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Abstract

We use molecular line data from the Atacama Large Millimeter /submillimeter Array, Submillimeter Array, James
Clerk Maxwell Telescope, and NANTEN?2 to study the multiscale (~15-0.005 pc) velocity statistics in the massive
star formation region NGC 6334. We find that the nonthermal motions revealed by the velocity dispersion function
(VDF) stay supersonic over scales of several orders of magnitude. The multiscale nonthermal motions revealed by
different instruments do not follow the same continuous power law, which is because the massive star formation
activities near central young stellar objects have increased the nonthermal motions in small-scale and high-density
regions. The magnitudes of VDFs vary in different gas materials at the same scale, where the infrared dark clump
N6334S in an early evolutionary stage shows a lower level of nonthermal motions than other more evolved clumps
due to its more quiescent star formation activity. We find possible signs of small-scale-driven (e.g., by gravitational
accretion or outflows) supersonic turbulence in clump N6334IV with a three-point VDF analysis. Our results
clearly show that the scaling relation of velocity fields in NGC 6334 deviates from a continuous and universal
turbulence cascade due to massive star formation activities.

Unified Astronomy Thesaurus concepts: Star formation (1569); Molecular clouds (1072); Interstellar medium (847)
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1. Introduction

Turbulence plays an important role in the star formation
process within molecular clouds'? by providing support against
gravitational collapse and regulating the hierarchical fragmen-
tation of cloud substructures (Mac Low & Klessen 2004). One
important property of turbulence is the relation of velocity
statistics at different spatial scales. Since the first attempt by
Larson (1981), scaling of the velocity structure has been
extensively studied with the line width—size relation from
molecular line observations. At > 0.1 pc scales, observational
studies usually found a power-law scaling for the line width—
size relation (e.g., Myers 1983; Solomon et al. 1987; Caselli &
Myers 1995), which was interpreted as a natural consequence
of turbulence cascade. At < 0.1 pc scales, the line width—size
relation could transit to “coherent” (i.e., constant line width) for
low-mass dense cores due to the dominance of thermal motions

3 The nomenclature of cloud (~10 pc), clump (~1 pc), core (~0.1 pc), and
condensation (~0.01 pc) scales in this paper follows Zhang et al. (2009).
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over nonthermal motions (Goodman et al. 1998), but the
relation in a high-mass star formation region is less clear due to
rarer observations.

Other than the line width—size relation, the dispersion
function (autocorrelation function or structure function) of
velocity centroids can also be used to study the scaling relation
of velocity fields in molecular clouds (e.g., Dickman &
Kleiner 1985; Miesch & Bally 1994). Compared to the line
width, the velocity centroid is advantageous in revealing the
nonthermal motions because it is not sensitive to thermal
broadening (Lazarian et al. 2022). The velocity centroid also
does not suffer from the effect of line-of-sight signal integration
that could broaden the observed line width (Cho & Yoo 2016).
However, the dispersion function of velocity centroids is
relatively less applied to observations due to its complexity.

NGC 6334 is a nearby (~1.3 kpc; Chibueze et al. 2014; Wu
et al. 2014) massive star formation region. Six massive clumps
(N63341-V and N6334I(N)) with active massive star formation
activities were identified in the predominant 10 pc long NGC
6334 filament located at the center of the NGC 6334 region
with far-infrared/submillimeter /millimeter observations (e.g.,
Cheung et al. 1978; McBreen et al. 1979; Gezari 1982). In
addition, a massive infrared dark clump N6334S is located near
the southwestern end of the NGC 6334 region. In this paper,
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Table 1
Summary of Molecular Line Data

Line Frequency E, /K nL Instrument Ibeam® Ivrs® Targets

(GHz) (K) (em™) @) @)
OCS (19-18) 231.0610 110.9 4.8 x 10° ALMA 0.7 13 IN), LIV, V
B¢s (5-4) 231.2207 33.3 5.4 % 10° ALMA 0.7 13 IN), L, IV, V
H"*CO* (1-0) 86.7543 42 1.8 x 10° ALMA 4.1 30
NH,D (11.1—10,) 85.9263 20.7 6.5 x 10* ALMA 4.1 30 S
H"*CO" (4-3) 346.9983 41.6 9.2 x 10° SMA 4 20 IN), LIV, V
Bco (3-2) 330.5880 31.7 3.1 x 10* JCMT 14 IN), I
12C0o (1-0) 115.2712 5.5 22 % 10° NANTEN2 180 Cloud

Notes. The line information is from the CDMS (Muller et al. 2001) and LAMDA (Schoier et al. 2005) databases.

