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Abstract

We report on the near-infrared polarimetric observations of RCW 120 with the 1.4 m IRSF telescope. The starlight
polarization of the background stars reveals for the first time the magnetic field of RCW 120. The global magnetic
field of RCW 120 is along the direction of 20°, parallel to the Galactic plane. The field strength on the plane of the
sky is 100 &= 26 puG. The magnetic field around the eastern shell shows evidence of compression by the H II region.
The external pressure (turbulent pressure + magnetic pressure) and the gas density of the ambient cloud are
minimum along the direction where RCW 120 breaks out, which explains the observed elongation of RCW 120.
The dynamical age of RCW 120, depending on the magnetic field strength, is ~1.6 Myr for field strength of
100 uG, older than the hydrodynamic estimates. In direction perpendicular to the magnetic field, the density
contrast of the western shell is greatly reduced by the strong magnetic field. The strong magnetic field in general
reduces the efficiency of triggered star formation, in comparison with the hydrodynamic estimates. Triggered star
formation via the “collect and collapse” mechanism could occur in the direction along the magnetic field. Core
formation efficiency (CFE) is found to be higher in the southern and eastern shells of RCW 120 than in the infrared
dark cloud receiving little influence from the H II region, suggesting increase in the CFE related to triggering from
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1. Introduction

An HTI region is the result of the neutral gas ionized by the
high-energy photons (>13.6eV) emitted by massive stars
(M > 8 M) (Stromgren 1939). After the ignition of nucleosynth-
esis in a massive star, an HII region rapidly expands to the
Stromgren radius where the ionization rate is balanced with the
recombination rate. The H Il region now becomes a sphere with a
thermal pressure exceeding the external pressure of the ambient
interstellar medium (ISM), and a supersonic shock wave starts to
propagate outwards into the surrounding ISM. A spherical shell of
molecular gas swept-up by the shock is accumulated between the
ionization front and shock front. Once the swept-up shell becomes
dense enough to be gravitationally unstable, star formation in the
swept-up shell could begin. This process, commonly called
“collect and collapse” (C&C), is the classical mechanism in which
massive stars trigger next-generation star formation (Elmegreen &
Lada 1977; Whitworth et al. 1994). Another mechanism,
radiation-driven implosion (RDI), for the triggered star formation
due to the expansion of an HII region describes the interaction
between a pre-existing, stable clump and the H1I region that
accelerates the star formation of the stable clump (Bertoldi 1989;
Kessel-Deynet & Burkert 2003). Because in reality the ISM is not
uniform, and the internal structure is fractal, it is not always

straightforward to classify the exact mechanisms (C&C and/or
RDI) responsible for the star formation triggered by an H I region.
Recently, a hybrid mechanism consisting of both C&C and RDI
was proposed to explain the existence of dense cores and star
formation on the swept-up shell, based on the hydrodynamic
simulations of an H II region expanding into the fractal molecular
cloud (Walch et al. 2015).

The star formation triggered by an H I region has attracted
intensive interests since infrared (IR) bubbles were ubiqui-
tously found in the Galactic disk (Churchwell et al. 2006, 2007;
Kerton et al. 2015; Jayasinghe et al. 2019). The majority of IR
bubbles are a type of object created by the expansion of an HII
region, and are characterized by the (partially) bound
photodissociation region (PDR) between the ionized region
and the surrounding molecular cloud. IR bubbles are ideal
targets for investigating the possible relation between the star
formation occurring on the swept-up shell and the ionization
feedback. The C&C and RDI mechanisms are both proposed to
explain the observed star formation on the swept-up shells of
IR bubbles (e.g., Deharveng et al. 2010; Watson et al. 2010;
Dale et al. 2015). Although the consensus on the star formation
triggered by an HII region is established based on the
hydrodynamic simulations and observational studies, the role
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of the magnetic field in this process is far from well understood.
Bertoldi (1989) discussed the role of the magnetic field in the
RDI process for a spherical cloud, and found that the density
contrast of the swept-up shell depends mostly on the strength of
the magnetic fields in the initial cloud. Magnetohydrodynamic
(MHD) simulations of the evolution of an H1I region into the
uniform magnetized ISM showed that the expansion velocity of
the H1I region is fastest along the magnetic fields in the initial
ISM, and is slowest perpendicular to the magnetic fields. This
leads to the formation of an HII region that is bounded by a
dense shell of swept-up gas in the direction along the magnetic
field, but not perpendicular to it (Krumbholz et al. 2007; Arthur
et al. 2011). These MHD simulations also predict a
magnetically critical radius at which the thermal pressure of
the H Il region is comparable to the pressure of magnetic fields.
When the HII region expands to a radius larger than this
magnetically critical radius, the effects of magnetic fields on
the H 1 region become important, and the most obvious result
is that magnetic fields deform the originally spherical HII
region to be elongated along the magnetic fields. The ordered
magnetic fields prevent the HII region from collecting and
compressing as much gas as one might expect from a purely
hydrodynamic estimate (Krumholz et al. 2007), and also reduce
fragmentation in the virialized cloud (Geen et al. 2015).
Therefore magnetic fields may reduce the efficiency of
triggered star formation from an H1I region (Krumholz et al.
2007). These MHD simulations do not include self-gravity, and
thus are unable to model triggered star formation on the swept-
up shell of an HII region. A few observational results on the
magnetic fields of H1I regions attempt to address the relation
between magnetic fields and triggered star formation (Chen
etal. 2017; Liu et al. 2018; Devaraj et al. 2021). However these
observational results manifest great diversity. To date there
have been far fewer systematic studies on the interaction of H II
region feedback with magnetic fields than for outflow
feedback, and thus the range of possible effects is quite
uncertain (Krumholz & Federrath 2019).

RCW 120 is a well-studied Galactic H1I region because of
its ovoid shape and its relatively close distance at 1.34 kpc
(Zavagno et al. 2007) or at 1.68 kpc (Kuhn et al. 2019). In this
paper, we adopt the most recent distance estimate of 1.68 kpc.
RCW 120 is the testbed for studying the interaction of HII
region feedback with the ambient gas, dust and triggered star
formation (Zavagno et al. 2007, 2010, 2020; Deharveng et al.
2009; Anderson et al. 2010, 2012, 2015; Martins et al. 2010;
Pavlyuchenkov et al. 2013; Ochsendorf et al. 2014; Tremblin
et al. 2014b; Rodédn et al. 2015; Torii et al. 2015; Walch et al.
2015; Mackey et al. 2016; Akimkin et al. 2017; Figueira et al.
2017, 2018, 2020; Kirsanova et al. 2019, 2021; Marsh &
Whitworth 2019; Rodriguez-Gonzilez et al. 2019; Luisi et al.
2021; Kabanovic et al. 2022). These results greatly enrich our
understanding of RCW 120, especially regarding star formation
on the boarder of RCW 120. Arthur et al. (2011) studied the
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evolution of RCW 120 as it expands into the magnetized ISM
with uniform density. In these MHD simulations with magnetic
field strength of 24.16 uG, the role of magnetic fields is minor
compared to the thermal pressure of RCW 120 within the
limited simulation time. However, the role of magnetic fields
depends strongly on the field strength. The observed morph-
ology of RCW 120 is much more elongated than the simulated
morphology in Arthur et al. (2011), implying that a stronger
magnetic field is needed to explain the elongation of RCW 120.
In this paper, we use the near-IR starlight polarization to reveal,
for the first time, the magnetic fields of RCW 120.

2. Data Acquisition
2.1. IRSF/SIRPOL Observations

The data were taken with SIRPOL on the 1.4 m InfraRed
Survey Facility (IRSF) telescope at the South African
Astronomical Observatory, in Sutherland, South Africa.
SIRPOL is a single-beam polarimeter with an achromatic
half-wave plate rotator unit and a polarizer attached to the near-
IR camera SIRIUS (Nagayama et al. 2003; Kandori et al.
2006). SIRPOL enables wide-field (~8' x 8') polarization
imaging with pixel scale of 0”45 per pixel in the JHK, bands
simultaneously. The observations were made in the night of
2018 July 20. To cover the entire extent of RCW 120, we
designed a grid of six positions on the sky. In each grid
position, two sets of observations were conducted. Each set
took 30 s exposures at four wave plate angles (in the sequence
of 0°, 45°, 2295 and 67°5) at 10 dithered positions. The total
integration time was 600s per wave plate angle in one grid
position. Including observation overheads, the total observation
time in one grid position was 54 mins. The total time spent on
the entire extent of RCW 120 was 5.7 hr. The airmass during
the observations was in the range of 1.032—1.722. Observations
with lower airmass generally have smaller full width at half
maximum (FWHM) values. The measured FWHM averaged
for the point sources in the six grid positions has a range from
less than 3 pixels to close to 4 pixels, or ~1”5 —1”8.

The data were processed using the pyIRSF pipeline (version
3.0) developed by Y. Nakajima®, including dark-field subtrac-
tion, flat-field correction, median sky subtraction and frame
registration. The final products of pyIRSF are the JHKs
scientific images at four wave plate angles in six grid positions.

