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Abstract

This paper presents the results of full polarization observations of the massive star-forming region W75N,
conducted with ~3” spatial resolutions at 345 GHz using the Submillimeter Array. The magnetic field structures in
the dense cores of the region are derived using the linearly polarized continuum emission. The overall magnetic
field strength and orientation are found to agree with those from the previous observations. The plane-of-sky
component of the magnetic field in the region was calculated to be ~0.8 + 0.1 mG using the angular dlspersmn
function method. Further analyses involving the polarization-intensity gradient-local gravity method and H'>*CO™
(4-3) line data indicated that the cloud is undergoing global gravitational collapse and the magnetic field is shaped

by gravity and outflows in the dense core regions.

Unified Astronomy Thesaurus concepts: Circumstellar matter (241); Interstellar medium (847); Magnetic fields

(994); Star formation (1569)

1. Introduction

Stars are born in dense molecular cores when self-gravity
exceeds the internal support and drives gravitational collapse and
the formation of an embedded protostar. In addition to gravity,
both turbulence and magnetic fields influence the dynamical
evolution of the molecular gas and impact the outcome of star
formation. Solenoidal turbulence suppresses star formation since it
acts similar to the thermal pressure that counteracts gravity, thus
hindering star formation. Compressive turbulence, on the other
hand, compresses the gas and enhances its densities, thus
promoting star formation (Federrath et al. 2010; Menon et al.
2020). Magnetic fields, well coupled with the molecular gas, tend
to restrict the movement of material along the field lines, thus
hindering star formation (Hennebelle & Chabrier 2009; Myers
et al. 2014).

There have been considerable efforts devoted to accessing the
role of magnetic fields in star-forming dense molecular cores.
Thanks to the improvement in sensitivity, polarimetric observa-
tions in the millimeter and submillimeter wavelengths become
increasingly accessible to probe the plane-of-the-sky component
of magnetic fields through linearly polarized dust emission (Zhang
et al. 2014). We refer readers to recent reviews on the
development of observational efforts on magnetic fields in
molecular clouds and star formation (Hull & Zhang 2019; Pattle
& Fissel 2019; Liu et al. 2022b; Pattle et al. 2022).

Despite the considerable progress, there is a lack of
understanding on how magnetic fields may affect star
formation in a protocluster environment where multiple stars
arise from collapse and fragmentation of molecular gas. We
present Submillimeter Array (SMA) observations of W75N, a
massive star-forming region that contains a number of HII
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regions and is located in the local spiral arm at a distance of
approximately 1.3 kpc (Rygl et al. 2012). W75N is part of the
Cygnus-X giant molecular cloud, which spans over 100 pc and
includes the renowned DR21 region.

Early observations of the region indicated that W75N IRS 1,
a cluster of young stellar objects, powered a massive molecular
outflow. Very Large Array (VLA) observations at 4.9 GHz
detected three ionized regions, W75N(A), W75N(B), and
W75N(C), near the center of the outflow (Haschick et al. 1981).
Later, VLA 8.4 GHz observations revealed that W75N(B)
consisted of three compact regions, Ba, Bb, and Bc (Hunter
et al. 1994). Using 1.3cm continuum VLA observations,
Torrelles et al. (1997) discovered VLA 1 (Ba), VLA 3 (Bb),
and another compact source located between them (VLA 2).
Carrasco-Gonzélez et al. (2010) suggested that source Bc was a
radio Herbig—Haro object (Eisloffel et al. 2000) powered by the
VLA 3 radio jet. They also discovered the VLA 4 source,
located south of the VLA 1-VLA 3 group. Kim et al. (2013)
found that the outflow of VLA 2 was in a transition from a
shell-like to a more elongated jet-like shape based on very long
baseline interferometry (VLBI) observations of 22 GHz water
masers. Further observations by Surcis et al. (2014) showed
that the water maser distribution around VLA 1 was stable,
while the shell-like structure in VLA 2 was expanding along
the direction parallel to the thermal radio jet of VLA 1, which
was later confirmed by Carrasco-Gonzdlez et al. (2015).
Recently, using VLA-A data covering 4-48 GHz, Rodriguez-
Kamenetzky et al. (2020) concluded that Bc and VLA 4 were
obscured Herbig—Haro objects excited by the jet from VLA 3.

