarized dust emission from the Horsehead
Nebula, we can study the magnetic fields in both the PDR and
the starless core. The role of magnetic fields in the evolution of
starless cores and PDRs is uncertain because only a few
measurements of magnetic field strengths in such sources have
been made (e.g., Pattle et al. 2018; Karoly et al. 2020). While
magnetic fields in starless cores typically show an ordered and
linear geometry (e.g., Karoly et al. 2020), those in PDRs are
more complex. Arthur et al. (2011) predicted magnetic field
geometry in PDRs using three-dimensional radiation-magneto-
hydrodynamic simulations. Magnetic fields in the pre-existing
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Figure 1. Magnetic field vectors overlaid on a two-color composite of HST imaging in two broadband filters, F110W (YJ) and F160W (H), centered at 1153.4 and
1536.9 nm, respectively, taken from the Mikulski Archive for Space Telescopes (MAST) (https://archive.stsci.edu/prepds/heritage /horsehead/). Black and orange
segments show magnetic field orientations inferred from JCMT POL-2 850 um measurements (this work) and Palomar Observatory r-band measurements centered at
~7200 A (Zaritsky et al. 1987), respectively. It should be noted that the image is rotated with respect to standard equatorial coordinates.

molecular cloud are compressed by the radiation from the
massive young star in their simulations. As a result, magnetic
field lines are aligned parallel to the shell-like molecular gas
structure bordering the H II region, as well as to the boundaries
of pillars protruding from the shell into the H 1 region.
Magnetic fields thus show hairpin structures at the ends of
pillars.

Here, we present polarized dust emission observations of the
Horsehead Nebula obtained by the JCMT at 850 yum. We show
plane-of-sky magnetic field orientations in the PDR and starless
core (hereafter, SMM1 and SMM2, respectively). We estimate
magnetic field strengths in both sources using a modified DCF
method (Hildebrand et al. 2009). From the estimated magnetic
field strengths, we derive mass-to-flux ratios and Alfvén Mach
numbers in SMMI1 and SMM2. We additionally estimate
gravitational and magnetic energies in SMM?2 and discuss their
relative importance. Based on these results, we suggest a
schematic view of, and formation scenario for, the Horsehead
Nebula.

This paper is organized as follows: in Section 2, we describe
the JCMT observations of the Horsehead Nebula and the data
reduction processes. We present the polarization angle
distribution in Section 3. Measurements of magnetic field
strengths and other parameters, such as mass-to-flux ratios,

Alfvén Mach number, and energies, are presented in Section 4.
We summarize our results in Section 5.

2. Data Reduction

We used observations of polarized dust emission and the
C'"®0 J=3—2 spectral line in the Horsehead Nebula,
obtained using the Submillimetre Common-User Bolometer
Array 2 (SCUBA-2) camera and its POL-2 polarimeter, and
with the Heterodyne Array Receiver Program (HARP) on the
JCMT. The data were obtained in Director’s Discretionary
Time (DDT) under project code M18BD002 (PIs: Mallory Go,
Harriet Parsons) as part of the Maunakea Scholars program.
We here discuss the data reduction processes for, and the
properties of the reduced maps of, the two data sets.

2.1. SCUBA-2/POL-2 Data

Polarized dust emission from the Horsehead Nebula was
observed using the POL-2 polarimeter inserted in front of the
SCUBA-2 bolometer camera (Holland et al. 2013) on the
JCMT at 450 and 850 um simultaneously, although we
consider only the 850 um data in this work. The field was
mapped 10 times in 32-minute observing blocks with SCUBA-

7 htps: / /maunakeascholars.com
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Figure 2. Map of SCUBA-2/POL-2 850 um intensity in the Horsehead Nebula. Magnetic field orientations are shown as red, blue, and green segments, which were
obtained using the JCMT (this work), the Palomar Observatory (Zaritsky et al. 1987), and Planck (Planck Collaboration et al. 2015), respectively. The orange contour
level marks a total intensity of 9 mJy beam™'. The circle in the lower right corner shows the JCMT beam size of 14”1 at 850 um.

2/POL-2 on 2018 November 21. The total on-source time was
about 5 hr 20 minutes. The observations were conducted in
JCMT Weather Band 1, in which the atmospheric opacity at
225 GHz (7275) < 0.05. The effective beam size of the JCMT is
14”1 at 850 um (Dempsey et al. 2013).

