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Abstract

We study the HII regions associated with the NGC 6334 molecular cloud observed in the submillimeter and taken
as part of the B-fields In STar-forming Region Observations Survey. In particular, we investigate the polarization
patterns and magnetic field morphologies associated with these HII regions. Through polarization pattern and
pressure calculation analyses, several of these bubbles indicate that the gas and magnetic field lines have been
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pushed away from the bubble, toward an almost tangential (to the bubble) magnetic field morphology. In the
densest part of NGC 6334, where the magnetic field morphology is similar to an hourglass, the polarization
observations do not exhibit observable impact from HII regions. We detect two nested radial polarization patterns
in a bubble to the south of NGC 6334 that correspond to the previously observed bipolar structure in this bubble.
Finally, using the results of this study, we present steps (incorporating computer vision; circular Hough transform)
that can be used in future studies to identify bubbles that have physically impacted magnetic field lines.

Unified Astronomy Thesaurus concepts: H 1l regions (694); Interstellar magnetic fields (845); Star formation
(1569); Molecular clouds (1072); Dust continuum emission (412)

1. Introduction

Ionized atomic hydrogen (HII) regions around massive stars
are evidence of recent star formation activity. Expansion of
these HII regions and their interactions with molecular
clouds (Tremblin et al. 2012) can also lead to increased
density (Thompson et al. 2012; Inutsuka et al. 2015) along their
edges and the initiation of a new star formation sequence (e.g.,
Elmegreen 1998; Deharveng et al. 2005; Zavagno et al.
2010a, 2010b; Chen et al. 2022). Conversely, stellar outflows
combined with magnetic fields can reduce the efficiency of
massive star formation significantly (Nakamura & Li 2007;
Wang et al. 2010; Koch et al. 2012a, 2012b; Federrath 2015;
Krumholz & Federrath 2019; Chen et al. 2022). In magneto-
hydrodynamic simulations, for instance, magnetic fields enable
outflows to travel farther than distances in hydrodynamic
simulations, resulting in turbulent motions and decreased star
formation efficiency at greater distances (e.g., Offner &
Liu 2018; Krumholz & Federrath 2019). The initial morph-
ology of the magnetic field in the cloud relative to the HII
regions also influences the star formation efficiency (Chen et al.
2022). Before examining the star formation activities caused by
HII regions, it is necessary to study the magnetic field
morphology of these regions and the influence of HII regions
on the magnetic fields of the parent molecular cloud.

The physical sizes of HII regions range from ultracompact
(<0.1 pe) to evolved (>1 pc; Russeil et al. 2016), enabling us
to estimate their age, ionizing flux, and density (e.g.,
Osterbrock & Ferland 2006; Anderson et al. 2014). These
regions can be identified in mid-infrared (MIR) observations as
bubble- or shell-like structures, which are often asymmetrical
in shape (Comeron 1997) and are formed as a result of winds
and radiation from the massive central stars. The stellar winds
and radiation result in expanding HII regions, which sweep
material on their shells and consequently alter the magnetic
field morphology of their environment (due to flux freezing)
compared to the rest of the parent cloud.

While HII region age estimates are required for studying star
formation, their ages can be underestimated if magnetic fields
are ignored (Chen et al. 2022). This underestimation of age is
due to the fact that strong magnetic fields resist the HII
expansion perpendicular to the field direction (which may also
result in ovoid-shaped bubbles; Chen et al. 2022). The relative
orientation of magnetic field with the expansion of the HII
region influences not only the density of the shell but also its
fragmentation and core formation (Chen et al. 2022). Some
studies have examined the role and significance of magnetic
fields in cloud evolution and star formation and have shown
that the magnetic fields can be aligned tangential to the shells
of evolved HII regions (e.g., Pereyra & Magalhaes 2007; Tang
et al. 2009; Chen et al. 2012, 2017; Santos et al. 2014; Fissel
et al. 2016; Soam et al. 2017, 2018; Eswaraiah et al. 2017;
Pattle et al. 2018; Dewangan et al. 2018; Eswaraiah et al. 2020;

Konyves et al. 2021; Devaraj et al. 2021; Fernandez-Lépez
et al. 2021; Hoang et al. 2022; Chung et al. 2022). This
tangential field morphology is also predicted in some
theoretical simulations (Krumholz et al. 2007; Henney et al.
2009; Arthur et al. 2011; Ntormousi et al. 2017). However, the
complete morphology and role of magnetic fields in relation to
HII regions are not yet well understood.

If HII regions orient and order the field lines tangential to
them, this will also appear as tangential magnetic fields when
projected onto the plane of the sky and will be accompanied by
higher polarization fractions. These ordered field lines will
experience less deviation from tangential morphology, leading
to less depolarization and a higher polarization fraction. To
better understand the morphology of magnetic fields associated
with HII regions, here we study the magnetic fields in the
NGC 6334 molecular cloud and its HII regions. In this study,
we investigate the presence or absence of tangential magnetic
field morphology in HII regions, as well as whether the
presence of such fields is accompanied by an increase in
polarization fraction. Determining the presence of this morph-
ology may reveal the significance of HII regions in the
evolution of cloud’s magnetic fields. Furthermore, by under-
standing how HII regions may influence the morphology of
magnetic fields in their parental cloud, we may also be able to
determine the initial magnetic field morphology of the parental
cloud prior to its evolution. Knowing this initial magnetic field
morphology allows us to compare it to the magnetic field
morphology predicted by cloud-formation scenarios.

Numerous HII regions are associated with NGC 6334, which
is a massive star-forming molecular cloud, on the inner edge of
the Sagittarius-Carina arm (Russeil et al. 2012), with core masses
ranging from 200-2000M,, (Zernickel et al. 2013) and a total
mass of a few 10°M_, (Andre et al. 2016). These HII regions
have influenced the gas dynamics in NGC 6334 (Schneider et al.
2020) and some of them are well known and optically
observed (e.g., Gum 1955; Persi & Tapia 2008). The presence
of numerous HII regions along the filamentary NGC 6334
molecular cloud, which were initially detected by Rodriguez
et al. (1982) and have been extensively studied, is not unique to
this region and has been similarly observed in other molecular
clouds (e.g., NGC 6357; Russeil et al. 2010). Rodriguez et al.
(1982) estimated the luminosity of the HII regions within
NGC 6334 and identify the zero-age main-sequence (ZAMS)
stellar type required to generate the estimated luminosity (see
their Table 2). Subsequent studies identify a number (or cluster)
of stars that may have contributed to the formation of the
NGC 6334 HI regions (e.g., Tapia et al. 1996).

NGC 6334 and its subregions have been observed with
various radio, millimeter, and submillimeter facilities, includ-
ing the Atacama Large Millimeter/submillimeter Array (e.g.,
Sadaghiani et al. 2020; Cortes et al. 2021), the Very Large
Array (VLA; e.g., Rodriguez et al. 2014), and the
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Submillimeter Array (e.g., Zhang et al. 2014). NGC 6334 is
actively forming stars and includes a ~10 pc filament (main
ridge; Loughran et al. 1986; Russeil et al. 2010; Shimajiri et al.
2019) with an average density significantly higher than most
filaments observed in the Gould Belt (Andre et al. 2016). Wu
et al. (2014) determined a parallax distance of 1.35")13 kpc for
NGC 6334, ~20% smaller than its near kinematic distance of
1.7kpc(Wu et al. 2014) and photometric distance of
1.74 + 0.31 kpc (Neckel 1978).