The FWHM in different grid positions can vary by more than
one pixel. In each grid position, we computed (FWHM) for the
point sources in each of the JHK, bands. A fixed aperture of 4
pixels slightly larger than the corresponding (FWHM) was
used in the aperture photometry for the JHK images of the six
grid positions. We utilized the aperture photometry routine
sirphot.py embedded in pyIRSF to extract the digital counts of

5 The tarball file of pyIRSF is available at https://sourceforge.net/projects/

irsfsoftware.
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point sources in the JHK, bands. The sirphot.py routine in
pyIRSF is written with pyRAF under the Python 2.7
environment. The output catalog of sirphot.py contains pixel
coordinates, digital counts and uncertainties, FWHM and
ellipticity of the point sources with peak intensities higher
than the specified threshold, 5 X o + Ly, Where oy and Ly
are the median noise and intensity of sky background
respectively. The FWHM and ellipticity help to exclude some
point sources that are blended with nearby sources, because
aperture photometry of fixed aperture radius for these blended
sources most likely includes contamination from nearby
sources. Therefore, we only keep point sources with FWHM
smaller than 5 pixels and with ellipticity smaller than 0.3.
These criteria could exclude most of the blended sources.

For every source detected at the four wave plate angles, the
Stokes parameters /, U and Q are computed by the following
formulas:

I=y+ bas + Ls + Ie75) /2, (1)
0=Uy— Ls)/I, ()
U= (hys — Is15) /1. (3)

The source counts at the four wave plate angles are Iy, I, s, 145
and Ig75, which are directly obtained from the aperture
photometry.

Some instrument calibrations must be taken into account in
the conversion from the observed Stokes parameters /, U and Q
to the polarization degree and position angle (P.A.). The
polarization efficiency n of SIRPOL is 95.5%, 96.3% and
98.5%, and the correction angle 6, is 105° in each of the JHKs
bands, respectively (Kandori et al. 2006). The equatorial Stokes
Qcq and Uy values are computed as follows (Devaraj et al.
2018):

Qcq = (Q c0s(20p) — U sin(26o)) /n, “)

Usq = (U cos(20p) + Qsin(20p)) /7. %)
Furthermore, Q. and U, are combined to form the
equatorial degree of polarization P.q and the P.A. 0p4, counted

counterclockwise from the north to the east, which are given by
Equations (6) and (7)

})eq - \/M7 (6)
1
Opp = 5 arctan(Ueq/Qeq)~ )

The polarization degree uncertainty 6P is computed from the
corresponding uncertainties of Stokes /, Q and U (Devaraj et al.
2018, Appendix B). The debiased polarization degree P is
obtained according to the method (Wardle & Kronberg 1974)

P= ./qu — 6P, 8)

The uncertainty of 0p4 is then computed by 60ps = 28°66P/P;
thus smaller 6P/P corresponds to smaller 60ps. In the
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following analysis, we only consider point sources satisfy-
ing P >26P.

2.2. Infrared Catalog of the Southern Galactic Plane

The Vista Variables in the Via Lactea (hereafter VVV)
(Minniti et al. 2010) is a European Southern Observatory
(ESO) public near-IR survey that covers approximately 562
deg?® areas of the inner Galactic plane with VIRCAM on the
4m VISTA telescope. The VVV survey imaged the inner
Galactic plane in the ZYJHKs bands. RCW 120 is covered by
the VVV survey, which provides deep near-IR images for this
HI region. Two point-spread function (PSF) photometric
catalogs for the VVV survey have been released, one by the
VVYV science team (Alonso-Garcia et al. 2018) and another one
by personal contribution (Zhang & Kainulainen 2019, hereafter
ZK19), which reaches on average about one magnitude deeper
than the former. Considering this advantage, the ZK19 catalog
is utilized in this paper. The ZK19 catalog applies the Vega
photometric system in the JHKs bands, and the JHKs
magnitudes match the 2MASS system.

2.3. CO Molecular Line Data of RCW 120

The CO and CO isotopes J=1—0 data were previously
used by Anderson et al. (2015) to study the molecular gas
environment of RCW 120. The '’CO, CO and C'*O
J=1—0 data were taken from 2011 July 15 to 18 with the
Australian National Telescope Facility (ANTF) Mopra 22 m
radio telescope in New South Wales, Australia. See more
details of the Mopra observations in Anderson et al. (2015). We
retrieved the raw data from Australia Telescope Online
Archive, and reduced the raw data using the ANTF GRID-
ZILLA (Sault et al. 1995) and LIVEDATA (Barnes et al. 2001)
packages with the same configurations as Anderson et al.
(2015).

Based on the analyses of the CO molecular line emissions of
RCW 120 in Anderson et al. (2015), the molecular line
emissions from —15 to —0.5kms™' are used to derive the
physical properties of the molecular gas associated with RCW
120. From the data cube of the CO, 3C0o and C'®0 emissions,
we derive the moment O (integrated intensity) and line width
maps of the three lines.

The optically thick line '2CO is utilized to derive the
excitation temperature 7., by the formula

—1
Tex(lch)hf[ln(H%H O
MB v\1bg

_ hv/k
where J, (Tpg) = -

cosmic background of T,,=2.73K at the {frequency
v=115.2712 GHz of the '>CO 1 — 0 line. Assuming that the
molecular gas is in the state of local thermal equilibrium (LTE),
the CO and its isotopes are sharing the same excitation

is the blackbody radiation of the
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temperature T of 2CO. The *CO 1 -0 line emission is
mostly optically thin, and becomes optically thick in very dense
regions. The C"®0 1 -0 line emission, on the other hand, is
ubiquitously found to be optically thin. The two molecules are
able to be representative of the molecular gas with high density.
In the state of LTE, the column density of 13C0 and C'%0 then
can be calculated from the 7., and the main beam brightness
temperature of the corresponding line emission, that is
(Mangum & Shirley 2016)

248 x 10"(Tix + 0.88)exp(E,/Tex)
exp(E,/Tex) — 1
[Typdv(km s~

C
f(-]l/(Tex) - Ju(ﬂag))

where the filling factor f=1, and J,(T.x) is the blackbody
radiation of the excitation temperature at the frequency of the
corresponding  line. E,=529K for '>CO 1-0, and
E,=527K for C'®0 1 —0. The optical depth of the '*CO
1 — 0 line emission can be 21 in very dense regions. The 75 of
the '>CO 1 — 0 line emission is solved by

Ntot =

m2, (10)

1 — Ths , (11)
f(‘,u(Tex) - Jl/(ﬂ)g))

1 — exp(—713)

by the column density of '>CO in Equation (10) to obtain a
better estimate of N(13 CO). For the C'®0 1 — 0 line emission,
the optical depth is always < 1, and the optical depth correction
factor is &~ 1. The map of N('3CO) and N(C'®0) is generated for
the emission from —15 to — 0.5kms ™' and is smoothed with a
Gaussian filter of FWHM 3 pixels. The mean *CO to H,
abundance is 2 x 107® (Dickman 1978). The *CO to C'®0
abundance is set to ~7, an averaged value for the Ay range of
3 — 15 mag (Harjunpii et al. 2004). From the map of N(**CO)
and N(C'®0), we can obtain the map of molecular hydrogen
column density N(H,) by the ratios N(H,)/N(*CO) =5 x 10°
and N(H,)/N(C'®0)=3.5 x 10°. The CO data provide the
fundamental properties of the molecular gas associated with
RCW 120, which are vital for understanding the evolution of
RCW 120.

7i3= —In

and the optical depth correction factor is multiplied

3. Results

Figure 1 displays the three-color composite image of RCW
120. The combined field-of-view (FOV) of the near-IR
polarization observations is 156 x 22’1, and covers the entire
RCW 120 HII region and the shell of neutral gas, and
substantial part of the surrounding molecular clouds. Only a
small portion of the 8 ym emission extending to the far east is
not observed with IRSF/SIRPOL. This arc-like structure to the
east of the shell seen at 8 yum is probably the local PDR created
by the two Herbig Ae/Be objects 1 and 2 (see Figure 8 in
Zavagno et al. 2007). These are not massive enough to form
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HTI regions, but they can heat the surrounding dust and create
local PDRs with lower energy photons.

The near-IR polarization observations by SIRPOL are able to
capture the magnetic fields within the HII region and the
surrounding molecular clouds. Given the well-established
relation between starlight polarization by dust extinction and
interstellar magnetic fields (Andersson et al. 2015), the
polarized starlight along the same line-of-sight (LOS) traces
the orientations of magnetic fields on the plane of the sky
(hereafter Bgy). Chen et al. (2012) used SIRPOL to obtain
JHK; polarimetric images of the giant H1I region M17. The
stars with polarization in the JHK, bands show ratios of
polarization degree (Py;/Px o< (A1/ A2)~18) independent of
colors, indicating the dichroic extinction origin for the
polarization in the JHK; bands. The By, of M17 traced by
these stars is consistent with the optical polarization in the H1I
region of low extinction and the far-IR dust emission
polarization in the surrounding PDR with moderate extinction
(Chen et al. 2012).