We reduced the data using the Submillimetre User Reduction
Facility (SMURF) package (Chapin et al. 2013) from the
Starlink software suite (Currie et al. 2014). The pol2map®
command is used to reduce POL-2 data. In the first step of the
data reduction process, pol2map is used to convert raw
bolometer timestreams for each observation into separate
Stokes Q, U, and I timestreams, and to create initial Stokes
maps from the Stokes / timestreams using the SMURF routine
makemap (Chapin et al. 2013). The coadd of the initial Stokes /
maps is used to make masks defining areas of astrophysical
emission. In the second step of the data reduction process,
pol2map is used to create final Stokes /, Q and U maps and a
polarization segment (or half-vector) catalog. In this second
step, we used the skyloop and mapvar parameters in pol2map.
skyloop improves signal-to-noise ratio and image fidelity by
reducing all 10 observations concurrently rather than consecu-
tively, while mapvar calculates the variances of the Stokes /7, O,
and U maps from the spread of pixel data values between the
individual observations. We used the August 2019° instru-
mental polarization model to correct the Stokes Q and U maps.
A detailed description of the the POL-2 data reduction process
is given in, e.g., Pattle et al. (2021) and Konyves et al. (2021).
In the second step of the data reduction process, we used a
pixel size of 8" instead of the default 4” pixel size in order to

& hup: //starlink.eao.hawaii.edu/docs/sun258.htx /sun258ss73.html

® https:/ /www.eaobservatory.org /jcmt/2019 /08 /new-ip-models-for-
pol2-data/

increase the signal-to-noise ratio (S/N) of the final Stokes I, Q,
and U maps, but used masks defined using the 4" pixel-size
Stokes I map from step 1 in order to provide sufficient
constraints on the mapmaker. A detailed investigation into the
effect of pixel size on POL-2 data reduction and the choice to
use 8” pixels is presented by Karoly et al. (in prep.).

The native units of the reduced Stokes I, Q, and U maps are
pW. We converted the maps to Jy beam ' using a Flux
Conversion Factor (FCF) of 495 Jy beam ! prl (Mairs et al.
2021), multiplied by a factor of 1.35 to account for additional
flux losses in POL-2 (Friberg et al. 2016). As we used 8" rather
than 4" pixels, we further multiplied the maps by a factor of
1.12, determined from SCUBA-2 calibration data (Karoly et al.
in prep.). Figure 2 shows an image of the 850 pm total intensity
(Stokes I) map of the Horsehead Nebula in units of Jy beam™
on which polarization segments are overplotted.

We binned the polarization segments obtained using the data
reduction processes described above to a pixel size of 127,
which is the JCMT 850 pm primary beam size, and is similar to
the JCMT 850 um effective beam size of 14”1. The
polarization fractions p listed in the polarization half-vector
catalogs are debiased, and are given by

b= (Q* + U? — 0.5[(5Q)* + (6U)*D'/?

i ; ey

where 6Q and 6U are the square roots of the measured
variances on Q and U respectively. The polarization angles 6
are given by

0= lalrctan(g) X 180 . 2)
2 0

™
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Figure 3. Map of C'®0 velocity dispersion in the Horsehead Nebula. The contours show SCUBA-2 850 um flux densities of 9, 100, and 150 mJy beam . The circle

in the lower right-hand corner shows the JCMT beam size of 14//1 at 850 ym.

Uncertainties on p and 6 are given by

(Q%Q% + U?U?) | 1*(Q* + U?)
op = 3
P \/ IZ(QZ + U2) 14 ( )
and
2 2 2502 o
sy - L@V + V0> | 180° @

2 (Q* + U? T

respectively. We rotated these polarization angles by 90° to
show magnetic field orientations in the Horsehead Nebula in
Figure 1 and Figure 2, and in subsequent analysis of magnetic
field direction. The maps and half-vector catalogs used in this
work are available at [DOI to be inserted in proof].

2.2. HARP Data

Three CO isotopologues, 2co J=3-2), Bco
(J=3-2) and C'®O (J=3-2), were observed in the
Horsehead Nebula under project code M18BD002, using
HARP. The CO and C'O observations were made
simultaneously on 2018 December 30. All observations of
the CO isotopologues were carried out in weather band 2
(0.05 < 7225 < 0.08). In this work, we use only the data for
C180, which, like the other isotopologues, has a critical density
of ~10* cm*3, and which, with the lowest fractional abundance
of the three isotopologues, is able to trace gas density to the
highest optical depth (e.g., Rigby et al. 2016). With a rest
frequency of 329.331 GHz ~911 um, the C'®0 data have a
resolution comparable to that of the SCUBA-2 850 um data.

To estimate velocity dis;i)ersion values in the Horsehead
Nebula, we reduced the C 80 data using the ORAC Data
Reduction (ORAC-DR) pipeline and the Kernel Application

Package (KAPPA; Currie et al. 2008) in the Starlink software
suite (Jenness et al. 2013). We obtained a reduced C'*0 data
cube in which the pixel size, beam size, and spectral resolution
are 7, 15”3, and 0.05 km s~ ', respectively. To improve the S/
N, we smoothed the data cube to a spectral resolution of 0.15
km s~ '. Figure 3 shows the velocity dispersion of the C'*0O
data, which was obtained by fitting the C'®*0 spectra with a
single Gaussian profile. The contours in the figure show total
intensities at 850 pum of 9, 100, and 150 mly beam !, We
analyzed the two regions within the lowest contour level, in
which velocity dispersions of C'%0 are similar to each other.