To investigate the magnetic field morphology of NGC 6334
and its HII regions, we observe polarized dust emission at
850 yim, using the James Clerk Maxwell Telescope’’ (JCMT)
near the summit of Maunakea. Probing the plane-of-sky
magnetic field (Bpos) morphology using polarized dust
emission is possible due to the alignment of the short axis of
amorphous dust grains (e.g., Draine 2009) with the magnetic
field, which has been observed at various wavelengths (e.g.,
Pattle & Fissel 2019). This alignment is explained through
radiative torques (Draine & Weingartner 1997; Lazarian 2007,
Lazarian & Hoang 2007; Andersson et al. 2015; Hoang &
Lazarian 2016).

Previously, Arzoumanian et al. (2021, hereafter PaperI)
studied the magnetic fields within NGC 6334 and the region’s
filamentary nature. We focus on its HII regions in this study.
We discuss our JCMT polarization observations and the
previously observed HII regions associated with NGC 6334 in
Section 2. In Section 3, we discuss the methodology that we
use to characterize the magnetic field morphologies of the HII
regions and discuss their impact on the cloud’s magnetic field.
In Section 4, we compare the magnetic pressure and tension
with the gas, radiation, and dynamic pressures in these regions
and further explore techniques for identifying these HII regions
based on their dust polarization properties. Section 5
summarizes our approach and findings.

2. Observational Data

In this section, we first discuss the JCMT SCUBA-2/POL-2
(Bastien et al. 2011; Holland et al. 2013; Friberg et al. 2016)
polarimetric observations of NGC 6334 at 850 um, taken as
part of the B-fields In STar-forming Region Observations
(BISTRO) survey (Ward-Thompson et al. 2017). We then
present the HII regions of NGC 6334 as obtained from a variety
of previously published catalogs.

2.1. JCMT BISTRO Observations

The 850 um dust polarized emission observations were
carried out under dry weather conditions with the atmospheric
opacity ranging between 0.03 and 0.07 at 225 GHz. The data
were reduced using the pol2map’? reduction code. Observa-
tional and data reduction procedures are discussed in detail in
Paper I, which also includes these data.

The observations have a spatial resolution of 14" (half-power
beam-width of the JCMT at 850 psm). The maps of Stokes I (the
total dust thermal continuum emission), Stokes Q, and Stokes
U are re-projected onto Cartesian grids with pixel sizes of 4”.
The NGC 6334 molecular cloud is depicted in Figure 1 with
pixel size of 4”. The Stokes I, Q, and U maps and their
associated uncertainties are discussed in detail in Paper L.

o1 https: //www.eaobservatory.org/jcmt/
2 http://starlink.eao.hawaii.edu /docs/sc22.htx /sc22.html
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Figure 1. NGC 6334 at 850 pm with a pixel size of 4”. The color image shows
Stokes I without any selection criteria applied. The cloud is composed of a
main ridge (~10pc long filament) along with dense clumps and cores.
Evidence of HII shells is also visible in the Stokes / map.

We obtain the polarization angle (¢/) and the initial polarized
intensity (Pljr), using the Stokes parameters in the following
equations:

U
= 0.5 arctan(—),
P arctan 0

X PIINIT = \/W, (l)

where the polarization angle is determined according to the
IAU convention (from north to east in the equatorial coordinate
system). The Bpos lines are perpendicular to the polarization
lines, and their orientation (X, ) is obtained using

Xbpos = ¥ + 90°. 2)

The parameter Pl is positively biased due to the squaring of
the uncertainties in Q (denoted by 6Q) and U (denoted by 6U).
We debias Pl and obtain the debiased polarization fraction
(PF) as follows (e.g., Serkowski 1962; Wardle & Kronberg
1974):

PI= Q% + U2 — 0.5(6Q7 + 6U?),

PF = ?. 3)

This debiasing approach has been successfully used in previous
studies for signal-to-noise ratios (S/Ns) higher than 3 (e.g.,
Vaillancourt 2006; Plaszczynski et al. 2014; Montier et al.
2015; Hull & Plambeck 2015; Pattle et al. 2019, 2021; Doi
et al. 2020). Subsequently, we find the uncertainties of the
debiased polarization parameters as follows:

_ 507 + weuy
PI ’

2 2
6PF = PF (@) + (6—1) ,
PI 1
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Figure 2. Magnetic field lines associated with NGC 6334 at 850 um. The background color image illustrates the Stokes / map, and the drapery lines depict the plane-
of-sky magnetic field lines in this region as obtained using the line integration convolution technique. The short yellow lines represent the Bpog orientations (all of the

same length), every 10 pixels.

where the § shows the uncertainty or the /variance in each

observed parameter. In this study, we use S/N (I):é > 10 and

S/ N(PI):% > 3 as data selection criteria, following Paper .

Figure 2 illustrates the overall magnetic field morphology of
NGC6334 using the line integration convolution
technique (Cabral et al. 1993). The background color image
illustrates the Stokes / map and the drapery lines depict the
magnetic field lines. The short yellow lines represent the plane-
of-sky magnetic field orientations, every 10 pixels.

2.2. Observed HII Regions

HII regions are best identified and confirmed using radio
recombination lines (RRLs) or Ha observations. However,
surveys by Bania et al. (2010) and Anderson et al. (2011)
demonstrated that MIR observations can be used to identify
these regions, which appear as a bubble-like structure in
~22 pym observations surrounded by a shell-like structure at
~12 pm wavelength. Traditionally the HII regions in
NGC 6334 were named A to E when observed in radio
(Rodriguez et al. 1982), and I to V when observed in far-

infrared (FIR; McBreen et al. 1979). For a complete list of all
observed HII regions in NGC 6334, we use the Wide-field
Infrared Survey Explorer (WISE;”® Anderson et al. 2014) and
Simpson et al. (2012) catalogs (observed in MIR). We refer to
the HII regions identified in the WISE and Simpson et al.
(2012) catalogs as WISE and Simpson bubbles, respectively.

The WISE catalog compiles more than 8000 confirmed and
candidate HII regions in the Galactic disk that were observed
by the WISE satellite in the 12 ym and 22 ym bands (Anderson
et al. 2014, 2015). The HII bubbles in the WISE catalog are
categorized as known (K), groups (G), candidates (C), and
radio quiet candidates (Q). Known regions are those that have
been observed in either RRL or Ha. When candidate HII
regions are spatially associated with known HII regions, they
are referred to as groups. A radio quiet candidate is a region
that is normally undetectable by radio continuum surveys due
to their low sensitivity, but that is detected by WISE (with the
6 mJy sensitivity of WISE at 22 pm). Candidates (C and Q) are
typically found to be HII regions 95% of the time (Anderson
et al. 2014, 2015, 2018).

%3 http://astro.phys.wvu.edu/wise/
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Additionally, we use the HII catalog from Simpson et al.
(2012) to further locate regions in NGC 6334. The bubbles
identified by Simpson et al. (2012) are part of the citizen
science Milky Way Project (MWP)*™ in which online
volunteers determined the location of the bubbles using Spitzer
observations in the 8 yum and 24 ym bands. The WISE and
Simpson catalogs identify HII regions with slightly different
centers and radii. This is likely because these bubbles are not
perfectly spherical, and the two studies use different methods to
determine the radii and shell thickness of HII regions (based on
their MIR characteristic morphology). Anderson et al. (2014;
WISE survey) used circles to identify the regions, whereas
Simpson et al. (2012; Simpson catalog) relied on volunteer
assistance to associate elliptical objects with these regions
(after which the regions are chosen based on their selection
number” and an effective radius is determined to describe the
radius of each one).

