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Abstract

We present ALMA dust polarization and molecular line observations toward four clumps (I(N), I, IV, and V) in the
massive star-forming region NGC 6334. In conjunction with large-scale dust polarization and molecular line data
from JCMT, Planck, and NANTEN2, we make a synergistic analysis of relative orientations between magnetic
fields (fg), column density gradients (fng), local gravity (6; ), and velocity gradients (fyg) to investigate the
multi-scale (from ~30 to 0.003 pc) physical properties in NGC 6334. We find that the relative orientation between
fg and Oy changes from statistically more perpendicular to parallel as column density (NVy,) increases, which is a
signature of trans-to-sub-Alfvénic turbulence at complex/cloud scales as revealed by previous numerical studies.
Because Oy and 6 g are preferentially aligned within the NGC 6334 cloud, we suggest that the more parallel
alignment between 6 and Oy at higher Ny, is because the magnetic field line is dragged by gravity. At even
higher Ny,, the angle between g and Oy or 0 transits back to having no preferred orientation, or statistically
slightly more perpendicular, suggesting that the magnetic field structure is impacted by star formation activities. A
statistically more perpendicular alignment is found between 6g and 6y throughout our studied Ny, range, which
indicates a trans-to-sub-Alfvénic state at small scales as well, and this signifies that magnetic field has an important
role in the star formation process in NGC 6334. The normalized mass-to-flux ratio derived from the polarization-
intensity gradient (KTH) method increases with Ny, but the KTH method may fail at high Ny, due to the impact of
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star formation feedback.

Unified Astronomy Thesaurus concepts: Polarimetry (1278); Magnetic fields (994); Star formation (1569);

Molecular clouds (1072); Interstellar medium (847)

1. Introduction

Turbulence and magnetic fields are the two major forces that
compete with gravity within self-gravitating molecular clouds.
The balance among these forces controls the star formation
process (McKee & Ostriker 2007). The role of magnetic fields in
star formation is less understood than turbulence, due to there
being relatively fewer observations. Understanding the interac-
tions between magnetic fields and the other two forces has been a
key topic in the study of star formation (Crutcher 2012).

Assuming that the shortest axis of a fraction of irregular dust
grains is aligned with the magnetic field, the plane-of-sky (POS)
magnetic field orientation can be traced by rotating the observed
position angle of linearly polarized dust emission by 90° (Davis &
Greenstein 1949; Lazarian 2007; Lazarian & Hoang 2007;
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Andersson et al. 2015). There has been an increasing number of
dust polarization observations that reveal the POS magnetic field
orientation in star-forming molecular clouds (Pattle & Fissel 2019;
Hull & Zhang 2019). The Davis—Chandrasekhar—Fermi (DCF)
method (Davis 1951; Chandrasekhar & Fermi 1953) and its
modified forms have been the most widely used methods to
indirectly derive the magnetic field strength with statistics of field
orientations. The compilation of previous DCF estimations
suggests that magnetically trans-to-supercritical and averagely
trans-to-super-Alfvénic clumps/cores form in subcritical clouds
(Liu et al. 2022a). However, the breakdown of the DCF
assumptions, such as energy equipartition (Skalidis & Tassis 2021)
or turbulence isotropy (Lazarian et al. 2022), in specific physical
conditions (e.g., in non-self-gravitating media) might bring some
uncertainties to the DCF estimations (see a review of the DCF
method in Liu et al. 2022b). Thus, it is essential to study the
magnetic field properties with other statistical methods as well.
Well-ordered magnetic field structures (e.g., hourglass or
toroidal shapes) are seldom observed in star-forming regions
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(see a review of observed hourglass-shaped magnetic fields in
Hull & Zhang 2019). Many star formation regions show
complex magnetic field structures, which cause difficulties in
interpreting the field topology. The development of statistical
techniques has made it possible to infer the physical properties
of star formation regions by comparing the magnetic field
orientation with other orientations (e.g., the column density
gradient/column density contour/intensity gradient,”® the
direction of local gravity, and the velocity gradient) that can
be obtained through astronomical observations. For instance,
the Histogram of Relative Orientation analysis (HRO; Soler
et al. 2013) measures the statistical relation between magnetic
fields and density structures, and it can be used to link the
physical properties of observations and simulations. The
observational HRO studies reveal that the magnetic field and
column density contour change from a preferential parallel
alignment to a perpendicular alignment with increasing column
densities (e.g., Planck Collaboration et al. 2016), and they may
transit back to a random alignment at higher column densities
(e.g., Beuther et al. 2020; Kwon et al. 2022). The observational
trends suggest that star formation is ongoing in trans-to-sub-
Alfvénic clouds, and the magnetic field is likely affected by star
formation activities in high-density regions. However, the exact
reason for the different alignment at different column densities
is still under debate (see a review of the HRO analysis in Liu
et al. 2022b). On the other hand, the polarization-intensity
gradient method (Koch—-Tang—Ho or KTH method; Koch et al.
2012a) proposes to determine the local magnetic field strength
as well as the local normalized mass-to-flux ratio (Agty) under
the assumption of ideal magnetohydrodynamics (MHD) by
comparing the local orientations of magnetic fields, intensity
gradients, and local gravity. Several observational KTH studies
found that the magnetic field strength or Aty estimated with
the KTH method are not far from the DCF estimations (e.g.,
Stephens et al. 2013; Girart et al. 2013; Afez-Lopez et al.
2020). A review of all the observational KTH studies can be
found in Liu et al. (2022b). Moreover, the velocity gradients
from molecular line observations are expected to be perpend-
icular to the local magnetic field orientation in the absence of
gravity, due to the intrinsic property of MHD turbulence, where
the correlation between the magnetic field and velocity gradient
should be weaker for larger Alfvénic Mach numbers (Gonza-
lez-Casanova & Lazarian 2017; Lazarian & Yuen 2018). In
high-density regions, the infalling gas due to strong self-gravity
may drag the magnetic field lines and align magnetic fields
with velocity gradients, where the alignment may be used to
identify self-gravitating regions (Yuen & Lazarian 2017a,
2017b). A synergistic analysis with these techniques using
relative orientations between different angles will be advanta-
geous in revealing the physical conditions in star-forming
molecular clouds.

The massive (>10°M..) star-forming complex NGC 6334 at
a distance of ~1.3 kpc (Wu et al. 2014; Chibueze et al. 2014) is
one of the nearest massive star-forming regions from the Sun,
and it has been extensively studied at various wavelengths (see
a review by Persi & Tapia 2008). The predominant structure in
the NGC 6334 complex is a 10 pc long filamentary cloud
(hereafter the NGC 6334 cloud or NGC 6334 filament)

13 The column density gradient is perpendicular to the column density contour.
The column density gradient is parallel to the intensity gradient if the physical
parameters of gas and dust are constant or their variations are along the density
gradient.
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elongated along the direction of the galactic plane. The NGC
6334 filament harbors six massive star-forming molecular
clumps (N63341-V and N6334I(N)) that were identified with
far-infrared /submm/mm observations (e.g., Cheung et al.
1978; McBreen et al. 1979; Gezari 1982). The high-luminosity
(>104L@), large gas reservoir, presence of H,O, OH, and
CH;O0H (class I and II) masers, and detections of compact and
ultracompact H 1II regions, outflows, young stellar objects, and
massive stars within or in the vicinity of these clumps suggest
that these clumps are undergoing active intermediate- to high-
mass star formation (e.g., Rodriguez et al. 1982; Loughran
et al. 1986; Munoz et al. 2007; Persi & Tapia 2008; Russeil
et al. 2012; Willis et al. 2013; Andre et al. 2016).

The magnetic field structure of the NGC 6334 region at
different scales has been previously studied with dust
polarization observations (Zhang et al. 2014; Li et al. 2015;
Juarez et al. 2017; Arzoumanian et al. 2021; Palau et al. 2021;
Cortes et al. 2021). Specifically, the multi-scale magnetic field
study by Li et al. (2015) revealed that the orientation of
magnetic fields does not change much from cloud scales to
clump and core scales in N63341 and I(N), where the area-
averaged magnetic field is perpendicular to the area-averaged
elongation of density structures at each scale. This signifies a
dynamically important role played by magnetic fields on
guiding gravitational collapse, which leads to a self-similar
fragmentation across various scales. Different trends have been
found in some subregions (N6334IV and V) where the
magnetic fields might be affected by stellar feedback or
converging flows (Li et al. 2015; Juarez et al. 2017). In
addition, Arzoumanian et al. (2021) found that the magnetic
field changes from being perpendicular or randomly aligned
with the outer part of the subfilaments to being parallel to the
inner part of the subfilaments that merges into the main
filament, which may indicate infalling gas flows from
subfilaments to the main filament.