# Upper energy level in kelvin.

® Critical density at specific temperatures (see Section 3.3). For '*CS and H'*CO™, we adopt the collision rate coefficient of the main isotope. For ALMA OCS
(19-18) and °CS (5-4) and SMA HCO™ (4-3) lines, we adopt Ty ~ 100 K in the calculation of 7.
€ Size of the beam for the single-dish or major size of the synthesized beam for the interferometer.

Maximum recoverable scale for interferometers.

we present a multiscale study of the velocity statistics in five
massive clumps (N6334I(N), I, IV, V, and S) as well as their
parental structures in NGC 6334 using velocity centroid
structure functions of different molecular line tracers from
different instruments.

2. Observation

A particular line tracer is insensitive to gas below its critical
density and is only sensitive to densities at most a factor of 2
orders of magnitude above its critical density (Goodman et al.
1998), so we use different line tracers to trace gas materials at
different densities. The information of the molecular line data is
summarized in Table 1. The critical density (n.) of each line is
estimated with n, = Ay /qu(T), where Ay, gu(T), and T are the
Einstein coefficient, collision rate coefficient, and gas temper-
ature, respectively. Values of A, and ¢ are adopted from the
CDMS (Muller et al. 2001) and LAMDA (Schoier et al. 2005)
databases. No information on the collision rate coefficient
exists for '*CS and H'3CO% in LAMDA, so we adopt the
values for CS and HCO™" instead. Detailed observational
parameters for each line can be found in the subsections below.

2.1. ALMA Observation

We carried out ALMA Band 6 dust continuum and
molecular line observations toward four clumps (N6334I(N),
I, IV, and V) in the massive region NGC 6334 in C43-1 and
C43-4 configurations under the project 2017.1.00793.S (PIL:
Qizhou Zhang). Part of the data was rePorted in Liu et al.
(2023). We adopt the OCS (19-18) and "*CS (5-4) line data
from the ALMA observations. The spatial resolution (/yeam) of
the combined (C43-1 and C43-4) images is ~0”7 (~0.004 pc
at a distance of 1.3 kpc). The maximum recoverable scale'*
(lvirs) is ~13” (~0.08 pc). The rms noises of the spectral line
cubes with a velocity channel width of 0.16 km s~ are ~3.8,
8.7, 3.0, and 5.2 mJy beam ™' for N6334I(N), I, IV, and V,
respectively. More details on the ALMA data can be found in
Liu et al. (2023). The high critical densities of OCS (19-18)
and '*CS (5-4) make them suitable for studying the kinematics
in the molecular dense cores/condensations in N6334I(N), I,
IV, and V (n~ 10'-10° cm*3; Sadaghiani et al. 2020;

14 https: / /almascience.eso.org /observing /observing-configuration-schedule /
prior-cycle-observing-and-configuration-schedule

Palau et al. 2021) except for the highest density fragments.
The high upper energy level (E,/k) of OCS (19-18) makes it
sensitive to the hot gas within those dense structures, while
13CS (5-4) could trace colder materials due to its relatively
lower E,/k.

We adopt the H*CO™" (1-0) and NH,D (1, ,—1¢,) line data
(ID: 2016.1.00951.S; PI: Shaye Strom) from Li et al. (2020)
and Li et al. (2022). The spatial and spectral resolutions are
~4"1 (~0.026 pc) and 0.21 km s ', respectively. The
maximum recoverable scale is ~30” (~0.19 pc). The rms
noise level is 6 mJy beam ' per channel. The high critical
densities of H>CO™ (1-0) and NH,D (1, ;—1¢;) make them
suitable for studying the kinematics in the molecular dense
cores in N6334S (n ~ 10°-10% cm™%; Li et al. 2020) except for
the highest density fragments. The E,/k of the two lines is not
far from the temperature of N6334S (~15 K; Li et al. 2020).