The WISE and Simpson bubbles associated with our
observations are illustrated in Figure 3 and listed in Tables 1
and 2. The WISE bubbles are numbered W1 to W8, depicted
with red circles in Figure 3. The Simpson bubbles are denoted
by the letter S and are numbered similarly to the corresponding
WISE bubbles; if a WISE and a Simpson bubble depict a
similar bubble in the sky, they are numbered identically (for
example, W5 and S5); if a Simpson bubble is nested within a
WISE bubble (at a similar location but with a significantly
smaller radius), it is numbered identically as the WISE bubble
but with the suffix “a” (for example, W7 and S7-a).

Table 1 lists the WISE bubbles along with their equatorial
coordinates, radius, distance (parallax measurements by Wu
et al. 2014), category, and the local standard of rest velocity
(kilometers per second). We note that the mean molecular and
ionized gas velocities of NGC 6334 are —4kms ' (Russeil
et al. 2016) and —3km g ! (Caswell & Haynes 1987),
respectively. Bubbles W4 to W8 are “known” bubbles,
identified by Quireza et al. (2006) using Carbon RRL (CII) at
3.5 cm. The physical scale of Bubble W4 is comparable to that
of the NGC 6334 cloud, and it likely contributed to the
formation of NGC 6334 (Fukui et al. 2018); consequently, it is
not extensively discussed in our analysis of HII regions within
the cloud. The Simpson bubbles are listed in Table 2 along with
their equatorial, effective radius (R.g), effective thickness
(Thggr), inner and outer diameters (along the ¢ and « axes),
eccentricity, and position angle of the ellipsoid bubble. Each of
the Flags 1, 2, and O denotes a distinct bubble type. Flag 1
denotes bubbles with smaller bubbles on their edges, Flag 2
represents those found within larger bubbles, and Flag 0
indicates neither of these two.

3. HII Magnetic Field Morphologies

HII regions can push away their surrounding interstellar
medium (and the frozen-in field lines), resulting in tangential
magnetic field (radial polarization’®) patterns. Moreover, the
magnetic field lines surrounding these bubbles are likely to
have been compressed (e.g., Eswaraiah et al. 2020) and
ordered, potentially resulting in increased polarization frac-
tions. These effects can be seen in our observations. The plane-

o4 http: //www.milkywayproject.org
Hit rate.

% We use the terms “radial polarization” and “tangential magnetic field”
interchangeably in this study, as the field lines are perpendicular to the
polarization lines.
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of-sky magnetic field lines depicted in Figure 3 indicate
tangential fields (radial polarization) associated with some of
these HII regions. This field morphology is evident in W5 (S5),
as illustrated in the inset of Figure 3, representing equally sized
magnetic field lines in a zoomed-in view of this bubble. This
wrapping of the field lines appears as a periodic polarization
angle pattern along the circumference of each bubble, resulting
in contiguous areas of below-90° and above-90° magnetic field
angles surrounding each bubble. Figure 4 illustrates signatures
of this behavior in X Bpos (cyclic orientations of Bpos lines
changing from blue to red to blue to red in the figure), which is
characteristic of tangential field morphologies (wrapping of
field lines around a bubble). In this figure, blue denotes a
magnetic field angle less than 90°, and the red color shows a
magnetic field angle greater than 90° (in the IAU convention).

Furthermore, theoretical studies (e.g., Krumholz et al. 2007)
demonstrate that HII regions can influence and alter the
magnetic field morphology of their parental molecular cloud.
Krumholz et al. (2007) simulated the evolution of magnetized
HI regions, resulting in tangential magnetic field lines.
Figure 5 depicts their resulting field morphology after
approximately 0.53 Myr with an initial magnetic field strength
of 14.2 uG. We examine the HII magnetic field morphologies
and their polarization fractions in this section.

3.1. Identifying Field Morphologies: Methodology

To investigate the polarization patterns associated with the
HII bubbles and determine whether they represent a tangential
magnetic field pattern, we transform the polarization frame of
reference for each bubble individually and define radial Stokes
parameters Q, and U,. In this reference frame, a polarization
line along the radius of the bubble has a zero polarization angle.
At each position (a, 6) about the bubble center (ag, 6y), we
obtain Q, and U, using:

O, =+Qco0s2¢ + Usin2p,
U,=—0sin2¢ + U cos 29, ®))

a— o
§—6
with respect to the ' center of the bubble in equatorial
coordinates. The angle ¢ is zero when pointing toward north
and increases toward east. We then determine the average Q,
and U, at fixed distances from the bubble center (i.e., radial
profile of (Q,) and (U,), averaged within thin, 2 pixel-wide
annuli around the bubble). A positive (Q,) value indicates that
a shell demonstrates a radial polarization pattern on average,
whereas a negative value hints to a tangential polarization
pattern. U, represents polarization at a +45° angle to the radial
direction. Therefore, (U,) =0 indicates radial or tangential
polarization at that radius.

This formalism enables us to more easily identify radial
polarization (tangential magnetic field patterns) associated with
individual bubbles. Schmid et al. (2006) previously employed
this technique to study the radial polarization associated with
Uranus and Neptune. They found that the technique was
particularly effective in reducing uncertainties caused by
systematic errors in the data reduction process. Additionally,
Canovas et al. (2015) used the technique to investigate the
polarization of protoplanetary disks.

where ¢ = arctan is the polar angle of a given position
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Figure 3. HII regions associated with NGC 6334. The background color image shows the Stokes / map. The black lines represent the plane-of-sky magnetic field
orientation for a 12” pixel-sized map (in order to make it appear less crowded visually). The length of each field line is proportional to the polarization fraction. The red
circles depict the WISE bubbles, which are numbered with a red font on their top-right side. The orange disks represent the Simpson bubbles, which are labeled in
black font in their upper-left corner. The inset shows a zoomed-in view of W5 (and S5), which clearly exhibits tangential field (radial polarization) lines as equal-

length segments relative to the bubble.

To study (Q,) and (U,) more efficiently and to determine the
radial polarization patterns, we define 6, as follows:

0, = 0.5 x arctan (<(U_,>) (6)
If a shell exhibits radial polarization on average (with positive
(Q,) and near zero (U,) values), then cos(6,) should be close to
1. We look for radii with cos(6,) > 0.95 (allowing for 5% total
variation or uncertainty) including the error bars, to identify
shells with radial polarization patterns. Appendix A contains a
discussion of the method used to calculate the error bars.

3.2. Polarization Pattern of HII Regions in NGC 6334: Results

Figures 6, 7, and 8 illustrate the radial profile of both cos(6,)
and the mean polarization fraction for each bubble (averaged in
each annulus with a thickness of 8”, or two pixels). In these
figures, the left panel illustrates cos(f,) and the mean
polarization fraction with blue and red marks, respectively.

The right panel shows a zoomed-in view of the magnetic field
lines of each bubble overlaid on Stokes I. The dashed vertical
and horizontal lines indicate the radius of each bubble (the
Radius and R columns in Tables 1 and 2, respectively) and
cos(f,) = 0.95, respectively. The blue markers indicate the
total number of pixels (that satisfy the selection criteria of S/N
(D>10 and S/N(PI)>3) in each annulus. Some bubbles have
boundaries outside of the NGC 6334 cloud in regions with the
lowest density and fewest pixels.

We find that radial polarization in bubbles is accompanied
by a higher polarization fraction, implying that HII regions
have ordered and compressed the magnetic field lines. A
statistical study involving a large number of bubble polariza-
tion observations is necessary to determine if the amount of
increase in polarization fraction can quantitatively reveal
information about the physical properties of the bubbles (e.g.,
ratio of regular to random field or compression factor).

