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Abstract

We acquired 450 and 850 um dust continuum polarization observations toward the inner region of the Central
Molecular Zone (CMZ) as part of the B-Fields In Star-forming Region Observations survey using the POL-2
polarimeter on the James Clerk Maxwell Telescope. These observations encompassed three dense structures: the
20kms ! cloud (20MC), 50kms ™! cloud (50MC), and circumnuclear disk (CND). Our aim is to investigate
the magnetic field morphology and strength in the inner region of the CMZ using polarized dust continuum and the
Davis—Chandrasekhar—Fermi method. The magnetic field morphology is highly ordered in all three dense regions.
The plane-of-sky magnetic field strengths are ~1 mG for the 20MC and the SOMC, and ~2 mG for the CND. We

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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compare the energy contributions of turbulence, gravity, and thermal motion with that of the magnetic field using
the plasma (3, mass-to-flux ratio, and Alfvén Mach number. The outcomes reveal the magnetic field stands out as
the predominant factor within the inner region of the CMZ. The dominance of the magnetic field may explain the
low star-forming rate in the CMZ. We further investigate the dust grain alignment efficiency by exploring the
relationship between polarization fraction and total intensity. The results suggest that dust grains are well aligned

with the magnetic fields.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Star forming regions (1565); Magnetic fields
(994); Galactic center (565); Submillimeter astronomy (1647)

1. Introduction

The Central Molecular Zone (CMZ), the inner region of the
Milky Way with a radius of ~200 pc (M. Morris & E. Serabyn
1996), contains over 10’M., of molecular gas (K. Ferriére et al.
2007; X. Lu et al. 2017b). The molecular clouds within the CMZ
are warmer and more turbulent compared to those in the Galactic
disk (M. Tsuboi & A. Miyazaki 2012). The star formation rate
(SFR) is typically proportional to the gas surface density or the gas
volume density (M. Schmidt 1959; R. C. Kennicutt 1998;
R. C. Kennicutt & N. J. Evans 2012). The typical SFR in the
CMZ, however, is approximately 10 times lower than that in
other regions of the Milky Way (S. N. Longmore et al. 2013;
J. M. D. Kruijssen et al. 2014).

X. Lu et al. (2019) investigated the SFR in six massive CMZ
clouds, including the 20kms ™' cloud, the 50kms™' cloud,
G.025340.016 (the Brick), SgrBl-off, and SgrC, using
observations from the Submillimeter Array (SMA) and Very
Large Array (VLA), also utilizing data from A. Ginsburg et al.
(2018) for SgrB2. Among these regions, SgrB2 and SgrC
follow the dense gas star formation relation inferred from
nearby clouds; however, the SFRs in the other four clouds are
approximately 1 order of magnitude lower. X. Lu et al. (2019)
suggested that the low SFR is attributed to the presence of
strong turbulence, resulting in a significantly lower amount of
gas confined in gravitationally bound cores, indicating a
magnetically supercritical environment. Apart from these
massive molecular clouds, in the region close to Sgr A”,
turbulence dominates the internal energy and suppresses star
formation at distances greater than 1pc. Meanwhile, tidal
forces dominate within 1 pc, as suggested by the unmagnetized
virial theorem (P.-Y. Hsieh et al. 2021).

In general, the initiation of the star-forming process occurs
within magnetized and turbulent molecular clouds. The
magnetic field can play multiple roles, inhibiting gravitational
collapse, reducing star formation efficiency (e.g., F. Nakamura
& Z.-Y. Li 2008; J.-W. Wang et al. 2019), and mitigating
angular momentum (e.g., L. Mestel 1985; T. C. Mouschovias
& E. V. Paleologou 1986). Characterizing the magnetic field
within the CMZ is therefore pivotal for understanding the
underlying reasons for its relatively low SFR.

The 20 km s~ cloud and 50 km s~ cloud, which are named
after their local standard of the rest radial velocities (hereinafter
referred to 20MC and 50MC, respectively), are two massive
molecular clouds close to Sgr A* with low SFRs, as mentioned
above. For the 20MC, X. Lu et al. (2017a) proposed that the star-
forming process is still in an early evolutionary phase based on the
observable H,O masers combined with the nondetection of Class II
CH;0H masers and ultracompact H1I region. J. M. D. Kruijssen
et al. (2015) proposed that star formation within this massive cloud
is possibly triggered by tidal compression. In contrast, several
compact HII regions have been observed in the 50MC (e.g.,
F. Yusef-Zadeh et al. 2010; E. Mills et al. 2011). This cloud,

with huge amounts of shocked molecular gas traced by SiO
(2-1), was proposed to be a candidate of a massive star-
forming region induced by cloud—cloud collision (M. Tsuboi
et al. 2015; K. Uehara et al. 2019). Both tidal compression and
cloud—cloud collision can lead to severe turbulence, which may
play a crucial role during the star-forming process.

In addition to severe turbulence, the magnetic field also appears
to be strong in CMZ clouds (e.g., M. Morris & F. Yusef-Zadeh
1989). The magnetic field orientations are highly ordered in this
region (e.g., P.-Y. Hsieh et al. 2018; A. Mangilli et al. 2019;
Y. Hu et al. 2022). Recently, D. Paré et al. (2024) presented the
magnetic field morphology within the CMZ region using SOFIA /
HAWC+- observations at 214 pm. The distribution of polarization
pseudovectors reveals a bimodal pattern in the CMZ magnetic
field orientations, showing field components that align either
parallel or perpendicular to the Galactic plane.

For the active star-forming cloud SgrB2, R. M. Crutcher
(1999) measured a line-of-sight (LOS) magnetic field strength
of 480 uG using Zeeman measurements and estimated the
mass-to-flux ratio to be ~2.6, suggesting the cloud is
magnetically supercritical. In comparison, T. Pillai et al.
(2015) estimated the plane-of-sky (POS) magnetic field
strength within the inactive star-forming cloud G0.253+4-0.016
using the Davis—Chandrasekhar-Fermi (DCF) method with
850 um polarization observations taken by the James Clerk
Maxwell Telescope (JCMT) equipped with the polarimeter
SCUPOL. They obtained a POS magnetic field strength of
~5 mG and estimated the mass-to-flux ratio to be around 0.6,
suggesting that the magnetic fields may impede gravitational
collapse. These findings suggest the magnetic field may be an
important factor in determining the SFR in the CMZ.

The closest molecular gas reservoir near the Galactic center is
the circumnuclear disk (CND) of the Milky Way, which is a
torus-like structure rotating around Sgr A* with a radius from 2
to 5pc (e.g., H. M. Latvakoski et al. 1999; M. Tsuboi et al.
2018; P.-Y. Hsieh et al. 2019; D. Paré et al. 2024). The magnetic
field strength toward the CND was measured to be ~3 mG, as
obtained from Zeeman measurements by R. L. Plante et al.
(1995). The magnetic field is dynamically important and
influencing the gas motion in CND. It not only supports the
gas against gravity but also contributes to accretion toward
SgrA® by removing angular momentum. M. Wardle &
A. Konigl (1990) modeled the magnetic field in this region as
an accretion disk threaded by open magnetic field lines. The
angular momentum is effectively removed when the angle
between the poloidal component of the magnetic field (the
component in the 7—z plane, where r is the radial direction, and z
is the symmetry axis relative to a reference torus) and the disk
surface is less than ~55°. R. H. Hildebrand et al. (1990, 1993)
measured the polarization of the far-infrared thermal emission in
the CND, and showed that the observations were consistent with
the model proposed by M. Wardle & A. Konigl (1990).
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Table 1
Properties of Continuum Observations

Observed Position“ Duration <($I45() /,m>b <5I850 /m,>b <JQU,450 /m,>b <UQU,850 /,m>b
Region l b
(deg) (deg) (hr) (Jy beam™ ") (Jy beam ™) (Jy beam ™ ") (Jy beam ™)
M20ALO18
Field 1 359.883033 —0.074825 1.5 8.01 0.04 66.54 3.99
M17APO74
Field 2 0.042601 —0.010758 4.0 7.51 0.05 85.92 5.94
Field 3 359.944160 —0.046052 7.5 3.51 0.05 5221 3.89
Field 4 359.884075 —0.071629 44 7.80 0.04 59.78 3.94

Notes. The observations from project M20ALO18 cover the south region (Field 1); the observations from project M17AP074 cover the north (Field 2), middle (Field

3), and south (Field 4) regions.
? The observed position is expressed in Galactic coordinates.

® These values are the rms average of the 4” mosaic maps within the central 3’ regions centered on the observed positions.