In this paper, we present high-resolution (~900 au) Atacama
Large Millimeter/submillimeter Array (ALMA) 1.3mm dust
polarization and molecular line observations toward clumps
N6334I(N), I, IV, and V in NGC 6334 to study the physical
properties within molecular dense cores. We also collect the
historical dust polarization data and molecular line data at coarser
resolutions for the study of the large-scale physical conditions at
cloud and clump scales. In Section 2, we describe the
observational data. In Section 3, we present maps of the density
structure, magnetic field structure, and velocity structure. In
Section 4, we study the relative orientations between magnetic
fields, column density gradients, local gravity, and velocity
gradients at different column densities, and we discuss their
implication on the physical properties in NGC 6334. A summary
of this paper is provided in Section 5. We only focus on the
statistical properties of physical conditions at different scales in
this paper, and we will present detailed analyses of ALMA
observations toward individual clumps in future papers.

2. Observation

2.1. ALMA Dust Polarization and Molecular Line
Observations

Four clumps (N6334I(N), I, IV, and V) in the massive cloud
NGC 6334 were observed with ALMA on 2018 June 28 (in
C43-1 configuration) and 2018 September 2 (in C43-4
configuration) under the project 2017.1.00793.S (PI: Qizhou
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Table 1
Source Coordinates of ALMA Observations

Source Field Q32000 6_;2000
N63341 NGC63341 17"20m53%41 —35°46/57" 8
N6334I(N) NGC63341In.1 17"20™54597 —35°45'05" 6

NGC6334In.2 17"20™545 53 —35°45"18" 8

NGC6334In.3 17"20™56% 00 —35°45'27" 5
N63341V NGC63341V.1° 17"20™19% 72 —35°54/38" 0

NGC63341V.2* 17"20™18% 24 —35°54/42"" 7

NGC63341V.3* 17"20™18%19 —35°54'52" 7
N6334V NGC6334V 17"19™57%55 —35°57'50" 8
Note.

 There is a typo in the ALMA data archive. Field NGC6334 VT in the archive
should be NGC63341V.

Zhang). Tables 1 and 2 list the detailed information of the
observations. The correlator was configured in the full
polarization mode in ALMA band 6 with three spectral
windows to cover the dust continuum at ~215.5219.5 GHz
and ~232.5234.5 GHz, and four spectral windows to cover the
'2CO (2-1), OCS (19-18), '*CS (5-4), and N,D™ (3-2) lines.
The three spectral windows covering the dust continuum have a
total bandwidth of 5.6 GHz (three basebands, with 1.875 GHz
effective bandwidth each). The line spectral windows have a
channel width of 122 kHz (0.16 km s~ ') over a bandwidth of
58.6 MHz (~76 km s™").

The data were calibrated by the ALMA supporting staff with
Common Astronomy Software Applications (CASA; McMullin
et al. 2007). We performed two rounds of phase-only self-
calibration on the manually extracted line-free channels of the
Stokes I data for the dust continuum using CASA. We imaged the
molecular line cubes and Stokes I, O, and U maps of dust
continuum using the CASA task TCLEAN with a Briggs
weighting parameter of robust=0.5. The maps for N6334I(N)
and N6334IV were each constructed from three-pointing mosaics.
The synthesized beam of the combined (C43-1 plus C43-4)
images is ~0”7 x 075 (~0.004-0.003 pc or ~900-700 au at a
distance of 1.3 kpc). The maximum recoverable scale'* is ~13”
(~0.08 pc at 1.3 kpc). Before primary beam correction, the 1o
root-mean-square (rms) noises were ~0.8, 3.8, 0.6, and 0.8
mJy beam " for the Stokes / dust continuum maps and ~0.08,
0.09, 0.05, and 0.06 mJy beam ! for the Stokes Q or U dust
continuum maps of N6334I(N), I, IV, and V, respectively. The
debiased polarized intensity PI and its corresponding uncer-

tainty op; are calculated as Pl = ,/Q? + U? — aéU (Vaillan-

court 2006) and op; ~ 2 opy, where ogy is the 1o rms noise
on the background region (Q ~ U ~ 0) of the Q or U maps. The
polarization position angle 6, is estimated with 0, =
0.5 arctan(U /Q). The uncertainty on the polarization position
angle (Naghizadeh-Khouei & Clarke 1993) is given by
80 = 0.5\/a%y /(0% + U*) ~20°26(0p;/PI) ~ 28°65(c oy PD),

where we assume o, is not far from the observational error of
Q and U (i.e., 6Q and 6U). The rms noises of the spectral line
cubes (before primary beam correction) with a velocity channel
width of 0.16 km s~ ! are ~3.8, 8.7, 3.0, and 5.2 mly beam ™!
for N6334I(N), I, IV, and V, respectively. We also imaged

14 https: / /almascience.eso.org /observing /observing-configuration-schedule /
prior-cycle-observing-and-configuration-schedule
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several CH;OH lines in the low-resolution continuum spectral
windows to derive the gas temperature with the rotation
diagram analysis (see Appendix C). All the ALMA images
shown in this paper are before primary beam correction. The
continuum fluxes used for the column density estimation in
Appendix C are after primary beam correction.

2.2. JCMT 850 pm Dust Polarization and 30 (3-2) Data

We adopt the 850 pum (~353 GHz) I, O, and U images observed
with SCUBA-2/POL-2 (Holland et al. 2013; Friberg et al. 2016)
on the James Clerk Maxwell Telescope (JCMT) at a resolution of
~14" (~0.09 pc) toward the whole NGC 6334 filamentary cloud.
The JCMT data (program code: M17BLO11) were previously
published by Arzoumanian et al. (2021) as part of the JCMT large
program B-field In STar-forming Region Observations (BISTRO;
Ward-Thompson et al. 2017). For areas with signal-to-noise ratios
(S/Ns) greater than 25 for the / map, the mean values for the
observational error of I, Q, and U (i.e., 6, 6Q, and 6U) are ~1.6,
1.13, and 1.6 mJy beam ', respectively (Arzoumanian et al. 2021).
The debiased polarized intensity P/ and its corresponding error'”
SPI are calculated as PI = \JQ? + U? — 0.5(602 + 6U%) and
SPI = (Q6Q + USU)/\JQ* + U? ~\[(Q?6Q? + UU?)/(Q* + U?),
respectively. ~ The  polarization ~ position  angle 6,
and its uncertainty 60 (Naghizadeh-Khouei & Clarke 1993)
are estimated with 6,=0S5arctan(U/Q) and &0 =0.5
J(Q2U* + U260%)/(Q* + U?)? ~28°65(5PI/PI),  respec-
tively, where we assume 6PI ~ 6Q ~ 6U.

Additionally, we include in our analysis the 3CO (3-2) line
cubes toward N6334I(N) and N6334I taken with the Hetero-
dyne Array Receiver Program and Auto-Correlation Spectro-
meter and Imaging System (HARP and ACSIS; Buckle et al.
2009) from the JCMT data archive (program code: M11BNO07).
The spatial and spectral resolutions of the '>CO (3-2) data are
~14” and 0.055 km s, respectively. The map size is 2 x 2’
(~0.76 pc x 0.76 pc) for each field. The rms noises of N63341
(N) and N6334I are 0.90 and 0.45 K per channel, respectively,
in corrected antenna temperature (Tx). The pipeline-produced
data cubes in the barycentric velocity frame are converted to
the kinematic local standard of rest (LSRK) radio velocity
frame with Starlink (Currie et al. 2014). Because the two
clumps are larger than the beam, we estimate the antenna
radiation temperature (Tq) from 7T adopting a forward
efficiency'® of 7 = 0.75.

2.3. Planck 353 GHz Dust Polarization Data

Planck maps toward the NGC 6334 region and its
surrounding area observed with the High Frequency Instru-
ment (HFI; Lamarre et al. 2010) at 353 GHz are included in
our analysis to study the global-scale density structure and
magnetic fields. We adopt the 353 GHz Stokes Q and U
maps of the thermal dust emission (version R3.00; Planck
Collaboration et al. 2020) constructed with the Generalized
Needlet Internal Linear Combination method (GNILC;
Remazeilles et al. 2011) and the earlier released dust optical
depth (7353) and temperature maps (version R1.02; Planck
Collaboration et al. 2014). The Planck maps are at a

15 1t should be noted that the propagated observational error 6P/ for the JCMT
and Planck polarization map is position-dependent and is a different type of
uncertainty than the rms noise op; for the ALMA polarization map. There is
8PI ~ 8Q ~ 8U but op; ~ N2 0py ~~26Q ~ 26U.