Observations in millimeter wavelengths have revealed the
presence of nine dense cores (MM1 to MMY9) in the W75N
region. These were identified using continuum data obtained
with BIMA and CARMA (Shepherd 2001; Watson et al. 2002;
Shepherd et al. 2003, 2004). The MM1 core was further studied
using SMA and resolved into two compact continuum sources,
MM1a and MM1b (Minh et al. 2010). In addition, a dense core
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Figure 1. (a) 345 GHz continuum emission image of W75N. The synthesized beam marked in the lower left corner of the image is 3”705 x 2”83 at position
angle (PA) = 7778. The intensity is shown in gray scales in units of Jy beam ™' with contour levels at [=50, 50, 100, 200, 400, 800, 1600, and 3200], where o =
26.1 mJy beam'. The previous detected compact sources are denoted by filled triangles. (b) Dense cores identified by CARTA are labeled as MM1, MM2, MM3,
MM4, and MMIN]. The ellipses show the FWHMs from 2D Gaussian fits, while the blue color mask of the entire region is labeled as “all.”

Table 1
Observational Summary

Observation Number of Array Baseline Flux Gain Polarization and
Date Antennas Configuration Range (m) Calibrator Calibrator Bandpass Calibrator
2012 Jul 3 7 compact 16.5-32 Titan, Uranus MWC349A 3¢279

2012 Jul 4 7 compact 16.5-32 Titan MWC349A 3¢279

2012 Jul 5 7 compact 16.5-32 Titan, Uranus MWC349A 3c84

2012 Aug 7 6 subcompact 9.5-25 Uranus MWC349A 3c84

2012 Aug 8 6 subcompact 9.5-25 Uranus MWC349A 3c84

2012 Aug 9 6 subcompact 9.5-25 Uranus MWC349A 3c84

labeled as MM[N] was recently reported to the north of MM1
using Atacama Large Millimeter /submillimeter Array (ALMA)
data at 1.3 mm (Rodriguez-Kamenetzky et al. 2020).

Previous polarization observations of W75N at 450, 870, and
1100 pm, using the James Clerk Maxwell Telescope (JCMT),
yielded only a single polarization segment due to the large
beam sizes of around 127-19” (Vallee & Bastien 1995;
Greaves & Holland 1998). At 870 and 1100 pum, the inferred
magnetic field had an average position angle of approximately
150°, while at 450 pm, it was measured to be around 37°. To
improve the angular resolution, we conducted full polarization
observations of the W75N region using the SMA with spatial
resolutions of approximately 3" at 345 GHz. In this study, we
focus on the central region of W75N, which includes the MM1
to MM4, and MM[N] cores. We present the derived parameters
of these dense cores using the dust continuum polarization data
in this paper. We summarize the SMA observations in
Section 2 and present the results in Section 3. A discussion
of the results is shown in Section 4, followed by a summary in
Section 5.

2. Observations and Data Reduction

The observations of W75N were carried out between 2012
July 3 and 2012 August 9 with the SMA (Ho et al. 2004).
Three observations were made in July using the compact array
configuration, and three were made in August using the
subcompact configuration. The number of antennas in the array

varied between six and seven. The observational parameters
and calibration sources can be found in Table 1. The
Application Specific Integrated Circuit (ASIC) correlator
provided a 4 GHz intermediate frequency (IF) bandwidth
(4-8 GHz) with a uniform spectral width of 812.5 kHz per
channel. The receivers were tuned to the 345 GHz band, which
captured the CO (3-2) and H'*CO™ (4-3) lines, with a velocity
resolution of approximately 0.70 km s~ .

The visibility data from the observations were calibrated for
bandpass, flux, and time-dependent gains using the IDL
superset MIR package adapted for the SMA (Scoville et al.
1993). The calibrated data were then exported to the Miriad
(Sault et al. 1995) format for instrumental polarization
calibrations and imaging. Table 1 lists the calibrators used
for each track. The synthesized beam size of the combined
visibilities was approximately 3705 x 2783. The 1o rms noise
of the Stokes / image of the continuum emission was
approximately 26.1 mJy beam ', while the rms noise of the
Stokes Q/U maps after debiasing using the method from
Vaillancourt (2006) was approximately 1.4 mJy beam™'. The
Astropy package (Astropy Collaboration et al. 2013, 2018) was
used for the final analysis.

3. Results

3.1. Continuum Emission

Figure 1(a) illustrates the 345 GHz continuum emission of
the W75N region. To identify dense structures in this area, we
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Table 2
Observation Parameters of Dense Structures

Structure R.A.(J2000) Decl.(J2000) Inegrated Flux FWHM Peak Intensity PA

(hh:mm:ss) (dd:mm:ss) Jdy) a’" x b’ (Jy beam™") (deg)
all 20:38:36.44 42:37:33.75 17.9 9.2 x 74 23 19.6
MMI1 20:38:36.46 42:37:34.11 10.2 52 x4.1 4.1 146.9
MM2 20:38:36.08 42:37:31.54 3.0 45 %35 1.7 106.1
MM3 20:38:37.20 42:37:36.69 1.1 4.1 x28 0.9 75.2
MM4 20:38:36.50 42:37:27.57 2.3 52 x4.6 0.8 98.7
MMIN] 20:38:36.49 42:37:42.57 1.1 4.1 x 4.0 0.5 73.2
applied the dendrogram algorithm (Rosolowsky et al. 2008) to Table 3
the continuum data using the astrodendro® package. For the Fitting Parameters of Dense Structures
astrodendro analysis, we set the minimum value for the