2.2. SMA Data

We adopt the H>CO™ (5-4) line data of N6334I(N), I, IV,
and V from the Submillimeter Array (SMA) observations that
were reported in Zhang et al. (2014) and Palau et al. (2021).
The spatial resolution is ~4” (~0.025 pc) for N6334V and ~2"
(~0.013 pc) for the other clumps. The maximum recoverable
scale is ~20” (~0.13 pc), as reported by Zhang et al. (2014).
The spectral resolution is 0.7 km s~ '. The rms noise of the 0.7
km s~ interval line cubes is ~0.2 Jy beam ™. The high critical
density of H'3CO™ (5-4) makes it suitable for studying the
kinematics in molecular dense cores/condensations in N63341
(N), L, IV, and V (n ~ 10’-10° cm™; Sadaghiani et al. 2020;
Palau et al. 2021), but its relatively low E,/k makes it less
sensitive to hot gas materials.

2.3. JCMT Data

We include in our analysis the 13CO (3-2) line cubes toward
N6334I(N) and N6334I taken with the Heterodyne Array
Receiver Program (HARP) and Auto-Correlation Spectrometer
and Imaging System (ACSIS; Buckle et al. 2009) from the
JCMT data archive (program code: M11BNO7). The '*CO
(3-2) data have been previously reported in Liu et al. (2023).
The spatial and spectral resolutions of the '>CO (3-2) data are
~14" (~0.09 pc) and 0.055 km s~ ', respectively. The map size
is 2" x 2/ (~0.76 x 0.76 pc) for each field. The rms noises of
N6334I(N) and N6334I1 are 1.2 and 0.6 K per channel,
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respectivel?/, in antenna radiation temperature (T ). The critical
density of ?CO (3-2) is suitable for studying the kinematics in
the northern hub (covering N6334I(N) and I) of the NGC 6334
cloud (n ~ several times of 10° cm™> ; André et al. 2016;
Sadaghiani et al. 2020; Arzoumanian et al. 2021).

2.4. NANTEN?2 Data

We also include in our analysis the NANTEN2 2Co (1-0)
data from Fukui et al. (2018). The spatial and spectral
resolutions of the '>CO (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. The appropriate critical density of '>CO (1-0)
makes it suitable for studying the kinematics of the NGC 6334
cloud and its surrounding material in the same complex
(n~3.2x 10° cm_3; Kraemer & Jackson 1999).

3. Results
3.1. Molecular Lines and Velocity Centroids

We use NANTEN2 '>CO (1-0), JCMT '3CO (3-2), SMA
H'’CO™ (5-4), and ALMA H"*CO™" (1-0), NH,D (1, —1¢),
OCS (19-18), and 3CS (5-4) line data to reveal the kinematics
in NGC 6334 at different densities and scales. We estimate the
velocity centroid V,.(x) at position x with

SN () v; Avey

Velx) = ,
SN () Aven

ey

where I;(x), v;, Avg,, and N, are the line intensity, line-of-sight
velocity, channel width, and number of integrated channels,
respectively. The multiscale intensity-weighted velocity cen-
troid (i.e., moment 1) maps are shown in the Appendix. For the
NANTEN?2 and JCMT observations, we only consider the line
emission from —12 to 4 km s~!, which covers the main
velocity component at these scales (Fukui et al. 2018;
Arzoumanian et al. 2022). For the SMA and ALMA
observations, we only consider velocities within ~5 km s!
(~4 km s~ ! for N6334S to be consistent with Li et al. 2020)
with respect to the local-standard-of-rest (LSR) velocity of the
clump to avoid the contamination from outflows (Liu et al.
2022c¢). The LSR velocities are ~—3.5, —7.5, —3.5, and —6
km s~! for N6334I(N), I, IV, and V, respectively, rounded to
the nearest 0.5 decimal (Liu et al. 2022c). Ordered velocity
gradients in NGC 6334 have previously been reported across
different spatial scales (Judrez et al. 2017; Fukui et al. 2018;
Arzoumanian et al. 2022; Liu 2023).