16 https: //www.eaobservatory.org /jemt/instrumentation /heterodyne /harp /
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Table 2
Parameters of ALMA Observations

Date Configuration Nand® Bandpass Gain Flux Polarization

Calibrator Calibrator Calibrator Calibrator
2018 Jun 28 C43-1 47 J175140939 J1851+0035 J17514+0939 J1924-2914
2018 Sep 2 C43-4 44 J1924-2914 J1733-3722 J1924-2914 J1924-2914
Note.

4 Number of antennas.

resolution of 5’ (~1.9 pc). Within our considered map area,
the mean values for the uncertainties of Q and U (i.e., 6Q and
o0U) are ~3 and 4 uKcmp, respectively. The debiased
polarized intensity PI and its corresponding uncertainty P/
are calculated as PI= .02+ U? - 050% + éU?) and
SPI ~ \/(Q26Q2 + U%U?/(Q* + U?,  respectively.  The
adopted Planck Q and U maps downloaded from the Planck
Legacy Archive'’ are in galactic coordinates. We estimate the
polarization position angle in equatorial coordinates with
0, = 0.5arctan(U /Q) — Af5™¢, where

cos(l — 32°9) o
cosbcot62?9 — sinbsin(l — 32°9)

AQ%’E = arctan(

is the angle between the galactic and equatorial reference
directions (Corradi et al. 1998). For NGC 6334 at [ =351°33
and b=0°68, we adopt A5~ 55°22. Similarly to the
JCMT data, the uncertainty on the Planck polarization position
angle is given by 660 ~ 28°65(6PI/PI).

2.4. NANTEN2 "2CO (1-0) Data

We also include in our analysis the '*CO (1-0) data from
Fukui et al. (2018) to study the global-scale velocity fields. The
data were obtained with NANTEN2, which is a 4m
millimeter/submillimeter radio telescope in Chile. The spatial
and spectral resolutions of the 2co (1-0) cubes are ~3’ (~1.1
pc) and 0.16 km s~ ', respectively. The typical rms noise level
is ~1.2 K per channel. In this study, the NANTEN2 2co (1-0)
data are convolved to a beam size of 5’ to match the Planck
resolution.

3. Results
3.1. Dust Continuum and Magnetic Fields

In this subsection, we briefly overview the multi-scale
magnetic field structures in the NGC 6334 region traced by
Planck, JCMT, and ALMA dust polarization observations.
Assuming that the observed linear dust polarization is due to
dust grain alignment, the dust polarization position angle is
rotated by 90° to reveal the magnetic field orientation. It is
possible that the observed polarization of the ALMA dust
emission peaks is affected by other possible dust polarization
mechanisms (e.g., disk self-scattering or dichroic extinction;
see Girart et al. 2018; Liu 2021). But these mechanisms that are
predominant at scales smaller than 100-200 au should not be
significant for our ALMA observations with a resolution of
~900 au.

Figure 1(a) shows the magnetic field orientation of the NGC
6334 complex traced by Planck dust polarization observations,
which has been briefly reported by Arzoumanian et al. (2021).

17 http:/ /pla.esac.esa.int/

The well-ordered magnetic fields in the diffuse region
surrounding NGC 6334 mostly show a northeast—southwest
orientation, which tends to be parallel to the galactic plane and
the NGC 6334 filament. Toward the 10 pc long predominant
NGC 6334 filament, the magnetic field in the northern part
(containing N6334I(N) and N6634I) of the filament changes to
be mostly perpendicular to the main filament and is pinched
toward the northern end. The magnetic field in the southern part
(containing N6334IV and N6634V) of the filament also
deviates from the global-scale magnetic field and changes to
a north—south orientation.

Figure 1(b) shows the JCMT BISTRO observations of the
magnetic field orientation in the NGC 6334 filament (Arzou-
manian et al. 2021). The magnetic field near N6334I and
N6334I(N) is mostly perpendicular to the filament and shows
dragged-in structures toward the north of N6334I(N) and the
south of N63341, which agrees with the large-scale magnetic
field revealed by Planck. The magnetic field in N6334IV and
N6334V shows complex structures without a prevailing
orientation.

Our ALMA polarization observations have revealed the
continuum emission structures and magnetic field structures in
the four massive clumps (N6334I(N), I, IV, and V) down to a
resolution of <1000 au. Figure 2 shows the ALMA observa-
tional results of the magnetic field orientation in the four
clumps. Clump N6334I(N) is resolved into three parallel
0.1-0.2 pc long elongated filamentary structures (hereafter
IN)-f1, f2, and f3, from north to south) that follow the
direction of the N6334 main filament and are perpendicular to
the clump-scale magnetic field revealed by JCMT. Each 0.1 pc
scale filament fragments into a group of compact sources. The
magnetic field in the predominant I(N)-f1 is overall perpend-
icular to the direction of the elongation and shows pinched (or
hourglass) field morphology, which agrees with the previous
ALMA polarization observations with poorer sensitivity
(Cortes et al. 2021). The magnetic fields in I(N)-f2 and I(N)-
f3 are more complex, which might be due to them being
affected by turbulence or (proto-)stellar feedback. In N6334I,
the dominant 0.1 pc core (I-cl) fragments into a cluster of
compact sources. The magnetic field in the core shows radial
patterns in the outer region, pinched structures near fainter
emission peaks, and spiral-like structures near the brightest
emission peak, which deviates from the coherent and
approximately straight field at cloud and clump scales (Zhang
et al. 2014; Li et al. 2015; Arzoumanian et al. 2021). The
magnetic field pattern in core I-cl seems to indicate that the
field is dragged by gravity and influenced by core/disk rotation
(e.g., Sanhueza et al. 2021). The radial field patterns in the
outer region may be related to accretion streamers that are
connected to the central core. Clump N63341V is resolved into
an elongated filamentary structure (IV-fl) containing several
compact sources in the north and a core (IV-cl) in the south. In
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Figure 1. (a) Planck magnetic field orientations (black line segments) overlaid on the dust optical depth map (colorscales) toward the NGC 6334 complex. Line
segments are of arbitrary length. All Planck polarization detections have signal-to-noise ratios (S/Ns) greater than 3. The 5’ (~1.9 pc) beam (white circle), a scale bar
of 5 pc, and the galactic plane (white line) are indicated in the lower left corner. The 10 pc long NGC 6334 filament is elongated along the direction of the galactic
plane. The cyan contour indicates the region with S/N(I) = 25 for the JCMT observation. The blue contour indicates the region with NANTEN2 integrated 2Co
(1-0) intensity greater than 25 K km s~ within which we perform the relative orientation analysis. (b) JCMT magnetic field orientations (black line segments)
overlaid on the total intensity map of the dust emission (colorscales) toward the NGC 6334 filament from BISTRO observations (Arzoumanian et al. 2021). Line
segments are of arbitrary length. Only line segments with S/N(/)>25 and S/N(PI)>3 are shown. The 14” (~0.09 pc) beam (black circle) and a scale bar of 2 pc are
indicated in the lower left corner. Purple contours indicate the Full Width at Half Maximum (FWHM) field of view of our ALMA observations.

the central part of IV-f1, the magnetic field is mostly along the
elongation of IV-fl, which agrees with previous SMA
polarization observations (Zhang et al. 2014). Around the
two compact sources in the east and west ends of IV-fl, the
magnetic field orientation shows bimodal distributions, which
may suggest a magnetized collapse (Maury et al. 2018). The
northern part of core IV-cl shows a prevailing east—west
magnetic field orientation, while the southern part shows a
prevailing north—south orientation. Clump N6334V is resolved
into two nearly parallel elongated structures (V-fl and V-2
from north to south) connected with each other in the western
part. The magnetic field in V-f2 shows a dominant east-west
orientation, which follows the elongation of V-f2 and agrees
with previous SMA observations (Juarez et al. 2017). The
magnetic field also shows a radial pattern in the eastern end of
V-f2 and signs of pinched structure in the western end. The
magnetic field in V-fl is overall complex but shows well-
ordered and consistent field in some subregions.