. .. . . Structure T, M p Ny, Ny,
structure to be considered as 30, the minimum height required K M) (10 Pkem )  (10%em ) (10°cm )
for an independent structure to be retained as lo, and the -
minimum number of pixels for a structure to be considered as all 63 35.5 4.1 18 0.85
half of the synthesized beam area. Using the astrodendro results xx; 7:5 187 91 191 '22 ;g ?3
as the initial input, we performed a final 2D Gaussian fit to each MM3 i 45 34 56 10 12
of the identified cores using the Cube Apalys&s and Rendering MM4 53 50 23 073 0.58
Tool for Astronomy (CARTA; Comrie et al. 2021). We MMIN] 45 3.1 3.0 0.67 0.63

followed the nomenclature for dense cores used in Shepherd
et al. (2003) and Rodriguez-Kamenetzky et al. (2020). The
mask for the entire cloud and the FWHM ellipses representing
the dense cores are shown in Figure 1(b). Table 2 lists the
observation parameters for those structures. The paremeters for
the “all” mask are from astrodendro, and the equivalent
FWHMSs are calculated from the intensity-weighted second
moment in the corresponding directions. The parameters of the
dense cores are from CARTA.

Assuming that the cloud is isothermal, the continuum
emission is optically thin, and the gas-to-dust mass ratio is a
constant A = 100, we can derive the total mass of the structures
using the observed integrated flux of the dust emission, F,, by

m— AEDE )

B, (Ty) Ky

where D=1.3kpc is the distance to the source, k,=
(v/1000 GHz)” m? kg ' is the dust opacity (Hildebrand 1983),
and B,(T,) is the Planck function at a given dust temperature
T,. We utilized an opacity index of 3= 1.5 (Pollack et al. 1994;
Beuther et al. 2007; Chen et al. 2007), and the average T,
within each dense structure in W75N was listed in Table 3 from
ammonia hyperfine line fitting using EVLA data (X. Zhang
et al. 2023, in preparation). While the fittings for MM2 and
MM3 did not converge, we were still able to estimate the
temperatures to be between 30 and 45 K, and hence we used T,
= 45 K to determine the lower limits for the mass. The average
density, column density Ny,, and volume density ny, within
each structure are calculated as

M
- 27 2
A= @
M
Niy = ———. 3)
Ty fly, T
M
ny = — @
drmypy,r

8 http://www.dendrograms.org /

where r = \/(FWHM, x FWHM,) (Motte et al. 2007) is the
geometric mean radius of the structure, My, = 2.86 is the mean
hydrogen molecular weight (Kirk et al. 2013; Pattle et al.
2015), and my; is the hydrogen atomic mass. The mass, average
density, column density, and volume density of the dense
structures derived from Equations (1) to (4) are listed in
Table 3. The estimated column and volume densities of the
structures in W75N are generally similar to those in other
massive star-forming regions.

The uncertainties in the parameters discussed above arise
from various sources. The characterization of the constant A
and k,, is not well constrained and contributes to an uncertainty
over 50% (Draine 2011; Beuther et al. 2018) and a factor of 2
(Ossenkopf & Henning 1994; Motte et al. 2007), respectively.
The ammonia line data yield dust temperatures ranging from 30
to 73 K, consistent with the results of Shepherd (2001), which
estimated temperatures of 35-75 K. For MM2 and MM3, we
estimated the lower mass limits using the upper fitting
temperatures. The distance to W75N, as estimated by Rygl
et al. (2012), is uncertain by approximately 5%. As a result, the
final uncertainties for the mass, density, column density, and
volume density listed in Table 3 are estimated to be at least a
factor of 2.1.

3.2. Dust Polarization

Since polarized intensity and polarized percentage are
defined as positive values, the measurements of these two
parameters tend to be biased toward larger values. In order to
correct for this bias, the debiased polarized intensity (PI) can be
calculated using the following formula (Vaillancourt 2006):

PL=\/Q* + U — 0.5(c% + o). (5)

where o, and oy, are the 10 rms noise of the Q and U maps.
The polarization fraction is calculated as

Pf = PI/1, (6)

where [ is the Stokes [ intensity.
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Figure 2. W75N magnetic field orientation map. Polarized emission intensities
are shown in gray scales in the units of Jy beam~'. Magnetic field orientations
inferred from the linearly polarized emission with PI/op; > 3 are shown as red
line segments. Intensity contour levels are the same as those in Figure 1.