In this paper, we present the 450 and 850 yum observations
toward the Galactic center taken by the Submillimetre Common-
User Bolometer Array 2 (SCUBA-2; W. S. Holland et al. 2013)
instrument and its associated polarimeter POL-2 (P. Bastien et al.
2011; P. Friberg et al. 2016) equipped on JCMT. These data
were taken as part of the B-fields In STar forming Regions
Observations (BISTRO) survey (D. Ward-Thompson et al. 2017;
J. Kwon et al. 2018; A. Soam et al. 2018; J. Liu et al. 2019). We
explore the magnetic field morphology and strengths within the
20MC, 50MC, and CND. Meanwhile, an overview of the survey
data and a global analysis of the 850 um magnetic field across
the entire CMZ are presented in J. Karoly et al. (2025).

In star-forming regions, the alignment efficiency of dust grains
can be quantified by the power index of the dependence of the
polarization fraction on total intensity, p oc I~ ¢ (D. C. B. Whittet
et al. 2008). We investigate the power-law relation between
polarization fraction and total intensity using the Ricean Mean
Model proposed by K. Pattle et al. (2019) to examine whether
dust grains are aligned by magnetic fields or not.

The organization of this paper is as follows. In Section 2, we
provide a detailed account of the observed data from JCMT
BISTRO and outline the ancillary data used in the estimation of
magnetic field strength. In Section 3, we determine the magnetic
field morphology and strength through the analysis of JCMT
BISTRO observations. Using the derived magnetic field
strength, we then explore energy contributions from turbulence,
gravity, thermal motion, and the magnetic field. Additionally, we
assess the alignment efficiency of dust grains. Discussions are
presented in Section 4, and we draw conclusions in Section 5.

2. Observations
2.1. JCMT SCUBA-2/POL-2 Observations

The 450 and 850 ym continuum and polarization observa-
tions were obtained using SCUBA-2 equipped with the POL-2
polarimeter on the JCMT 15m telescope (project code:
M20ALO018, M17AP074). We observed the 20MC, 50MC,
and CND using four pointings (see Table 1). The effective
beam sizes of the JCMT are 9.8 at 450 m and 14.6 at 850 um
(J. T. Dempsey et al. 2013), corresponding to length scales of
~0.39 pc and ~0.59 pc, respectively, based on a distance of
8.34kpc to Sgr A* (M. J. Reid et al. 2014).

We reduced the raw data following a three-stage process
using pol2map routine, which is contained in the SCUBA-2
map-making software SMURF (D. S. Berry et al. 2005;
E. L. Chapin et al. 2013). The POL-2 data reduction was
described in detail by J. Hwang et al. (2021). The final
mosaicked maps with a pixel size of 4” are created by coadding
the Stokes 7, Q, U maps. To achieve better sensitivity, the final
debiased polarization catalog is binned to 12”. The produced
maps of Stokes I, Q, U have units of pW. To convert the
instrumental unit to the physical flux unit of Jy beam ', we
applied the flux conversion factors (FCFs) of 531 for 450 ym
and 516 for 850 pm, as recommended by S. Mairs et al. (2021).
The FCFs for the observations taken by SCUBA-2 equipped
with POL-2 are 1.96 and 1.35 times higher than the ones only
taken by SCUBA-2 at 450 and 850 pm, respectively.

We adopt the asymptotic estimator, which was introduced by
J. F. C. Wardle & P. P. Kronberg (1974), to calculate the
debiased linear polarization fraction p, as follows (I, Q, and U
are the Stokes parameters, whose uncertainties are denoted as
oI, 6Q, and U, respectively):

p:ﬂ:VQ2+U2_02Q” )
I I ’

where the weighted mean variance for Q and U, aéU, is
_ Q%0 + UU?

0* + U? @

UQU

Here, PI is the debiased polarization intensity. The ogy

indicates the uncertainty of both the debiased and nonbiased
polarization intensity, 6PI.

If (02 + U?) < oy, p will be treated as 0. The uncertainty

on polarization fraction (both debiased and nondebiased) is
defined as

%60 + UU? + p* 1261

19

3)

In addition, the polarization position angle (6,) and its
uncertainty (60,) are calculated using the following formulae:

0, = % arctan (%), 4)
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o _ 1 [(Q6U* + U0
) Q*+ U»?*

2.2. JCMT CHIMPS?2 Observations

We utilize the '’CO (3-2) data from the CO Heterodyne
Inner Milky Way Plane Survey 2 (CHIMPS2), obtained with
the Heterodyne Array Receiver Program (HARP) on the JCMT
(D. J. Eden et al. 2020), to evaluate the contamination from CO
emission. These observations cover the CMZ within the range
of —3° <1< +5° and —0.5 <bh < + 0.5. The velocity range
extends from —250 to 300kms ' with a resolution of

1kms™ .

2.3. Contamination of Dust Continuum with CO Emission

The '*CO (6-5) line (691.473 GHz) and 'CO (3-2) line
(345.796 GHz) are close to the centers of the continuum
bandpass filters at 450 um (664 GHz) and at 850 um
(355 GHz), respectively, indicating that the CO spectral line
emissions may contaminate the continuum observations. We
use the '2CO (3-2) contamination fraction provided by
H. Parsons (2017) to correct the Stokes / map at 850 um.
Then, we infer the potential line contamination from '“CO
(6-5) to 450 yum continuum observation using 2co (3-2)
contamination fraction under the assumption of a local
thermodynamic equilibrium (see E. Drabek et al. 2012). We
assume that the CO emission is unpolarized, which does not
affect the Stokes Q and U.

Due to missing flux issue, we did not use BISTRO Stokes /
and CHIMPS2 data to estimate the CO contamination. We have
attempted to remove CO contamination during the reduction
process using CHIMPS2 'CO (3-2) observations. We
obtained unreasonable results with negative contamination
levels or more than 100%, however, possibly due to the
missing flux problem in POL-2. The observing mode used for
our BISTRO data is DAISY, which is designed for compact
sources of ~3" or smaller. The CHIMPS?2 observations, which
use the PONG observing mode, are not suitable for incorpora-
tion into our data. Detailed descriptions and a discussion of the
missing flux issue are provided in Appendix. This issue is also
apparent in Section 3.2.1, where we use Herschel data to fit the
spectral energy distribution (SED).

2.4. Nobeyama Observations

We apply observations of C'®0 (1-0) using the 45 m telescope
at Nobeyama Radio Observatory (NRO) to analyze the velocity
dispersion of the nonthermal component of magnetized turbulence.
These observations have a resolution of 15”, similar to the
resolutions of our JCMT data. S. Tokuyama et al. (2019)
conducted these observations using the FOur-beam REceiver
System for the NRO (T. Minamidani et al. 2016) during the period
of 2016 January 26-31. The observed region covered the range of
approximately —174 <1< +1.4 and —0.35 < b < + 0.35, using
the on-the-fly (OTF) mapping mode. The data were smoothed
using a 15” Bessel-Gauss function and sampled on a grid of
75 x 75 x 2kms™".

2.5. Herschel Hi-GAL

We obtained the image of continuum emissions at 160, 250,
350, and 500 ym from the Herschel Infrared Galactic Plane
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Survey (Hi-GAL; S. Molinari et al. 2016), a key program of the
Herschel satellite (G. L. Pilbratt et al. 2010), to determine the
dust temperature and opacity spectral index by fitting the SED.
These data are convolved using Gaussian kernels to achieve a
common spatial resolution of 36” corresponding to that at
500 pm.

3. Results
3.1. Magnetic Field Morphology

Polarization at submillimeter wavelengths is thought to
originate from asymmetric dust grains aligned with magnetic
fields (L. Davis & J. L. Greenstein 1951; B. T. Draine &
J. C. Weingartner 1996; A. Lazarian & T. Hoang 2007;
B. G. Andersson et al. 2015). To infer the magnetic field
morphology, we rotate the polarization position angles by 90°
(B. G. Andersson et al. 2015).

The question arises of whether we need to be concerned
about contamination of our observations by foreground
emission. JCMT SCUBA-2/POL-2 data are fundamentally
insensitive to extended emission due to the necessity of
accounting for atmospheric emission, with any astrophysical
signal on size scales comparable to or larger than the SCUBA-2
array size being indistinguishable from the atmospheric signal
and thus removed in the data reduction process, leading all
SCUBA-2 and POL-2 maps to have a zero background
(E. L. Chapin et al. 2013).

The response of SCUBA-2 is thus very strongly weighted toward
compact, high-column density structures (e.g., D. Ward-Thompson
et al. 2016), and the small map size and slow scanning speed
of POL-2 further suppress the recovery of extended emission
(P. Friberg et al. 2016). Our expectation that all of our emission
arises from the 20MC, 50MC, and CND, rather than from diffuse
extended foregrounds, is supported by the analysis of PILOT
observations by A. Mangilli et al. (2019), who found a significant
discrepancy between PILOT and SCUPOL (the predecessor to
POL-2) observations on the position of the SOMC. However, when
they performed background subtraction on the PILOT data to
mimic the spatial frequencies present in the JCMT SCUPOL data,
they found that the two measurements agree well. This further
suggests that the structures that we observe in the Galactic center do
not have a significant contribution from extended foreground or
background emission along the LOS.