3. Results

Figure 1 shows a near-infrared image of the Horsehead
Nebula obtained using the HST, with magnetic field orienta-
tions overlaid. The image shown in Figure 1 is a composite of
two archive images obtained by the WFC3 infrared camera on
the Hubble Space Telescope (HST) in the broadband F110W
(YJ) and F160W (H) filters, centered at 1153.4 and 1536.9 nm,
respectively.'®

Submillimeter observations, such as our SCUBA-2/POL-2
observations, allow us to see within the Horsehead Nebula, and
they show us that the Horsehead contains two dense sources:
the western PDR (SMMI1) and the eastern starless core
(SMM2), which are labeled on Figure 2. The PDR and the
starless core are in the “head” and “neck” of the “horse’s head,”
respectively.

Magnetic field orientations in the Horsehead Nebula are
shown in Figure 2. As well as our JCMT data, we show
magnetic field measurements made using Planck (Planck
Collaboration et al. 2015) and the Palomar Observatory

1% hitps:/ /archive.stsci.edu/prepds/heritage /horsehead /
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Figure 4. Magnetic field orientations obtained using the JCMT (this work), Planck (Planck Collaboration et al. 2015), and Palomar (Zaritsky et al. 1987). Gray and red
bars show magnetic field orientations obtained using the JCMT in SMMI1 and SMM2, respectively. The magnetic field orientations obtained in SMM2 are
approximately parallel to those obtained using Planck. Overall, the magnetic field orientations obtained using Palomar are shifted about 20° compared to those
obtained using Planck. The JCMT POL-2 histograms are shown over the angle range 0°~180° E of N, while the Planck and Palomar histograms are shown over the
range 180°-360°. Due to the 180° ambiguity in polarization vector measurements, this range is identical to the range 0°-~180°, and so opposite angles on the plot
agree. In Cartesian space, the area of each histogram is normalized to 1; it should be noted that the projection onto a circle means that their areas are distorted.

(Zaritsky et al. 1987). The Palomar polarization observations
were conducted at optical wavelengths using the four-shooter
polarizing filter wheel in front of a CCD camera on the 5m
telescope of the Palomar Observatory (Zaritsky et al. 1987).
Polarized starlight results from the preferential extinction of
light from background stars by dust grains aligned with their
major axis perpendicular to the local magnetic field direction
(Hiltner 1949), and so optical polarization segments in
Figures 1 and 2 directly show magnetic field orientations in
the plane of the sky. The Planck observations trace polarized
dust emission, and they were carried out at 353 GHz,
comparable to the JCMT observations. However, the full
width at half maximum (FWHM) of the Planck beam is 10/,
which is much larger than that of the JCMT at 850 um. The
polarization segments obtained by Planck and the JCMT are
perpendicular to the plane-of-sky magnetic field direction, and
so we rotated these segments by 90° in Figures 1 and 2 to show
magnetic field orientations.

3.1. Magnetic Field Morphology

Both SMM1 and SMM2 have ordered magnetic fields, but
the fields in the two regions have very different magnetic field
morphologies. We select those polarization segments for which
p/ép =2 and p < 20% for analysis. Figure 4 shows magnetic
field orientations in the Horsehead Nebula as a polar bar chart.
The left-hand side of the plot shows magnetic field orientations
in SMM1 and SMM2 obtained by the JCMT, while the right-

hand side shows magnetic field orientations in the vicinity of
the Horsehead Nebula obtained by Palomar and Planck, such
that diametrically opposite angles on the plot agree. The
magnetic field orientations in SMM2 have a peak at
115° 4+ 30°, approximately perpendicular to the major axis of
the source, and are broadly aligned with those measured with
Planck and similar to those measured at the Palomar
Observatory. The magnetic field orientations in SMM1 are
roughly perpendicular to the curved structure of SMMI1 in the
plane of the sky. The magnetic field orientations in SMM1 thus
occupy a wide range of angles in Figure 4.

Pattle et al. (2018) presented magnetic field orientations
within the photoionized pillars known as the “Pillars of
Creation” in M16 at a distance of ~1.8 kpc. They found that
magnetic fields are aligned along the length of the pillars, but
were unable to resolve the magnetic fields in the PDRs at the
pillars® tips. Our observations of the Horsehead nebula are a
factor ~5 higher in linear resolution than the M16 observa-
tions, and the PDR of the Horsehead appears to be more
extended in the plane of the sky than those of the pillars in
M16, allowing us to resolve the magnetic field within the PDR.
The magnetic field in SMM1 is perpendicular to the major axis
of the PDR structure. This is quite dissimilar to POL-2
observations of the magnetic field in the Orion Bar in OMC-1,
at a comparable distance to the Horsehead, in which the
magnetic field runs along the length of the PDR (Pattle et al.
2017; Ward-Thompson et al. 2017). A possible cause of the
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morphology we observe in SMMI is that we are seeing a
magnetic field in the PDR that is folded back on itself along the
line of sight. A detailed schematic view of the magnetic field
morphology of SMMI is presented in Section 4.2.