3.2. Velocity Centroid Dispersion Functions
3.2.1. Two-point Velocity Centroid Dispersion Functions

We use the velocity dispersion function (VDF) in the form of
structure functions of velocity centroids to characterize the
multiscale velocity fields in NGC 6334. We calculate the
conventionally two-point VDFs at different distance intervals
() as

(AVZD) = (Vo + D) — Vo)) @)

The data are divided into separate distance bins with sizes
corresponding to half of the beam size. For the NANTEN2
data, we only consider the area with NANTEN2 integrated

Liu et al.

2co (1-0) intensity greater than 25 K km s~!, which
approximately corresponds to the area of the NGC 6334
complex (Fukui et al. 2018). We consider the whole mapping
area for the JCMT data. For the SMA and ALMA data, we only
consider regions with SNR >3 for both the dust continuum
and integrated line intensity (moment 0) maps (not shown in
this paper). Because the small-scale statistics could be affected
by the beam-smoothing effect (Miesch & Bally 1994), we only
consider data points with [ 2 l..,. Because the large-scale
statistics could be affected by the sparse sampling effect (Liu
et al. 2022b), we only consider data points with distance
intervals smaller than the effective radius R = +/A/ 7, where
A is the area of each considered region. Moreover, because of
the large number of data points included in each distance bin,
the statistical errors for the VDFs are negligible (Miesch &
Bally 1994). Thus, we do not present error bars for the VDFs.

The upper left panel of Figure 1 shows the VDFs for
different lines, while the upper right panel presents a zoomed-in
image of the VDFs at small scales. All the VDFs show positive
slopes. Similar to the angular dispersion function (ADF) of
polarization position angles (see Figure 1 of Hildebrand et al.
2009), the positive slopes of the VDFs are natural results of a
combination of local turbulent and ordered velocity fields. The
VDF of N6334I(N) at clump-to-core scales (~1-0.1 pc)
revealed by JCMT *CO (3-2) observations seems to roughly
follow the same power law as the VDF at cloud-to-clump
scales (~10-1 pc) revealed by NANTEN2 '*CO (1-0)
observations, which suggests that the nonthermal motions in
N6334I(N) at clump-to-core scales mainly originate from the
cascade of the cloud turbulence. With a simple least-square fit
for the continuous power law of the JCMT VDF of N6334I(N)
and the NANTEN2 VDF of the cloud, we obtain
((AV,)?)2 ~ [°4 (see Figure 1). The power-law index of
0.44 is consistent with previous VDF studies (e.g., ~0.43;
Miesch & Bally 1994). On the other hand, the JCMT VDF of
N6334I at clump-to-core scales is clearly higher (by a factor of
~2) than the fitted power law, which suggests that the clump-
to-core scale nonthermal motions in N63341 have been
increased by massive star formation activities.

At subcore (< 0.1 pe) scales revealed by SMA and ALMA,
the VDFs are comparable to or higher than the JCMT VDFs at
clump-to-core scales and are much higher (up to a factor of
~20) than the fitted power law, suggesting that the nonthermal
motions are significantly increased in small-scale high-density
regions. For interferometric observations, the filtering of large-
scale emissions could be a source of uncertainty for the VDF
analysis. There is a lack of studies on how the filtering effect
could affect the VDFs. If the nonthermal motions are universal
at different densities and the VDFs behave similarly to the
ADFs, the filtering effect should only affect data points at
scales close to Iyrs (Houde et al. 2016). Thus, the filtering
effect might not significantly affect our SMA and ALMA
VDFs except for the largest several / bins. This is because we
only consider data points with / smaller than the effective
radius and we have R.y < lyrs for all the interferometer
VDFs. However, due to the lack of theoretical studies, it is
unclear whether the filtering effect should affect the VDFs and
ADFs similarly. Also, it is expected that the nonthermal
motions are more significant in higher-density regions at the
same scale due to more active star formation activities. As
interferometric observations filter out the diffuse emissions, the
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Figure 1. Upper left panel: two-point dispersion functions of velocity centroids. The solid black line presents the result of a simple power-law fit for the JCMT VDF of
N6334I(N) and the NANTEN2 VDF of the cloud. Upper right panel: a zoomed-in image of the upper left panel at small scales. Lower panel: convolved ALMA two-
point dispersion functions of velocity centroids. Different symbols represent different regions. Different colors indicate different instruments and lines. Only data
points with [ greater than the beam resolution and smaller than the effective radius of the considered region are shown.