To facilitate discussion of these findings, we divide this
section into two subsections: bubbles that exhibit radial
polarization at one or more radial distances, and bubbles that
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Table 1
Bubbles Found in the WISE Catalog Associated with NGC 6334
Number Name a (° J2000) 6 (° J2000) Radius (") Dist (kpc) Category Visr (kms™h)
Wi G351.479 + 0.643 260.268 —35.734 68.0 Q
w2 G351.424 + 0.65 260.223 —35.775 99.0 G
W3 G351.42 + 0.637 260.233 —35.786 52.0 Q
w4 G351.383 + 0.737 260.106 —35.759 303.0 1.3 K —-34
W5 G351.367 + 0.64 260.193 —35.828 107.0 1.3 K —34
W6 G351.311 + 0.663 260.13 —35.86 119.0 1.3 K —-34
w17 G351.246 + 0.673 260.074 —35.908 131.0 1.3 K 0.6
w8 G351.17 + 0.704 259.989 —35.953 171.0 K 0.5

Note. The name, R.A. («), and decl. () for the center of each bubble are indicated. The velocities (V sr) are obtained from Quireza et al. (2006) and distances (dist)
from Wu et al. (2014) using parallax measurements. The bubble categories are known (K), radio quiet (Q), and group (G), as identified in the WISE catalog.

do not. Figures 6 and 7 illustrate bubbles with radial
polarization at one or more radial distances. When a bubble
is associated with a Simpson bubble, a middle panel is added to
display the results for the Simpson bubble (Figure 7). Figure 8
illustrates bubbles with no radial polarization patterns at any
radial distance.

3.2.1. Bubbles with Radial Polarization Signatures

Radial polarization at one or more radial distances can be
seen in bubbles W1 and W5 to W8, with W5 and W7 having
corresponding Simpson bubbles (S5 and S7-2). W1, W6, and
W8 (with no corresponding Simpson bubbles) are illustrated in
Figure 6, while W5 and W7 are depicted in Figure 7.

Bubble W1 is classified as a radio quiet HII region in the
WISE catalog, with an unidentified distance by the WISE
catalog or Wu et al. (2014). However, its dust morphology
indicates that W1 is associated with NGC 6334. When the
location of W1 is compared with the morphology of
submillimeter dust observations shown in Figure 3, it appears
as though the center of this bubble, as identified in the WISE
catalog, is slightly shifted relative to the center location where
the effects of bubble expansion on dust can be observed. At 45”
radial distance, the polarization exhibits a radial pattern, with a
peak in polarization fraction (around 7%), as illustrated in the
upper-left panel of Figure 6. Following that at greater distances,
polarization lines diverge from radial angle and the polarization
fraction decreases.

Bubble W6 is categorized as a known bubble, and it is
approximately the same distance away from us as NGC 6334.
When projected onto the plane of the sky, W6 appears to
contain a ~1pc-long filament. The middle-left panel of
Figure 6 indicates tangential polarization near the center of
the bubble (along the filament) and radial polarization between
radii of ~60” and 110”. This radial polarization range also
exhibits higher polarization fractions (6%—7%). As depicted in
Figure 3, W6 appears in contact with W5 to the northwest and
W7 to the southeast (when projected onto the plane of the sky).
Therefore, at greater distances beyond the radius of W6, the
effects of radial polarization associated with W5 and W7
(higher polarization fractions) can be seen.

Although Bubble W8 is classified as a known bubble, neither
the WISE catalog nor the study by Wu et al. (2014) indicate its
distance. However, the dust morphology suggests that W8
should be directly associated with NGC 6334. The lower-left
panel of Figure 6 indicates radial polarization in the radius
range of 160”"-180", along with locally maximal polarization
fraction (~9%).

Bubble W5, a known bubble, has the same distance from us
as NGC 6334. The magnetic field lines associated with this
bubble clearly demonstrate the impact of the HII region, as
illustrated in the inset of Figure 3. The upper-left panel of
Figure 7 shows radial polarization in the radius range of ~60"—
90" with on-average higher polarization fraction (~6%-8%).
This is similar to the values in the upper-middle panel of
Figure 7 for S5 (radii of ~50"-85" and PF of ~6%—-10%),
where the small difference is due to the slight difference in
radius and center for W5 and S5. The observed field lines
appear to be more consistent with S5 than W5. At radial
distances greater than the radius of the bubble, the polarization
pattern becomes nonradial, and the polarization fraction
decreases by a factor of ~2, indicating that the field lines are
less ordered.

Bubble W7 is at the same distance as NGC 6334 and in the
known category. The presence of radial polarization and an
increase in the polarization fraction can be seen in this bubble
at r~90”-100". Additionally, at distances greater than the
radius of W7, the polarization lines exhibit a higher polariza-
tion fraction or radial polarization due to the influences of W6
and W8.

W7 has a bipolar morphology (suggested by Harvey &
Gatley 1983, based on the dust temperature studies of the two
lobes) and on its south side is associated with S7-a, which is
part of a Herbig—Haro object (southern lobe; Bohigas 1992).
This bipolar morphology is likely caused by the confinement of
an HII region within a flattened-like (or torus-like) molecular
gas structure (Kraemer & Jackson 1999), which allows the
ionized gas to escape only in the north and south directions
(extending 2'; Rodriguez et al. 1988). This bipolar structure is
also visible in our observations; the magnetic field morphology
of W7 resembles a radial polarization pattern for two lobes (to
the north and south of its center), with their radial polarization
features coinciding near the center of W7, as illustrated in the
lower-right panel of Figure 7.

The southern lobe of W7 can be studied using the S7-a
bubble. S7-a exhibits a radial polarization pattern at  ~ 80", as
illustrated in the lower-middle panel of Figure 7. However, the
polarization fraction increases at radii greater than this value, as
the polarization fraction is also influenced by W8 at these radii.

No distinct HII region has been identified in the WISE or
Simpson catalogs as being directly associated with the northern
lobe of W7. We approximate the bipolar structure (shown with
black circles in Figure 9) based on the 6 cm observations of
Rodriguez et al. (1988), in which the northern lobe appears
slightly shifted to the south in comparison to the tangential field
lines (radial polarization) visible in our data. As a result, we
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Table 2
Bubbles Identified by Simpson et al. (2012) Associated with NGC 6334
Number a(® J2000) 6(° 72000) Rete (V) Theg (/) InnXDia (/) InnYDia (”) OutXDia () € PA(°) Hit Flag
S2-a 260.214 —35.768 0.50 0.61 0.630 0.871 1.240 0.691 97 0.16 0
S3 260.225 —35.784 0.49 0.61 0.728 0.730 1.335 0.068 10 0.22 0
S5 260.199 —35.826 1.44 1.46 2212 2.262 3.676 0.208 33 0.16 1
S7-a 260.067 —35.931 1.33 1.64 1.936 1.986 3.574 0.222 37 0.11 0

Note. The center of each bubble is shown in equatorial coordinates with v and 6. Reg and Thegr represent the effective radius and thickness associated with each
bubble. The bubbles are first identified as elliptical shapes (before determination of Reg and Theg) with inner diameters of InnXDia and InnYDia (along the ¢ and «
axes), outer diameter of OutXDia (along the ¢ axis), eccentricity of ¢, and ellipse position angle (PA). The “hit rate” of a bubble represents the level of agreement
among the MWP users regarding bubble detection and is the ratio of the number of bubbles drawn that qualify as an HII region to the number of times the bubble was
detected by the users. The final catalog includes only bubbles with a hit rate of 0.1 or greater. Flags 1, 2, and 0 indicate bubbles with smaller bubbles on their edge,
positionally located within a larger bubble, and neither of the two, respectively.
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Figure 4. Plane-of-sky magnetic field angles (xpp,s) in NGC 6334. The
background color image shows the magnetic field angles in degrees. The angles
are in the IAU convention system. The magnetic field angles surrounding some
of the bubbles (particularly W5) indicate wrapping of the field lines (changing
from blue to red to blue). WISE bubbles are shown with black circles.

perform our radial polarization analysis on a bubble with a
central location of (o, &) = (260207, — 35°89) and a radius of
~40", as estimated by the location of our observed polarization
lines. The absence of a distinct HII region for the northern lobe
in the catalogs emphasizes the importance of polarization
studies in identifying and examining molecular cloud sub-
structures. We discuss this in more detail in Section 4.2, where
we investigate the possibility of using polarization properties to
identify bubbles that have impacted the field lines.