3.2. Column Density

We calculated the column density of molecular hydrogen in
SMM1 and SMM2 using (Hildebrand 1983)

1,

H) = —— ¥
N = BT

&)

where [, is the total intensity at frequency v, u is the mean
molecular weight, my is the mass of a hydrogen atom, x(v) is
the dust opacity, and B,(7) is the Planck function for a dust
temperature 7. We took ;= 2.8 (Kauffmann et al. 2008). The
dust opacity is estimated using x(v) = nl,o(u/yo)g, where k,,
is the dust opacity at the reference frequency vy, and (3 is the
dust opacity spectral index. We took k,, =0.1 em? g at
Vo= 1000 GHz, and 8= 2, thus assuming a dust-to-gas mass
ratio of 1:100 (Beckwith et al. 1990; Motte & André 2001;
André et al. 2010).

The dust temperatures in SMM1 and SMM2 are 22 and 15
K, respectively (Ward-Thompson et al. 2006). We estimated
mean column densities for SMM1 and SMM?2 by substituting
the mean Stokes I intensities for SMM1 and SMM2 of 71 and
69 mJy beam ! at 850 pm, as measured from our observations,
into Equation (5). The mean Stokes / intensities are estimated
by averaging intensities within the orange contours in Figure 2,
in which the left contour outlines SMM?2 and the right contour
outlines SMMI1. The mean column densities estimated in
SMMI and SMM2 are 3.9 x 10°' and 6.7 x 10*' cm™>. The
peak column densities of SMM1 and SMM2 are 1.3 x 10*! and
3.0 x 10?2 cmfz, which are comparable to within a factor of a
few with those estimated by Ward-Thompson et al. (2006).

3.3. Magnetic Field Strengths

We estimated magnetic field strengths in the Horsehead
Nebula using the angular dispersion function (Hildebrand et al.
2009) implementation of the DCF method (Davis 1951;
Chandrasekhar & Fermi 1953). The DCF method is widely
used to estimate magnetic field strengths in star-forming
regions from dust polarization observations (e.g., Pattle et al.
2022, and references therein). DCF estimates magnetic field
strength from the gas density, velocity dispersion, and
polarization angle dispersion in a given region. The funda-
mental assumption of DCF is that the distortion of magnetic
field lines by small-scale turbulent gas motions is indicative of
the Alfvén Mach number of the gas and can be estimated as a
polarization angle dispersion in the region. In traditional
implementations of DCF, polarization angle dispersion is
measured under the assumption of a uniform underlying
magnetic field direction. However, magnetic field lines can
show ordered variation and curvature due to gravitational
collapse, rotation, shocks, or outflows. In order to estimate
magnetic field strengths using traditional DCF, it is thus
essential to assume a model for the structure of the mean
magnetic field.

Hildebrand et al. (2009) suggested a method to separate the
ordered and turbulent components of the magnetic field, a
structure—function-based approach to DCF known as the

Hwang et al.

angular dispersion function. To calculate the angular dispersion
function, we calculate the differences in polarization angles
between individual pairs of polarization segments, Af(l) =60
(x) — O(x + 1), where 6(x) is the polarization angle of a segment
at position x, and 6(x + /) is the polarization angle of a segment
separated from x by a distance [. If the number of pairs is given
by N(l), the angular dispersion function is then given by

(AG2())/? = L%lj) AO(1)> 1/2. ©6)
N i

The angular dispersion function can, at small /, be fitted with
the quadratic function

(AG(D)) = b + m** + o3,(D), (7

where ml is the mean magnetic field (referred to as the large-
scale field by Hildebrand et al. 2009), b is the turbulent
dispersion about the mean magnetic field, and oy(l) is the
measurement uncertainty. Hildebrand et al. (2009) expressed
polarization angle dispersion as the ratio of the turbulent to
large-scale magnetic field strength, which is given as

b/ V2 — b%. When the turbulent component of the magnetic
field is much smaller than the ordered component, i.e.,

b<lrad, b/\2 —b> - b/V2. In this case, the DCF
equation for magnetic strength can be expressed as

Bpos = Swp%, (®)

where By is the magnetic field strength in the plane of the sky,
p is the mass density of gas coupled to the magnetic field, and
o, is the velocity dispersion of the gas. The mass density is
given by p= pumyn(H,), where p is the mean molecular
weight, taken to be 2.8 (Crutcher 2004; Kauffmann et al. 2008),
my is the mass of a hydrogen atom, and n(H,) is the volume
number density of the gas.

We estimated each of the parameters in Equation (8) in order
to measure magnetic field strengths in SMM1 and SMM2. We
fitted the quadratic model of the angular dispersion function, as
given in Equation (7), to the dispersion of polarization angle
differences in SMM1 and SMM?2 as a function of the distance
between pairs of polarization segments, as shown in Figure 5.
We fitted the data in the range [ < 36”. The fitted b values are
2192 +3%4 and 1598 +£2°6 in SMMI1 and SMM2, respec-
tively. Note that the units of b in Equation (8) are radians.