3.1. Classifying Reddened Background Stars

The SIRPOL JHK; images are not sufficiently deep to
penetrate through the dense PDR and molecular gas in RCW
120. In order to circumvent this problem, we combine the JHK
polarimetric catalog (P, > 26P,) generated by SIRPOL with
the ZK19 JHK; photometric catalog. Applying a maximum
separation of 1” in cross-match, we derive three polarimetric
catalogs also with reliable JHK; photometry from the ZK19
catalog. There are 949 sources in the SIRPOL J band, 1410
sources in the SIRPOL H band and 1215 sources in the
SIRPOL K, band that are in common with the ZK19 JHK|
photometry.

With the deep JHK; photometry by ZK19, we are able to
apply the classical J — H versus H — Ks color—color diagram in
classifying background stars that mostly show large H — K and
J — H colors. Figure 2 features the color—color diagram for the
polarimetric catalogs cross-matched with the ZK19 catalog in
the JHK; bands. It is clear that two populations exist in the
three color—color diagrams, stars with low H — Ks and J — H
colors and others with higher colors and distributed along the
reddening lines. The population with low H — Ks and J — H
colors shows similar distributions with those of the main-
sequence stars (the green curves in Figure 2). If the main-
sequence stars are reddened by a small amount of extinction
(Ay ~ 0.8) along the reddening lines, the distributions of main-
sequence stars match better with those of the population with
low H — Ks and J — H colors. We regard the population with
low IR colors as the candidates for foreground stars which are
lying in front of RCW 120. Vice versa, the population with
higher color and distributed along the reddening lines is
regarded as the candidates for stars whose large IR colors arise
(in part) from the dust component of the local ISM in RCW
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Figure 1. Three-color image of RCW 120, made from the SIRPOL H (blue), SIRPOL Kj (green) and Spitzer 8.0 um (red) images. The ionizing source of RCW 120 is

marked by the blue square closer to the southern shell.

120. The criteria for background reddened stars are (vice versa
for foreground stars):

J— H<22 x (H— Ks) + 0.598, (12)
J—H>22x (H— Ks) — 0615, (13)
J—H>009, (14)

and are shown as the red dashed lines in Figure 2. The numbers
of candidate foreground stars are 366, 222 and 106 in the JHK
bands, respectively. The numbers of candidate background
stars are 565, 1159 and 1082 in the JHK bands, respectively.

The distance to RCW 120 is determined as 16801139 pc
(Kuhn et al. 2019). Aided by the accurate astrometric catalog from
the Gaia Early Data Release 3 (EDR3) (Gaia Collaboration et al.

2016, 2021), a fraction of stars along the LOS toward RCW 120
has measured parallax values, which can be converted into
distance estimates (Bailer-Jones et al. 2021). From the star
distance catalog (Bailer-Jones et al. 2021), we retrieved distance
estimates of the sources in the SIRPOL JHK; catalogs by using a
match radius of 1”. We considered the sources with a
narrow range of distance estimates, defined by (Bge0 —
bpgeo)/1Pg€0 < 0.2, Where B,jee0, bipgeo and rpgeo are the 84th
percentile, the 16th percentile and the median value of the
photogeometric distance posterior respectively (Bailer-Jones et al.
2021).

Figure 3 presents the diagram of ZK19 J — K| colors versus
distances for the candidate foreground and background stars in
the JHK; bands. For the candidate background stars with
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Figure 2. / — H vs. H — K| color—color diagrams of the sources in the JHK| bands from left to right. The main-sequence intrinsic colors (highlighted in green) are
adopted from Pecaut & Mamajek (2013). The intrinsic colors of T Tauri stars are displayed as the blue line (Meyer et al. 1997).

distances, it is straightforward to kick out the sources with
rpgeo < 1570 pc. Among the thousands of candidate back-
ground stars, only a few stars have narrow distance estimates in
the JHK bands. The extremely low common fraction between
candidate background stars and those with distances suggests
that most of the candidate background stars have large
extinction. This large extinction is also evidenced by the long
path along the reddening lines of length about Ay, =35. We
regard all candidate background stars, except for a few with
incompatible distances, as background stars with respect to
RCW 120. The numbers of background stars are 562, 1156 and
1079 in the JHK bands, respectively.

Most of the candidate foreground stars in the JHK; bands
have narrow distance estimates. The situation for the candidate
foreground stars is complicated, because not all candidate
foreground stars have narrow distance estimates. In addition to
the distributions of candidate foreground stars in Figure 3, we
also show the distributions of synthesized stellar populations of
the thin Galactic disk generated by TRILEGAL v1.6
(Girardi 2016). The synthesized stellar populations are
displayed in blue dots in Figure 3.

At first glance, the distributions of candidate foreground stars
with distances match well with those of the synthesized stellar
populations in Figure 3. For 0 <distance <750 pc and
0.7 <J—Ks < 1.2, the stellar populations are dominated by
the low-mass stars later than mid-K type (Pecaut &
Mamajek 2013), which are reproduced well by the TRILEGAL
stellar populations. As the distance increases, the low-mass
stars later than mid-K type go to the very faint end which
escape detection. Therefore, stars earlier than K-type (bluer in
the J — K colors) persist at the larger distances. As the distance
increases, the interstellar extinction accumulated along the LOS
starts to take effect in reddening the stars at larger distances.

Both the effects from distance dilution and accumulated
interstellar extinction merge to produce the dominant popula-
tions with 1000 < distance < 1500 pc and 0.5 <J — K; < 0.8.
A small fraction of candidate foreground stars has distances
comparable to or larger than that to RCW 120. For example,
using the criterion rpgeo > 1570 pc, 35 sources from the 520
candidate foreground stars in the J band, 22 sources from the
410 candidate foreground stars in the H band and 14 sources
from the 334 candidate foreground stars in the K band satisfy
this criterion. In contrast, among the 407 stars generated by
TRILEGAL, 105 stars are within the range 1570 <
distance < 2000, leading to a fraction of 28% that is about 3
times the observed value (about 10%). The TRILEGAL stars
are generated under the universal relation A, = 1.7 mag kpc ™'
between interstellar extinction and distance. However, the
molecular gas and interstellar dust associated with RCW 120
cause a sudden increase in extinction, which is responsible for
blocking out most of the stars lying behind RCW 120. The dust
extinction in RCW 120 is especially significant for the optical
bandpass of Gaia. This can explain the very low fraction of
candidate foreground stars with distances comparable to or
larger than that to RCW 120. We examined the spatial
distributions of these small number of candidate foreground
stars. Most of them are located outside the bubble region, and
most of them are within crowded fields that have little impact
from extinction from the local dust in RCW 120. Considering
the distance uncertainty of both RCW 120 and this minor
sample of candidate foreground stars, we regard candidate
foreground stars with rpgeo 2 1570 pc as background stars,
resulting in 29, 14, and 9 more background stars in the JHK
bands, respectively.

The above analyses for the distributions of both the observed
stars and synthesized TRILEGAL stellar populations indicate
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Figure 3. J — K| vs. distance diagram of the sources with accurate distance estimates (black dots with error bars) in the JHK, bands from top to bottom. The
synthesized stellar populations from TRILEGAL are displayed as blue solid circles.

that the bluer foreground stars overall consist of foreground
stars with respect to RCW 120. A small fraction (a few percent)
of candidate foreground stars at distance similar to RCW 120
do not substantially increase the number of background stars

(a few tens compared to a thousand). We believe that the
criteria used in the color—color diagram are reliable to
distinguish largely reddened background stars and much bluer
foreground stars.
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Furthermore, we exclude possible young stellar objects
(YSOs) which have J— H and H — K, colors that resemble
those of reddened diskless stars. We cross-match the reddened
background stars in the JHK, bands with the Spitzer/IRAC
candidate YSO catalog (Kuhn et al. 2021) with a radius of 2”.
Eleven sources in the J band, 13 sources in the H band and 14
sources in the K band are candidate YSOs. These candidate
YSOs among the reddened background stars are excluded in
further analyses. The above analyses yield 580 sources in the J
band, 1157 sources in the H band and 1074 sources in the K|
band that are reddened background stars with respect to
RCW 120.

3.2. Polarization of Reddened Background Stars

Reddened background stars are suffering extinction due to
dust grains in RCW 120 and those behind RCW 120. Figure 4
plots the distributions of reddened background stars with JHK
polarization in the color—-magnitude diagrams. The distributions
of sources in the HK, bands clearly show evidence of the
existence of distant background stars, defined by the regions
J—K;>4and H < 14 or K; < 12.8. The stars in these regions
manifest a trend of increase in luminosity as the J — K colors
increase. This trend is reversed compared to the normal trend
that stars dim with increasing extinction. The most probable
explanation for this reversed trend is that the stars in the regions
are dominated by late-type (super) giants which are very
luminous in the HK; bands. The late-type (super) giants are so
luminous that they can be detected at far distances (Chen et al.
2013).