3.2.2. Bubbles without Radial Polarization

Bubble W2 is classified as “group” in the WISE catalog,
with an undetermined distance (to our knowledge). As
illustrated in the upper-left panel of Figure 8, the bubble has
polarization angles of ~55°(cosf, >~ 0.6) relative to radial
direction and is therefore closer to tangential than to radial
lines. These fields are oriented in a single direction (perpend-
icular to the main ridge) and are likely dominated by the
region’s high-density cores and/or clumps. This bubble
demonstrates a nearly constant polarization fraction of

e

Figure 5. Coevolution of magnetic field lines and HII regions as studied by
Krumbholz et al. (2007). The black lines and the gray circle show the magnetic
field lines and the HII region, respectively. The field lines are pushed by the Hil
region, resulting in tangential field patterns.

~2.5%. Similarly, compared to other bubbles, the averaged
polarization fraction is lower in S2-a (maximum 4% as
illustrated in the upper-middle panel of Figure 8), which is
nested within W2. We note a small increase in polarization
fraction just behind the radius of S2-a, followed by a slight
decrease beyond the radius. While the polarization lines appear
to have an average cosf, >~ 0.95 at 20” and 30", their large
error bars indicate a nonradial polarization pattern. The large
error bars for cos 6, are due to the fact that the field lines are
mostly in one orientation, and thus have different radial angles
(relative to radial direction) at various points on the circle.

Bubble W3 is classified as a radio quiet bubble and appears
within W2, with an undetermined distance in the WISE
catalog. W3 and its corresponding Simpson bubble, S3, do not
indicate radial polarization, as illustrated in the lower-left and
lower-middle panels of Figure 8. At r~~35", it appears as
though the polarization in W3 is approaching radial. However,
because the error bars fall below cos(f,) = 0.95, this bubble
does not pass our criteria for radial polarization, and further
analysis is required. As with W2, the polarization lines in W3
appear to be unaffected by the HII region, with a nearly
constant polarization fraction (~2%) inside the bubble and a
slight increase near the radius of the bubble (up to ~3%). W3
(and S3) belong to a dense region of NGC 6334 with active star
formation.

While W2 and W3 have unidentified distances in the WISE
catalog and do not exhibit radial polarization, observations
indicate that they (or their corresponding Simpson bubbles) are
associated with NGC 6334. S3 and S2-a are both compact HII
regions in the dense part of NGC 6334. A cluster of BO-B0.5
ZAMS stars likely ionize the S2 region (Tapia et al. 1996). S3
is associated with the strongest maser in NGC 6334, H,O, OH,
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Figure 6. Radial polarization analysis of W1, W6, and W8. Left column: radial profile of cos(f,) and the mean polarization fraction in each bubble. The dashed
vertical and horizontal lines indicate the radius of each bubble and cos(6,) = 0.95, respectively. The blue, red, and black markers indicate cos(6,), the mean
polarization fraction, and the total number of pixels (which satisfy the selection criteria of S/N(/)>10 and S/N(PI)>3) in each shell, respectively. The error bars in
polarization fraction represent the standard deviation of the mean. The error bars for the blue markers are discussed in Appendix A. Right column: zoomed-in view of
each bubble. The black lines and the background color image represent equally sized magnetic field lines and Stokes I, respectively.

and CH30H masers (Moran & Rodriguez 1980; Batrla et al. Finally, we note that as illustrated in Figure 8, bubbles with
1987; Forster & Caswell 1989; Menten & Batrla 1989; no evidence of radial polarization have larger error bars
Kraemer & Jackson 1999), and a young molecular (indicating a greater dispersion of Q, and U, values within each
outflow (Bachiller & Cernicharo 1990). annulus). As the angle changes with respect to the radius of the

10
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(a) Bubble W5, WISE category K.
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Figure 7. Radial polarization analysis of W5 and W7. Left column: the radial profile of cos(d,) and the mean polarization fraction in each bubble are shown. The
vertical and horizontal dashed lines represent the radius of each bubble and cos(6,) = 0.95, respectively. The cos(f,) values, the mean polarization fraction, and the
total number of pixels (which satisfy the selection criteria of S/N(/)>10 and S/N(PI)>3) in each shell are indicated by the blue, red, and black markers, respectively.
The polarization fraction error bars represent the standard deviation of the mean (see Appendix A for cos(6,) error bars). Middle column: radial polarization analysis of
S5 and S7-a, with the same description as the left column. Right column: zoomed-in view of each bubble is shown where the magnetic field lines (of identical size) are
overlaid on the Stokes / map. The bipolar nature of W7 is illustrated by the two black circles (see text for details).

bubble, a uniform magnetic field morphology results in greater
dispersion, whereas tangential field lines result in small
dispersion and error bars.

4. Discussion

All bubbles, except for W2 (and S2-a) and W3 (and S3),
exhibit some degree of radial polarization. Table 3 summarizes
our findings regarding the magnetic field morphology of HII
regions within NGC 6334 as discussed in Section 3. Examining
the energy balance associated with these regions is required to
better understand magnetic field geometries. Additionally, the
polarization patterns of the cloud from small to large scales can
reveal important information about substructures within the
cloud and the cloud’s evolution and/or formation. We discuss
these in the following subsections.

4.1. Field Strengths and Energy Comparisons

We employ established equations and observations from the
literature to determine the energetic significance of the HII
regions in comparison to magnetic fields. These are discussed
in greater detail in the following two subsections.

4.1.1. Energy Balance Relations

To estimate the gas thermal pressure (Pg,), radiation
pressure (Pr,g), dynamic pressure (Pgyn; €.g., Pavel &
Clemens 2012; due to bubble expansion), magnetic pressure
(Pp; e.g., Pattle et al. 2022), and magnetic tension (7p; e.g.,

11

Boulares & Cox 1990) per unit area (due to curved field lines)
of bubbles, we use the following equations (for tangential field
lines):

Foas = nkgT,

L
Paa = s
T dmre
Fyyn = O.5pve2x,
BZ
P —
b 8
B2
Tp = —, 7
B= - @)

where n=n,, kg, T, c, r, L, p, vex, and B are the electron
volume density, Boltzmann constant, gas temperature, speed of
light, distance to the center of the bubble, luminosity, mass
density, expansion velocity, and magnetic field strength
(perpendicular to gas motion), respectively.

While the above-mentioned P,,4 is used for optically thick
regions, studies (Reissl et al. 2018) show that radiation pressure
is generally small (or negligible) compared to gravity or gas
pressure. We can estimate the magnetic field strength (Biegisy)
required to resist the combined effects of gas, radiation, and
dynamic pressures, using:

3B2s
fesst — Pgas + Prad + den-
8w

®)

PB,resist + TB, resist —
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(a) Bubble W2, WISE category G.
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Magnetic fields significantly less than this Bl value indicate
that the field lines are altered by the HII regions.