3.2. Molecular Lines and Velocity Fields

We use NANTEN2 '*CO (1-0), JCMT '*CO (3-2), and
ALMA OCS and '*CS data to study the kinematics at different
scales. In this subsection, we briefly overview the multi-scale
intensity-weighted velocity (moment 1 or velocity centroid V)
structures (Figures 3 and 4) in the NGC 6334 region. The
integrated intensity (moment 0) maps of these lines are shown
in Appendix A. The velocity centroid V.(x) at position x is

calculated with
ST () v Avey

‘/C X) = TN+, A
) SN () Avep

2
where I}(x), v;, Ave,, and N, are the line intensity, line-of-sight
velocity, channel width, and number of integrated channels,
respectively. The propagated uncertainty of the calculated
velocity centroid is given by (Dickman & Kleiner 1985;
Teague 2019)

cAc ZNCh i_Vc 2
SV.(x) = Och AVeh A/ 25" (v (x)) ’

A3)
SN (x) Ave

where o, is the noise of one spectral channel (reported in
Section 2). For the NANTEN?2 2CO (1-0) and JCMT '*CO
(3-2) observations, we only consider the line emission from —
12 to 4 km s, because most of the large-scale line emission in
the NGC 6334 region is within this velocity range (Arzouma-
nian et al. 2022). A second and fainter velocity component in
the NGC 6334 region from —20 to —12 km s~ ' has been
previously reported (Fukui et al. 2018) but is not considered in
this work. At small scales and near young stellar objects, the
outflow usually dominates at 5 km s7! (e.g., Qiu et al. 2009;
Liu et al. 2018) with respect to the local standard of rest (LSR)
velocity (Vj,;) of the central source within massive star
formation regions. The low-velocity (<5 km s™') outflowing
gas is usually indistinguishable from the clump bulk gas. Thus,
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Figure 2. ALMA observations (C43-1 and C43-4 combined) toward the massive clumps N6334I(N), I, IV, and V. Magnetic field orientations (black and gray line
segments indicate S/N(PI) > 3 and 2 < S/N(PI) < 3, respectively) are overlaid on the total intensity map (S/N(I) > 2) of the dust emission (colorscales). Line
segments are of arbitrary length. The ~0”7 x 0”5 (~0.004-0.003 pc or ~900-700 au) synthesized beam (black ellipse) and a scale bar of 0.05 pc are indicated in the

lower left and right corner of each panel, respectively.

we only consider velocities within ~5 km s~ with respect to

the Vi of each clump for the ALMA OCS and *CS lines. The
LSR velocities are ~—3.5, —7.5, —3.5, and —6 km s for
N6334I(N), I, IV, and V, respectively. In Figure 5, we indicate
the considered velocity ranges for each clump on the averaged
ALMA OCS and "*CS spectra.

Figure 3(a) shows the velocity centroid map of the NGC
6334 complex traced by NANTEN2 '>CO (1-0) observations

(Fukui et al. 2018). The velocity structures of NGC 6334 and
its surrounding material are coherent and there is a global
velocity gradient of 0.1 km s~' pc™' from northeast to
southwest along the direction of the galactic plane, but the
origin of this global velocity gradient is still unclear
(Arzoumanian et al. 2022).

Figures 3(b) and (c) show the velocity centroid map of

N6334I(N) and I traced by JCMT '*CO (3-2) observations.
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Figure 3. Panel (a) shows the velocity centroid map of NANTEN2 '>CO (1-0) line emission toward NGC 6334 complex (Fukui et al. 2018). The line data are
convolved to a beam size of 5. The black contour levels correspond to the Planck 353 GHz optical depth (7353) map. The contour starts at 0.0004 and continues with
an interval of 0.0004. The white rectangles indicate the map area of the JCMT fields toward N6334I(N) and I in (b) and (c). Black crosses indicate the positions of
N63341V and V. The red contour indicates the region with NANTEN2 integrated '?CO (1-0) intensity greater than 25 K km s~ within which we perform the relative
orientation analysis. Panels (b) and (c) show velocity centroid maps of JCMT 13CO (3-2) line emission toward N6334I(N) and N63341. The black contour levels
correspond to the JCMT 850 pm dust continuum map. Contour starts at 2 Jy beam ' and continues with an interval of 4 Jy beam'. Blue contours show the FWHM

field of view of our ALMA observations.

The velocity centroid variation is small in N6334I(N), which
might be because this clump is at an early star formation stage
(Persi & Tapia 2008). There is a large-scale velocity gradient
from northeast to southwest in N6334I, which agrees with the
global velocity gradient seen in Figure 3(a).

Figure 4 shows the velocity centroid map of N6334I(N), I,
IV, and V traced by ALMA OCS and '*CS observations. The
velocity centroid maps of the two lines are very similar. In
N6334I(N)-f1, there is a clear gradient from northeast to
southwest, which should have a local origin at core scales,
given that this gradient is not seen in JCMT observations at
clump scales (Figures 3(b)). The gradient is reversed near the
southwest edge of N6334I(N)-fl, which may indicate local
converging flows. In N6334I, the dominating northeast-south-
west velocity gradient agrees with the large-scale and global-
scale velocity gradients seen by JCMT and NANTEN2
(Figure 3). In N6334IV, the velocity centroid variation is
relatively small compared to the other three clumps, and there
are no clear signs of ordered velocity gradients. In N6334V-f2,
there is a clear east—west gradient, and the gradient is reversed
in the west edge, which agrees with previous SMA H'*CO™
and CH30H observations at a resolution of 2”7 (Juarez et al.
2017). Juarez et al. (2017) interpreted this velocity structure as
converging flows. In N6334V-f1, we do not find the east—west
gradient previously reported by Juarez et al. (2017), which may
be due to differences in the beam resolution, filtering scale, or
line excitation condition between their observations and ours.

4. Relative Orientation Analysis and Discussion

The relative orientation between magnetic field (0g), gas
column density gradient (fng), local gravity (6;g), and velocity
centroid gradient (fyg) and their varying trend with column
density are informative of the physical conditions of star-
forming regions (Koch et al. 2012a; Soler et al. 2013;
Gonzalez-Casanova & Lazarian 2017). In NGC 6334, the
information on the magnetic field orientation and its uncer-
tainty is available from the dust polarization observation. We

implement a 3 x 3 Sobel kernel (e.g., Soler et al. 2013) on the
column density maps (see Appendix C) and line moment 1
maps (see Section 3.2) to derive the column density gradient
(fng) and velocity centroid gradientls(ﬁvo) at different
positions. The uncertainties of the column density and velocity
centroid gradients are calculated following Planck Collabora-
tion et al. (2016). The calculation of the gradients and their
uncertainties is described in detail in Appendix B. Considering
the significant S/N and the rather uniformly distributed
observational error for the dust continuum emission observa-
tions, the uncertainty on the orientation of the column density
gradient should be negligible (e.g., Planck Collaboration et al.
2016). Taking into account the gas mass of pixels with S/N(J)
>3 (see Appendix C), we calculate the map-wise 2D direction
of local gravitational force (6, ) with the standard formula of
gravitation (e.g., Koch et al. 2012a; Liu et al. 2020).
Calculating the uncertainty on the local gravity direction is
time-consuming and we are unable to do so due to our limited
computer resources.

Combining the approaches of the KTH method (Koch et al.
2012a) and the HRO analysis (Soler et al. 2013), we calculate
and study the angular difference among these orientations. We
use the alignment measure (AM) parameter introduced by the
Velocity Gradient Technique (VGT, Gonzalez-Casanova &
Lazarian 2017; Lazarian & Yuen 2018) to characterize the
alignment between different orientations. The AM is given by

AM = (cos(2¢%)), (4)

where ¢g% = |6y — Oy is the angle between orientation 1 (6,)
and orientation 2 (f;) and is in the range of 0°-90°. In the
calculation of AM within each column density bin, different
pixels are weighted equally. The AM is in the range of -1
(perpendicular) to 1 (parallel). AM >0 (i.e., approximately

'8 1t should be noted that the term “velocity gradient” in our analysis refers to
the local velocity gradient and is different from the subblock-averaged velocity
gradient in the VGT.
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07 < 45°) indicates two orientations are statistically more 607 = /603, + 60%,. As discussed above, we adopt 60 =0
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parallel than perpendicular in the considered region and for the column density gradient and gravity direction. We
vice versa. The uncertainty of g% is given by exclude data points with 6¢ >10° in our analysis. The



THE ASTROPHYSICAL JOURNAL, 945:160 (22pp), 2023 March 10

1.751 — 0Cs

N6334I(N) — 13cs

1504 [-85 15]

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
(]
)
1

1
1
1
1

g
K075
0.50
0.25
1
1
0.00 Fmm—=E==" o ittt
1
-
-20 -15 -10 -5 0 5 10 15
Visr (km/s)
— ocs
3.57 N63341V __ 1¢cs
[-85, 1.5]

-20 -15 -10 -5 0 5 10 15
Visr (km/s)

Liu et al.