The CO data of RCW 120 tell us that the molecular gas
associated with RCW 120 is the dominant component along the
LOS from near to far. The interstellar dust behind RCW 120
donates a minor contribution to the total extinction of distant
background stars. The local dust in RCW 120 plays the
dominant role in producing the polarization of these stars. The
starlight polarization due to dust extinction shows 6p, parallel
to the Bgy,. The polarimetric catalogs in the JHK, bands are

believed to contain background stars mostly reddened by the
dust grains in RCW 120, and thus are capable of tracing the
local By, of RCW 120.

For a direct view on the orientations of the JHK|
polarization, Figure 5 presents the histograms of 6p, in the
JHK bands. The majority of background stars have fp, values
between — 15° (165°) and 45°. The peak location is between
15° and 30°. The distributions of fp4 in the JHK are almost the
same. The number of starlight polarization is highest in the H
band, in which the extinction is much smaller than in the J band
and the polarization degree is much higher than in the K band.
The H-band polarization is widely utilized to study the
interstellar magnetic fields (Clemens et al. 2012; Tamaoki
et al. 2019). In the following, we use the H-band polarization of
1157 background reddened stars to trace the local By, of RCW
120. The H-band polarization data of these 1157 background
stars are listed in Table 1.

3.3. The Local By, of RCW 120

Figure 6 shows the H-band polarization of 1143 background
stars overlaid on the Spitzer 8.0 yum image. In most areas the
orientations of H-band polarization are aligned well. The peak
location between 15° and 30° of 6p,, seen in Figure 5, traces
the global By, of RCW 120, which is nearly, but not exactly,
parallel to the Galactic plane (P.A. of 36°). The difference in P.
A. is about 15°. This difference is also observed for the HII
region N4 and its adjacent molecular cloud N4W (Chen et al.
2016, 2017).

The expansion of an HII region into the surrounding
molecular clouds would deform the orientation of magnetic
fields in areas close to the HII region (Chen et al. 2017;
Devaraj et al. 2021). To explore in detail the influence of RCW
120 on the magnetic fields, we split RCW 120 into several
subregions. The polarization segments in these subregions are
signified by different colors in Figure 7.

Region 1. This subregion consists of background stars in the
upper left corner, shown as the green lines in Figure 7. Between
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Table 1
H-band Starlight Polarization of 1157 Background Stars

ID R.A. Decl. Py Py Opa 66pa J Jerr H Herr K Kerr

(deg) (deg) (%) (%) ) ©) (mag) (mag) (mag) (mag) (mag) (mag)
1 258.198666 —38.618560 2.4 0.1 11.0 0.8 13.46 0.03 10.34 0.02 8.76 0.02
2 258.185656 —38.617305 22 0.1 41.6 1.3 14.76 0.05 11.70 0.03 10.18 0.02
3 258.219322 —38.616643 5.6 0.1 37.7 0.3 14.10 0.03 10.86 0.02 9.28 0.02
4 258.131277 —38.614487 4.7 0.2 23.6 1.0 16.34 0.13 12.54 0.03 10.72 0.03
5 258.070334 —38.613783 34 0.2 322 1.7 15.59 0.09 12.43 0.04 10.96 0.03
6 258.184991 —38.614450 1.7 0.2 21.6 35 14.48 0.04 12.69 0.04 11.93 0.03
7 258.072546 —38.612958 1.4 0.3 21.8 6.3 15.18 0.06 13.01 0.04 12.02 0.04
8 258.195536 —38.613955 1.7 0.1 40.5 2.3 14.84 0.05 11.93 0.04 10.51 0.03
9 258.221845 —38.613703 6.7 0.1 30.5 0.3 14.36 0.03 11.28 0.03 9.82 0.02
10 258.205490 —38.613505 1.5 0.1 3.7 1.3 13.56 0.03 10.86 0.02 9.61 0.02

Note. Only a portion of this table is shown here. The full version is available online and the JK-band starlight polarization data are available in Chen et al. (2022).

region 1 and the northeastern shell of RCW 120, an infrared
dark cloud (IRDC) is seen in the Spitzer 8 yum image, and
coincides with condensation 5 detected in the 870 um map
(Deharveng et al. 2009).

Region 2. This subregion consists of the background stars
lying in the west with respect to the H II region, shown as the
blue lines in Figure 7.

Region 3. This subregion is located in the lower left corner,
far from the shell of RCW 120, shown as the yellow lines in
Figure 7.

Eastern shell. This subregion corresponds to the eastern shell
of RCW 120, shown as the red lines. We further divide the
eastern shell into the upper and lower half separated by
Decl.(J2000) = —38°26/30”. The orientation of the upper
eastern shell is roughly along the P.A. of 135°, and the
orientation of the lower eastern shell is roughly along the P.A.
of 40°.

Western shell. This region represents the western shell of
RCW 120, shown as the magenta lines. Similar to the division
of the eastern shell, the upper western shell is along the P.A. of
15°, and the lower western shell is along the P.A. of 135°.

Ionized zone. This is the ionized region of RCW 120. The H-
band polarization of background stars in this region is shown as
cyan lines.

Figure 8 features histograms of 6p, in these subregions. The
distributions of 6p, in regions 1, 2 and 3 agree well with the
overall distribution of all H-band polarizations, and are narrow
around (fps) =22°4. Regions 1, 2 and 3 are far away from the
shell of RCW 120, and are located at the different sides of
RCW 120. The consistent and narrow 6p, distributions in
regions 1, 2 and 3 suggest that RCW 120 has little influence on
the magnetic fields in these subregions. Regions 1, 2 and 3 are
representative of areas where global magnetic fields persist.

The distributions of fp, in the eastern and western shells are
different. The 6p, distributions in the eastern shell (upper and
lower half) are much wider than those in regions 1, 2 and 3. In
contrast, the distributions of fp, in the western shell (upper and
lower half) are consistent with those in regions 1, 2 and 3.
Different from the diffuse clouds in regions 1, 2 and 3, the
swept-up shell of RCW 120 is more compact and denser. The
870 pm dust continuum emission contours in Figure 7 outline
the extinction along the shell of RCW 120. In the lower
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Figure 6. H-band starlight polarization overlaid on the Spitzer 8.0 ym image of RCW 120. The orientation of the Galactic plane is marked as the black line in the left.

A 10% segment is shown at the upper left corner.

western shell where the extinction is the highest, stars with
H-band polarization in this subregion are most likely not lying
behind this part of the shell. The distributions of p, in the
lower western shell are similar to those in regions 1, 2 and 3,
indicating that the starlight polarization is tracing the global
Bgyy rather than the magnetic fields of the lower western shell,
which are expected to be parallel to the shell itself. Indeed this
is the limitation of the starlight polarization probe that can only
work well for clouds with low to moderate extinction
(Ay < 20-30 mag).

Because of the low extinction in the upper eastern and
western shells, the detection of background stars lying behind

10

them with starlight polarization is possible. The 6pa
distributions in the upper western shell are parallel to both
the orientation of the upper western shell and the global By,
yielding a certain degree of ambiguity in the clarification of
the magnetic fields in this subregion. A certain fraction of
starlight polarization shows 0p, consistent with the orienta-
tion of the upper eastern shell, as depicted in the panel for the
upper eastern shell in Figure 8. The 0p, distributions in the
upper eastern shell are exclusively parallel to the orientation
of the shell, indicating that the magnetic fields in this
subregion are parallel to the shell orientation. The detection
of magnetic fields in the denser parts of the shell is not
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Figure 7. H-band starlight polarization of the subregions in six different colors overlaid on the Spitzer 8.0 ym image of RCW 120. Black contours are 870 pm dust
continuum emission from the ATLASGAL survey (Schuller et al. 2009). Four dust condensations 1, 2, 4, and 5 are labeled the same as Deharveng et al. (2009). The
orientation of the Galactic plane is marked as the cyan line in the left. A 10% segment is shown at the upper left corner.

successful. However, we do observe that the magnetic field in
the low extinction parts of the swept-up shell is parallel to the
shell. Magnetic fields parallel to the shell of an HII region
have been observed for other HII regions similar to RCW
120, such as the N4 bubble (Chen et al. 2017) and the S235
Main H II region (Devaraj et al. 2021). Particularly, the MHD
simulations of RCW 120 exactly produced the same pattern
for the Bgyy in the shell (Arthur et al. 2011). The observed
pattern of By, in the upper eastern shell agrees well with both
MHD simulations (Krumholz et al. 2007; Arthur et al. 2011)
and observational results made by near-IR starlight polariza-
tion (Chen et al. 2012, 2017; Devaraj et al. 2021) for HII
regions.

11

The By, in the ionized zone is mostly parallel to that in
regions 1, 2 and 3. The expansion of the RCW 120 H1I region
appears to have little effect on the magnetic fields in the ionized
zone. However, this pattern of the By, in the ionized zone is
largely attributed to a geometric effect. In the ionized zone, the
neutral and molecular gases are dragged nearly along the LOS
direction by the expansion of the HII region. The magnetic
field lines are bent toward the center of the spherical HII
region, and thus are largely tangential to the surface of the H1I
region. The on-sky deformations are very small because of this
nearly LOS impact on the magnetic fields. Indeed this pattern
was predicted by the MHD simulations of an HII region
(Krumholz et al. 2007, Figures 14, 16 and 18), and was
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described in detail for a spherical HII region (Bourke et al.
2001, Figure 7). The By in the ionized zone of RCW 120
parallel to the global By, is suggested to be due to this
geometric effect.