Assuming that irregular grains have their shortest axis
aligned with the magnetic field lines (Lazarian 2007; Lazarian
& Hoang 2007; Andersson et al. 2015), we can determine the
magnetic field orientation projected on the plane of sky (POS)
by rotating the polarization segments by 90°. Figure 2 displays
the magnetic field orientations overlaid on the polarization
intensity map, where two polarization intensity peaks are
observed, one close to MM2 and the other to the northwest of
MMI1. As shown in Figure 3, the magnetic field orientation
distribution falls into three major groups. The first group with
position angles between 0° and 40° is dominated by the
polarized emission from MM[N], while the second group with
position angles between 60° and 120° is mainly associated with
the polarized emission from MM4. The last group comprises
detections from the polarization intensity peaks around MM1
and MM2, with polarization angles from 130° to 180°. As these
groups are found to be related to the dense structures described
in Section 3.1, the magnetic field angles can be assumed to be
uniform within each dense structure.

In Figure 4, we present the polarization fraction (Pf) as a
function of I for the entire W75N region. We then fitted the Pf-
I relation using a simple power law of P o [®, with an
estimated index of a = — 0.4 4+ 0.3. This relation can be used
to evaluate the grain alignment efficiency within a cloud. In
more developed star-forming regions, the alignment efficiency
is often enhanced by additional radiation, resulting in a power-
law index with a smaller absolute value (the slope is shallower)
in the Pf-/ relation.

3.3. Magnetic Field Analysis

The Davis—Chandrasekhar—Fermi (DCF) method (Davis
1951; Chandrasekhar & Fermi 1953) relates the dispersion of
polarization position angles to the large-scale mean magnetic
field strength. This analysis tool has been widely used to
obtain the strength of the magnetic field projected on the
POS. We refer readers to Liu et al. (2022b) for a review
and detailed discussion of the assumptions in the DCF
analysis. Further studies have been made to expand the DCF
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Figure 3. Histogram of position angles of the magnetic field segments from
Figure 2. The bin size is 10°, and position angles are measured east of north.
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Figure 4. Polarization percentage vs. Stokes / plots. Polarization data points
from Figure 2 are shown in log—log scale with error bars. The orange line
shows the fitting results using the power-law model.

method using the angular dispersion function (ADF) analysis
(Falceta-Gongalves et al. 2008; Hildebrand et al. 2009; Houde
et al. 2009, 2011, 2016). Specifically, using the twin Gaussian
model for the interferometer beams, Houde et al. (2016) derived
the angular dispersion solutions for the interferometer, which
can be expressed as Equation (13) in their work. We can rewrite
it as
00 ) 1
1 — (cos[AGO)]) =S ayt¥ + ———— — p2(0),
= TN )
)

where A¢({) is the angular difference of the two polarization
segments separated by a distance of ¢, N is the number of the
turbulent cells, (B)/(B?) is the large-scale to turbulent
magnetic strength ratio, and b*(¢) is the local turbulent
component of the ADF. The contribution of the large-scale
component to the dispersion function can be written as
1 — (cos[Ap(£)]) — b*(£). Assuming the turbulent correlation
length is 6, the effective thickness of the observation region is
A, and the beam sizes (standard deviation) of the twin
Gaussian model are W, and W,, N and b*(f) can be written as

(62 + 2WH N

N = e (8
(82 + 2WH AN
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Figure 5. Dispersion function 1 — (cos(A¢)) for W75N using the 345 GHz
SMA data. (a) Angular dispersion data (symbols) plotted as a function of
distance ¢; the dashed curve from Gaussian fitting represents contribution from
the large-scale component. (b) The resulting turbulence correlation function
b*(¢) and its fitting curve.

(82 + W + WHA

Nip = (10)
? N2r 63
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p2(0) — N {Le—ﬂ/[2<é‘2+2vvﬁ>1
TRy i
4L repeaw _ Leﬂ/[zwuwlﬂwzz)]},
N Nia
(12)

Due to the limited number of detected polarization segments,
performing the angular dispersion analysis on each dense
structure in the W75N region is impractical. Therefore, we
estimated the mean magnetic field (By) for the entire cloud by
utilizing the position angle data from the polarization
measurements presented in Figure 2. For the twin Gaussian
beam sizes, the telescope beam width radius W; can be
estimated using the size of the synthesized beam,
Wi = FWHMES™ » FWHM}®™ /(J81n2), and W, is the
resolution calculated from the shortest baseline of the array. For
our analysis, we set W; = 1”2 and W, = 8”0. We determined
the effective thickness of the cloud to be the ratio of the volume
to the cross area of the equivalent sphere of the entire cloud:

N =V/A=@/)ar3/(mr?) = dr/3 = 1170,  (13)

where r = \/(FWHM, x FWHM,) = 872. With the para-
meters outlined above, we plotted the derived W75N polariza-
tion angular dispersion data and fittings in Figure 5. We fitted
the data points between 4” < ¢ < 8", as scales below £ < 4",

Zeng et al.
Table 4
Viral Parameters of W75N
5Vlos/(km Sil) Ms MA /H 5lurb A X
1.5 5.6 33 0.7 10.9 2.0 3.5

were smaller than our synthesized beam. We set the upper
fitting boundary at £ ~ 8", as Equation (7) is valid when £ is less
than a few times the beam size (W;; Houde et al. 2009). Our
fitting results yielded the turbulent-to-total magnetic energy
ratio, (B?)/(B¢) = 2.140.7, and § = 1”7 4+ 0”2. The large-
scale magnetic field strength was estimated as (Houde et al.
2009)

(B)
(B3)

172
By = /uopi—g = /popéz/[ } = 0.8 £ 0.1 mG,

(14)

where 1o is the vacuum permeability, p is the average density
of the cloud, and v =1.5 km s~ ! is the turbulent velocity
dispersion in the cloud, which was estimated from the H"3Cco™"
(4-3) line-of-sight (LOS) velocity dispersion (see Section 3.5).

Previous studies have revealed that the W75N cloud is
linked to the DR21 region, and both regions are in a
comparable global collapse state as a result of converging
flows on large scales (Schneider et al. 2010). Magnetic field
strength measurements of DR21 cores from earlier observations
range from 0.4 to 2.1 mG (Girart et al. 2013; Ching et al. 2017),
which is consistent with the magnetic field strength derived in
this study for W75N.

The Alfvénic Mach number (M), the sonic Mach number
(M), and the ratio of thermal-to-magnetic pressures () of the
cloud can be calculated as

MA = ﬁ&y/l/A, (15)
M, = 36v/c, (16)
B = 2(Ma/My)? = 2(c;/va)? (17)

where 6v = dvq is the 1D velocity dispersion, va = Bo/ /1o P

is the Alfvénic velocity, and ¢; = JvkgT /(pumy) is the sound
speed at temperature 7 using the adiabatic index v = 5/3 and
the mean molecular weight ;1 = 2.33. With the average cloud
temperature of 63 K, we calculated c¢;=0.61 km s owa s
calculated to be 1.0 km s, and the corresponding 3 value is
0.7. The calculated M5, M,, and 3 values for the cloud are
listed in Table 4.

3.4. Polarization—Intensity Gradient Analysis

Within the framework of ideal magnetohydrodynamics
(MHD), and assuming that the intensity gradient traces the
direction of gas motion in the MHD force equation, Koch et al.
(2012) developed a technique to connect the position angle
between polarization and intensity gradient orientations to the
total magnetic field strength. Using this technique, we
calculated the angular differences between the intensity
gradient, the local gravity, and the magnetic field orientation.
Figure 6(a) displays the sin i-map for pixels with a detection
higher than 30, where v represents the difference between the
intensity gradient and local gravity orientations. Assuming that
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mass is proportional to the detected dust emission intensity, for
an intensity map with n positions, the local gravity at a given
position r; can be calculated using the following formula (Koch
et al. 2012):

n

I
gr) o< Y, —1—

(18)
j=1 |y — rjl2

- ej;, (forj =i,

where e;; is the unit directional vector between position r; and
r;, and /; is the continuum intensity at position ;. Figure 6(b)
shows that the majority of sin v values are small, less than 0.4,
indicating that changes in the local intensity structure closely
follow the local gravity. Positions with high sin 1) values are
mostly situated between intensity peaks, where the local gravity
is canceled out in a particular orientation.

The sin w-map, which displays the difference between the
magnetic field and local gravity orientations, is presented in
Figure 7(a), and its corresponding histogram is shown in
Figure 7(b). The sinw distribution is characterized by two
major peaks, one ranging from 0.2 to 0.5, and the other from

0.8 to 1.0. Regions with low sin w values, particularly along the
MMI1 to MM[N] direction, indicate a strong alignment between
the magnetic field and local gravity, resulting in a magnetic
field morphology that is primarily shaped by gravity.
Conversely, regions with high sinw values, such as those
located around the MM2, MM3, and MM4 peaks, suggest that
the magnetic field is more dominant.