small-scale regions in diffuse gas materials with flat density
profiles cannot be observed with interferometers. Thus, we
cannot rule out the possibility that the velocity statistics in
small-scale low-density regions still follow the large-scale
turbulence cascade.

Other than the increase of VDFs in small-scale high-density
regions, we also see that the VDFs from the same instrument
and line but in different regions show different levels of
amplitudes at the same scale. As discussed in Section 4 below,
the increase of nonthermal motions in high-density regions
could be related to massive star formation activities near young
stellar objects (YSOs) such as infall, rotation, and/or HII
regions. Small-scale outflow- or gravity-driven turbulence may
also contribute to the increase of nonthermal motions. Thus, the
varying evolutionary stages and star formation activities in
different regions could naturally explain the different VDF
amplitudes in different clumps.

On the other hand, the VDFs from different lines but of the
same clump show different amplitudes in N6334I(N), [, IV, and
V. For the ALMA line observations toward these clumps, the
OCS VDFs are always higher than the '>CS VDFs toward the
same clump. This could possibly be explained by the higher
E,/k of the OCS (19-18) line; i.e., the OCS (19-18) line could
trace hotter materials closer to the YSOs with more active star

formation activities. The variations in the optical depth and
chemical history of the two lines could also contribute to the
difference in the VDFs. Similar reasons, adding the difference
in critical densities, beam resolution, filtering scale, and area of
the considered region, might explain the inconsistency between
the SMA H"’CO™ VDFs and the ALMA VDFs toward the
same clumps. The situation is different in N6334S. Although
the physical conditions traced by H'*CO™ (1-0) and NH,D
(11,1-1¢,1) are different (Li et al. 2020), the VDFs of the two
lines are similar in shape and magnitude in N6334S. This may
suggest that the nonthermal motions are coherent in different
gas materials in N6334S due to the quiescent star formation
activities.

To compare the ALMA VDFs in different clumps and
reduce the influence of the different beam resolutions, we
convolve the ALMA line data toward N6334I(N), I, IV, and V
to a similar resolution to N6334S. The VDFs for the convolved
ALMA data are shown in the lower panel of Figure 1. The
ALMA H'"CO" and NH,D VDFs toward the infrared dark
clump N6334S are much lower than the convolved ALMA
OCS and '>CS VDFs toward other more evolved clumps.
Although this could be partially due to the difference in the
filtering scale and line excitation condition, we suggest that the
active star formation activity in more evolved clumps may be
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Figure 2. Left: three-point dispersion functions of velocity centroids. Right: same as left but only for the ALMA VDF of N6334IV. Different symbols represent
different regions. Different colors indicate different instruments and lines. Only data points with / greater than the beam resolution and smaller than half of the effective

radius of the considered region are shown.

the main reason for the observed higher VDFs in N6334I(N), I,
IV, and V. Future observational studies with the same line
tracers and observational parameters toward regions at different
evolutionary stages are necessary to further confirm this.

3.2.2. Three-point Velocity Centroid Dispersion Functions

The ordered velocity gradients at different scales in NGC
6334 (see Appendix) make it difficult to derive pure turbulence
statistics with the nonthermal VDFs. Lazarian et al. (2022)
suggested that the ordered field contribution to the VDFs can
be removed by calculating multipoint dispersion functions
(Cho 2019) instead of the usually adopted two-point dispersion
functions. The simplest three-point VDF is calculated as
(Cho 2019)

(AVPRORE = (Ve — 1) — 2V, + Vot + D23/ V3. (3)