— 0Cs
304 N6334| 13¢cg

[-12.5, -2.5]

e e e e L e P L Ly

-25 -20 -15 -10 -5 0 5 10
Visr (km/s)

— ocs
74 N6334V __ 1cs

[-11.0, -1.0]

-25 -20 -15 -10 -5 0 5 10
Visr (km/s)

Figure 5. The averaged ALMA OCS (black histogram) and '*CS (red histogram) spectra of the considered area for each clump within which we perform the relative
orientation analysis. The vertical dashed lines indicate the velocity range within which we calculate the integrated intensity and velocity centroid.

uncertainty of AM is given by (see Appendix B)
6AM
:\/(<(cos(2q§ﬁ))2> — AM? + 2 (2sin(29)6¢,)2)/n’
)

where n’ is the number of data points considered.

We calculate the AM for different relative orientations at
different column densities. A NANTEN2 integrated '*CO
(1-0) intensity of 25 K km s~ ' approximately separates the
emission from the NGC 6334 complex and the background
galactic plane emission (Fukui et al. 2018), and thus we
exclude positions with NANTEN2 integrated '*CO (1-0)
intensity smaller than 25 K km s~ ' for the Planck and
NANTEN?2 maps in our analysis. We consider every pixel with
S/N> 3 detection in the JCMT and ALMA maps. Similarly to
Planck Collaboration et al. (2016), we calculate AM in
different Ny, bins containing approximately equal number of
pixels for each instrument (10, 15, and 15 Ny, bins for Planck/
NANTEN2, JCMT, and ALMA, respectively). The typical
numbers of pixels per bin'® are ~120-170, ~200-900, and
~200-1000 for Planck/NANTEN2, JCMT, and ALMA,
respectively. We test and find that varying the number of Ny,
bins by a factor of 2 does not significantly affect the general
trend on the relative orientation—column density (RO-N)
relations. For the JCMT observation, we only derive the RO—

19 The number of pixels per bin varies for different relative orientations, due to
the different detection area for the total dust emission, polarized dust emission,
and molecular line emission.

N relation for ¢2 ., ¢\3, and ¢y¢ in N6334I(N) and N63341 in
five Ny, bins with ~20-50 pixels per bin. Figures 6, 7, 8, 9, 10,
and 11 show the relative orientation between g, Ong, 61, and
fvc characterized by AM as functions of column density.
Because the atmospheric emission as well as the extended
emission outside of the S/N-based masks (ASTMASK and
PCAMASK) in the data reduction process are filtered out for
POL-2 observations and the ALMA observation filters the
extended spatial emission limited by the minimal separation of
antenna pairs, the JCMT and ALMA observations can
underestimate the actual column density. For NGC 6334, the
JCMT observation filters out the large-scale emission corresp-
onding to Ny, ~ 3 x 1022 cm ™ (Arzoumanian et al. 2021).
Our ALMA observation filters out large-scale emissions at
scales of >0.08 pc, but the filtered column density at this scale
is unclear. Thus, the AM at the similar Ny, but from different
instruments are not comparable. On the other hand, the highest
Ny, bin of Planck/NANTEN2 observations contains the area of
the NGC 6334 filament covered by the JCMT observation, and
the highest Ny, bin of JCMT observations contains the area of
N6334I(N), L, IV, and V covered by the ALMA observation.
Thus, we should regard the Planck/NANTEN2, JCMT, and
ALMA observations as tracing low, intermediate, and high
column densities, respectively.

4.1. Column Density Gradient versus Local Gravity

The relative orientation between column density gradient

and local gravity (gbgg) may indicate how effectively gravity

can shape the density structure.
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Figure 6 shows the RO-N relation for q&ilg’ . For the Planck
observation, there is AM ~ 0 in most Ny, bins, but the value of
AM is clearly positive in the lowest and highest Ny, bins.
While the highest Ny, bin corresponds to the NGC 6334 main
filament, the AM >0 at the lowest Ny, bin may just be a
coincidence of specific geometry, because the gravity is not
expected to be significant in diffuse regions. At the higher
densities revealed by JCMT and ALMA, the two angles are
always statistically more parallel than perpendicular (AM > 0).
For the JCMT observation toward the whole filament, we see
that AM increases with Ny,. For ALMA observations toward
individual clumps, the trend of increasing AM with Ny,
persists. Thus, we suggest that gravity plays an increasingly
important role in shaping the density structure at higher
densities.

4.2. Magnetic Field versus Column Density Gradient

The angle between the magnetic field and column density
gradient ((;SI;G) is complementary to the angle between the

magnetic field and column density contour (¢g ) that has been
extensively studied by the HRO analysis® both observationally
(e.g., Planck Collaboration et al. 2016; Beuther et al. 2020;
Kwon et al. 2022) and numerically (e.g., Soler et al.
2013, 2017; Seifried et al. 2020; Girichidis 2021). A detailed
review of the observational and numerical HRO studies can be
found in Liu et al. (2022b).

Figure 7 shows the RO-N relation for ¢§G from the Planck,
JCMT, and ALMA observations. For the Planck observation,
the overall statistical trend is that the magnetic field and column

20 The alignment measure parameter (AMJC) for the magnetic field and
column density gradient adopted by this work should not be confused with the
HRO shape parameter (£; Planck Collaboration et al. 2016) for the magnetic
field and column density contour adopted by the HRO analysis. AMJC < 0
approximately corresponds to £ > 0, and vice versa.
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density gradient change from a statistically slightly more
perpendicular alignment (AMEC < 0) at lower column den-
sities to a slightly more parallel alignment (AMEC > 0) at
higher column densities. At the highest Ny, bin, the alignment
measure of two angles transits back to AMJC ~ 0 (i.e., no
preferred orientation), which might be due to insufficient
resolution. The transition from AMJS < 0 to AMJC > 0 is in
agreement with trans-to-sub-Alfvénic simulations in numerical
HRO studies (see a review in Liu et al. 2022b), which suggests
the NGC 6334 is trans-to-sub-Alfvénic at complex /cloud scale.
Similar trans-to-sub-Alfvénic states have been reported in the
Gould Belt clouds from previous observational HRO and VGT
studies (Planck Collaboration et al. 2016; Hu et al. 2019). The
statistically more perpendicular alignment between the magn-
etic field and column density gradient (i.e., more parallel
alignment between the magnetic field and column density
contour) at low column densities may be due to the stretch of
an initially super-Alfvénic turbulence or due to the intrinsic
property of a large-scale sub-Alfvénic turbulence (see Liu et al.
2022b, and references therein). The direct reason for the
transition from AMC < 0 to AMYS > 0 is still under debate
(Liu et al. 2022b). We refrain from deriving the transition
column density for AMEC ~ 0, due to the uncertainty of our
estimated column densities (see Appendix C) and the
inconsistency of absolute column densities between different
instruments. At intermediate column densities revealed by
JCMT, the two angles are mostly statistically more parallel
(AM > 0). The value of AMJC increases with Ny, and then
decreases with Ny,. Because the NGC 6334 region also tends to
be trans-to-sub-Alfvénic at intermediate and high column
densities (see discussions in Section 4.4 below), the more
parallel alignment at this Ny, range cannot be due to a local
super-Alfvénic turbulence as proposed by some numerical
studies (e.g., Chen et al. 2016); it is more likely due to the
interaction between the magnetic field and local gravity (see
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discussions in Section 4.3 and Girichidis 2021). At even higher
Ny, bins revealed by ALMA, the alignment measure of two

angles transits back to AMgG < 0 (i.e., no preferred orientation
or slightly more perpendicular). The reason for the reverse
transition is also unclear, but it may be related to the impact of
converging gas flows, outflows, disk rotation, and/or the
projection effect (Liu et al. 2022b). It should be noted that our
results do not conflict with those of Li et al. (2015), who have
found that the area-averaged magnetic field orientation and
density structure orientation are perpendicular to each other at
different scales in NGC 6334. This is because the global
average statistics in Li et al. (2015) and the local statistics in
our work trace different physics, i.e., while the global ordered
magnetic field could guide gravitational collapse and lead to
self-similar fragmentation (Li et al. 2015), the local field
orientation can be distorted by gravity or affected by star
formation activities.

4.3. Magnetic Field versus Local Gravity

The relative orientation between the magnetic field and local
gravity ((bII;G) may indicate how effectively gravity can shape
the magnetic field structure and how effectively the magnetic
field can resist gravitational collapse (Koch et al. 2012a).