3.1.1. B Field Orientations from BISTRO Observations

Figure 1 illustrates the overall magnetic field morphology
traced by POL-2 polarization with a pixel size of 12" at 450 and
850 pum, overlaid on the Stokes / map containing CO contamina-
tion with a pixel size of 4”. The polarization half-vectors were
selected based on the signal-to-noise ratio (SNR) of Stokes [
(SNR; = 1/6I) and polarized intensity (SNRp; = PI/6PI). The
criteria include SNR; > 10 and SNRp; > 3. The 20MC, 50MC,
and CND are marked by green, orange, and cyan dashed circles,
respectively. Continuum emission closer to the centers of the
clouds exhibits lower polarization fractions compared to that
observed at the edges.

In Figure 2, we calculate the difference in the magnetic field
position angle between those derived from the polarization at
450 and 850 pm, ranging from —90° to 90°, and investigate its
dependence on the SNRp;. The angle difference Af between
two selected position angles, ¢ and 6,, is calculated using the
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Figure 1. The magnetic field orientations sampled on a 12” grid overlaid on the Stokes / maps containing CO contamination sampled on a 4” grid at 450 and 850 ym.
White segments represent magnetic field orientations determined by rotating the polarization orientations by 90°. The polarization half-vectors are selected by the SNR
criteria of Stokes / and polarized intensity: SNR; > 10 and SNRp; > 3. All half-vectors are of uniform length. The orange dashed circles mark the position of the
50MC, and the green dashed circle marks the position of the 20MC. The position of the CND is marked by cyan dashed circle with the central star marking the

location of Sgr A*.

following equation from Planck Collaboration et al. (2016):

A@(Gl, 92) = % arctan ( sin 291 COS 262 — COS 29] sin 292 )

c0s 26 cos 26, + sin26;sin 26,
(6)

Here, 0, is the position angle derived from the polarization at
450 ym, and 0, is the position angle derived from the
polarization at 850 um. We further estimate the average
position angle difference, A0, and the standard deviation,
oap, for each 5 unit bin along the axis. The shaded regions in
Figure 3 mark the area between A0 — orp and AO + opp. The
shaded areas are mostly located within the A range of —25° to
25° when the SNRpy is higher than 15 for the 450 ym data and
higher than 30 for the 850 um data, respectively. This indicates

that the magnetic fields inferred from the 450 and 850 pm data
exhibit greater consistency in regions with high-SNRp;. It
implies that the polarized emissions at these two wavelengths
originate in similar regions and are less contaminated by the
LOS material, consistent with our assumption. Additionally,
low-SNRp;, for example where SNRpjgso ,m is below about
30, exhibits more significant position angle differences.

The evident angle difference possibly arises from a
combination of astrophysical and technical factors, including
the beam size discrepancies and the inherent challenges of
450 pm observations. In general, dense molecular clouds in the
CMZ likely have multiple layers of gas and dust, each with a
distinct magnetic field orientation, such that the observed
polarization angle reflects the vector sum of these layers. If the
LOS contributions at 450 um differ from those at 850 ym—for
instance, if the 450 yum emission selectively samples warmer
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Figure 2. Dependence of the magnetic field position angle difference on the SNR of the polarization intensity derived from (a) 450 psm and (b) 850 zm observations.
The polarizations are selected by the SNR criteria: SNR; > 10 and SNRp; > 3. The scatter points represent the position angle differences with corresponding
uncertainties for each pixel. The shaded regions in Figure 3 mark the area between A0 — gag and AG + gag, where Af and o, indicate the position angle difference
and the standard deviation for each 5 unit bin along the axis. The dashed lines show the range of A from —25° to 25°.
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Figure 3. Histogram of the magnetic field orientations derived from (a) 450 ym and (b) 850 um polarization observations. The polarization half-vectors are selected
by the criteria SNR; > 10 and SNRp; > 3. The dark dotted lines show the fitting results from a single Gaussian model. Panels (c), (d), and (e) show the histograms of
the magnetic fields position angles within the circular regions toward the 20MC, SOMC, and CND, as depicted in Figure 1, respectively. Magnetic field position angles
range from —90° to 90°, with 0° pointing north in Galactic coordinates and +90° aligned with the Galactic plane.
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layers—then the measured polarization angles need not be
consistent with each other. Given the nature of CMZ gas,
especially toward the CND, some polarization segments at
850 ym could even trace synchrotron emission (see, e.g.,
Figure 2(b) in K. Sato et al. 2024). Verifying each polarization
segment goes beyond the scope of this overview paper, but a
paper addressing these topics is currently in preparation by
BISTRO members (R. S. Furuya 2025, in preparation).

D. Paré et al. (2024) confirmed a bimodal distribution on the
histogram of the CMZ magnetic field orientations using
SOFIA/HAWC+ polarization observations at 214 ym. Their
results revealed two distinct magnetic field components: one
aligned parallel, and the other aligned perpendicular to the
Galactic plane. In Figure 3, we show histograms of the
magnetic field orientations, which are selected by the criteria
SNR; > 10 and SNRp; > 3, for the entire region at 450 and
850 ym in panels (a) and (b), respectively, as well as for each
distinct structure in panels (c), (d), and (e). The position angles
for the 20MC, 50MC, and CND are extracted within three
circular regions with radii of 1" (~2.4 pc), 1'5 (~3.6 pc), and
2’ (~4.8 pc), respectively, as shown in Figure 1. The magnetic
field orientations do not show significant differences in these
regions. Our data, however, do not display a similar bimodal
distribution at both 450 and 850 um; instead, they exhibit only
one dominant direction. Therefore, we apply a single-Gaussian
model to fit the data, as described by the following equation:

—(x—v)?

y=H+ Ae 2?2 , @)

where x is the polarization angle ranging from —90° to +90°,
y is the count value, H is the offset above zero, A is the
amplitude of the Gaussian peak, v is the mean orientations, and
o is the standard deviation of the Gaussian peak, which
indicates how the position angle distribution spreads.

The best-fit Gaussian peaks are located at position angles of
7173 and 534 with o of 3174 and 1379 for the 450 and 850 m
data, respectively, as shown by the dashed lines in Figure 3
panels (a) and (b). The fitting result for the 450 yum data
indicates that the overall magnetic fields have a position angle
difference of ~20° relative to the Galactic plane. This value is
consistent with one of the components in the bimodal
distribution proposed by D. Paré et al. (2024). In contrast,
the magnetic field derived from 850 um polarization observa-
tions tends to exhibit a larger position angle difference (~40°)
relative to the Galactic plane. Additionally, the histogram of the
850 um data shows a general offset H of ~35 above zero on the
y-axis, suggesting a more complex or disordered magnetic field
morphology. In panels (c), (d), and (e), we present histograms
of the magnetic field position angles within the circular regions
corresponding to the 20MC, 50MC, and CND, all of which are
bright dust structures in the inner region of the CMZ, as shown
in Figure 1.

Figure 4 shows the contamination level by '2CO (6-5) and
2co (3-2) proposed by H. Parsons et al. (2018) in panels (a) and
(b). In the vicinity of the CND, dust observations are significantly
impacted by CO line emission. We use these maps to eliminate
the impact of CO emission. Figure 5 gives close-ups of the
20MC, 50MC, and CND to highlight the structure of their
magnetic fields. Magnetic field orientations are represented by
orange and yellow line segments with SNR criteria of polarization
intensity, SNRp; > 3 and 2 < SNRp; < 3, respectively. The
lengths of the line segments in Figure 5 are proportional to the
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polarization fractions, which are obtained using the CO-removed
intensity maps. The position angles reveal a highly ordered
magnetic field morphology within each region. In the 20MC
region, the magnetic field orientations align with the Galactic
Plane, as indicated by the peak in the histogram in panel (c) of
Figure 4 near a position angle of 90°. From panels (a) and (b) in
Figure 5, the field morphology appears to follow the skeleton of
the dust structures. Near the 50MC, the magnetic field points
northwest in the northern region and northward in the southern
region, with a clear transition at the center. In the vicinity of the
CND, a distinct spiral magnetic field morphology is observed,
with its center point roughly consistent with Sgr A*,

3.1.2. Comparison of B Field Position Angles in the CND with
SCUPOL Observations

The spiral magnetic field structure (panel (a) and panel (b) in
Figure 5) had been previously observed at 850 um using the
polarimeter SCUPOL on the JCMT (P.-Y. Hsieh et al. 2018).
In Figure 6, we make a comparison between the magnetic field
orientations obtained with POL-2 observations (red segments)
and those with SCUPOL observations (blue segments). We
refer to the schematic of the CND given by P.-Y. Hsieh et al.
(2019) to define the boundary. The CND is thought to be a
torus inclined at an angle of ~70° along the axis parallel to the
Galactic Plane. We define the boundary of the CND as an
ellipse with a major axis of 4 pc and an aspect ratio of 0.34. The
ellipse is centered on SgrA* and aligned with the Galactic
Plane. Between the POL-2 and SCUPOL observations, the
magnetic field position angles are similar in the elliptical
region, except for the southeastern part.