We also studied the magnetic field magnetic field signifi-
cance (Xp) to evaluate the relative importance of the magnetic
field (Fp) in comparison to gravity (F) and pressure gradient
(Fp) at various locations within the cloud. >3 is calculated
using the equation

_ Fp _sin
i |Fg + Fp| cos 8’

19)

where 6 represents the difference between the magnetic field
and intensity gradient orientations. The resulting > z-map and
distribution are depicted in Figure 8.

Based on the results presented in Figures 2 and 7, it appears
that the MM[N] region is strongly influenced by the gravity of
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Figure 8. Relevant angles for magnetic field strength derivation. (a) The map of field significance ¥ 5. The black curves are the intensity contours as shown in Figure 1.

(b) The histogram of ¥j.

the main MM1 core. This gravity exerts a strong pull on the
magnetic field, directing it toward the center of the cloud. Near
the MMIN] peak, there is a notable discrepancy between the
magnetic field and intensity gradient orientations. We conclude
that the MM|[N] core is a low-mass structure that is dominated
by the gravity of the nearby high-mass core (MM1), similar to
the case of “Region IV” in Koch et al. (2012). In such
scenarios, the basic assumption that the intensity gradient traces
the gas motion direction does not hold strictly, leading to high
uncertainties. The >3 values are dominated by large changes in
1 when linked to the gravitational center of the main core.
Given the lack of a clear identification of a local gravity center,
the calculated v values may be much smaller, resulting in
overestimated X values in the region, which are shown in
Figure 8.

If we ignore the Yy values near the MM[N] region, the
majority of the Xy values are below 1.0, particularly in the
northern MM1 region, indicating that the cloud is experiencing
global collapse, with the magnetic field being unable to balance
the gravitational and pressure forces. Conversely, in the MM3
and MM4 core regions, the X values are higher, suggesting
that the magnetic field may be more dominant. Around the
MM2 peak, the value is approximately 1, indicating that the
magnetic force is comparable to the other forces.

3.5. Molecular Line Emission Analysis

The kinematic information on the gas dynamics in the star-
forming clouds enables us to probe the star formation scenario.
Utilizing data from the H'’CO™ (4-3) line emission, which is
optically thin and devoid of self-absorption features, enables us
to estimate the physical parameters of the dense cores in
W75N. Figure 9 illustrates the moment 1 map of the H'*CO™
(4-3) line emission in color-scale overlay on the continuum
contours. The magnetic field orientations are depicted by red
segments. The figure shows the contamination of high-velocity
components by the outflows, indicated by the redshifted lobes
in Figure 11, located to the east and west of the center MM1
region and around MM3. A significant velocity gradient from
the MM[N] region to the MM1 core is observed. Based on our
analysis in Section 3.4, the W75N cloud is undergoing global

42°37'50" |
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Figure 9. Contour map of the dust emission superposed on the color image of
the flux-weighted velocity map (moment 1) of the H3CO™ (4-3) line. The
color scale is in units of km s~ '. Red segments indicate the directions of the
magnetic field. The path in white color shows the slice position on MM1 for
position—velocity analysis.

collapsing. The observed velocity gradient may be caused by
gas flow from MM[N] to MM1 or cloud rotation.

To avoid the contamination from the outflows, we perform
the position—velocity (PV) analysis to model the velocity
gradient along the vertical white color path (PA = —20°) shown
in Figure 9. The PA angle is chosen to be perpendicular to the
large-scale outflow shown in Figure 11 and is consistent with
the disk-like structure unidentified by Hutawarakorn et al.
(2002) and van der Walt et al. (2021). The ellipse resulting
from the best 2D Gaussian fit, represented in Figure 10,
indicates a slope angle of 24° and a calculated velocity gradient
of approximately 0.9 km s~ arcsec™'. If the observed gradient
is due to cloud rotation, it corresponds to a rotation velocity
of w = 14x10"" yr!, resulting in (w/B)ops = 1.7 %
1077 yr ' uG~'. Depending on the magnetic field strength and
rotation velocity, the evolution of a collapsing dense core can
be regulated either by centrifugal forces or magnetic forces. We
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Figure 10. Position—velocity map of the center region from the slice path
shown in Figure 9. The purple ellipse shows the best fit to velocity gradient.

define a centrifugal critical parameter y, which is the ratio of
the observed (w/B)eps to the critical (w/B)qi (Machida et al.
2005):

_ (w/B)obs _ (w/B)obs
(W/B)crit 1.69 x 1077(CS/0.19 km 571)71311‘71 ;LG71 '
(20)

Given ¢,=0.61 km s !, (W/B)erit 1s calculated to be 5.3 x
107® yr~!' uG~" and the x value for the cloud is 3.5, which is
greater than 1. The centrifugal forces dominate the dynamics of
the collapse over the magnetic field.