Figure 8 shows the RO-N relation for qﬁ]éG from the Planck,
JCMT, and ALMA observations. For the Planck observation,
the magnetic field and local gravity change from a statistically
slightly more perpendicular alignment (AMIEG <0) to a
slightly more parallel alignment (AM}gG 2 0), then change to
arandom alignment as Ny, increases. Because the gravity is not
expected to actively interact with the magnetic field in the
diffuse region, the increasing AM—N trend at the lowest several
Ny, bins of the Planck data may be attributed to specific
geometries where the direction of gravity coincidentally
correlates with the complex-scale magnetic field in low-density
regions within our direction-biased NANTEN2 2C0O (1-0)
mask. For the JCMT observation toward the NGC 6334
filament, AM5® is always positive and increases with Nu,,
which indicates that gravity has an increasingly important role
in shaping the magnetic field structure at higher densities. The
similarity between the RO-N relations for gbgc and gbléc’
suggests that the direct reason for the transition from
AMEC <0 to AMEC > 0 (see Section 4.2 and Figure 7)
may be related to the interplay between magnetic field and
gravity. The statistically more parallel alignment between
magnetic field, local gravity, and column density gradient at
intermediate column densities probed by JCMT in NGC 6334
can be naturally explained by the scenario of a magnetized
gravitational collapse (Mouschovias 1976a, 1976b). At even
higher Ny, bins revealed by ALMA observations toward
individual clumps, the AM3° shows a prevailing decreasing
trend with increasing Ny, and transits back to AMES ~ 0 (in

N6334I and IV) or even AMLC < 0 (in N6334V) at the highest
several Ny, bins, except that the value of AMlgG in N6334I(N)
stays positive across the Ny, range. This may suggest that the
magnetic field structure in high-density regions is not only
shaped by gravity but also affected by star formation activities
(e.g., converging flows, accretion, outflows, rotation, etc.). The
distinct AM—N relations in different clumps may indicate their
different star formation activities. For the ALMA observation,
the magnetic field is better aligned with the local gravity than
with the column density gradient (see Figures 7 and 8),
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suggesting that (;511;0 is better than qSl;’G in studying the
interaction between magnetic fields and gravity. The spatial
distribution of (bléG shows some patterns (see Appendix D),

where local regions with small and large ¢]§G values indicate
weak and strong magnetic resistance against gravity (Koch
et al. 2018), respectively. But more detailed analytical
explanations for the spatial qblL}G distribution are yet to be
established.

4.4. Velocity Gradient versus Magnetic Field

The relative orientation between velocity gradient and
magnetic field (¢€G) can be used as an indicator of the
property of Alfvénic turbulence (Gonzalez-Casanova &
Lazarian 2017; Lazarian & Yuen 2018; Lazarian et al. 2018),
due to its intrinsic anisotropic nature (Goldreich & Srid-
har 1995) in the absence of gravity. The degree of turbulence
anisotropy increases as the Alfvénic Mach number decreases
(i.e., stronger magnetic field and weaker turbulence).

Figure 9 shows the RO-N relation for ¢€G from the Planck,
NANTEN2, JCMT, and ALMA observations. A clear trend is
that the magnetic field and velocity gradient are statistically
more perpendicular (AM2; < 0) to each other at different
column densities across several orders of magnitude. The more
perpendicular alignment at low column densities is as expected
from previous numerical studies and is consistent with previous
observations (e.g., Yuen & Lazarian 2017a, 2017b; Gonzalez-
Casanova & Lazarian 2017). However, the more perpendicular
alignment at high column densities is different from previous
numerical and observational studies, which have found that the
magnetic field and velocity gradient transit to being statistically
more parallel in high-density regions, due to the magnetized
gravitational collapse (e.g., Yuen & Lazarian 2017a, 2017b;
Tang et al. 2019). Note that the perpendicular alignment itself
does not necessarily indicate sub-Alfvénic turbulence, because
velocity anisotropy is also expected in super-Alfvénic turbu-
lence at <Lij,My 3 scales for a continuous turbulence cascade
(Lazarian 2006), where L;y; is the turbulence injection scale and
M, is the Alfvénic Mach number. On the other hand, the
statistical turbulence anisotropy level characterized by AM%g
does not vary too much at different scales (AM55~—0.20,
—0.12, and —0.15 for Planck/NANTEN2, JCMT, and ALMA
observations, respectively) despite a few outliers and some
scatters, so we tentatively suggest that the average Alfvénic
Mach number at each scale should be similar, i.e., the high-
density clumps/cores/condensations in NGC 6334 should also
be trans-to-sub-Alfvénic because NGC 6334 is trans-to-sub-
Alfvénic at complex/cloud scales (see discussions in
Section 4.2). To our knowledge, our results may have provided
some of the first observational evidence for a statistically more
perpendicular local alignment between the magnetic field and
velocity gradient in high-density regions with significant self-
gravity. This suggests that, even if the magnetic field is
distorted by gravity (see Section 4.3 and Appendix D) or
impacted by star formation activities (see Sections 4.2 and 4.3),
a strong magnetic field can still create anisotropic MHD
turbulence locally. The trans-to-sub-Alfvénic state across scales
of several orders of magnitude implies a significant role for the
magnetic field in the star formation process in NGC 6334,
which can explain the self-similar fragmentation at different
scales as reported by Li et al. (2015). It should be noted that the
trans-to-sub-Alfvénic state at clump/core/condensations scales
in NGC 6334 does not conflict with the previous DCF
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estimations (Liu et al. 2022a, 2022b; Pattle et al. 2022),
because individual sources could still be sub-Alfvénic while the
average state for a large sample of cloud substructures is trans-
to-super-Alfvénic. On the other hand, the local magnetic field
and velocity gradient are only weakly correlated (i.e., small
|AME;| values), so the local velocity gradient cannot be directly
used as a tracer of the magnetic field orientation®' and the
slightly anisotropic turbulence should not significantly affect
the traditional DCF analysis, which requires an assumption of
isotropic turbulence. The exact relation between the AM{S;G and
the Alfvénic Mach number is unclear and is worth future
numerical studies.

4.5. Velocity Gradient versus Column Density Gradient

MHD turbulence can affect the scaling relation and
anisotropy of the density structure (Cho & Lazarian 2003;
Beresnyak et al. 2005; McKee & Ostriker 2007), where the
column density gradient should be perpendicular to the
magnetic field and parallel to the velocity gradient for sub-
Alfvénic turbulence in the absence of gravity. Although several
numerical studies have found that the line intensity gradient
tends to be parallel to the subblock-averaged velocity gradient
in self-gravitating regions (e.g., Yuen & Lazarian 2017a,
2017b), there is a lack of numerical studies on how the local
velocity gradient and column density gradient should be
correlated when gravity is significant.

Figure 10 shows the RO-N relation for ¢},¢; from the Planck,
NANTEN2, JCMT, and ALMA observations. The velocity
gradient and column density gradient tend to be statistically
slightly more parallel at lower column densities revealed by
Planck and NANTEN2 observations, which agrees with the
theoretical predictions for sub-Alfvénic turbulence. For JCMT
and ALMA observations, there is no strong statistical relation-
ship between the velocity gradient and column density gradient
(AMYS ~ 0). We suggest that the local alignment between the
two gradients does not provide too much information on the
property of MHD turbulence or gravitational collapse in the
self-gravitating region.

4.6. Velocity Gradient versus Local Gravity

It is expected that the gas motion will follow the direction of
gravity during gravitational collapse. Thus, one may expect the
velocity gradient to be aligned with the gravity direction.

Figure 11 shows the RO-N relation for gf)l\‘,g from the Planck,
NANTEN2, JCMT, and ALMA observations. No strong
statistical relation is found between the local velocity gradient
and gravity, except that the two angles tend to be slightly
statistically more perpendicular to each other for the JCMT
observation toward N6334I(N), where the reason for this
perpendicular alignment is unclear. There could be several
possible reasons for the general statistical uncorrelation
between local velocity gradient and gravity: (1) despite there
being large-scale velocity gradients in the NGC 6334 region
across scales of several orders of magnitude (see Section 3.2),
the small-scale local velocity gradient could be more reflective
of the property of anisotropic MHD turbulence (see
Section 4.4) instead of the large-scale ordered velocity field;

21 It should be noted that our approach in the comparison between the
magnetic field and velocity gradient is different from that of the VGT, which
requires subblock-averaging (Yuen & Lazarian 2017a, 2017b) for the velocity
gradient. Thus, our results are not contrary to the validity of the VGT.
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(2) the velocity gradient is just an approximation of the POS
velocity and it does not perfectly trace the POS velocity; (3)
several lines tend to be slightly optically thick (e.g., see
Figure 5 and Arzoumanian et al. 2022) and do not trace the
densest part of the gas that is more gravity-dominant; (4) the
OCS and "*CS lines could be affected by specific star formation
activities (shocks, outflows, rotation, etc.) and chemical
processes in each clump. Thus, it is not surprising that the
local velocity gradient and gravity are statistically not
correlated with each other.