We investigated the variation in magnetic field position angles
with azimuthal angle in the CND, as shown in Figure 7. To
illustrate the difference between the position angles observed by
POL-2 and SCUPOL, we present the data with different SNR of
the polarization intensity using different colors. The azimuthal
angle ranges from —180° to 180°, increasing counterclockwise,
with the north direction in the Galactic coordinates defined as 0°.
To analyze the trend of position angle variation within the
azimuthal angle range of —90°, where the position angle
increases from ~0° as the azimuthal angle increases, we show
the position angle in the range of 0° to 180°. In the southeastern
region (between —90° and —180°), the position angles from the
POL-2 and SCUPOL observations are not well matched. The
SNRp; of POL-2 850 um observations are generally higher than
3 in this region. The referring magnetic field position angles
rotate counterclockwise as the azimuthal angle increases from
—180° to —90°, corresponding to the red points rising between
the dashed lines. SCUPOL observations with SNRp; > 3 are in
good agreement with our data. Data points with 1 < SNRp; < 3,
however, are aligned with different orientations.

Our higher quality observations consequently reveal a more
pronounced left-handed spiral morphology in the CND.

3.2. Magnetic Field Strength

We use the DCF method (L. Davis 1951; S. Chandrasekhar
& E. Fermi 1953) to estimate the POS magnetic field strength
by assuming the equipartition between the kinetic energy of
turbulence and the fluctuating magnetic energy. The POS
uniform magnetic field strength is estimated with

/ Oy
Bpos = Q J4mp —

09

®)
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Figure 4. The intensity ratio between the CO gas emission and continuum observations, indicating the contamination level by (a) 2CO (6-5) and (b) '>CO (3-2). The
contours show the 450 pum intensities of [5, 10, 15, 20] Jy beam™! in panel (a) and the 850 pm intensities of [0.8, 1.6, 2.4, 3.2] Jy beam™! in panel (b). Panel (c)
illustrates the '>CO (6-5) contamination levels for 450 pm while Iyso m > 5Ty beam . Panel (d) shows the '2CO (3-2) contamination levels for 850 pm while

Igso im > 0.8 Jy beam .

Here, p is the gas density (p = piy,mun(Hy)), where n(H,) is
the number density of molecular hydrogen, py is the mean
molecular weight per hydrogen molecule, and myy is the mass
of hydrogen. We adopt pyy, = 2.86 from J. M. Kirk et al.
(2013); 0, is the nonthermal velocity dispersion in the gas; oy is
the angular dispersion of the polarization position angles; and
Q' represents a dimensionless factor of an order of unity, which
corrects for the bias in magnetic field strength on scales smaller
than the beam. According to J. Liu et al. (2022), we adopt
Q' ~ 0.28 with 50% uncertainty.

R. M. Crutcher (2004) also suggested a statistical corre-
ction to approximate the total magnetic strength in the
three-dimensional space

4
|Biot]l = —Bpos. 9
7

Therefore, calculating the magnetic field strength requires values
for number density, angular dispersion, and velocity dispersion.

3.2.1. Volume Density

As the first step in determining the volume density, we
calculate the column density using the CO-removed intensities
at 450 and 850 ym. Under the assumption that the dust
emission is optically thin and follows a graybody distribution
in the submillimeter observations, the column density (Vy,) can
be estimated by the opacity spectral index (), temperature (7),
and observed flux density (5°°*™), as follows:

beam
S,

Ny, (10)

© Qupuggmuky B (T)
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Figure 5. Zoomed-in maps of three distinct regions: 20MC in panels (a) and (b), SOMC in panels (c) and (d), and CND in panels (e) and (f), at 450 and 850 pm,
respectively. Magnetic field orientations are represented by line segments, with their lengths proportional to the polarization fraction for an SNR higher than 3 (green)
or between 2 and 3 (yellow), respectively. The lengths of the half-vectors are proportional to the polarization fraction obtained using the CO-removed intensity maps.
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Figure 6. Magnetic field orientations determined by BISTRO 450 and 850 pm observations (red segments) compared to those determined by SCUPOL 850 pm
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southwest region related to Sgr A*. The different colors of the data points represent various observations and separate the data into polarization intensity SNR ranges

of 1 < SNRp; < 3 and SNRp; > 3.

where
2hv3 1
B,(T) = =2 : (11)
c¢* exp(hv/kT) — 1
and
-3
oy = KO(W%IH) _ (12)

10

Here, €4 is the solid angle of the beam. We adopt the dust
opacity at the wavelength of 1000 um, ko = 0.0137 cm?g~!
(V. Ossenkopf & T. Henning 1994), as the reference in
Equation (12), assuming the gas-to-dust mass ratio of 100.
We cannot estimate the column density based solely on the
BISTRO observations at two wavelengths because there are
three unknowns, including Ny,, 5, and 7. Therefore, we utilize
the continuum data at wavelengths of 160, 250, 350, and
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Figure 8. Three cases of the SED fitting toward the SOMC, CND, and 20MC, shown in panels (b), (c), and (d). The panel (a) shows the CO-removed intensity at
850 pm with contours corresponding [0.8, 1.6, 2.4, 3.2] Jy beam ™. Positions in the vicinity of 20MC, 50MC, and CND are selected as examples and shown in right
panel. The right panel displays the SED fitting results (black dashed line) using Hi-GAL observations, with Hi-GAL data represented in blue and CO-removed
BISTRO intensity in green. In panels (b), (c), and (d), all uncertainties are less than 1% and are therefore not shown.

500 ym from the Hi-GAL survey, which used the Herschel
Space Observatory to scan the entire Galactic Plane
(K. A. Marsh et al. 2017), to fit the opacity spectral index
and temperature using Equation (10). Since the BISTRO
continuum intensities at 450 and 850 ym are not consistent
with the SED determined by the Hi-GAL data, we did not use
them simultaneously for SED fitting. In Figure 8, we convolve
all intensity maps with the beam size of Hi-GAL data at
500 yum (36") and display the intensity profiles with five
different wavelengths from both of Hi-GAL (blue) and
BISTRO observations (green) at three distinct positions in the
vicinity of the 20MC, S0MC, and CND. The black dashed lines
denote the fitting results using solely the Hi-GAL data by the
Equation (10), revealing obvious differences with the BISTRO
observations. The lack of consistency between the BISTRO
and Hi-GAL data on the SED is caused by SCUBA-2
measurements missing flux from large-scale structures.

Figure 9 displays the fitting results for the opacity spectral
index [, the temperature, and the column density. The 3 value
ranges from approximately 1.0 to 2.8, with the lowest value
observed around the CND. The temperature is higher closer to
the Galactic center and decreases near the 20MC and 50MC.
Using this temperature map, the optical depth is ~0.1 at 450 um

11

and ~0.01 at 850 pm, which is consistent with the assumption
that the dust emission is optically thin. We apply the fitted § and
T to estimate the column density using the BISTRO observations
at both 450 and 850 pm wavelengths, shown in Figure 10. Near
the 20MC and 50MC, the column density exceeds 10%? cmfz,
and the distributions have similar structures between the
wavelengths of 450 and 850 um. In the vicinity of the CND,
the column density maps show distinct ringlike structures at both
450 and 850 ym, which are consistent with the scenario
proposed by previous studies (e.g., P.-Y. Hsieh et al. 2019).
To estimate the average physical properties of the 20MC,
50MC, and CND in the following sections (e.g., n(H,), o), we
need to define the boundary of each structure. We use the
Python package astrodendro*' to compute dendrograms and
define the boundaries of the 20MC and 50MC based on the
column density maps at both wavelengths. A lower-column
density limit of 10%*cm ™ is applied for the 450 m data and
5 x 10*'em ™ for the 850 um data. Due to the obvious
difference in the CND boundaries determined by astrodendro at
450 and 850 pum, we adopt the elliptical boundary defined in

*! http:/ /www.dendrograms.org/
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Figure 10. Column density maps estimated by the BISTRO observations at 450 and 850 pm using the temperature and opacity spectral index parameters shown in

Figure 9. Black contours depict the boundaries of the 20MC, 5S0MC, and CND.

Section 3.1.2. The black contours in Figure 10 depict the
boundaries of the 20MC, 50MC, and CND.