4.1.2. Parameter Estimates

Except for W1, all of these bubbles have been previously
identified in various observations (e.g., Rodriguez et al. 1982;
sources denoted as A to E and source V shown in Figure 10),
and their magnetic fields were studied using Zeeman
measurements (Sarma et al. 2000; Balser et al. 2016, see
Table 3). We note that Kraemer & Jackson (1999) found an
anticorrelation between the presence of dense gas and the 6 cm

12

radio flux, which they attribute to gas dispersion by the
feedback from the hottest stars. This gas and dust dispersion is
also visible in our 850 um dust observations.

We also employ the parameters listed in Table 4 obtained
from Rodriguez et al. (1982) and Russeil et al. (2016).
Rodriguez et al. (1982) assumed a temperature of 10*K and
found the electron volume densities and the HII masses of these
sources. Russeil et al. (2016) provided the expansion velocities
(Vex; see their Table 1). Using the L and n, values from
Rodriguez et al. (1982), a temperature of 10*K, and the ve,
values, we determine the B magnetic field strengths as
listed in Table 4 for sources A, C, D, E, and F. These values
(except for sources F and E) exceed the observed magnetic field
strengths (see Table 3) determined using Zeeman
observations (Sarma et al. 2000; Balser et al. 2016) and the
Davis-Chandrasekhar-Fermi technique (DCF; Davis & Green-
stein 1951; Chandrasekhar & Fermi 1953; associated with
substructures on the shells) described in Paper L.

4.1.3. Energy Balance of Individual Bubbles: Bubbles with Radial
Polarization Signatures

W1, W5 (and S5), W6, W7 (and S7-a), and W8 all exhibit
radial polarization. Among these, W5 (and S5) and W7 (and
S7-a) have Zeeman observations associated with them. W5 and
S5 correspond to source D, which is identified as an extended,
amorphous, and roughly spherical region. Source D contains
H,0 maser observations (Moran & Rodriguez 1980) and has a
lower molecular hydrogen density than any other source in
NGC 6334 (Kraemer & Jackson 1999). We found that a
magnetic field strength of 308 4G is required to resist the
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Table 3
Summary of Radial Polarization Detection in Bubbles

Bubble Radius (") Source” Bzos (1G) (Bros)™ (uG) RP Evidence
Wi 68.0 42 at 45"
w2 99.0 E 360
S2-a 30 E —263 + 78 at 1665 MHz(OH)
—340 + 78 at 1667 MHz(OH)
—169 + 33 at 1420 MHz(Hi)
w3 52.0 F 415
S3 29.4 F 351
w5 107.0 D —60 =+ 46 at 1665 MHz(OH) 99 60" to 90”
—69 + 58 at 1667 MHz(OH)
—93 + 13 at 1420 MHz(Hi)
S5 86.4 D 92 50" to 85"
w6 119.0 C 144 60" up to 110”
w7 131.0 A +148 £ 20 at 1665 MHz(OH) 132 85" to 110"
+162 4+ 33 at 1667 MHz(OH)
+47 + 15 at 1420 MHz(Hi)
S7-a 79.8 A 114 at 75"
w8 171.0 \Y at 160” and 160" to 180"

Note. The first, second, and fourth columns show bubble numbers, bubble radius, and magnetic field strength obtained from literature, respectively. The -y represents
sources identified by Rodriguez et al. (1982) that were used by Sarma et al. (2000) and Balser et al. (2016) for Zeeman measurements. The fdenotes VLA Zeeman
measurements by Sarma et al. (2000), with the negative and positive signs indicating directions toward and away from us, respectively. We note that the opposite sign
convention of Zeeman measurements is used in Faraday measurements. The fifth column denoted by the x symbol indicates the approximate plane-of-sky magnetic
field strength in the molecular gas surrounding the bubble, using strengths obtained in Paper I. The values listed are the weighted means of the magnetic field strengths
estimated by Paper I in filaments overlapping with the bubbles. The final column displays the regions within each bubble that exhibit radial polarization. Balser et al.
(2016) determined the magnetic strength of source A to be 190 &= 96 1G and the strength of source D to be approximately 180 to 1200 4G for Source D.
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Figure 10. Sources identified by Kraemer & Jackson (1999). The background
color image shows the Stokes / map. The orange and red circles show the Hil
regions identified in the WISE and Simpson et al. (2012) catalogs, respectively.
The “x” marks show the sources in Kraemer & Jackson (1999) and used in
Sarma et al. (2000) to perform Zeeman measurements.

bubble, which is approximately a factor of 3 greater than the
magnetic fields observed with Zeeman or DCF in the vicinity
of this region. Therefore, we suggest that the field lines in this
region are pushed and influenced by the gas pressure as is
evident by the radial polarization (tangential magnetic field)
morphology.

The center of W6 coincides with source C. Sarma et al.
(2000) found no OH absorption toward the continuum peak of
this source to detect Zeeman splitting. This source is
nonspherical and likely contains an O7 star (Straw et al. 1989;
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Kraemer & Jackson 1999). When projected onto the plane of
the sky, W6 appears to contain a dense filament, as illustrated
in the middle-right panel of Figure 6. This filament can be
located inside, at the front, or at the back of the bubble in three
dimensions. Magnetic fields run parallel to this filament on the
plane of the sky, while the edges of the bubble exhibit radial
polarization behavior.

Three explanations can be made for the magnetic morph-
ology of the filament associated with W6: (1) The dense
filament may be located on the shell (in 3D; the foreground or
background of the bubble) and thus the field lines may appear
running parallel to the filament due to their tangential
morphology to the shell. (2) The filament may be located
within the bubble, showing the general field morphology inside
the HII region. (3) The filament may be located inside or on the
bubble, with parallel field lines formed by the filament’s gas
inflow (instead of by the HII region). In this case, the field lines
may have transitioned from perpendicular to parallel (with
respect to the filament) after gravity took over and material
flowed along the filament (e.g., Liu et al. 2018; Busquet 2020;
Pillai et al. 2020). Given that the overall magnetic field
morphology of NGC 6334 appears to be perpendicular to the
larger cloud, we suggest that the third scenario is most likely.

Additionally, given the presence of two dense regions (each
containing numerous cores) to the north and south of this
bubble (see Figure 11), one could argue that the observed radial
polarization pattern (tangential magnetic fields; see Figure 6) at
the edge of this bubble is the result of material inflow to these
two systems. We refer to these two regions as core-hub systems
(see Figure 11), and suggest that these tangential fields are
caused by the interaction of the field lines with W6, not by the
gravitational pull exerted by the two core-hub systems. This
suggestion is backed up by the following arguments: first, we
note that a magnetic field strength of 267 uG is required to
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Table 4
Sources Studied in Kraemer & Jackson (1999), Rodriguez et al. (1982), and Balser et al. (2016) as Shown in Figure 10

Src a (°J2000) 8(°12000) Radius (") TW(K) n,(x10° cm™3) My (M) L (L) Vex (kms™h) Bresist UG
A 260.08 —35.91 100 60 20 0.4 8 x 10* 15.7 534

C 260.14 —35.85 40 70-80 2 3 7 x 10* 14 267
D 260.18 —35.82 40 40-50 3 5 2 % 10° 14 308

E 260.21 —35.77 20 50-60 7 1 8 x 10* 15 397

F 260.22 —35.78 10 60 40 0.03 3 x 10* 15 744
\Y 259.99 —35.96 30 50-60

Note. The kinetic temperature, radius, volume, and column density are listed for each source from Kraemer & Jackson (1999) and the electron volume density, HII
mass, and stellar luminosity are from Rodriguez et al. (1982). The expansion velocities from Russeil et al. (2016; see their Table 1) are denoted by v,. The v, values
denoted by the * symbol are estimates based on the available v, of other bubbles. B is the minimum magnetic field strength needed to resist the bubble’s impact.