4.7. Normalized Mass-to-flux Ratio

Based on ideal MHD equations, Koch et al. (2012a)
proposed that the local ratio between the magnetic field force
(Fp) and the gravitational force (F) can be measured with

sin gbi% Fg
Yp= e = (6)
5in(90° — ¢I9)  |Fgl

if the hydrostatic gas pressure is negligible, where “IG” stands
for intensity gradient. Later, Koch et al. (2012b) further
suggested that the mass-to-flux ratio normalized to the critical
value within a specific region is given by

AKTH = <2§1/2>7T71/2, @)

where Mgty > 1 indicates that gravity dominates the magnetic
field (i.e., magnetically supercritical) and vice versa. We
calculate Agry at different Ny, bins. The basic assumption of
the KTH method is that the dust emission intensity gradient
traces the transport of matter as a result of the MHD force
equation. Because the matter distribution is reflected by the
column density map rather than the dust intensity map, we use
the column density gradient instead of the intensity gradient in
the calculation.

Figure 12 shows Agry as a function of Ny, from the Planck,
JCMT, and ALMA observations. For the majority of Planck
observations, there is Axry < 1. Only at the highest Ny, bin do
we see Akt ~ 1. For the JCMT observation of the whole NGC
6334 filament, the Agry increases with increasing Ny, and
transits from Mgty < 1 to Agtyg > 1. The ALMA observations
toward individual clumps show similar trends of increasing
Axth With Ny,. It should be noted that the magnetic field could
be affected by star formation feedback (e.g., outflow, H II
regions, etc.) in the vicinity of young stellar objects at high
column densities revealed by ALMA, which can violate the
assumption of the KTH method and make the estimated Axty
unreliable. If we only look at the Planck and JCMT
observations, the prevailing increasing trend of Aty with
Ny, is consistent with previous DCF estimations (Liu et al.
2022a, 2022b). Assuming uncertainties of a factor of 2 for both
Axta and Ny,, we perform a simple least-squares fit for the
power-law relation between Mgty and Ny, for the JCMT
observation. We obtain A oc N9, which transfers to the
relation between the magnetic field and column density as
B o< N>%°, adopting A ox N /B (e.g., Crutcher et al. 2004). The
power-law index of 0.90 for the B—N relation is larger than the
value of 0.72 previously reported for the compilation of DCF
estimations (Liu et al. 2022a). Note that the uncertainty of the
Akth estimated from the KTH method is unknown due to the
lack of direct numerical tests. Moreover, the uncertainty on the
absolute column density of the Planck observation and JCMT
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Figure 12. Normalized mass-to-flux ratio derived from the KTH method as a function of column density for Planck (left), JCMT (middle), and ALMA (right)
observations. The JCMT observation filters out the large-scale emission corresponding to Ny, ~ 3 x 102 cm ™2 (Arzoumanian et al. 2021), which is indicated by the
vertical dashed line. The ALMA observation filters out the large-scale emission at scales >0.08 pc. The highest Ny, bin of Planck observations contains the area of the
NGC 6334 filament covered by the JCMT observation. The highest Ny, bin of JCMT observations contains the area of the N6334I(N), I, IV, and V covered by the
ALMA observation. The absolute column densities from different instruments are not comparable. Planck, JCMT, and ALMA observations trace low, intermediate,

and high column densities, respectively.

observation (in the extended region) is also unclear (see
Appendix C). Thus, we stop at discussions of the Agry — Ny,
trend and refrain from determining the transition column
density for A\gty ~ 1.

5. Summary

With ALMA dust polarization and molecular line observa-
tions toward four massive clumps (NGC6334I(N), I, IV, and V)
in the massive star-forming region NGC 6334, in conjunction
with the large-scale dust polarization and molecular line data
from Planck, NANTEN2, and JCMT, we reveal the relative
orientations between magnetic fields, gas column density
gradients, local gravity, and velocity gradients, and we study
their varying trend with column density in NGC 6334. We
suggest that a synergistic study of local relative orientations
between different angles is powerful at revealing the physical
condition of molecular clouds at different scales. The major
findings and conclusions are:

1. The column density gradient and local gravity do not
have a preferred relative orientation in the diffuse region
surrounding the NGC 6334 filament, suggesting that the
density structure of the low-density region is not
significantly affected by gravity. Within the NGC 6334
filament, the two angles are closely aligned with each
other, suggesting that gravity has an important role in
shaping the density structure in self-gravitating star
formation clouds.

2. As the column density increases, the alignment between
magnetic fields and column density gradients transits
from statistically more perpendicular to parallel, which
agrees with trans-to-sub-Alfvénic simulations of previous
numerical studies and suggests NGC 6334 is trans-to-
sub-Alfvénic at complex/cloud scale. At low column
densities, the more perpendicular alignment may be due
to the interaction between magnetic fields and turbulence.
At intermediate column densities, the alignment between
magnetic fields and local gravity shows a density-varying
trend similar to the relative orientation between magnetic
fields and column density gradients, which suggests the
magnetic field is entrained by gravity and the statistically
more parallel alignment between magnetic fields and
column density gradients is most likely due to a
magnetized gravitational collapse. At even higher column
densities, the magnetic field and column density

14

gradient/local gravity transits back to having no preferred
orientation or being statistically slightly more perpend-
icular, which may suggest the magnetic field structure is
impacted by star formation activities. Our results in
conjunction with the results in Li et al. (2015) suggest
that the magnetic field can guide gravitational collapse
and self-similar fragmentation globally but is distorted by
gravity and affected by star formation activities locally.

3. The local velocity gradient tends to be statistically more
perpendicular to the local magnetic field orientation
across our considered spatial scales. The degree of
alignment does not change too much at different column
densities, which may suggest that the NGC 6334 region
remains trans-to-sub-Alfvénic at small scales. This
signifies an important role of magnetic fields in the star
formation process in NGC 6334, despite it being dragged
by gravity and impacted by star formation activities in
intermediate- to high-density regions.

4. No clear general statistical relation is found between the
velocity gradient and column density gradient/local
gravity.

5. The normalized mass-to-flux ratio derived from the KTH
method tends to increase with column density, which
agrees with previous DCF estimations. But the KTH
method may fail at high column densities, due to the
breakdown of the underlying assumptions.
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Appendix A
Integrated Line Intensity Maps

Figures 13 and 14 present the integrated intensity (moment
0) maps of the NANTEN2 '*CO (1-0), JCMT "*CO (3-2), and
ALMA OCS and '°CS data. The integrated intensity at position
x is calculated with E,NC“I,'(x) Av,,. The propagated uncertainty
of the integrated intensity is given by \/N_ch OcnAven (e.8.,
Caselli et al. 2002; Teague 2019). Following Arzoumanian
et al. (2022), the large-scale NANTEN2 2CO (1-0) and JCMT
13CO (3-2) lines are integrated from —12 to 4 km s~!. The
ALMA OCS and '>CS are integrated within slightly different
velocity ranges, as indicated in Figure 14. In general, the
integrated line emissions agree with the dust continuum
emission near the emission peaks, but they show some
differences in extended regions.
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Figure 13. (a). Moment 0 map (colorscale) of NANTEN2 12C0O (1-0) line emission toward NGC 6334 complex (Fukui et al. 2018) from —12 to 4 km s~ '. The line
data are convolved to a beam size of 5. The black contour levels correspond to the Planck 7353 map. Contour starts at 0.0004 and continues with an interval of 0.0004.
The white rectangles indicate the map area of the JCMT fields toward N6334I(N) and I in (b) and (c). Black crosses indicate the positions of N63341V and V. The
white contour indicates the region with NANTEN?2 integrated 12CO (1-0) intensity greater than 25 K km s~ ' within which we perform the relative orientation analysis.
(b)—(c). Moment 0 maps (colorscale) of JCMT 13CO (3-2) line emission from —12 to 4 km s~ toward N6334I(N) and N63341. The black contour levels correspond to
the JCMT 850 zim dust continuum map. Contour starts at 2 Jy beam ' and continues with an interval of 4 Jy beam ™. Blue contours show the FWHM field of view of

our ALMA observations.
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Figure 14. Moment 0 maps (colorscale) of ALMA OCS ((a)—(d)) and '>CS ((e)—(h)) observations. The black contour levels correspond to the ALMA dust continuum
map. Contour levels are ( £3, 6, 10, 20, 30, 40, 50, 70, 90, 110, 150, 180, 210, 250, 290, 340, 390, 450) x o,. Gray dashed contours indicate the FWHM field of view

of the ALMA observations.
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Appendix B
Uncertainties

B.1. Uncertainty of the Gradient Orientation

The column density gradient is calculated with (Planck
Collaboration et al. 2016)

VN=(G @N)i + (G, ®N)j =gi+gj. (BD

where G, and G, are the x- and y-derivatives of the Sobel
kernel. =~ The orientation of VN is given by
Ong = arctan(—g,, gy). The uncertainty of the column density
gradient is given by Planck Collaboration et al. (2016)

VN = (G ® SN)i + (Gy ® SN)] = 8gd + 6],  (B2)

where 6N is the uncertainty of the column density. The
uncertainty of fyg is given by Planck Collaboration et al.