It is easily understood that the three-point VDF can exactly
remove a constant velocity gradient by averaging negative and
positive gradients at distance /. Similarly, an n-point VDF can
exactly remove a large-scale V(x) in the form of a polynomial
of degree n-2 (Cho 2019). Thus, multipoint dispersion
functions can remove complex ordered fields by treating the
ordered fields as high-order polynomials. Using simulated
maps with small-scale fluctuations superimposed on large-scale
variations, Cho (2019) demonstrated that the multipoint
dispersion function can effectively remove the large-scale
variations and leave only the small-scale turbulent fluctuations.
More point dispersion functions can remove more complex
ordered fields but will also increase the noise. If the ordered
velocity field is successfully removed, the multipoint VDF
should show a plateau corresponding to the level of the local
turbulence (Cho 2019). It should be noted that the multipoint
dispersion function could remove the low spatial frequency
turbulence as well as the ordered velocity fields (Liu et al.
2022b).

Following Cho (2019), we calculate the three-point VDFs
for the same molecular line data used for calculating the two-
point VDFs. The left panel of Figure 2 shows the derived three-
point VDFs. The three-point VDFs are lower and present larger
scatters than the two-point VDFs, but the relation between

three-point VDFs for different lines and regions is similar to
those of the two-point VDFs. On the other hand, except for the
ALMA VDFs of N63341V, which show a clear plateau (right
panel of Figure 2), the three-point VDFs for most lines still
show positive slopes without signs of plateau-like features.
This is in agreement with the velocity centroid maps (Figure 7
in the Appendix) where N6334IV does not show clearly
ordered velocity gradients. The positive slopes in other three-
point VDFs suggest that there are ordered velocity components
remaining or that the upper / limit of the VDF is smaller than
the [ range of the plateau. Unfortunately, the size-to-resolution
ratio of our data does not allow us to calculate more point
dispersion functions to further remove the contribution from
ordered velocity fields. It is unclear how the filtering effect of
interferometers could affect the multipoint dispersion function
analysis, which needs to be addressed by future theoretical and
numerical studies.

3.3. Sonic Mach Number

We estimate the sonic Mach number for the nonthermal
motions with the two-point VDFs. Similar to the relation
between the ADF and the angular dispersion (Hildebrand et al.
2009), the VDF and the velocity centroid dispersion (6V,.) have

the relation ((AV,)2)2 = /2((V?) — (V.)3) = J26V.. Assum-
ing that &V, is 1/+/3 times the 3D nonthermal velocity
dispersion, we estimate the 3D sonic Mach number'® with

M, = 3 ((AV.)2)2/(\2¢). The 1D sound speed for iso-
thermal gas is estimated as ¢, = /kBT/(upmH), where kg is

the Boltzmann constant, T is the gas temperature, pi, = 2.37
(Kauffmann et al. 2008) is the mean molecular weight per free
particle, and my; is the atomic mass of hydrogen. We adopt
T =20 K for NANTEN2 and JCMT observations because the
temperature variation in NGC 6334 is small at these scales
(Arzoumanian et al. 2021). We adopt T=15 K for ALMA
observations toward N6334S (Li et al. 2020). We do not
calculate M, for the SMA observations due to the lack of
temperature estimation. The average temperature of our
considered regions in N6334I(N), I, IV, and V are ~61, 167,

15 Some previous studies report the 1D sonic Mach number, which is the ratio
between the 1D nonthermal velocity dispersion and sound speed. There is a
factor of \/§ difference between the 1D and 3D sonic Mach number.
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67, and 83 K, respectively, for the ALMA observations (Liu
et al. 2023). Figure 3 shows the calculated M; at different
scales. The derived M, ranges from ~11 to ~1.1 at ~15-0.005
pe scales, which stays supersonic'® (i.e., M, > 1) across 3—4
orders of magnitude. We also estimated the M for the small-
scale turbulent motions in N6334IV with the three-point
ALMA VDFs, which stays supersonic as well.