To calculate n(H,), the LOS spatial depth is necessary.
S. Molinari et al. (2011) suggested that there is a 100 pc elliptical
and twisted ring around the Galactic center, enclosing the 20MC
and 50MC. We model the material distribution around these two
massive molecular clouds as cylinders lying on the POS and
manually adjust the cylinder radii to encompass the structures
determined by astrodendro. The radii and lengths of the cylinders
are 4.4 and 15.0pc for the 20MC, and 3.0 and 9.6 pc for the
50MC, respectively. Using these models, we calculate the LOS
distance pixel by pixel and estimate the number density around
the 20MC and 50MC. For the CND region, with the elliptical
boundary defined in Section 3.1.2, we use the typical thickness of

12

~0.4pc as suggested by H. M. Latvakoski et al. (1999) to
calculate the number density. These LOS distances are considered
the 50% errors. The number density maps in the vicinity of the
20MC, 50MC, and CND are shown in Figure 11. Table 2 lists the
average number densities for these three structures at 450 and
850 pum. The uncertainty in the number density is calculated by
propagating the uncertainties from the observational data,
temperature, and opacity spectral index. The latter two are based
on the 1o errors from the SED fitting.

3.2.2. Angular Dispersion

We utilize the “unsharp masking” method, as introduced by
K. Pattle et al. (2017) to calculate the angular dispersion of the
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Table 2
Values of Number Density, FWHM Velocity Dispersion, Angular Dispersion, and Dust Temperature Used to Estimate the Magnetic Field Strengths Using the DCF
Method within the Regions of 20MC, S0MC, and CND

n(Hy) oy oy T
(em™?) (km s~ (deg) X)
Region 450 pm 850 pum 450 pm 850 pum 450 pm 850 pm 450 pm 850 pm
20MC 4437 2141 11.3 10.3 9.3 8.4 18.6 18.2
(572) (235) 0.7 0.6) 0.4 0.4 (1.2) (1.2)
50MC 2624 1335 10.3 10.2 6.7 5.7 23.0 229
471) (192) 0.4) 0.5) (0.8) 0.7) (1.9) (1.9)
CND 3464 2897 31.8 31.7 10.4 10.9 52.7 52.7
(724) (616) (6.6) 6.7) 0.7) 0.4 (36.1) (36.1)

Note. Values in parentheses indicate the corresponding uncertainties. Uncertainties are calculated by propagating the uncertainties of the observational data, 1o errors
from the Hi-GAL SED fitting, and 1o errors from the C'®0 (1-0) spectrum fitting.

magnetic fields for the turbulent component at 450 and 850 pm. P. M. Koch et al. (2012):

They determined the large-scale magnetic field morphology by

smoothing the position angles using a boxcar average. The size C= 1 — 2 cos (l [T — APA]), (13)
of the boxcar filter is chosen so that the smoothing length is d 2

smaller than the radius of curvature of the magnetic field
morphology. If there is any pair of the polarization position
angles in the boxcar with angle difference higher than 90°, this
pixel at the center of the boxcar will be masked out because the
magnetic field is too distorted to determine a mean direction
(see K. Pattle et al. 2017 for details). Then, the mean directions
are subtracted from the original ones to obtain the angle
differences, which are regarded as the turbulent component of
the magnetic field morphology. The angular dispersion is the

where C is the curvature; R is the radius of curvature; and d and
APA are the distance and the position angle difference between
two adjacent pixels, respectively. After investigating the
curvatures of the magnetic field morphology, we adopt 3 pixels
(~1.5pc) as the length of the boxcar filter, which is smaller
than most of the radii of local curvatures at both 450 and
850 um. We smooth the magnetic field position angles using a
3 x 3 boxcar filter across the entire region, and produce the

standard deviation of the angle differences within a specific residual maps. If the valid data points are less than 4 within the
region. number of boxcar filter, this position will be masked out.

We select polarization data with a pixel size of 12” at both Figures 12 and 13 display the results at 450 and 350 um,
450 and 850 pm, using the criteria SNR; > 10 and SNRp; > 3. respectively. The pixels that have been masked out during the
To determine the size of the boxcar filter, we estimate the radii process are shown in gray. The line segments and the color
of curvatures, using the following formula suggested by maps display the position angles simultaneously. The angular

13
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dispersion is obtained by calculating the standard deviation of
the position angle differences within the corresponding
boundary. Table 2 shows the angular dispersion in the
20MC, 50MC, and CND at 450 and 850 um. The uncertainty
in the angular dispersion is estimated by propagating the
observational uncertainties.

3.2.3. Velocity Dispersion

We calculate the average velocity dispersion using the C'*0
(1-0) observations obtained from NRO with a resolution of
15", assuming that the molecular emission traces approxi-
mately the same structures as the submillimeter continuum
emission. In Figure 14, we mask values below 3 times the noise
level over the spectral line and calculate the zeroth and first
moment maps to investigate the integrated intensity, intensity-
weighted velocity, and velocity dispersion, respectively. In
panel (a), we observe bright gas emission within the 20MC and
50MC regions, with fainter emission in the CND. Panel (b)
shows a gradual change in velocity. The C'%0 (1-0) spectra,
however, exhibit multiple emission peaks in some regions,
leading to overestimations of the velocity dispersion derived
from the second moment map. We interpret that the multiple
components of the spectrum are being caused by the several
structures along the LOS that have different gas dynamics with
distinct mean velocity and velocities' dispersions.

Accordingly, we fit the spectra with multiple Gaussian
profiles to determine the brightness, mean velocity, and
velocity dispersion of each emission peak. The goodness of
the fitting is judged by the chi-squared test. We perform the
spectral line fitting pixel by pixel. Each spectrum is fitted first
by a single Gaussian profile, and the reduced chi-squared value
is calculated. If the reduced chi-squared value is greater than 2,
we add one more Gaussian profile. This process iterates until
the reduced chi-squared value is lower than 2 or the number of
Gaussian profiles exceeds 6. In the event those criteria cannot
be met, we assume the spectrum is too noisy to be analyzed.

Subsequently, we analyze the fitting results in the position—
position—velocity (PPV) space and attempt to distinguish
different gas structures. We assume that the emission peaks
of the spectra correspond to distinct gas structures along the
LOS. First, we sort the fitting results into different groups based
on the number of components. One-component spectra account
for ~50%, ~50%, and ~70% of the area within the boundaries
of 20MC, 50MC, and CND, respectively. These components in
PPV space exhibit smooth velocity variations, suggesting a
similar kinematic structure along the LOS, which we define as
the “first layer structure.”

Then, we investigate spectra with several components adjacent
to pixels with the first layer structure by calculating the velocity
differences between these components and the component of the
first layer structure. The component with the minimum velocity
difference is considered to connect to the first layer structure in
the PPV space, if the velocity difference is smaller than the full
width at half-maximum (FWHM) of the component of the first
layer structure. We continue iterating this process until no
component is classified as part of the first layer structure. As a
result, all components are separated into two groups: the first
layer structure and the remaining structures. The classification
results are shown in Figure 15. In panel (a) of Figure 15, the first
layer structure covers the regions of the 20MC, S0MC, and CND.
We can further investigate other gas structures using the
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remaining components (panel (b) in Figure 15), but these are
too fragmented in PPV space to define coherent gas structures.

We adopt the first layer structure in PPV space as indicative
of the typical gas motion. Figure 16 shows the comparison
between the velocity dispersion maps determined by the second
moment map (panel (a)) and our analysis (panel (b)). The
velocity dispersions in panel (b) are smaller than those in panel
(a) and exhibit more coherence due to the elimination of minor
components. We estimate the nonthermal VCIOCitY dispersion
by subtracting the thermal component from the C'®0 velocity
dispersion using the relation

o = o2 keT
v 180 )
v,C'°0 meiso

(14)

where o, is the nonthermal gas velocity dispersion, o, ciso is the
velocity dispersion of the C'®0 (1-0), and mcisg is the mass of
the C'80 molecule. The temperature is taken from the dust
temperature shown in Figure 9 under the assumption the dust
and gas are in thermal equilibrium. By using the boundaries
defined in Section 3.2.1 for the 20MC, 50MC, and CND, we
estimate the average velocity dispersion within these regions,
and present the results in Table 2. The uncertainties in the
velocity dispersions are estimated by propagating the observa-
tional uncertainties and the 1o errors from the spectrum fitting.

The o, in the CND is significantly larger than that in the
20MC and 50MC. M. S. Akshaya & T. Hoang (2024) obtained
a velocity dispersion in the CND that is approximately one-
third of our value by decomposing the CHIMPS2 '*CO (3-2)
spectra using more Gaussian components. These '2CO (3-2)
observations are brighter than the c'®o (1-0) emissions
measured by NRO. We attempted to decompose the CHIMPS?2
2CO (3-2) spectra but encountered degeneracy issues and
possible absorption in the spectra. Therefore, we continue to
use the CHIMPS2 C'®0 (1-0) as the tracer to determine o,
while cautioning that the decomposition process has inherent
limitations.