We determined the turbulent velocity dispersion, 6vy, by
fitting the line width of the H"*CO™" (4-3) spectrum. Since the
molecular weight is high and 7, (temperature) is low, the
impact of thermal velocity dispersion is negligible. To
eliminate the contribution of large-scale velocity motion within
the cloud, we applied a method that shifts the velocity of a
spectrum for each spatial pixel by the centroid velocity
indicated in the moment 1 map (refer to Figure 9) to remove
the large-scale velocity field. This technique shifts the average
velocity of each pixel to zero, isolating only the turbulent
component. The turbulent velocity is then determined by fitting
a Gaussian profile to the intensity—velocity curve. The final
estimated value for &0, is approximately 1.5 km s~ '.

The ratio of the turbulent to magnetic energy S, is usually
calculated using the Alfvénic Mach number:

ﬁturb = M/% = 3(61/]0s/VA)2~ (21)

The By for the entire cloud is calculated to be 10.9, indicating
the turbulent energy dominates the magnetic energy.

The relative importance between the magnetic field and the
gravity of individual sources can be estimated by the magnetic
critical parameter A, which is the mass-to-flux ratio in units of
the critical value 1/(2m/G) (Mouschovias & Spitzer 1976;
Nakano & Nakamura 1978; Crutcher 2004):

— (M/CI)B)obs NHZ/(cm*Z) '
(M/(I)B)ntexlcril B/(MG)

The calculated A\ value for W75N is about 2.0, indicating
gravity dominates the magnetic field.

=7.6 x 1072 (22)
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Table 4 lists the viral parameters of W75N. The cloud has
M, > 1, revealing that nonthermal motions are supersonic. The
M value is greater than 1, indicating that turbulent energy is
stronger than magnetic energy. These supersonic and super-
Alfvénic Mach numbers imply the presence of strong
nonthermal motions in the cloud. The 3 value is less than 1,
indicating that although weaker than the nonthermal pressure,
the magnetic pressure is stronger than the thermal pressure.
This M;>Mas>1> 3 relationship has been previously
observed in other high-mass forming regions, such as the
DR21 cores (Ching et al. 2017).

The average A value for the cloud is 2.0, indicating it is
undergoing a global collapse. The estimated B, and \ values in
this work are consistent with the results (By = 0.3—1.2 mG and
A = 0.6-2.2) obtained by Palau et al. (2021). The cloud
exhibits a large-scale velocity gradient, but it is unclear whether
it is due to gas infall or cloud rotation. If the cloud is rotating,
the high x value suggests that the centrifugal force dominates
the magnetic field force.

4. Discussion

Observations of the Zeeman effect toward maser sources at
small scales have been used to derive magnetic field strengths
in the LOS direction. The magnetic field strength derived from
Zeeman pairs of opposite circular polarization ranges from +8
to —8 mG using OH masers at 1665, 1667, and 1720 MHz
(Hutawarakorn et al. 2002). Fish & Reid (2007) detected a
strong magnetic field source of about 40 mG near VLA 2.
Surcis et al. (2009) observed the 6.7 GHz methanol maser using
the European VLBI network and found that the Zeeman-
splitting measurements indicated the LOS magnetic fields in
the maser regions ranging from 11 to 16 mG. In contrast, the
magnetic field strength measured from observations of the
22 GHz water masers is about 1000 mG (Surcis et al. 2011),
which is much higher than those from the methanol maser
observations. Recently, Surcis et al. (2023) measured —764 mG
<B""! <676 mG and -355mG < B""** <2426 mG in
the LOS direction with 22 GHz water maser observations.
These high-resolution (typically around 10* au) maser
observations detected much higher LOS magnetic field
strengths at small scales in protostellar envelopes. The
hydrogen number densities of those regions estimated using
the empirical equation B < nﬁfs (Crutcher et al. 2010) range
from 10% to 10'© ecm™> (Surcis et al. 2023). It is not
straightforward to compare the results from our work using
thermal dust emission to those from maser observations arising
from nonthermal processes. Based on the findings from Liu
et al. (2022a), the density and magnetic field strength
(0.85 x 10° cm ™ and 0.8 mG) from this work indicate that
the cloud is in a magnetically supercritical phase.