4. Discussion
4.1. Nonthermal Motions in Massive Star Formation Regions

Nonthermal motions can be divided into nonturbulent
(ordered) and turbulent motions. If both the ordered and
turbulent motions originate from the same turbulence cascade,
the small-scale ordered motion is actually part of the turbulent
motion at larger scales (Miesch & Bally 1994), and the velocity
statistics for nonthermal motions should show a continuous
power-law relation across different scales. However, except for
the JCMT VDF of N6334I(N) and the NANTEN2 VDF of the
cloud, the VDFs from different data sets at different scales are
not continuous in general (see Figure 1). On the other hand, the
VDFs from the same line toward different clumps and the
VDFs from different lines toward the same clump show distinct
magnitudes at the same scale, so the VDFs are not universal
either. Thus, it is unlikely that the nonthermal motions in star
formation regions in NGC 6334are solely due to the cascade of
global supersonic turbulence in the interstellar medium (ISM).
It should be noted that the multiscale nonthermal motions in
low-density regions without star formation activities may still
follow a continuous turbulence cascade. But such low-density
regions are not the focus of this star formation study.

Alternatively, it is expected that the massive star formation
activity near YSOs can increase the nonthermal motions in
small-scale and high-density regions as the region evolves.
Such effects have been previously observed in massive star
formation regions (e.g., Zhang et al. 1998). The various star
formation activities in different clumps can naturally explain
the different magnitudes of VDFs at the same scale. Especially,

16 Some previous studies adopt M, > 1 as supersonic (e.g., Federrath et al.
2021), while other studies adopt M, > 2 as supersonic (e.g., Li et al. 2020).
We adopt the former definition in this paper.
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the ALMA VDFs in the infrared dark N6334S are much lower
than the ALMA VDFs in more evolved clumps at the same
scale, which confirms that the nonthermal motion is increased
as the clump/core evolves. This trend is in agreement with
previous line width observations in the infrared dark cloud
G28.34 (Wang et al. 2008), in which the authors found that the
large-scale line width is broader than the small-scale line width
in an infrared dark clump (P1 or MM4) at an earlier evolution
stage but is narrower than the small-scale line width in an
infrared bright clump (P2 or MM1) that is more evolved. On
the other hand, the ALMA VDFs for N6334S are comparable
to or higher than the JCMT VDF toward N6334I(N) at a larger
scale, which suggests the star formation activities have already
increased the nonthermal motions in early stages of massive
star formation in massive dense cores in infrared dark regions.

An interesting topic is the scale below which the nonthermal
motion deviates from a continuous power law. As revealed in
Section 3.2.1, the JCMT VDF of N6334I(N) follows the same
power-law relation as the NANTEN2 VDF of the cloud (see
Figure 1), while the JCMT VDF of N6334I is higher than this
power law. This suggests that the nonthermal motions in some
star formation regions have already been increased at clump-to-
core scales. Below ~0.1 pc, all the VDFs are much higher than
the fitted power law, suggesting a significant increase of
nonthermal motions at subcore scales. On the other hand, we
cannot rule out the possibility that the velocity statistics in low-
density regions without star formation activities could still
follow the large-scale power-law relation even at subcore
scales. Thus, we conservatively conclude that, with the given
data, we cannot identify a specific scale below which the
velocity statistics deviate from a power-law relation.

4.2. Turbulent Motions in Massive Star Formation Regions

Nondriven supersonic turbulence decays quickly, thus inputs
of energy must exist to maintain the turbulence within star-
forming molecular clouds (Mac Low & Klessen 2004). It has
long been debated whether the turbulence is driven at a large
scale (e.g., ~100 pc by supernovae; Balsara et al. 2004) and
cascades to a small scale, or whether the turbulence is driven by
small-scale mechanisms such as outflows (Li & Nakamura
2006; Nakamura & Li 2007) or gravitational accretion (Klessen
& Hennebelle 2010). Observational studies in low-mass star
formation regions usually found a power-law relation for the
velocity statistics at different scales (e.g., Taurus; Yuen et al.
2022), which provides evidence for a continuous turbulent
cascade. However, there is a lack of observational studies of the
turbulence cascade in massive star formation regions where the
gravitational effect and protostellar feedback are more
significant.