3.4. Strength of By,

In Section 3.3 we describe the By, in the molecular clouds
far from the H1I region (regions 1, 2 and 3), in the swept-up
shells which consist of neutral and molecular gas (the eastern
and western shells), and in the ionized zone filled with ionized
gas (the ionized zone). In this subsection we estimate the
strength of By, in these subregions. For this purpose, we apply
the widely used Davis-Chandrasekhar-Fermi (DCF) method
that makes use of the starlight polarization, density and velocity
dispersion of gas (Davis & Greenstein 1951; Chandrasekhar &
Fermi 1953). The DCF method relates the strength of By, to
the gas density, velocity dispersion and angular dispersion of
starlight polarization by

Byy = Q\/47rpg—;, (15)

where Q is the correction factor, p is the mass density of gas, év/
is the one-dimensional (1D) velocity dispersion of gas and d¢ is
the angular dispersion of starlight polarization. For RCW 120,
v is computed from the '>CO molecular line data described in
Section 2.3. The gas density p 1is estimated by
p=pumuNH,) /I, where 1 =2.83 is the average molecular
weight per hydrogen molecule (Kauffmann et al. 2008), my; is
the mass of a single hydrogen atom, N(H,) is molecular
hydrogen column density described in Section 2.3 and [ is the
thickness of RCW 120 along the LOS. The diameter of the

RCW 120 bubble is about 4.5 pc (Kabanovic et al. 2022). To
be consistent with the flat structure of the molecular cloud
associated with RCW 120 (Kabanovic et al. 2022), we assume
I ~ 3 pc for the cloud associated with RCW 120 in this paper.

The év is calculated from the '*CO line emission from —15
to —0.5kms™". In all the subregions, we average the '*CO line
emission weighted by intensity. The averaged '*CO line
emission in regions 1, 2 and 3 is fitted well by a single-peak
Gaussian profile. In the shell and ionized zone, the averaged
13CO line emission is blue asymmetric, indicating the influence
from the expanding H II region. In regions 1, 2 and 3, the év is
determined well by fitting the averaged '*CO line emission
with a Gaussian profile. In the shell and ionized zone, the
Gaussian fit to the averaged '>CO line emission fails. The 6 in
the shell and ionized zone is the statistical mean value of the
second moment map of '*CO line emission in these subregions.
In the subregions where the 870 ym dust continuum emission
is weak, the mean 7,3 obtained by Equation (11) in these
subregions is <1, indicating optically thin 3CO line emission
in these subregions. In dense subregions, such as the lower
eastern and western shells, the stronger 870 pm dust continuum
emission indicates that the '*CO line emission is very likely
optically thick in the denser parts of the shell. The év in the
lower eastern and western shells might be overestimated.

We employ two methods to estimate d¢ from the H-band
polarization. The statistics of the fp, in the subregions derive a
direct estimate on the angular dispersion. Figure 8 displays the
Opa histograms of the subregions. We compute the average
value and dispersion of fps weighted by 1/60pa. The derived
angular dispersions Afp, in the subregions are tabulated in
Table 2. This method is suitable for the molecular clouds in
which turbulence plays the dominant role in generating angular
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Table 2
Physical Properties of the Subregions

Region ny, ov Abpa <9PA> Nisource b o Bsky Va

(10*em™) (kms™") ©) ©) ©) ©) (1G) (kms™h
Region 1 1.3 1.6 11.3 32.1 128 177 £4.0 12.6 £3.7 102 + 29 3.6 1.1
Region 2 1.3 1.4 12.2 18.6 450 163 + 1.1 11.6 £ 1.0 98 + 22 3.5+0.8
Region 3 1.5 1.6 15.2 16.0 88 194 +1.7 138+ 1.6 98 + 27 33+£09
Upper eastern shell 33 1.6(0.5) 51.6 43.7 65 39.5 £3.1 29.2 £3.0 72 + 44 1.6 £ 1.0
Lower eastern shell 3.8 2.0(0.4) 41.7 36.6 75 40.6 + 10.0 30.1£9.3 88 £+ 66 19+14
Upper western shell 1.0 1.2(0.4) 23.3 152 68 228 +£5.2 16.3 +49 51+£20 2.14+0.8
Lower western shell 2.4 1.7(0.5) 24.9 19.0 39 171 £ 6.3 122+59 154 + 49 41+13
Tonized zone 14 1.8(0.4) 18.0 29.3 197 23.6 +£3.1 169 +£2.9 88 + 31 30+ 1.1

Note. In the column of év, the values in parentheses are the standard deviations of ¢v in the relevant subregions.

dispersion of starlight polarization. In fact, magnetic fields of
molecular clouds may have structure due to effects such as
gravitational collapse, expanding HII region or differential
rotation. Consequently, this method would likely overestimate
angular dispersion of starlight polarization for the clouds
associated with RCW 120.

Another method, angular dispersion function (ADF), was
proposed to universally estimate the angular dispersion
attributed to turbulence of molecular clouds (Falceta-Gongalves
et al. 2008; Hildebrand et al. 2009; Houde et al. 2009). The
ADF method obtains a measure of the difference in angle of N
(D) pairs of polarization segments separated by displacement [
through the following function

N()

1/2
1
(AD2 ()2 = {ng[@(x) — d(x + 1)]2} . (e

The angular dispersions attributed to the turbulent component
of magnetic field B,(x) and the large scale structured field By(x)
are folded into the (A®*(/))'/?. Assuming that the large-scale
and turbulent magnetic fields are statistically independent and
the turbulent contribution to the angular dispersion is a constant
b for [ larger than the correlation length ¢ characterizing B,(x),
the (A®*(l)) approximately equals

(AD2(D))or & b* + mH2 + o2,(D), 7

when ¢ < [ < d, where d is the typical length scale of variations
in Bo(x) and oy(]) is the measurement uncertainty. Figure 9
shows the ADF of the subregions along with the best fit from
Equation (17) using the first five data points (I < 2.5") to
ensure that /< d as much as possible. The constant b,
characterizing the turbulent field B,, is determined by the zero
intercept of the fit to the ADF at [ = 0. The ratio of the turbulent
to large-scale magnetic field strength is expressed as

<Bzz>1/2 B b
By  2-—0b*

(18)

We use 6B to replace (B?)'/2, and define the dispersion angle
op = éB—B. Table 2 lists the b and §¢ values in degree of the
0

subregions.

It would be interesting to compare the two dispersion angles
Ablps and 6¢ for each subregion. For each subregion, ¢ is
smaller than A#fp,. This reduction in dispersion angle is
significant for the subregions on the shell directly influenced by
the expanding HII, indicating that ionization feedbacks do
influence the magnetic fields on the swept-up shell. The three
subregions (regions 1, 2 and 3) far from the H1I region show
fairly consistent dispersion angles, indicating that the turbulent
magnetic field is produced by turbulence.

We use the dispersion angle 6¢ obtained from the ADF
method to estimate the strength of By, in the subregions. For
the subregions with small dispersion angle (6¢ < 25°), a
correction factor Q ~ 0.5 yields a reasonable estimate on the
strength of By, (Ostriker et al. 2001). For the two subregions
on the eastern shell with ¢ > 25°, we use the correction factor
0~ 0.5 as well, but the strength of By, in the two subregions
is quite uncertain. From Equation (15), we estimate the mean
strength of By, and the corresponding uncertainty 0B is given

by 6¢ = li—i. The uncertainty of field strength in the shell and

ionized zone is likely the lower bound. The uncertainties of §v/
in these subregions are comparable to d¢. The field strength in
the shell and ionized zone is very uncertain.

With the strength of By, the Alfvénic speeds in the
subregions are computed by vy = |Bgl / 4mp. The DCF
method works well in the sub-Alfvénic turbulence with
Alfvénic Mach number My = 6v/va <1 (Falceta-Gongalves
et al. 2008; Liu et al. 2021). Among the eight subregions, four
(regions 1, 2 and 3, and ionized zone) show M, < 1. Moreover,
the mean Op, of the four subregions with M, < 1 are consistent
with each other. For the global magnetic fields in the ambient
cloud of RCW 120, we adopt a mean field strength in regions 1,
2 and 3, (|Bgy|) =100 £26uG. Given the small dispersion
angles in regions 1, 2 and 3, the field orientation is closer to
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Figure 9. ADF, (A¢(])) 172 ys. displacement distance for the subregions. The turbulent contribution to the total angular dispersion is determined by the zero intercept
of the fit to the data at / = 0. The measurement uncertainties were removed prior to computing the fits to the data.

being perpendicular to the LOS (Falceta-Gongalves et al.
2008). In contrast, the field orientation in parts of the ionized
zone is likely more parallel to the LOS, resulting from the HII
region expansion along the LOS, and shows larger dispersion
angle, consistent with the simulation results of field orientation
more parallel to the LOS in Falceta-Gongalves et al. (2008).
We suggest that the geometric projection effect due to the field
orientation with respect to the LOS is small, and the total field
strength |B| &~ (|Bgy|) ~ 100 £ 26 :G.