These sources are associated with the WISE and Simpson bubbles.

counteract the bubble’s effects, while the average field strength
of the filament is ~144 ;G (Paper I). Second, we estimate the
gravitational pull exerted on W6 by the two dense core hubs
and find that it is 1 or 2 orders of magnitude lower than the gas
or magnetic pressure of the bubble.

To calculate the gravitational pressure exerted on the bubble
by the hubs, we use

GM
[;;rav = B p s

©)

where G, M, p, and r denote the gravitational constant, the mass
of each of the hub systems (to the north or south), the volume
density of the bubble, and the distance between the bubble and
each core-hub center, respectively. We use the virial core
masses (upper estimates) from Russeil et al. (2010) to
approximate the mass of each core-hub region. The sums of
all cores in the northern and southern hubs are 5270 M., and
2124 M., respectively, resulting in a gravitational potential
significantly less than the gas or the magnetic pressure. Even if
we assume a mass of 10* M., for each hub, a distance of 2 pc
from the center of the bubble, and a value of ~10° — 10* x my,
for p (where m, is the mass of a proton), we find that
gravitational pressure is 1 or 2 orders of magnitudes less than
the gas or magnetic pressure. Therefore, we suggest that
observed radial polarization in this region is caused by the
bubble.

The center of W7 (and the shell of S7) corresponds to the
center of source A, which has a magnetic field that varies across
its diameter (~200”; Sarma et al. 2000). The second-strongest
maser (H,O masers; Moran & Rodriguez 1980) in NGC 6334
and a Herbig—Haro-like object are both associated with this
source, which has a bipolar structure, as illustrated in Figure 7
(due to the HII region being constrained by a dense molecular
gas structure). The molecular toroid at the center of this source
contains ~2000M, (Sarma et al. 2000) and may serve as a
nursery for the formation of a protocluster of stars (Persi et al.
2009). Our results indicate that the observed Zeeman and DCF
measurements are smaller than the B, value that would be
needed to provide support in this region by a factor of 5 (or an
order of magnitude); thus, the field lines are clearly altered by
the two lobes, resulting in the observed radial polarization.

W8 corresponds to the southernmost continuum source
(source V; McBreen et al. 1979), which exhibits evidence for
recent star formation activity (Kraemer & Jackson 1999) and
is associated with H,O and OH masers (Moran & Rodriguez
1980). This source contains a near-infrared bipolar nebula
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Figure 11. Two dense star-forming regions within NGC 6334, each containing
a number of cores. W6 is bounded on both sides by the two core-hub systems.

(Persi 2019) and has no associated Zeeman magnetic field
detections.

To summarize, the observations and analyses presented in
this section strongly suggest that HII regions are responsible for
the radial polarization seen in W5 (and S5), W6, W7 (and S7-
a), and W8. These bubbles show evidence of radial polarization
at a radius or a range of radii accompanied by increased
polarization fraction, which is likely due to ordered magnetic
fields. Additionally, some studies (Hoang et al. 2019; Lee et al.
2020; Tram et al. 2021) predict an increase in polarization
fraction as the distance from the center of the bubble increases,
which can work together with ordered field lines and result in
the observed locally maximal polarization fractions.

4.1.4. Energy Balance of Individual Bubbles: Bubbles without Radial
Polarization

W2 (and S2-a) and W3 (and S3) are located in a denser
region of NGC 6334 and are spatially associated with sources E
(S2-a) and F (S3). The magnetic field in the neighborhood of
sources E and F exhibits an hourglass morphology (Zhang et al.
2014; Cortes et al. 2021). Two possible explanations for the
magnetic field morphology associated with these bubbles are as
follows: (1) because dust polarization observations are more
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sensitive to denser regions, we may be observing plane-of-sky
magnetic fields associated with the foreground or background
of these HII regions, possibly accumulated on the shells; or (2)
due to the higher densities in these regions, the ionized gas and
outflow may lack the energy required to be dynamically
important and alter the magnetic field morphology. Addition-
ally, these two bubbles are younger and less evolved than other
regions analyzed in this study. Therefore, they might not have
had enough time to advance far enough into their cloud
environment and reorder the field lines there.

To explore these possibilities, we estimate the background
and/or foreground (i.e., non-HIT) contribution to the I, Q, and
U parameters in this neighborhood. To this end, we pick the
interior region of S2-a that has a more coherent magnetic field
morphology compared to the rest of the region (within r >~ 24")
and average its Stokes I, Q, and U values. We then subtract
these values from the corresponding observed values (in each
pixel) and repeat the radial polarization analysis. The results are
shown in Figure 12, where W2 exhibits no sign of radial
polarization again, and W3 (between 30” and 75”;and S3
outside the bubble) and S2-a (at 27”) show evidence of radial
polarization.

The new (subtracted) radial polarization patterns associated
with these bubbles may indicate that these bubbles have altered
the field lines (first explanation). However, the observed
magnetic field strengths are not small enough to confirm this.
S2-a coincides with source E, and its observed Zeeman
measurements (340 &= 78 with OH; Sarma et al. 2000) have a
similar value as By (397 uG). W3 and S3 correspond to
source F, an ultracompact HII region with magnetic field
strength of ~ — 2000 to —5000 G (OH Zeeman; Hunter et al.
2018). This observed field value is greater (by a factor of 2 or
more) than the region’s B value of 744 uG. These field
values indicate that the bubbles had no observable impact on
the field lines due to the high density of the region (second
explanation). Higher-resolution observations of these bubbles
may shed light on the roles that these bubbles may have played
in shaping the field lines in this region.

4.2. Machine Vision Algorithms to Identify Regions Impacting
Field Lines

Using published catalogs, we identified bubbles with radial
polarization in Section 3. In this section, we explore the
feasibility of future studies using machine vision to identify
regions with circular magnetic field morphologies (such as
NGC 6334 HII regions, where the field lines are oriented
tangential to the bubble boundaries). To this end, we use the
circular Hough transform technique (CHT).

CHT has been applied to a number of fields, most notably
industrial applications such as eye detection (e.g., Wan Mohd
Khairosfaizal & Nor’aini 2009) and traffic control (e.g.,
Widyantoro & Saputra 2015). Edge-detection algorithms are
required when applying the CHT technique. To achieve the
best results, we employ Canny edge detection”’ (Canny 1986),
a numerical technique developed to optimize edge derivation.
The Canny edge-detection technique requires (as input) the
smoothing width of the image as well as two threshold values
for a double thresholding system (hysteresis thresholding), with

97 We use the already-existing edge-detection class in the Skit-image Python
library (van der Walt et al. 2014).
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the higher threshold typically set to be twice as high as the
lower one.

Our approach includes the following two main steps, to
locate regions that have pushed the magnetic field lines
perpendicular to bubbles:

1. We apply the CHT on two distinct maps: one is the
presence of polarization data with S/N(I)>10 and S/N
(PD)>3 (hereafter referred to as PolPres map), and the
other is the polarization fraction (PF map; with the same
selection criteria). The PolPres map has pixel values of 0
or 1 to indicate the presence or absence of data meeting
the aforementioned selection criteria. The pixel values of
the PF map are not binary and influence the edge
detection. Different threshold values for both PolPres and
PF maps, as well as the automatic Otso threshold
determination,98 all yield results similar to the default
threshold values of the Canny edge-detection library.