We estimated volume density values from the column
density values obtained in Section 3. We assumed effective
radii for SMM1 and SMM2 of 0.15 and 0.10 pc, which we took
to be the radii of circles with areas equal to the areas within the
orange contours shown in Figure 2. The volume density is
estimated using

n(Hy) x %71'}”3 = N(H,) x 7r?, C))

where n(H,) is the volume density and r is the effective radius.
We thus estimate mean volume densities in SMM1 and SMM2
of 6.4 x 10° and 1.7 x 10* em ™.

We estimated nonthermal velocity dispersion values from
our C'0 spectral line data. We fitted each pixel of the
observed line data with a single Gaussian profile. The
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Figure 5. Angular dispersion functions measured in SMM1 (left) and SMM2 (right). Blue lines show the quadratic function fitted to the angular dispersion function.
The fitted b and m values are shown in the left upper corners of each panel. Note that b is here given in degrees for ease of interpretation.

nonthermal velocity dispersion is given by

KTy
9
mciso

2 _ 2
Oy = Oobs —

(10)

where o, 1s the estimated dispersion of the Gaussian profile
(Figure 3), k is the Boltzmann constant, 7} is the kinetic
temperature, and mcisg is the mass of C'80 molecule. We took
T, to be equal to the dust temperatures of 22 and 15 K in
SMMI1 and SMM2, respectively. The mean observed velocity
dispersions in SMM1 and SMM2 are 0.11 and 0.10 kms '
These dispersions are dominated by nonthermal motions; the
nonthermal velocity dispersions given by Equation (10) agree
with these values to two decimal places.

By substituting the above values into Equation (8), we
estimated magnetic field strengths of 56 +£9 and 129 + 21 uG
in SMM1 and SMM2, respectively. The uncertainties on these
magnetic field strengths were obtained by propagating the
fitting uncertainties on b for the two sources.

4. Discussion

In this paper, we present the first estimates of magnetic field
strengths in the Horsehead Nebula. There are several previous
works that have estimated magnetic field strengths in starless
cores, and a handful of estimates of magnetic field strengths in
PDRs at submillimeter wavelengths. Pattle et al. (2018)
estimated a magnetic field strength in a pillar in the Eagle
Nebula (M16) of 170-320 uG, larger than that which we
estimate SMM 1. There are a number of differences between the
two regions: the volume density of the pillar in M 16 is an order
of magnitude larger than that in SMM1, and the H II regions in
M16 are driven by a massive star cluster (NGC 6611), while
that in the Horsehead Nebula is formed by a single O star,
suggesting a more simple star formation than that in M16.
Moreover, the magnetic field strength estimated for M 16 is that
of the pillar, not of that in the PDR at the pillar’s head. All of
these factors could result in the different magnetic field
strengths estimated in SMM1 and M16. However, DCF
measurements derived from SOFIA HAWCH far-infrared
observations of the Orion Bar also show magnetic field
strengths of up to a few hundred uG (Guerra et al. 2021),

more similar to that of M 16 than that of the Horsehead. While
the Orion Bar is an extended PDR at a similar distance to the
Horsehead, it is again driven by a stellar cluster (the Trapezium
Cluster) rather than by a single star.

The number of estimates of magnetic field strengths in
starless cores is relatively small, due to their low brightness.
Magnetic field strengths in the starless cores L183, p
Ophiuchus C, L1689B, and SMM16 range from 72 to 284
1G (Liu et al. 2019; Karoly et al. 2020; Pattle et al. 2021).
These values are comparable to the magnetic field strength,
which we estimate in SMM?2.

4.1. The Energetic Importance of Magnetic Fields in the
Horsehead Nebula

The relative energetic importance of magnetic fields in the
Horsehead Nebula can be estimated using the mass-to-flux ratio
and Alfvén Mach number to compare magnetic fields to self-
gravity and internal turbulent motions. We derive mass-to-flux
ratios and Alfvén Mach numbers for both SMM1 and SMM2.
Additionally, we estimate the magnetic, gravitational, and
turbulent energies in SMM?2, and consider their relative
importance. From these results, we discuss the role of magnetic
fields in the evolution of the Horsehead Nebula.

4.1.1. Mass-to-flux Ratio

The mass-to-flux ratio is widely used to study the relative
importance of magnetic fields and self-gravity in molecular
clouds and the structures within them (e.g., Mouschovias &
Spitzer 1976; Crutcher 2004). The mass-to-flux ratio is
typically expressed as ), the ratio of the measured mass-to-
flux ratio to its critical value. When we use the critical value for
a magnetized disk supported by magnetic field against gravity,
1/27JG (Nakano & Nakamura 1978), \ can be parameterized
as

N (Hy)

A=76x 102! (11)

(Crutcher 2004), where B is the three-dimensional magnetic
field strength in units of uG, and N(H,) is in units of cem 2 If
A< 1, the structure under consideration is supported by
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magnetic fields against gravitational collapse, and is referred to
as being “magnetically subcritical.” If \> 1, the structure’s
internal magnetic field cannot prevent gravitational collapse,
and so the structure is referred to as being “magnetically
supercritical.”