3.2.4. Results of DCF Method

The average values and the corresponding uncertainties of
the n(H,), oy, and o, within the structures boundaries of 20MC,
50MC, and CND are shown in Table 2 (note that the
boundaries determined using 450 and 850 pm intensity maps
are different). We use these results to estimate the POS
magnetic field strengths and infer the statistical three-dimen-
sional magnetic field strengths using Equations (8) and (9),
respectively. The POS magnetic field strengths derived from
the 450 ym data are 1.0 £ 0.5mG, 1.0 £ 0.5mG, and
2.2 £ 1.2mG, while those from the 850 um data are
0.7 £ 04mG, 0.8 == 04mG, and 1.9 = 1.1 mG in the
20MC, 50MC, and CND regions, respectively. The magnetic
field strength in the CND is approximately twice that estimated
in the 20MC and 50MC. This higher estimate is mainly
attributed to the significantly larger o,, which is related to the
decomposition process as mentioned in Section 3.2.3. It is
important to note that our magnetic field strength estimations,
especially in the CND, may be overestimated due to potential
limitations in the spectral decomposition process.

The difference in magnetic field strengths derived from the
450 and 850 pm data is due to the discrepancy in n(H,), which
is largely influenced by variations in the observed intensity. As
discussed in Section 3.2.1, the intensities at 450 and 850 ym
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Figure 12. Position angles of magnetic fields 6 determined by 450 pm polarization in different regions: the 20MC (first row), SOMC (second row), and CND (third
row). The position angle ranges from —90° to 90°, with 0° pointing upward. The left panel shows the observed magnetic field position angles 0 gpserved; the central
panel shows the mean directions of magnetic field orientations 0 smoeom; the right panel shows the angle differences by subtracting the smooth position angles from the

observed ones using Equation (6), 05 opserved — B.smootn- The black segments are the half-vector of O gpserved, and the green ones are the half-vector of 0p smoom. The
black contours show the boundaries of different structures.

15



THE ASTROPHYSICAL JOURNAL, 983:184 (26pp), 2025 April 20 Yang et al.

6B, observed [O] eB,smooth [o] eB, observed — eB, smooth [o]
0
-29°06'

8 07' L s ettt/
o \__,,,,,,_,::::::::%:::::::\
o YSNSN I ) pprrrmmmm NN
o o8
(@] w ¢ AREN
g 094 f i = 0i0) §;i¥1’-.

10' 3 K

smooth smooth
11'+ ' L T e Al LI L T : S LEEL. - BN A T T T
17“45”‘3530S 255 20° 15° 105 1(3'.‘3&5’“3530S 255 205 15° 10S 1(3."‘:&5’“3530S 255 205 155 10° 05°
RA (J2000) RA (J2000) RA (J2000)
OB, observed [o] eB,smooth [o] 6B, observed — 6B, smooth [O]
-50 0 50 -50 0 50 -20 -10 0 10 20
W - h
/——\\
q 1 ‘ /=SS s
o —~~SA\AN sl V1)

—~-29°07' I -s\\\\\\~—¢/l'
o SANNNSNSS ==
o [\ | s;\ NSANNSNSNSSS===N
I~ »\\\\\\\\\~~~~~\~\\\'
ﬂ \\\\\\s\s\\\\\\‘
e 08’ “\\\\~~~~~~\\
8 //a \.s~-__-~\\
[a) V4 /— \\s———f

//——-a/ NNS=-

09" — observed

N th th e\
50|VI|C — _ ISI’nOO I | N I ] Ismoo I | g‘\ll I «
17"45m50°  45° 40° 17"45m505  45° 40° 17"45m505  45° 40°

RA (J2000) RA (J2000) RA (J2000)
GB, observed [o] GB,smooth [O] GB, observed — eB, smooth [o]
-50 0 50 -50 0 50 -20 -10 0 10 20

VAt
. ~,4,v 4

/
8, \ it Rt

SANNS =i rm =
‘e ‘t“ .
Satede S0t %

17h45m455 405 35°  30° 17h45m45% 40°  35°  30° 17045m45° 405 35°  30°
RA (J2000) RA (J2000) RA (J2000)
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Figure 14. The zeroth and first moment maps of NRO C'®0 (1-0) with 15” resolution shown in panel (a) and panel (b), respectively. The black contours show the

850 pm intensities with the levels of [0.8, 1.6, 2.4, 3.2] Jy beam ™.

are not consistent with a common SED, suggesting that they
may not trace the same dust structures along the LOS. This
discrepancy is likely due to missing flux issues (see Appendix
for details). Consequently, we interpret the magnetic field
strengths derived from different wavelengths as probing
slightly different regions along the LOS.

X. Lu et al. (2024) concluded that self-gravity and
turbulence play a more dominant role in star formation, based
on the weak correlation between magnetic field strength and
SFR. However, we believe this weak correlation does not
imply star formation is unaffected by magnetic fields; rather, it
suggests the SFR is not linearly correlated with magnetic field
strength. Star-forming processes should not depend solely on
the influence of the magnetic field. Therefore, comparing the
energy budgets of the magnetic field, gravity, turbulence, and
thermal energy is essential.

3.3. Alfvén Mach Number

The relative importance between the magnetic field and the
nonthermal motions can be described by the Alfvén Mach
number (M), which is a crucial factor in the cloud evolution
models. The definition of the Alfvén Mach number is

My = 32T, (15)
Va
where the Alfvén speed is
Vo= — (16)

JarTp '
Here, onr represents the nonthermal velocity dispersion, which
we assume is due to turbulent perturbation, and Vj is the
Alfvén velocity. By incorporating Equations (8), (9), and (16)
into Equation (15), we obtain

RELL.
4 Q"
This formula implies that the Alfvén Mach number can be

estimated directly from the angular dispersion of magnetic field
orientations.

My A7)
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We estimate the Alfvén Mach number for the 20MC, 50MC,
and CND using Equation (17), and present the results in
Table 3. The values are within the range of 0.3-0.5, indicating
the nonthermal motions are sub-Alfvénic.

3.4. Thermal to Magnetic Energy

To determine the importance of the magnetic field relative to the
thermal energy, we adopt the standard Bpjaema, the gas-to-magnetic
pressure ratio, defined by

Pas 2C2
Bplasma = —— = —5-, (18)
plasma Pmag Vi

where

6= | kel (19)
Hy,MH

Here, Py, is the gas pressure, Py, is the magnetic pressure,

and ¢, is the sound speed. We consider the dust temperature to

calculate the sound speed under the assumption of the gas and

dust being in thermal equilibrium. If Bj,6ma is smaller than 1, it

implies a magnetically dominated regime.

We calculate (3,j3ma for the 20MC, 50MC, and CND, and
the results are presented in Table 3. All 3;j45ma Values are much
smaller than 1, on the order of ~107*, suggesting magnetic
field dominance.

3.5. Mass-to-flux Ratio

The significance of magnetic fields in the relation to gravity
is crucial when considering gravitational instability, which can
be assessed through the mass-to-flux ratio. T. Nakano &
T. Nakamura (1978) proposed a critical mass-to-flux ratio,
M) ®)eriy = (271'\/5 Y, for an isothermal gaseous disk
threaded perpendicularly by a uniform, frozen-in magnetic
field using linear perturbation analysis. It is common to express
the mass-to-flux ratio in the unit of the critical value, which is
defined as A\ = (M /Pp)ops/ (M /Pp)crit. The molecular cloud is
gravitationally stable when A < 1, regarded as “magnetically
subcritical.” In contrast, if A > 1, named as “magnetically
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Figure 15. The peak velocities determined from multiple Gaussian fitting using NRO C'®0 (1-0) data, shown in PPV space. Panel (a): the first layer structure. Panel
(b): The remaining structures, excluding the first layer structure. Data points where the fitting amplitude value is less than 5 times the fitting error are excluded. The

surface on the bottom shows the 850 ym intensity.

supercritical,” the cloud will be unstable and start to collapse
toward the center. The mass-to-flux ratio can be determined
from observations using the column density N and the magnetic
field strength |B|:

A= (M/q))obs _ (mNA)/(|B|A)
M/ ®@)crit QrJG)!
~76 x 10-21NH) 20)
IBI

Figure 17 displays the relationship between the total magnetic
field strength and hydrogen molecule column density. The
dashed line represents the critical value for the mass-to-flux ratio.
Dots located above the dashed line indicate a subcritical
condition, while dots below the line signify a supercritical
condition. Based on the estimations, the A values for the 20MC,
50MC, and CND are subcritical.
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R. M. Crutcher (2004) showed that a statistical average
mass-to-flux ratio for the strongly magnetized case is

(1\_4) f’r/z M cos0 .
— sin
P 0 ®/sinf

(5
3\o obs7

where clouds have a disklike morphology. We calculate the
mass-to-flux ratio using Equation (21) normalized to the critical
value using this statistical average and show the results in
Table 3. The average mass-to-flux ratios are consistently below
1 within the regions of 20MC, 50MC, and CND, suggesting
that these structures are stable and effectively supported by the
magnetic field.