4. Discussion

4.1. Understanding the Morphology of RCW 120 under
the View of the Magnetic Field

The CO gas distributions are not uniform in density. The
N(H,) of the molecular gas to the east of RCW 120 is, at least,
twice that to the west of RCW120. To the north of RCW 120,
where the shell breaks out, the molecular gas is little there,
characterized by a mean N(H,) of 5.0 x 10*' em 2 To the
south of RCW 120, the molecular gas shows N(H,) comparable
to the east. To first order, the expansion of the RCW 120 HII
region is along the density gradient of the molecular gas, i.e.,
the HII region is elongated far to the north where the gas
density is lower. This is consistent with the prediction of
hydrodynamic simulations of RCW 120 (Walch et al. 2015). In
these simulations, RCW 120 is elongated toward the northeast,
where the column density is initially low. Thus the ionized gas
could break through along the direction of low density
(Ochsendorf et al. 2014). Alternative hydrodynamic simula-
tions including stellar winds and stellar motions of RCW 120
relative to the ambient cloud, however, favor an inclination

angle of 72° for RCW 120 to match the closer spherical dust
shell in the south with respect to the ionizing source and the
observed elongation to the northwest (Rodriguez-Gonzélez
et al. 2019).

The above hydrodynamic simulations miss the potential
impacts of the magnetic field on the asymmetric morphology of
RCW 120. With the B, revealed for the first time for RCW
120, the influence of the magnetic field on the morphology of
this HII region becomes invaluable. The global direction of
By in the ambient clouds is nearly parallel to the Galactic
plane. The same direction is assumed when RCW 120 started
to expand into the surrounding ambient clouds. Because the
ionized gas can only move along the magnetic fields, the
expected elongation of RCW 120 should be roughly parallel to
the Galactic plane when the magnetic field is important
(Krumholz et al. 2007; Arthur et al. 2011). However, the
observed elongation of RCW 120 is along the direction of P.
A.=—11°, in contrast to the direction of the global By, which
is ~20°. Obviously, the elongation of RCW 120 is regulated
not only by the magnetic field. As mentioned earlier, the
density gradient from east to west and from south to north is
observed in the ambient clouds of RCW 120. We divide the
ambient clouds into four parts, the eastern cloud, western
cloud, southern cloud and northern cloud. The four parts are
illustrated in Figure 10. The areas adjacent to the shell are
likely compressed by the expansion of the HII region, thus
these areas are not included in the four parts.

For the four clouds, the average N(H,), n(H,), 1D év, T, and
the sound speed ¢, are computed from the CO molecular line
data. For all the four clouds, the 1D év is much higher than c.
The external dynamical pressure is computed as Py, /kg = p o*
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Figure 10. Hydrogen column density map derived from the '*CO line emission of RCW 120. Black contours are 870 pm dust continuum emission from the
ATLASGAL survey (Schuller et al. 2009). Four dust condensations 1, 2, 4 and 5 are labeled the same as Deharveng et al. (2009). The four clouds are outlined by the

white dashed lines.

Table 3
Physical Properties of the Four Clouds Surrounding RCW 120
Cloud N(H,) n(H,) bv Tex Cs N Payn/kg Py/kg
(10* cm™?) (10* cm™) (kms™) (K) (kms™) (kms™) (10°K cm™3) 10°K em™
Eastern 2.1 2.2 1.8 18.1 0.23 2.7 24 2.9
Southern 1.6 1.7 1.9 16.8 0.22 3.1 2.1 29
Western 1.2 1.3 14 14.2 0.20 3.6 0.9 2.9
Northern 0.5 0.6 1.5 14.1 0.20 5.3 0.5 2.9

and p = 2.8 m, n(H,). The magnetic pressure Py /kg is computed
by assuming the magnetic strength |By,| = 100uG, and it is the
same for all the four clouds. The external dynamical pressure and
magnetic pressure of the four clouds are tabulated in the last two
columns in Table 3. The four clouds have different Pgy, /ks,

15

depending on the n(H,) and 1D év. The Payn/kg of the four
clouds can be assumed to be isotropic for the expanding HII
region, but the expansion of the HI region will feel strong
resistance from Pg/kg when the expansion direction is perpend-
icular to the magnetic field. A sketch of the toy model for an
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Figure 11. Diagram of the RCW 120 region when it just started to expand into the surrounding clouds.

Table 4
Pressures Along Various Directions
P.A. 0 Cloud Payn/ks cos(0) Py /kg Piot/ks Pi/kg
(10°K cm ™) (10°K cm ™) (10°K cm ™) (10°K cm ™)
—10° 60° Northern 0.5 1.4 1.9 16
0° 70° Northern (Eastern) 0.52.4) 1.0 1.5(3.4) 16
20° 90° Eastern 2.4(7.2) 0 2.4(7.2) 16
30° 80° Eastern 2.4(7.2) 0.5 2.9(1.7) 16
45° 65° Eastern 2.4(7.2) 1.2 3.7(8.4) 16
90° 20° Eastern 2.4(7.2) 2.7 5.109.9) 16
135° 25° Eastern 2.4(7.2) 2.6 5.009.8) 16
180° 70° Southern 2.1 0.5 2.6 16
200° 90° Southern 2.1 0 2.1 16
225° 65° Southern 2.1 1.2 33 16
270° 20° Western 0.9 2.7 3.6 16
315° 25° Western 0.9 2.6 3.5 16
330° 40° Western 0.9 2.2 3.1 16

initially spherical HII region expanding into the turbulent and
magnetized ambient cloud is drawn in Figure 11.

The combined external pressure, consisting of the dynamical
and magnetic pressure, is simply defined as

Por = Riyn + Pp X COS(H),

where 6 is the angle between a specific direction and the normal
direction to the magnetic field. The magnetic field is along the
direction P.A. = 20°. When 6 = 90°, the expanding direction is
along the magnetic field. The H1I region’s expansion is largely
resisted by the magnetic field when 6=0°. The thermal
pressure of the H1I region is P;/kg = 2nT. We assume number

density n = 1000 cm > and temperature T = 8000 K for RCW
120. At the earliest phase of expansion, the P;/kg of RCW 120
is much larger than the P /kg, and thus drives the HII region
to expand into the ambient cloud.

When the HII region just started to expand due to the
thermal pressure, the HII region is spherical, as illustrated in
Figure 11. We consider 13 directions tabulated in Table 4.
Along the magnetic field (P.A.=20° or 200°), the effective
magnetic pressure is zero, resulting in the smallest Py /kg
values along the two directions. However, the Py,, along P.
A.=20° is very likely underestimated. Between the eastern
cloud and the shell, a region of N(H,) about 3 times that of the
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eastern cloud exists. If this denser region was first exposed to
the HI region, the Pgayn/kg=Pio/kg tises to 7.2 X
10°K cm >, If the P4y, along P.A.=0° is equal to that of
the eastern cloud (the value in parentheses), the Py, /kg along
P.A. = 0° increases to 3.4 x 10° K cm . For the upper half of
the shell, the minimum P, /kg occurs along P.A.=—10°,
where the Pyy, is lowest and effective Pg is moderate. In the
lower half of the shell, P /kg reaches its minimum along P.
A. =200°, parallel to the magnetic field.

Due to the differential P, along various directions, the
expansion velocity of the HII is faster along the directions of
lower Py /kg, and is slower along the directions of higher
Pioi/ks. The expansion velocity also depends on the density of
the ambient cloud. Let APy,un/ks and AP,on/k be the net
pressure of the HII region to the south and north respectively,
which push the ambient molecular gas outward as the following

AP /kg < n(Hp)v?,

where n(H,) is the number density of the ambient molecular
gas and v is the expansion velocity. The highest
AP ok = 1.4 x 107 Kem ™ is along P.A.=—10° and
the highest APounm/kg=1.4 % 10’Kem ™ is along P.
A.=200°. The expansion velocity along the two directions
obeys the relation

0.5
AProrn n(Hz)somh)
APsouth n(HZ)north

Substituting the highest AP, oq/ks and APgyum/kg, and the
n(H,) of the northern and southern clouds respectively, we get
Vnorth/ Vsouh = 1.6. The expansion velocity to the north is 1.6
times that to the south. This anisotropic expansion of the HII
region leads to the elongated shape along P.A. = — 10°, which
matches the observed elongation of RCW 120. This toy model
is limited to explain the observed elongation, and is too simple
to match the projected morphology of RCW 120. The above
toy model suggests that the morphology of an HII region
depends on both the density gradient and the global magnetic
field. The elongation of an HII region is toward the direction
along which the total external pressure of the ambient cloud is
the lowest. A similar study made from the radiation-MHD
simulations predicted that the ionized regions grow anisotro-
pically, and the ionizing stars generally appear off-center of the
regions (Zamora-Avilés et al. 2019).