If we assume B ~B,,,, the mass-to-flux ratios in SMM1 and
SMM2 are 0.5 + 0.1 and 0.4 & 0.1, respectively. Crutcher et al.
(2004) noted that, on average, three-dimensional magnetic field
strength is related to the magnetic field strength in the plane of
the sky by B=4/m x Bp,,. While it should be noted that this
strictly holds only for a statistical ensemble of measurements,
the mass-to-flux ratios obtained using this estimate of B are
0.41 £0.07 in SMM1 and 0.31 £ 0.06 in SMM2.

A long-standing issue in DCF studies is that the measured
polarization angle dispersion is integrated over some number N
turbulent eddies along the line of sight, and so the magnetic
field strength will be overestimated by a factor /N (e.g., Pattle
& Fissel 2019, and refs. therein). Cho & Yoo (2016) proposed
a method to estimate +/N from the ratio of the mean velocity
dispersion (line width) to the dispersion of centroid velocities
of the spectral line being used for the DCF analysis. We
calculated this ratio for our C'®0 measurements in SMM1 and
SMM2. From the ratio, we estimated that there are one and four
turbulent eddies along the lines of sight in SMM1 and SMM2,
respectively. The magnetic field strength in SMM2 may thus be
overestimated by a factor of /4 =2. If we include this
correction factor, the estimated three-dimensional mass-to-flux
ratio in SMM?2 becomes 0.6 £ 0.1.

Irrespective of whether or not we attempt to account for the
three-dimensional magnetic field strength or the number of
eddies, the mass-to-flux ratios we infer are less than unity in both
SMMI1 and SMM2. This suggests that the magnetic fields in
SMMI1 and SMM?2 are strong enough to support them both
against gravitational collapse. This is not a surprising result in
SMMI1, where we expect gas and radiation pressure from the
H 11 region to play a more significant role than self-gravity in the
evolution of the PDR. The starless core SMM?2 appears closer to
magnetic criticality than SMMI1, although neither SMMI1 nor
SMM2 have mass-to-flux ratios very different from unity.

4.1.2. Alfvén Mach Number

The Alfvén Mach number (M,) is used to parameterize the
relative importance of nonthermal motions—in this case,
internal small-scale turbulence—and magnetic fields. M4 is
defined as the ratio of nonthermal (turbulent) velocity
dispersion to Alfvén velocity (e.g., Crutcher et al. 1999), and
is equivalent to the ratio b/ V2 — b? discussed in Section 3.3.
We thus estimate Alfvén Mach numbers in SMM1 and SMM2
of 0.27 £ 0.05 and 0.20 + 0.03, respectively, where uncertain-
ties are again estimated by propagating the uncertainty on the
fitted value of b. If the Alfvén Mach number is less than unity,
magnetic pressure dominates over internal turbulent pressure. If
we apply our /N = 2 Cho & Yoo (2016) correction factor to
SMM2, its Alfvénic Mach number becomes 0.40 = 0.06. These
results suggest that magnetic pressure exceeds internal
turbulent pressure in both SMM1 and SMM2. However,
SMM1 is also affected by significant external pressure from the
nearby O star and its associated H II region (Habart et al. 2005).
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4.1.3. Energy Balance in SMM?2

The magnetic field in the starless core SMM2 is ordered,
linear, and approximately parallel to the minor axis of the core.
This is similar to magnetic field geometries observed in many
other low-mass starless cores (e.g., Ward-Thompson et al.
2000; Kirk et al. 2006; Coudé et al. 2019; Liu et al. 2019; Pattle
et al. 2021). Such a geometry is suggestive of a dynamically
important magnetic field that has imposed a preferred direction
on the collapse of the core (Mouschovias & Spitzer 1976).
Again in common with other starless and prestellar cores, we
see no clear sign of the “hourglass” field geometry that would
be indicative of the field being dragged in by gravitational
collapse (Fiedler & Mouschovias 1993). This suggests that the
core is likely to be either stable or in the earliest stages of
collapse.

Ward-Thompson et al. (2006) suggested that SMM?2 is an
embedded core that existed before the formation of the
Horsehead PDR. The magnetic field that we observe is
consistent with this interpretation, being ordered, linear, and
consistent with both the average Planck magnetic field
direction in the region—Ilikely that of the parent molecular
cloud—and that observed in the H 1 region by the Palomar
Observatory. Simulations of the expansion of magnetized H II
regions suggest that magnetic field orientation is largely
unchanged by the free passage of a plane-parallel shock front
(Henney et al. 2009), and so we can treat the magnetic field
traced by the Palomar observations in the H II region as
indicative of the magnetic field direction in the pre-shock
molecular gas. This suggests that the magnetic field in SMM?2
is inherited from its parent cloud and is not the result of
interaction with the H 1 region. We thus consider the energetic
balance of the core under the assumption that the core is
embedded within molecular gas and is possibly further
sheltered by the SMM1 PDR (Ward-Thompson et al. 2006),
and therefore is not in direct interaction with the H II region.
However, we note that, in the diffuse western part of SMM2,
the magnetic field is broadly parallel to the major axis of the
SMMI1 PDR and perpendicular to the direction of incident
radiation from o Ori, suggesting either that the periphery of the
core may be interacting with the H II region or that this
emission comes from a different, hotter gas component along
the same line of sight.