6 do
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Figure 16. The velocity dispersion determined from C'®0 (1-0) emission line obtained from NRO. Panel (a): the second moment map. Panel (b): the velocity
dispersion map from the first layer structure in the PPV space. Panel (c): the number of the components determined by multiple Gaussian fitting. The contours show
the 850 pm intensities with the levels of [0.8, 1.6, 2.4, 3.2] Jy beam ™.

Table 3
Magnetic Field Strength and Energy Budget
BPOS Blol MA (M_/q))/(M/q))C,—n ﬂplasma
(mG) (mG) (x10™%
Region 450 pm 850 pm 450 pm 850 pym 450 pm 850 pm 450 pm 850 pm 450 pm 850 pm
20MC 1.0 0.7 1.3 0.9 0.44 0.40 0.18 0.13 1.8 1.7
0.5) 0.4) (0.6) 0.4) (0.02) (0.02) (0.09) 0.07) (1.8) (1.8)
50MC 1.0 0.8 1.2 1.0 0.32 0.27 0.08 0.05 14 1.0
0.5) 0.4) (0.6) 0.5) (0.04) (0.03) (0.05) (0.03) (1.4) (1.1)
CND 2.2 1.9 2.8 2.5 0.50 0.52 <0.01 <0.01 0.8 0.9
(1.2) (1.1) (1.6) (1.4) (0.04) (0.02) (<0.01) (<0.01) 0.1) 0.1)

Note. Values in parentheses indicate the corresponding uncertainties.

®  20MC 450um 3.6. Grain Alignment Efficiency

A 50MC 450um
% CND 450um

¢ 20MC 850um
A 50MC 850um
X CND 850um

105 4
The power-law index « of the dependence of the polarization

fraction on the total intensity quantifies the grain alignment
efficiency, p o< I * (B. G. Andersson et al. 2015), assuming

Btot [UG]

Figure 17. The relation between the total magnetic field strength and the
column density of the hydrogen molecule at 450 and 850 pm. The line is for

104 4

10° 5

Subcritical

e Supercritical

1020

1022 1023

Ny, [cm™2]

1021

the criterion of M/® = (M/®).y.

1024

that LOS depolarization is negligible. o ranges from O to 1. In
molecular clouds, the power-law index potentially indicates the
alignment efficiency between the dust grains and the magnetic
field. If « ~ 1, it implies that dust grains are not aligned with
any specific direction or are influenced by the disorganized
component of the magnetic fields. By contrast, if o ~ 0, it
indicates that the dust grains are well aligned with each other.
Because a may be overestimated due to the non-Gaussian noise
characteristics of the polarization fraction, K. Pattle et al.
(2019) proposed a “Ricean-mean model,” which can recover o«
using the mean of the Rice distribution by fitting the p—I
relation with the biased polarization fraction p’, as follows:

—1 2 2(1—a)
' I Py, I
p = N Lo -2 — . (22)
2 OgQu 2 2 Ogu
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Figure 18. Regions with diameters of 4/, 4’, and 3’ are shown by dashed circles around (a) 20MC, (b) 50MC, and (c) CND, overlaid with the polarization intensity at

850 pm. The contours show the CO-removed 850 pm intensities with the values of [0.5, 1, 2, 3, 4] Jy beam™

Here, ogy is the average noise in Stokes Q and U from the
associated variance Vj and Vy, Py is the polarization fraction

at the noise level, and £1 is a Laguerre polynomial of order
2

1/2. They assume that the observed data can be characterized
by a single rms noise value, (opy),

—Z( (23)

2N

Vo.i + Vu.i)-

O'U:— oouU.i —
¢ 2N,ZIQ’

The underlying power-law index, which indicates the alignment
efficiency, is revealed when

1
) (1 E)M

J ) )
crit eu

When 1/ oou is lower than the critical value, the power-law
index tends to approach —1. For a detailed verification, see
K. Pattle et al. (2019).

To investigate the grain alignment efficiencies in the 20MC,
50MC, and CND, we extract the Stokes I, Q, and U values
within circular areas of 4" diameter centered on the 20MC and
50MC, and within a 3’ diameter region centered on the CND,
as shown in Figure 18. Using these values, we calculate the

biased polarization fractions (p' = /Q? + U?/I) and estimate
the average noise levels (opy) in each area. We then fit the data
points of Stokes I against the biased polarization fraction using
the Ricean-mean model. Figure 19 presents the scatter plot of
Stokes [ versus the biased polarization fraction, with ogy
indicated by different colors. The red solid lines indicate the
best-fit Ricean-mean model, the black dashed lines represent
the low-SNR limit approximation, p' = \/7/2 (I/opy)”!, and
the black dotted lines denote the critical value as Equation (24).
The data points in Figure 19 are well characterized by (opy)
and well fitted by Ricean-mean model.

The fitting results are summarized in Table 4. Except for the
polarization observations at 450 um toward the CND, the
power-law index « ranges from 0.4 to 0.6, indicating a
moderately ordered alignment of the dust grains. In the case of
450 pm polarization in the CND region, we obtain a higher
power-law index, exceeding 0.79, which implies poor align-
ment between the magnetic fields and the dust grains.

1
—_— >
oou

1

&

QU

(24)
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4. Discussion
4.1. Energy Budget

In Sections 3.3, 3.4, and 3.5, we compared the energy
contributions between the magnetic field and the turbulence,
kinetic energy, and gravity based on the Alfvén Mach number,
Bplasmas and mass-to-flux ratio, respectively, within the regions
of the 20MC, 50MC, and CND. Our results show these regions
are sub-Alfvénic. Furthermore, the Bplasma values, all below 1
for the observed structures, indicate the dominance of the
magnetic pressure over thermal pressure. Additionally, the
mass-to-flux ratios for the 20MC, SOMC, and CND suggest that
the magnetic field can effectively counteract gravitational
collapse.

The magnetic field strengths of some molecular clouds in the
CMZ were measured by previous studies. R. M. Crutcher et al.
(1996) obtained the LOS magnetic field strength toward the
active star-forming cloud, Sgr B2, as ~0.5 mG with the VLA
using a Zeeman measurement of the HT line. They calculated
the ﬁplagma, Alfvén Mach number, and the mass-to-flux ratio as
8 x 107 04, and 2.6 , respectively. Their Bpjasma value is
similar to our results, with a value much lower than 1. In
SgrB2, however, their mass-to-flux ratio is higher than 1,
indicating that the magnetic field there may not be able to
counteract gravitational collapse. This difference could explain
why SgrB2 has a higher SFR compared to the 20MC
and 50MC.

In addition, T. Pillai et al. (2015) estimated the total
magnetic field strength in G0.253+0.016 as approximately
5 mG using the DCF method and inferred a A value of roughly
0.6. C. Federrath et al. (2016) adjusted the magnetic field
strength to 2.2 mG using an improved average volume density.
There, the magnetic field emerges as a dominant factor in this
massive molecular cloud, which is similar in environment to
the 20MC and 50MC. These moderate values of lambda shared
by all three clouds may be consistent with the comparatively
lower SFRs in G0.253+0.016, the 20MC, and the SOMC.

The material within the CND is influenced by the gravitational
potential of a supermassive black hole and follows a quasi-
Keplerian rotation, indicating that gravity is dominant. Our results
show a subcritical condition for the mass-to-flux ratio in this region,
suggesting the magnetic field is more significant. M. S. Akshaya &
T. Hoang (2024) produced a pixel-by-pixel mass-to-flux ratio map
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Figure 19. The biased polarization fraction against the Stokes / for (a) 20MC, (b) SOMC, and (c) CND. The data are extracted within the boundaries shown in
Figure 18. The red solid lines show the fitting results using Ricean-mean model. The black dashed lines present the low-SNR limit approximation of Equation (22).
The black dotted lines indicate the critical value derived from Equation (24).

21



THE ASTROPHYSICAL JOURNAL, 983:184 (26pp), 2025 April 20

Table 4
Fitting Results Using Ricean-mean Model for 20MC, 50MC, and CND

Ricean-mean Model

Region (G o Pooy
450 pm

20MC 16.61 0.47 £+ 0.06 0.25 + 0.09

50MC 15.75 0.40 = 0.07 0.16 = 0.06

CND 12.69 0.79 £+ 0.10 1.13 £ 0.60
850 pm

20MC 0.88 0.50 £+ 0.04 0.41 £+ 0.12

50MC 1.00 0.53 + 0.05 0.46 + 0.12

CND 0.78 0.43 + 0.06 0.23 + 0.09

and found a supercritical condition only within the armlike
structures, which are dense regions with low magnetic field
strength. Our subcritical result may be due to us estimating
an average value within the CND region, which contains both
mass-to-flux ratios higher and lower than 1. Additionally, it is also
possible the magnetic field strength has been overestimated
given the potential limitations in spectral decomposition (see
Section 3.2.4).

Consequently, the 20MC, 50MC, and the CND exhibit
strong turbulence, as evidenced by their high velocity
dispersions, a feature supported by previous studies. Our
findings here reveal a significant magnetic field in these
regions, as well, suggesting that the magnetic field dominates
the overall energy budget.