(2016)
— 1 2 2 2.2
60NG = m gy O gx + 8 Ogy> (B3)

X y

where o, and o, are the rms of 6, and d,,. In our case, we
calculate o0,, and o, within the 3 x 3 box. The velocity
centroid gradient and its uncertainty can be calculated
similarly.

B.2. Uncertainty of the Alignment Measure Parameter AM

The uncertainty of AM = (cos(2¢)) comes from the
standard error on the mean and the propagation of the
observational uncertainty.

For a statistically independent sample of n’ observations
toward f (in our case f = cos(2¢)), we have

STD(f) = yRMS(f)* — (f)?. (B4)

where STD(f) is the standard deviation of f. The relation
between the statistical standard error of (f) (i.e., (f)s) and the
standard deviation of fis
1
6 (f )star = WSTD(f)- (B5)

Thus, the uncertainty of AM from the statistical error on the
mean is given by

5AM = 8(f)sar = (((c0s 2))?) — AM?)/n’. (B6)

On the other hand, the propagated observational uncertainty
of f= cos(29) is

fps ~ 125in(20)6¢|. B7)
For (f), the propagated observational uncertainty is
8 (fhobs = RMS(8f5)- (B8)

Thus, the propagated observational uncertainty of AM is given
by

AMgps = 8 (fobs = \/(2?’(2 sin(2¢,)6¢,)2)/n’.  (BY)
Finally, the combined uncertainty of AM is given by

SAM = \[6AMZ,, + SAMZ,. (B10)
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Appendix C
Temperature and Column Density

We use multi-transition CH5OH lines from ALMA observa-
tions to derive the physical conditions near the young stellar
objects. Table 3 lists the information of these CH3OH lines
from the CDMS?* catalog. We perform a simple rotation
diagram analysis (Goldsmith & Langer 1999) with the CH;0H
lines to estimate the gas temperature under the assumptions of
local thermal equilibrium and optically thin. The upper state
level population of CH;0H is given by

N,
N, = %guefEu/kﬁot’ (Cl)

where N, is the column density of the upper state, Ncp,on is the
total column density of CH30H, g, is the statistical weight of
the upper state, E,, is the upper energy level, k is the Boltzmann
constant, T, is the rotation temperature, and Z is the partition
function. We fit the rotation diagram of the four transitions of
CH;O0H to derive the rotation temperature of each pixel. If the
transition with the highest £, (i.e., ~508 K) is not detected,
we only fit the other three transitions. If the transition with
E, ~ 190 K is not detected, we do not fit the rotation diagram.
Figure 15 shows the rotation temperature maps of the four
clumps. A general trend is that the T, decreases from hundreds
of Kelvins near dust emission peaks to less than 100 K in
extended regions. The peak temperatures in N6334I(N), I, IV,
and V are ~220, 400, 250, and 220 K, respectively, suggesting
a ubiquity of hot cores in the massive clumps in NGC 6334.

Assuming optically thin dust emission, the dust mass can be
estimated as

F,d*

My = —25
T kBT

(C2)
where F, is the flux density at frequency v, d is the distance,
Ky = (V/ITHZ)’S is the dust opacity (Hildebrand 1983) in m?
kg_l, and B,(T) is the Planck function at temperature 7.
Previous multiwavelength dust emission observations toward
massive star-forming regions have found dust emissivity indexes
(B) of ~1.5 (e.g., Beuther et al. 2007; Chen et al. 2007). Adopting
(= 1.5, the k, is estimated to be 0.10 m* kg ™" at v~ 220 GHz.
We adopt the rotation temperature derived from the rotation
diagram analysis as the dust temperature. For regions without 7,

Table 3
Summary of CH;OH Lines

Frequency Transition g’ E,"° Ag €
(GHz) X) (1037 1)
216.945521 5:-4,E 44 55.87116 1.21
217.886504 20,-200E 164 508.37554 3.38
218.440063 4,-3,E 36 45.45944 4.69
232.945797 10_3-11_5E 84 190.36958 2.13
Notes.

% Statistical weight of the upper state.
b Upper energy level.
¢ Einstein A coefficient.

2 https: //cdms.astro.uni-koeln.de /
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Figure 15. Gas temperature maps (colorscale) derived from rotation diagram analysis of ALMA multi-transition CH3;0H observations. The contour levels correspond
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Figure 16. Column density maps (colorscale) derived from ALMA dust emission observations.
estimation, we adopt 7'= 80 K, which is approximately the most density is then estimated with
common temperature in extended regions (see Figure 15).
Adopting a gas-to-dust ratio of A = 100 (Savage & Jenkins 1972), Nu. — Mgas 3
e . W= (C3)
the gas mass is estimated with Mg, = AMyug. The gas column Hp,muA

19



THE ASTROPHYSICAL JOURNAL, 945:160 (22pp), 2023 March 10

where iy, = 2.8 is the mean molecular weight per hydrogen
molecule (Kauffmann et al. 2008), my is the atomic mass of
hydrogen, and A is the area. Figure 16 shows the column
density maps of the four clumps.

For the JCMT observations from BISTRO, we estimate the
gas mass and column density from the Stokes I/ map of dust
emission with Equations (C2) and (C3), but we adopt a
constant temgerature T =20 K (Arzoumanian et al. 2021) and
Kk, =0.21 m kg7l (at v~ 353 GHz). Arzoumanian et al.
(2021) found that the JCMT observations of NGC 6334 filters
out the large-scale emission on the order of Ny, =3 x 10?2
cm -,

For the Planck observations, we scale the dust optical depth
(7353) map to atomic hydrogen column density (Nyg) map with
the relation (Planck Collaboration et al. 2014)

T353/Ng = 1.2 x 10~26cm?. (C4)
The variation of the 7353/Ny ratio can be more than a factor of
2 from diffuse to dense ISM, but the statistics of relative
orientation does not critically depend on this calibration
(Planck Collaboration et al. 2016). We convert Ny to Ny, with
the relation Ny = 2Ny,.
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Appendix D
Relative Orientation between Magnetic Field and Local
Gravity

The angle ¢I§G = |#g — 01| characterizes the relative
orientation between magnetic fields and local gravity.
Figures 17 and 18 show the qf)]éG maps from Planck, JCMT,
and ALMA observations. The spatial distribution of quI;G is not
random. At different scales, a common pattern is a tangential fan-
like distribution of qS]éG with low and high values appearing
alternately near the emission peaks, which may suggest the
gravitational infall/collapse can occur locally through the
magnetic channels with small d)IéG values (Koch et al. 2018).
The qS]éG distribution is clear in some regions, e.g., small and large
@30 values are found in the main part and ends of N6334I(N)-f1,
respectively, which agrees with the scenario of a magnetized
gravitational collapse and clearly suggests the magnetic field
structure is shaped by gravity in the main part and is being
distorted by gravity in the ends. However, the gb]l;G distribution is
complex in most regions. Although Koch et al. (2012a) and Koch
et al. (2018) have suggested that small and large qSIéG (or w in their
work) values indicate weak and strong magnetic resistance against
gravity, respectively, more detailed analytical explanations of

degrees
40 50 60 70 80 90
1 1 1
JCMT
N6334 cloud
|65 — 616l

-35°50'00"

DEC (J2000)

RA (j2000)

(b)

Figure 17. (a) Relative orientation between magnetic fields and local gravity from Planck observations. The contour levels correspond to the Planck 7353 map. Contour
starts at 0.0004 and continues with an interval of 0.0004. Only data points with NANTEN2 integrated 'CO (1-0) intensity greater than 25 K km s~ are shown. (b)
Relative orientation between magnetic fields and local gravity from JCMT observations. Values of ,Lf at positions with S/N(PI)>3 are shown. The contour levels
correspond to the JCMT 850 pm dust continuum map. Contour starts at 2 Jy beam ™' and continues with an interval of 4 Jy beam™".
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Figure 18. Relative orientation between magnetic fields and local gravity from ALMA observations. Values of qi)];;G at S/N(PI) > 2 are shown. The contour levels
correspond to the ALMA dust continuum map. Contour levels are ( 3, 6, 10, 20, 30, 40, 50, 70, 90, 110, 150, 180, 210, 250, 290, 340, 390, 450) xo;.

different spatial (bILgG distributions are yet to be established. The
local variation for the spatial distribution of other relative
orientations ((bbg, I;G, f,G, sg, and '\;g) are less clear than
that of qSII;G, and thus we do not shown them in this paper.
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