We estimated kinetic, gravitational, and magnetic energies in
SMM?2 using the relations

3

Ex = EMafm, (12)
E; = _3iGm? (13)
G 5 R b
L, »
Eg = EMVA, (14)

where Ey is kinetic energy, M is the mass of SMM2, o, is the
observed velocity dispersion of C'®0 (thus accounting for both
thermal and nonthermal kinetic energy), E is the gravitational
potential energy, G is the gravitational constant, R is the
effective radius of SMM2 defined in Section 3.3, Ep is the
magnetic energy, and Vj is the Alfvén velocity, B / \/m . The
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mass of SMM2 is given by

al IgsoA

[V . Lo —
21 Kues50)Bussoy(T)

s5)

where N is the number of pixels within SMM?2, Igs is the per-
pixel intensity at 850 um, A is the pixel area, and k,ss0y and
B, s50)(T) are the dust opacity and the Planck function at dust
temperature 7 at 850 pm, respectively. We determined a mass
of 5.1 M., for SMM2, comparable to the ~4 M, given for the
source by Ward-Thompson et al. (2006).

We estimated kinetic, gravitational potential, and magnetic
energies of 8.0, —8.8, and 68 X 10%? erg in SMM2,
respectively. The kinetic and gravitational energies that we
estimate in SMM2 are thus comparable to one another, but an
order of magnitude smaller than our estimated magnetic
energy. These kinetic and gravitational potential energies are
comparable to those estimated for SMM?2 by Ward-Thompson
et al. (2006), of ~14 and ~ —21 x 10** erg respectively (note
that these values are corrected for the slightly different distance
that they assume).

In the above calculation, we used our estimated plane-of-sky
magnetic field strength, By, to estimate the magnetic energy.
If we instead use our estimate of total magnetic field strength,
B=4/7 X B,os, the estimated magnetic energy becomes
110 x 10 erg, approaching two orders of magnitude larger
than the other terms. However, if we also consider the
correction for the number of turbulent eddies along the line
of sight in SMM2 that we discuss in Section 4.1.1, our estimate
of total magnetic energy becomes 27 x 10*? erg. This value is
only three times larger than our estimated gravitational
potential and internal kinetic energies, and comparable to,
although still larger than, the Ward-Thompson et al. (2006)
values.

Despite the large magnetic energy that we estimate, SMM?2
shows no indication of expanding under internal magnetic
pressure, nor of otherwise being significantly out of virial
equilibrium. We propose two hypotheses, which are not not
mutually exclusive, to explain the energy balance that we
estimate in SMM2. The first is that magnetic field strengths
obtained using the DCF method are likely to be systematically
overestimated, typically by a factor ~3-5 (Pattle et al. 2022).
This could cause a potentially significant overestimation of
magnetic energy. However, our inclusion of the Cho & Yoo
(2016) correction factor likely mitigates against this effect (Liu
et al. 2021). Our second hypothesis is that the starless core is at
least partially confined by the weight of the surrounding
molecular cloud, as external gas pressure can contribute
significantly to the energy balance of starless cores (e.g., Pattle
et al. 2015). Alternatively, if SMM2 is not sheltered from the H
II region, photon pressure may play a significant role in its
confinement (Ward-Thompson et al. 2006).

4.2. Scenario to Form the Horsehead Nebula PDR Magnetic
Field Geometry

Broadly, both simulations (e.g., Arthur et al. 2011) and
previous observations suggest that magnetic fields in molecular
gas typically run plane-parallel to the interface with an H Il
region, whether in a PDR (Ward-Thompson et al. 2017) or in
columns sheltered behind PDRs (Pattle et al. 2018). In the
heads of pillars, this is predicted to result in “hairpin” magnetic
field structures (e.g., Arthur et al. 2011), in which the pre-shock
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magnetic field is bent back on itself as the pillar forms from its
parent molecular cloud.