Vorth / Vsouth < (

4.2. The Dynamical Age of RCW 120

Both Krumholz et al. (2007) and Arthur et al. (2011)
proposed a critical radius or time for an H1I region when the
magnetic fields become significant. The magnetically critical
radius is

Chen et al.

where R is the initial Stromgren radius in a non-magnetized
medium of the same uniform density.

Arthur et al. (2011) adopted an ionizing photon rate
Niyc= 108357 for the ionizing star of RCW 120, the
number density no=10"cm > and R,=0.45pc. These
physical quantities are also adopted in this work. The sound
speed, ¢;=9.8 kms ', of the ionized gas is used the same way
as in Arthur et al. (2011), but a higher Alfvénic speed,
va =3.6km s~ 1, of the western cloud is assumed. In this work,
the magnetically critical radius of RCW 120 is R,, = 1.7 pc,
which is much smaller than that of 5.7 pc in Arthur et al.
(2011). This is because the observed field strength of RCW 120
(=~100uG) is much stronger than that of 24.16 4G assumed in
Arthur et al. (2011).

The radius from the ionizing star to the PDR in the west
(perpendicular to magnetic field) is ~2.0 pc when the distance
of RCW 120 is 1.68 kpc. The observed radius of RCW 120 is
slightly larger than the R,,, indicating that magnetic effect is
important for RCW 120. The dynamical age of RCW 120 is
larger than the magnetically critical time

\/3
- f(i) fo = 0.53 Myr,
7 VA

Im
where 7, is the sound-crossing time of the initial Stromgren
radius of Ry =0.45pc. To our knowledge, analytical solution
for the MHD evolution of an HII region is currently not
available. We try the approach of MHD simulations to estimate
the dynamical age of RCW 120, assuming RCW 120 is
expanding into a magnetized cloud of uniform density.
Krumholz et al. (2007) simulated the radius of an HII region
in the direction perpendicular to the magnetic field at a
time > t,,. When the dynamical time of an HII region is 3¢,
the radius in the direction perpendicular to the magnetic field
is ~ 1.2R,, (Krumholz et al. 2007, Figure 18). The evolution of
the minimum radius perpendicular to magnetic fields of an HII
region extends to evolution time ~10¢,,, shown as Figure 5 in
the MHD simulations (Arthur et al. 2011), in which R,,=2.8 pc
and t,, = 0.61 Myr. The ratio of observed radius of RCW 120
(2.0 pe) to the R,=1.7 pc is 1.17, which yields an expected
minimum radius of 3.3 pc (1.17 x 2.8 pc). The expected
minimum radius of 3.3 pc returns an evolution time ~ 1.7 Myr
or ~3t, in Figure 5 of Arthur et al. (2011). Both MHD
simulations (Krumholz et al. 2007; Arthur et al. 2011) point to
a similar relation between radius perpendicular to magnetic
field and evolution time. The observed radius of RCW 120,
compared with the R, for RCW 120, suggests an MHD
dynamical age ~3t,, = 1.6 Myr based on the relevant MHD
simulations.

Table 5 compiles seven dynamical ages of RCW 120
estimated by various works. Most of the studies are based on
hydrodynamic simulation, whereas we and Arthur et al. (2011)
include the influence of the magnetic fields. The magnetic field
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Table 5
Dynamical Ages of RCW 120
B Nryc no tm R, Radius Age Reference
(uG) s (x10* em ™) (Myr) (pc) (pc) (Myr)
100 1048 1 0.53 1.7 2.0 1.6 This work
1080 1.9-7.1 1.8 0.6—1.2 1
10480 1-3 1.7 0.23-0.42 2
1081 1 1.4 0.26-0.63 3
10*82 3-10 1.5 0.17-0.32 4
24.16 10*83 1 22 5.7 1.75 0.2 5
1080 3 1.67 0.4 6

Note. 1, Figueira et al. (2020); 2, Marsh & Whitworth (2019); 3, Akimkin et al. (2017); 4, Pavlyuchenkov et al. (2013), 5, Arthur et al. (2011); 6, Zavagno et al.

(2007).

considered in Arthur et al. (2011) is much weaker than the field
strength in our work. Arthur et al. (2011) derived a dynamical
age much younger than in our work. Because the resistance of
the magnetic fields onto the expansion is not considered, the
hydrodynamic age is expected to be younger than the MHD
age. The most recent estimate on the hydrodynamic age of
RCW 120 is in the range 0.6—1.2 Myr, considering the
possible range of gas density of the ambient cloud (Figueira
et al. 2020). If we adopt the gas density (1= 2.6 x 10° cm ™)
of the western cloud in the RCW 120 H II region for Figure 11
in Figueira et al. (2020), the hydrodynamic age of RCW 120
is ~1.1 Myr. Figueira et al. (2020) assumed an ionizing photon
rate lower than the value in our work. This hydrodynamic age
of RCW 120 might be even younger if a higher ionizing photon
rate is assumed. In the turbulent and magnetized molecular
clouds, the apparent size of an HII region would lead to an
underestimated age if the influence of the magnetic fields is not
considered. When the magnetic field is weak (field strength
about 10-20uG), the size of the HII region depends more on
the turbulent level or the density profile of the ambient cloud
than on the magnetic field (Tremblin et al. 2014a; Geen et al.
2015), therefore the influence of the weak magnetic field on the
dynamical age is small. When the magnetic field of the ambient
cloud is strong (field strength 2100uG), the dynamical age
estimated by the hydrodynamic process is possibly much
younger than value yielded by the MHD process. For RCW
120, the MHD dynamical age is ~1.6 Myr when field strength
is 100uG. Considering the uncertainty of measurement, the
lower bound of 74 ;G yields an MHD dynamical age ~1 Myr
for RCW 120. The stronger the magnetic field is, the older the
dynamical age of an H II region is needed to reach the observed
radius. The dynamical age of RCW 120 estimated in this work
is most likely older than the hydrodynamic age in Figueira et al.
(2020). Given the uncertainty of field strength and gas
properties, both ages are still comparable to each other. This
is also consistent with the stage of the ionizing star of RCW
120, which is still during its main sequence stage younger than

several Myr. The real age of an HII region does matter in
understanding the star formation triggered by ionization
feedback. If the dynamical age of an HII region is largely
underestimated, then the ages of the observed YSOs lying on
the swept-up shell of the HII region would likely exceed the
underestimated dynamical age. This age problem conflicts with
the triggered star formation mechanism. An H1I region should
be old enough to enable the next generation star formation
triggered by the same H1I region (Zhou et al. 2020).

4.3. Triggered Star Formation on the Boarders of
RCW 120

The star formation triggered by an expanding H II region has
been long interpreted as a promising way. The swept-up dense
gas shell due to the compression of an HII region might be
dense enough to start gravitational collapse. In the ISM with
uniform density, the compression of an H II region is isotropic,
thus a spherical or ring-like shell of enhanced density is formed
on the boundary between the H II region and the molecular gas.
When ordered magnetic fields are considered, the H1I region
becomes elongated along the magnetic field after a magneti-
cally critical time. The swept-up shell in the direction along the
magnetic field is denser and thicker than that in the direction
perpendicular to the magnetic field (Krumholz et al. 2007;
Arthur et al. 2011). When the density gradient and magnetic
field are both considered, the elongation of an H1I region is
determined by the summed up effect of both. For instance, the
RCW 120 HTI region is elongated toward the direction of P.
A.=—10° where the combined external pressure is the
smallest. RCW 120 is the best representation of a realistic H I
region expanding into a non-uniform and magnetized ISM. The
role of the magnetic fields is discussed in the three situations.

In the direction perpendicular to the magnetic field: The
eastern shell is thicker and denser than the western shell. The
western cloud has a density lower than the eastern cloud.
However the ordered strong magnetic field plays the dominant
role in regulating the expansion of the H I region into the west.
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The density contrast of the western shell is about 2 in
comparison with the western cloud. The strong magnetic field
of the western cloud (|Byy|~ 100uG) greatly reduces the
density contrast of the swept-up shell of the west side, which is
in the direction perpendicular to the global Bgy. The star
formation triggered by the C&C mechanism is unlikely to
occur in the western shell. The strong magnetic field of the
ambient cloud reduces the efficiency of triggered star formation
for the swept-up shell in the direction perpendicular to the
magnetic field (Krumholz et al. 2007).

Possible RDI for the star formation in the eastern shell: The
eastern shell has a high density of 5.2 x 10°cm™>. Two
condensations 3 and 4 in Zavagno et al. (2007) seen in the
millimeter continuum emission are located at the eastern shell.
Condensation 4 has two relatively evolved Herbig Ae/Be
objects, thus star formation inside condensation 4 is possibly
linked with the RDI mechanism (Zavagno et al. 2007; Figueira
et al. 2017, 2020). The 0pa of the H-band starlight polarization
has a large scatter in the lower half of the eastern shell
(8¢ =27°). Together with a large 6v=2.1kms ' of the
molecular gas, the lower half of the eastern shell is pretty much
turbulent. The dense core in the eastern shell is magnetically
supercritical, given the core mass derived in Figueira et al.
(2017) and a strength of 100 G for the magnetic field and core
size about 0.2 pc (Chen et al. 2017).