2. Using the circular Hough transform, we identify all
possible circular patterns with radii ranging from 8" to
~130", separately in each map. We then select those
features that are identified in both maps at a similar
location and radius (with a ~40” difference allowance for
their center location and a one-pixel difference allowance
for their radius). Because some patterns are identified
multiple times, we then average the radii and locations of
bubble centers that are close together (within 20”). We
refer to the final selected circular features as CHT bubbles
and denote them with the letter “C” followed by a number
corresponding to the WISE bubbles.

In Section 3, we found that W1, W5, W6, W7, and W8
exhibit radial polarization,99 among which W1, W5, and W7
are the only ones with polarization data covering more than
~20% of the bubble’s shell. Therefore, we propose that this
technique should identify W1, W5, and W7. As proposed, we
find that the technique identifies W1, W5, and W7 (denoted as
Cl1, C5, and C7, illustrated in Figure 13). As a result, we
believe the technique is promising and should be examined
further with additional observations. Furthermore, the edges of
W6 and S7-a (corresponding to C6 and C7-a) and an additional
circular feature, CO, are identified in this technique. C6
coincides with the southern edge of W6 (a subregion with
clear radial polarization pattern), and C7-a overlaps with the
northeastern side of S7-a.

The magnetic fields associated with CO exhibit a radial
polarization morphology between ~45” and 53”7 (see
Figure 14). Because this region overlaps with W4, we suggest
that CO may be a distinct HII region that was previously
undetected due to line-of-sight confusion with W4. These
findings indicate that while the CHT technique is used in a
basic and simple form here, it has significant potential for
detecting bubbles that have altered the magnetic field lines.
These regions may be detected in full sky observations using
more complex CHT techniques (e.g., Yadav et al. 2014) and/or
machine learning.

4.3. Cloud and Magnetic Field Coevolution

The large-scale Bpos lines are predominantly perpendicular
to the main ridge of NGC 6334 (Li et al. 2015), which are

o8 skimage.filters.threshold_otsu.
99 W2, $2-a, W3, and S3 do not exhibit radial polarization in the observations.
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altered on substructure scales by HII regions within the cloud.
We suggest that these Bpos lines were initially even more
coherent and perpendicular to the filament, but were then
altered by feedback mechanisms, such as HII regions, or gas
flows (see the filament within W6), as illustrated in a schematic
view by Figure 15.

Additionally, the physical properties of HII regions may
reveal the initial orientation of the magnetic field prior to the
HII expansion. For instance, studies (e.g., Chen et al. 2022)
indicate that HII regions may be elongated along the initial
orientation of the field lines as expansion perpendicular to the
field lines is met with resistance. Bonne et al. (2022) suggested
that the initial magnetic field orientation may have also
enforced the orientation of bipolar cavities in the Vela C
cloud. We note that the elliptical elongations of the NGC 6334
bubbles are reported in the MIR observations of Simpson et al.
(2012), but they are very small, except for S2-a, as illustrated in
Figure 16 where the elongation of the bubble is not completely
aligned with the large-scale magnetic fields (Chen et al. 2022).

The overall perpendicular Bpos lines to the main ridge
(particularly at earlier evolutionary stages of the cloud) and the
presence of large bubbles in this region, such as W5, may
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Figure 15. A schematic illustration of perpendicular Bpos field lines on a dense
molecular cloud with HII region influences. We propose that the plane-of-sky
magnetic field lines in NGC 6334 are generally perpendicular to the main ridge
and that the nonperpendicular lines are due to impacts by HII regions or the gas
flow (filament within W6). The cloud (or main ridge), magnetic field lines, and
HII regions are depicted by a cylinder, black lines, and circular cavities,
respectively.

indicate that NGC 6334 formed via a cloud—cloud
collision (Inoue & Fukui 2013; Fukui et al. 2018, 2021;
Hayashi et al. 2021) or a shock—cloud interaction (Inutsuka
et al. 2015; Inoue et al. 2018; Abe et al. 2021). These cloud-
formation models often result in an arc-shaped (bow-shaped)
magnetic field morphology (Heiles 1997; Tahani et al.
2019, 2022a, 2022b) that may appear perpendicular to the
cloud when projected onto the plane of the sky. The shock—
cloud interaction model is also supported in other regions by
line-of-sight (Tahani et al. 2018, 2020) and 3D (Tahani et al.
2019, 2022a, 2022b; Tahani 2022) magnetic field and velocity
(Arzoumanian et al. 2018; Bonne et al. 2020) observations.

5. Summary and Conclusion

We investigated the magnetic field morphology of HII
regions associated with NGC 6334, using the JCMT BISTRO
850 um dust polarization observations. We located these
bubbles using the WISE (Anderson et al. 2014) and Simpson
et al. (2012) catalogs and studied the presence of radial
polarization patterns in each bubble by transforming the
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reference frame of the observations with respect to the bubble.
This enabled us to identify bubbles that had altered their
surrounding magnetic field morphology. Additionally, we
compared the gas and magnetic pressures within each bubble
using previously determined Zeeman magnetic field strengths
in order to bolster our conclusion regarding the magnetic field
morphologies associated with these bubbles.

We found evidence of radial polarization associated with
W1, W5 (or S5), W6, W7 (or S7-a), and W8. The radial
polarization is prominent in W5 (or S5) and W6, weak in W1
and S7-a, and absent in W2. S2-a and W3 (and S3) may
indicate radial polarization after subtracting the non-HII
contributions. We propose that the magnetic field morphology
of the NGC 6334 cloud was originally coherent and perpend-
icular to the cloud, but was altered during cloud evolution as a
result of internal feedback mechanisms or gas flow.

We found that the presence or indication of radial
polarization (tangential field lines) associated with HII regions
is accompanied by a higher polarization fraction. Quantifying
the relationship between polarization fraction and bubble
physical properties requires a statistical analysis of a large
number of bubbles and should be investigated in subsequent
studies.

We found a bipolar polarization structure associated with
W7, characterized by a clear radial polarization pattern for its
northern lobe. To our knowledge, this is the first time that
polarization data have been used to identify bubbles (or lobes
within HII regions). To take this a step further, we applied a
computer vision approach based on the circular Hough
transform on the dust polarization observations to identify
and recognize bubbles that had altered their surrounding
magnetic morphology. A more advanced computer vision or
machine-learning algorithm can enhance this technique,
allowing it to be applied to additional regions or the entire sky.
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Appendix A
Error Bars

To determine the error bars associated with cos(6,), we use
the following error propagation equation:

of ’ 2 (W)z 2
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where 6Q, and U, represent the standard deviation of the mean
of (Q,) and (U,) of each annulus, respectively, and
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Appendix B
Elliptical Bubble

The bubbles in the Simpson et al. (2012) catalog are initially
classified as ellipses. The Simpson catalog includes inner and
outer radii for both the X- and Y-directions, as well as their
eccentricity values, as illustrated in Figure 16. We examined
the radial polarization patterns of these regions and found that
they were very similar to the results presented in Figures 7 and
8, due to the small eccentricity values of these bubbles.
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Figure 16. The Simpson bubbles illustrated in their elliptical form. The
numbers show the Simpson bubbles specified in Figure 3. The inner and outer
radii corresponding to each bubble are illustrated with red ellipses.
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