In sites of massive star formation, there could be significant
amounts of nonturbulent nonthermal motions (e.g., infall or
rotation) in small-scale and high-density regions (Liu et al.
2021), which makes it difficult to derive pure turbulence
statistics that are required for some statistical analyses (e.g., to
estimate the magnetic field strength; Liu et al. 2022a). We
make an attempt to remove the ordered velocity field
contribution by calculating the three-point VDFs, but only
the ALMA three-point VDF for N63341V shows a plateau that
is expected for pure turbulence. The plateau of the three-point
ALMA VDFs for N63341V is comparable to or higher than the
NANTEN2 and JCMT VDFs at larger scales, which may
provide observational evidence for turbulence driven by small-
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scale mechanisms in massive star formation regions. Such
small-scale-driven turbulence could potentially reduce the star
formation rate, affect the small-scale fragmentation, and shift
the initial mass function to lower masses (Mathew &
Federrath 2021; Hu et al. 2022).

5. Summary

We implement two-point and three-point velocity centroid
structure functions on the NANTEN2 '2CO (1-0), JCMT "*CcO
(3-2), SMA H'*>CO™ (5-4), and ALMA H"*CO™ (1-0), NH,D
(11.1—1g.1), OCS (19-18), and "*CS (5-4) line data to study the
multiscale statistics of the nonthermal motions in the massive
star formation region NGC 6334. The findings are as follows:

1. The combination of small-scale turbulent motions and
ordered velocity fields induced by massive star formation
activities increases the nonthermal motion in small-scale
and high-density star formation regions, which makes the
multiscale nonthermal motions in active star formation
regions deviate from a continuous turbulence cascade.

2. The nonthermal motion revealed by the same line varies
in different clumps at the same scale, which is due to the
different star formation activities in these clumps. The
nonthermal motions revealed by different lines show
different levels in the same clump at the same scale,
which is due to the different gas materials traced by these
line data. These differences show that the nonthermal
motions of gas materials at different densities or in
different star-forming subregions do not follow a
universal turbulence cascade when star formation activ-
ities are strong within the molecular cloud.

3. The level of nonthermal motion in the infrared dark
clump N6334S is lower than that of other more evolved
clumps, confirming that the nonthermal motion is
increased as the clump/core evolves.

4. The three-point ALMA VDFs in N63341V show signs of
pure turbulence statistics, which may provide observa-
tional evidence for small-scale-driven supersonic
turbulence.

5. The nonthermal motion in NGC 6334 stays supersonic
over several orders of magnitude.
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Appendix
Velocity Centroid Maps

Figures 4-7 present the intensity-weighted velocity centroid
(i.e., moment 1) maps of the molecular lines used in our
analysis.
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Figure 4. (a) Velocity centroid map of NANTEN2 2CO (1-0) line emission toward the NGC 6334 complex (Fukui et al. 2018). The black contour levels correspond
to the Planck 353 GHz (0.85 mm) optical depth (73s3) map (Planck Collaboration et al. 2014). The contour starts at 0.0004 and continues with an interval of 0.0004.
White rectangles indicate the map area of the JCMT fields in (b) and (c). Black crosses indicate the positions of N63341V, V, and S. The red contour indicates the
region within which we perform the VDF analysis. The galactic plane (black line) is indicated in the lower left corner. (b)—(c) Velocity centroid maps of JCMT Bco
(3-2) line emission toward N6334I(N) and N63341. The black contour levels correspond to the JCMT 0.85 mm dust continuum map (Arzoumanian et al. 2021).
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Figures 6 and 7. The beam and a scale bar are indicated in the lower left and lower right corners of each panel, respectively. Panels (b) and (c) were previously shown
in Liu et al. (2023) and are reproduced with permission.
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Figure 5. Velocity centroid map of ALMA (a) H"*CO™ (1-0) and (b) NH,D (1 1.1-1o,1) line emission toward N6334S (Li et al. 2020, 2022). The contour levels
correspond to the ALMA 3 mm 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}, where
o7 =0.03 mJy beam " (Li et al. 2020) is the rms noise of the Stokes / map. The synthesized beam and a scale bar are indicated in the lower left and lower right corners
of each panel, respectively.
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