In the direction along the magnetic field: Two condensations
1 and 2 are located in the southern shell of RCW 120 (Zavagno
et al. 2007; Deharveng et al. 2009). Zavagno et al. (2020)
proposed RCW 120’s compression as the mechanism for the
formation of the dense shell in the south. Aided by the channel
of the magnetic field, the P, /kg is small along P.A. = 200°-
215°, thus the expansion velocity to the south is largest along
this direction. The densest condensation 1 is lying in the
directions of P.A. =210°-240°, roughly along the global Bg.
The dense southern shell of RCW 120 is consistent with the
predictions of the MHD results (Krumholz et al. 2007; Arthur
et al. 2011). Moreover, even the dense southern shell is
asymmetric, as revealed by the submillimeter 350pm and
450um maps of RCW 120 (Zavagno et al. 2020). The most
massive condensation 1 is located at the western side of the
southern shell, and the less massive condensation 2 is at the
eastern half of the southern shell. The P, /kg along the
direction to condensation 2 (135° < P.A. < 180° in Table 4) is
higher than that to condensation 1 (P.A.=210°-240° in
Table 4), and the expansion velocity to condensation 1 is
higher than that to condensation 2. This difference leads to a
higher density contrast in condensation 1 than in condensation
2, consistent with the observation that condensation 1 is more
massive and denser than condensation 2. The star formation in
condensation 1 has attracted intensive interests, because
condensation 1 is the unique laboratory to verify the C&C
mechanism. Recent studies have demonstrated that massive star
formation is on-going in the densest region of condensation 1
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(Figueira et al. 2017, 2018, 2020; Kirsanova et al. 2021).
Figueira et al. (2020) found the dynamical age of RCW 120 to
be longer than the fragmentation age of condensation 1, and
they suggested the C&C mechanism as the most likely
mechanism for star formation in condensation 1. Indeed the
dynamical age of RCW 120 in this work is much larger than
expected from the hydrodynamic case, implying that the
triggered star formation has sufficient time to happen. By
revealing for the first time the global By, of RCW 120,
condensation 1 is lying in the direction along the magnetic
field, which indeed channels the supersonic gas flow to collect
sufficient gas to form a dense shell along the direction of the
magnetic field. The on-going massive star formation in
condensation 1 suggests that the magnetic field plays a role
in the C&C mechanism only for the direction along the
magnetic field.

The observational evidence of RCW 120 between the
triggered star formation and the magnetic field suggests that
star formation triggered by an expanding HII via the C&C
mechanism in the magnetized ISM depends on whether the
expanding direction is parallel to the magnetic field. If the
expanding direction is along the magnetic field, like condensa-
tion 1 of RCW 120, the C&C mechanism works for the swept-
up dense shell that is compressed by the supersonic gas flow
channeled by the magnetic field. If the expanding direction is
perpendicular to the strong magnetic field, like the western
shell of RCW 120, the density contrast of the swept-up shell is
greatly reduced by the magnetic field, therefore the high
density required by gravitational collapse is not created.
Compared to the hydrodynamic simulations of an HII region
expanding into the ISM with uniform density, the strong and
ordered magnetic field in general reduces the efficiency of
triggered star formation, which is consistent with the results of
the radiation MHD simulations for the giant molecular clouds
(Kim et al. 2021). However, triggered star formation via the
C&C mechanism could occur in the direction along the
magnetic field.

4.4. Core Formation Efficiency

The star formation efficiency is difficult to estimate since the
stellar masses of forming stars are unknown. Figueira et al.
(2020) estimated the core formation efficiency (CFE) of
condensation 4 based on the mass of the cores and dust.
Following Figueira et al. (2017), we estimate the CFE of
condensations 1, 2 and 4. The masses of the cores in these
condensations are according to Table 5 in Figueira et al. (2017),
and the dust masses of these condensations are according to the
second column of Table 7 in Figueira et al. (2017).

Table 6 shows the CFE of condensations 1, 2, 4 and 5 based
on the results in Figueira et al. (2017). In condensation 1, six
cores have estimated masses, while another six cores were
detected but not discussed due to a lack of sufficient Herschel
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Table 6
Core Formation Efficiency of Condensations 1, 2, 4 and 5
Condensation M ump M ore Neore CFE Comment
M) M)
1 2530 502(300) 6(6) 20%(32%) C&C
2 540 61 5 11% C&C
4 350 23(34) 5 7%(16%) RDI
5 1580 27 9 1.7% IRDC

measurements (Figueira et al. 2017). The six cores without
estimated mass have size similar to the cores with moderate
masses (Figueira et al. 2017). We assume that the six cores
without estimated mass contribute another 300 M to con-
densation 1. Thus the CFE of condensation 1 can reach up to
32% if the 12 detected cores are all included. The CFE of
condensation 4 is very likely underestimated, because the core
masses of the two Herbig Ae/Be objects A and B are only
1 M, (Figueira et al. 2017). Assuming stellar mass of 5 M, for
objects A and B, and the efficiency of 0.3 from core to star, the
core masses of objects A and B are 34 M, in total. The CFE of
condensation 4 then increases to 16%. This value is consistent
with the estimate (12 to 26%) in Figueira et al. (2020) for
condensation 4. As a comparison, condensation 5 , which is
little affected by RCW 120, has a much lower CFE of 1.7%.
The mean CFE (20%) of condensations 1, 2 and 4 is much
higher than condensation 5, indicating increase in the CFE
related to triggering from ionization feedback. Previous studies
for molecular clouds associated with H1I regions have found
that the filaments/clouds compressed by the adjacent HII
regions have higher CFEs (15%-37%) than the regions
receiving little feedback from the HII regions (Moore et al.
2007; Eden et al. 2013; Xu et al. 2018, 2019). These results
agree well with the mean CFE (20%) of the two triggering
mechanisms C&C and RDI for RCW 120.

Condensations 2 and 4 have comparable CFE, while the
most massive condensation 1 has a CFE two to three times that
of the former. The comparison between condensations 1 and 2
implies that the magnetic field has a strong impact on the CFE
in the C&C mechanism, which is higher in direction parallel to
the magnetic field than perpendicular to the field. In general the
CFE in the RDI mechanism is comparable to the mean CFE in
the C&C mechanism, and is lower than the CFE in the C&C
mechanism along the magnetic field. We note a dependency of
the CFE in the C&C mechanism on the magnetic field, and a
difference in the CFE between the C&C and RDI mechanisms.
However, the uncertainties of the clump and core masses are
not included in the calculations. We wish to address this
interesting topic more clearly based on more detailed studies
for a number of bubble-like H1I regions in a future work.
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5. Conclusions

We conducted the near-IR JHK; polarimetric imaging
observations with the 1.4m IRSF telescope for the well-
studied bubble-like H1I region RCW 120, and obtained for the
first time the magnetic field of this region. The main goal of this
paper is to investigate the influence of the magnetic field on the
evolution of the RCW 120 H1I region. The global By, in this
region has a field strength of 10026 yG, much stronger than
the values used in the relevant MHD simulations (Arthur et al.
2011; Geen et al. 2015). The strong global magnetic field
shows significant impacts on the morphology and triggered star
formation of RCW 120.

1. The observed morphology of RCW 120 is determined
both by the density gradient and the magnetic field of the
ambient clouds into which the HII region was initially
expanding. The elongation is toward the direction where
the turbulent pressure 4+ magnetic pressure and the gas
density of the ambient cloud are minimum.

2. The strong magnetic field has a large impact on
estimating the dynamical age of RCW 120. The
hydrodynamic estimate and the MHD estimates with
weaker field strengths underestimate the dynamical age of
RCW 120 to a level younger than 1 Myr. If the strong
magnetic field is included, the dynamic age of RCW 120
is ~1.6 Myr (for field strength of 1001:G), depending on
the field strength. This age is old enough to enable the
triggered star formation to occur on the boarders of
RCW 120.

3. In the direction perpendicular to the magnetic field, the
density contrast of the western shell of RCW 120 is
greatly reduced by the strong magnetic field. Along the
magnetic field, the massive and densest shell in the south
shows clear evidence of triggered star formation via the
C&C mechanism. The RDI mechanism might be
responsible for the star formation in the eastern shell.
The strong and ordered magnetic field, in general,
reduces the efficiency of triggered star formation, in
comparison with the purely hydrodynamic estimates.
Triggered star formation via the C&C mechanism could
occur in the direction along the magnetic field.

4. The CFEs are higher in the southern and eastern shells of
RCW 120 than in the IRDC far away from the H1I
region, suggesting increase in the CFE related to
triggering from ionization feedback. The different CFEs
of the three condensations in the southern and eastern
shells imply higher CFE for the C&C mechanism than for
the RDI mechanism.
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