Vallee & Bastien (1995) conducted JCMT observations
toward the compact source W75N-IRS1 using a beam size of
12" at 870 pm. They detected one magnetic segment with a
PA = 145° £5° and estimated a magnetic field strength of
B = 0.8 mG using a simple statistical relation between the
magnetic field strength and the gas density. Their magnetic
field strength and PA are consistent with the mean field of our
results. Using JCMT, Greaves & Holland (1998) obtained a
similar magnetic field position angle of 153° & 22° at 1100 pm,
while at 450 pm, the derived magnetic field was 37° £ 9°. The
change in magnetic field PA could be attributed to the twisted
magnetic field lines around the region. The net magnetic field
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Figure 11. Integrated CO (3-2) blueshifted and redshifted emission contours
from —18.0 to 0 km s~ " and 20.0 to 28.0 km s, respectively. The peaks for
the blueshifted and redshifted emission are 275.3 mJy beam ' km s~ ' and
191.6 mJy beam ™' km s~'. Contours begin at 10% of the peak emission and
continue at increments of 10%. The continuum emission shown in background
is identical to that in Figure 1. The two dashed arrows indicated the direction of
the bipolar outflow from Hunter et al. (1994). The three solid arrows are from
Shepherd et al. (2003). Compact sources are labeled as filled triangles. The
green segments are the magnetic field from Figure 2. The dashed ellipses in
magenta show the dense cores from Figure 1(b).

value could change as the beam size varies. Similarly, the
maser observations obtained magnetic fields perpendicular to
our submillimeter polarization observations because the maser
observations were at milliarcsecond (mas) resolution to trace
the compact HII regions. The magnetic field could twist
significantly from mas to arcsecond scales.

In Figure 11, we present the CO (3-2) blueshifted and
redshifted emission contours from our work. We chose the
velocity boundaries of the blueshifted (—18.0 to 0 km s~ ') and
redshifted (20.0-28.0 km sfl) emissions to be symmetrical
with respect to the cloud’s v4.sg = 10.0 km s~ ', as reported by
Shepherd et al. (2003). The compact sources VLA 1 (Ba), VLA
2, VLA 3 (Bb), Bc, and VLA 4 are marked as filled triangles,
and the dense cores of the cloud from Figure 1 are labeled
using dashed ellipses. The black dashed arrows indicate the
direction of the bipolar outflow (66°) from Hunter et al. (1994),
and the three black solid arrows from Shepherd et al. (2003)
show the outflow orientations for the redshifted component
(45°, started from VLA 1), blueshifted component (135°,
started from MM2), and the bipolar outflow from VLA 3 (101°,
centered at VLA 3). Torrelles et al. (1997) and Surcis et al.
(2009) also suggested that VLA 1 powers the large-scale
molecular bipolar outflow of W75N(B).

We found that the main outflows centered at VLA 1 and
MM2 from Shepherd et al. (2003) match well with the high-
velocity gas detected in our CO (3-2) emission map. However,
we did not detect the blueshifted components of the bipolar
outflows from VLA 3 to the west of the source. We propose the
existence of another outflow centered at MM2, extending in a
direction almost opposite to that of MM4, indicated by the
orange arrow in Figure 11. The bipolar outflows originating
from the MM2 core drag and align the magnetic field lines in
the MM2 and MM4 regions. In addition, we found enhanced
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dust polarization along the cavity walls of the redshifted lobe of
the outflow, specifically around the MM3 region. The magnetic
field lines in the MM[N] and MM1 regions are shaped by gas
infall from the MM[N] to MMI1 core. These findings are
consistent with the results of the polarization angle analysis
presented in Section 3.2.

The overall A is greater than 1, and the X5 values shown in
Figure 8(b) predominantly fall below 1, indicating that the
W75N cloud is undergoing global collapsing. In the MM?2 and
MM4 regions, while the Xp values increase, they still remain
primarily below 1, as these regions are dominated by gravity
and pressure gradient. The magnetic field is also shaped by the
outflows from the MM2 core. If the large-scale velocity is from
cloud rotation, the average cloud M, = 3.3 and x =3.5,
indicating that turbulence and the centrifugal force dominate
over magnetic field.

5. Conclusion

We present 345 GHz polarization observations of the W75N
region using the SMA interferometer. We estimated the
physical parameters of the dense structures in the region from
the dust continuum emission. Our analysis reveals a uniform
distribution of polarization angles within each dense structure.
We used the ADF method to study the POS magnetic field and
estimated a large-scale magnetic field component of
0.8 £ 0.1 mG. We also investigated the dynamical state of the
cloud by analyzing the polarization-intensity gradient and the
H'"CO™ (4-3) line data. Our findings suggest that the W75N
region is undergoing global collapsing due to the weaker
magnetic field force compared to other forces. We observed
that the magnetic field around the MM[N] and MMI1 regions is
aligned by gas infall, while in the MM?2 and MM4 regions, the
magnetic field is shaped by outflows from the MM2 core. We
also observed enhanced dust polarization along the cavity walls
around the MM3 region.
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