The SMM1 PDR appears to be a relatively extended, bar-like
PDR sitting at the head of a broad and short pillar. The plane-
of-sky magnetic field morphology that we observe is broadly
perpendicular to the projected major axis of the PDR. Such a
projected geometry could result from a plane-parallel magnetic
field if either (1) we observe hairpin magnetic field lines, with
the pre-shock magnetic field lines having been folded back on
themselves along the line of sight, and/or (2) the Horsehead
pillar is slightly inclined with respect to the plane of the sky
and we observe in projection magnetic fields that are running
parallel to the plane of the SMMI1 PDR, which is itself
extended along the line of sight. Although we appear to be
observing the o Ori-Horsehead interaction nearly edge-on
(Abergel et al. 2003), o Ori may be located slightly behind the
Horsehead (Pound et al. 2003), which may lend weight to the
latter of these scenarios. In both of these cases, we would
expect the average orientation of the magnetic field to be
inherited from that in the pre-shock molecular cloud, and so it
is not surprising that the average magnetic field in the densest
parts of SMMI1 is similar to that in the apparently less
disturbed SMM?2.

Figure 6 shows a schematic view of the Horsehead Nebula
that illustrates our proposed magnetic field geometry. The gray
lines show magnetic field lines in the H 1I region, which likely
trace the initial (pre-shock) magnetic field direction, while the
magnetic field lines in SMM1 and SMM2 are shown as red
lines. The O star, o Ori, is located to the southwest of the pillar.
The observer views the region either edge-on, or slightly
inclined along the line of sight. The average field direction in
the H II region is 161° east of north, the mean of the magnetic
field orientation angles obtained from Palomar observations. In
SMMI1, our proposed hairpin magnetic field geometry is
shown: the field lines are aligned along the pillar and folded or
curved back on themselves in the PDR at the head of the pillar
(e.g., Arthur et al. 2011; Pattle et al. 2018). The magnetic field
in SMM2 is linear, with a mean field direction of 115° east of
north, as estimated from JCMT observations. The field is not
aligned with the major axis of the pillar structure, and it differs
by about 45° from that in the H II region. As discussed above,
we hypothesize that SMM2 is embedded within the pillar and
has inherited its magnetic field from the pre-shock molecular
cloud, although we cannot rule out the scenario in which the
core has been forced into collapse by photon pressure or gas
flows due to the formation of the pillar.

5. Conclusions

We have presented the first polarized dust emission
observations of the Horsehead Nebula, which were obtained
using JCMT POL-2/SCUBA-2 at 850 um. We also presented
JCMT HARP C'®0 J=3—2 observations. We observed
plane-of-sky magnetic field orientations in the SMM1 PDR and
the SMM2 starless core in the Horsehead Nebula, in both cases
seeing well-ordered magnetic fields aligned approximately
perpendicular to the major axes of the sources.

We used the angular dispersion function variation on the
Davis—Chandrasekhar—Fermi method to estimate plane-of-sky
magnetic field strengths of 56 =9 and 129 £ 21 uG in SMM1
and SMM2, respectively. These correspond to subcritical mass-
to-flux ratios of 0.5+ 0.1 in SMMI1 and 0.4 + 0.1 in SMM2
when we assume B ~ B, indicating that magnetic fields can
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’k o Ori

Figure 6. A schematic view of the Horsehead Nebula. The Horsehead Nebula is shown in the lower left of the figure. The starless core SMM2 is shown as a yellow
ellipse. The red lines show magnetic field lines within SMM1 and SMM2. The gray lines show magnetic field lines in the H II region. The blue star is ¢ Ori, which is
located behind and to the southwest of the Horsehead Nebula. The line of sight to the observer is perpendicular to the page or slightly inclined therefrom.

support the structures against gravitational collapse. We
estimate Alfvén Mach numbers of 0.27£0.05 and
0.40+£0.06 in SMM1 and SMM2, respectively, indicating
that turbulence in these structures is sub-Alfvénic. We
estimated the number of turbulent eddies along the line of
sight, and accounted for this in these estimates of mass-to-flux
ratio and Alfvén Mach number. In both regions, the magnetic
field appears dynamically important compared to self-gravity
and internal turbulent pressure. However, we expect the
energetics of the SMM1 PDR to be dominated by gas and
photon pressure from the H I region with which it is
interacting.

The magnetic field strength and geometry of SMM?2 are
quite typical for a starless core, and they appear to have been
inherited from the pre-shock molecular cloud in which the core
is embedded. We estimated the energy balance in SMM2,
finding that its magnetic energy is approximately three times
larger than its internal turbulent and gravitational potential
energies, which are comparable to one another. The large
magnetic energy in SMM?2 could be caused by overestimation
of the magnetic field strength by the DCF method. If the
magnetic field energy is indeed dominant in SMM2, this
suggests that the core is confined by external pressure.

The magnetic field we observe in the SMM1 PDR appears to
be significantly compressed and reordered by its interaction
with the H II region, but it seems to have developed from the
same magnetic field geometry in the pre-shock molecular cloud
that is seen, apparently undisturbed, in SMM2. The projected
magnetic field geometry we observe in SMMI is consistent
with a three-dimensional magnetic field aligned plane-parallel
to the interface with the H II region if either the magnetic field
is folded back on itself along the line of sight or we are
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observing the magnetic field in the plane of a PDR that is
highly inclined along the line of sight.
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