4.2. Magnetized Field and Density Relation

The magnetic field strengths in self-gravitating clouds can be
enhanced through the contraction of collapsing material when
the magnetic fields are initially too weak to resist the collapse
of the cloud. R. M. Crutcher et al. (2010) analyzed the LOS
magnetic field strengths Byos from Zeeman measurements
using a Bayesian approach, and suggested a generalized model
to describe the relationship between the cloud density and the
maximum magnetic field strength in a cloud, as follows:

By, n < nop
Bunax(n) = " 25
(m) Bo(i) , N> ng (25)
no

where n is the number density of the hydrogen atom
(ng = 2ny,). The critical volume density n, distinguishes the
diffuse interstellar medium and dense molecular clouds. Their
results showed By ~ 10 G, noy ~ 300cm >, and x ~ 0.65.

Assuming that the magnetic fields traced by the 450 and
850 um observations correspond to slightly different regions
along the LOS, we apply our DCF calculations to explore the
relationship between magnetic field strength and density. In
Figure 20, we show the relationship between the total magnetic
field strength and the volume density of molecular hydrogen
based on our calculations, comparing with the expectations
from R. M. Crutcher et al. (2010) depicted by a dashed line. We
also plot the data for another molecular cloud within the CMZ,
G0.2534-0.016, obtained from C. Federrath et al. (2016) with
DCF method. All data points in Figure 20 are positioned above
the dashed line. We fit all data points with Equation (25)
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Figure 20. The relation between the total magnetic field strength and the
number density of the hydrogen molecule at 450 and 850 ym. The dashed line
shows the most probable maximum values for the magnetic field strength by
the Bayesian analysis (R. M. Crutcher et al. 2010). We fit power-law index
using the data of 20MC, SOMC, and Brick (C. Federrath et al. 2016) and depict
the result by dashed—dotted line.

excluding the two points of CND because the CND is a torus-
like structure rotating around Sgr A*, as opposed to being a
self-gravitating cloud. We obtain the power-law index
k = 0.21 £ 0.16 (dashed—dotted line in Figure 20), a value
lower than the R. M. Crutcher et al. (2010) result of 0.65.
A. Tritsis et al. (2015) demonstrated that the power-law index
of the B-n relation could be directly related to the cloud
geometry and the respective dominant direction of collapse,
assuming a frozen-in magnetic field in the absence of
significant ambipolar diffusion. Our result of low « implies
that the contraction motions tend to align with the magnetic
field lines without significantly altering the magnetic field
strengths. It is important to note, however, that the prescription
of the B-n relation is based on spherically collapsing clouds.
Such a framework may not be broadly applicable to such a
complex and dynamic region as the inner CMZ.

Additionally, the total magnetic field strength B, is
~611 4G at the critical density noy, = 150 cm™3, a value
roughly 50 times that found in the model by R. M. Crutcher
et al. (2010). Note, however, that they used the LOS magnetic
field strengths to find the relation. By og is roughly half of By.
This difference implies that the magnetic fields in the molecular
clouds in the CMZ environment are typically stronger than
those of the closer regions described in R. M. Crutcher et al.
(2010).

5. Conclusion

We present the first-look results of the continuum and
polarization observations at 450 and 850 um toward the inner
region of the CMZ using SCUBA-2 with the polarimeter POL-
2 as part of the BISTRO project. Our investigation focuses on
the magnetic field morphology and strength in the inner region
of the CMZ, covering three distinct areas: the 20MC, 50MC,
and CND. The main findings of this work are as follows:

1. The magnetic field morphology is highly ordered, with
the angular dispersion ranging from 5° to 10°. In the
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vicinity of CND, the magnetic field exhibits a spiral
structure at both 450 and 850 pm.

2. We derive average POS magnetic field strengths of
1.0 £ 0.5mG, 1.0 £ 0.5mG, 2.2 £ 1.2mG at 450 um
and 0.7 £ 04mG, 0.8 £ 04mG, 1.9 £ 1.1mG at
850 pum for the 20MC, 50MC, and CND, respectively.

3. Within the 20MC, SOMC, and CND, magnetic turbulence
is sub-Alfvénic, and the magnetic fields are more
dominant than thermal pressure. Additionally, the mass-
to-flux ratios are all less than 1, indicating the magnetic
field can support these structures against gravitational
collapse.

4. Except for the 450 um polarization in the vicinity of the
CND, which is affected by poor observation quality, the
power-law indices for the dependence of polarization
fraction on total intensity range from 0.4 to 0.6, indicating
that dust grains are moderately aligned with the magnetic
field in the vicinity of the 20MC, 50MC, and the CND.

5. Previous studies suggest that the low SFR within the
CMZ is possibly due to strong turbulence. Our results,
however, reveal the presence of a very strong magnetic
field, which may instead be the dominant factor to the
energy budgets of these clouds.
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Appendix
CO Contamination Removal and Missing Flux Issue

We attempt to remove the CO emission using the JCMT
CHIMPS2 observations from the BISTRO continuum observa-
tions during the SCUBA-2 data reduction following the method
outlined by T. J. T. Moore et al. (2015). They treated the CO
map as a negative fake source and incorporated it into the
reduction pipeline. Our results, however, suggest that the
CHIMPS?2 observations are not appropriate for incorporation
into our intensity map due to the differences in the scales of the
structures traced.

First, we calculate the zeroth moment map using the '*CO
(3-2) observations and convert the units from a brightness
temperature to pW, the SCUBA-2 output power units, using the
parameters in T. J. T. Moore et al. (2015). The details are as
follows: (1) the zeroth moment map is divided by the forward
spillover and scattering efficiency 7, = 0.71, (2) it is
multiplied by the conversion factor C =0.77 (from effective
brightness temperature to mJy beam_l), and (3) the FCF value
of 516 (from mJy beam ™' to pW) is applied along with the
POL-2 transmission factor of 1.35. We show the BISTRO
850 m intensity map and '*CO (3-2) intensity map with the
unit of pW in panels (a) and (b) of Figure 21. In panel (a), the
brightest dust emission at 850 pm is observed in the 20MC. In
contrast, the brightest 2co (3-2) emission is found near the
CND, as shown in panel (b).
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Figure 21. Results of CO contamination removal during the map-making data reduction process. Panel (a): original continuum intensity at 850 ym observed by
SCUBA-2 equipped with POL-2. Panel (b): '*CO (3-2) intensity. Panel (c): the intensity at 850 ;zm with CO contamination removal during the map-making process
using the gas intensity shown in panel (b). Panel (d): the gas intensity eliminated from the continuum observations at 850 ym. Panel (e): the intensity at 850 ym from
H. Parsons et al. (2018) observed by SCUBA-2. Panel (f): difference between the intensity maps from this work and that of H. Parsons et al. (2018).
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Subsequently, we treat the CO intensity map as the fake source
map applied to the map-making process. The resulting dust
intensity map with CO contamination removed is shown in panel
(c) of Figure 21. Then, we subtract the CO-removed intensity from
the original data and display the result in panel (d). Unexpectedly,
the CO-removed intensity map has larger values than the original
maps of the 20MC and SOMC. We suspect this issue is due to the
problem of flux missing from the extended structures.

H. Parsons et al. (2018) produced a CO contamination map
using the intensity observations taken by SCUBA-2 without POL-
2, in combination with CHIMPS2 '2CO (3-2) data. We compare
the 850 pm intensity observations from H. Parsons et al. (2018) to
our data. The difference is shown in panel (f) of Figure 21. This
map shows that the intensity map from H. Parsons et al. (2018)
captures the larger structure. The discrepancy is likely due to the
different SCUBA-2 observing modes: “DAISY” and “PONG.”
The observing mode used in our BISTRO data is DAISY, which
is designed for small, compact sources of around 3" or less. In
contrast, H. Parsons et al. (2018) utilized the PONG mode,
another scan strategy intended for covering large areas (for a
detailed introduction of two observing modes, see H. S. Thomas
& M. J. Currie 2014). Additionally, the CHIMPS2 observations
were taken with HARP on JCMT, designed to rapidly scan large
regions. The PONG intensity map and the gas emission map
obtained with HARP trace structures on similar scales, enabling
H. Parsons et al. (2018) to produce a reliable map of CO
contamination levels. In our case, however, the CHIMPS2
observations are not suitable for incorporation into our DAISY
intensity map for CO contamination removal.

For results, we adopt the CO contamination fraction derived
by H. Parsons et al. (2018) rather than eliminate CO emission
during the reduction process, as shown in Figure 4. The
2CO(3-2) contamination ranges from 0% to 30% in the
vicinity of the 20MC and 50MC, and reaches up to ~80% in
the CND region. Under the assumption of local thermodynamic
equilibrium, the 12CO(6—5) contamination is nearly zero in the
20MC and 50MC, but still exceeds ~80% in the CND region.
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