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ABSTRACT

It has been suggested that the line width of ions in molecular clouds is narrower than that of the co-existing neutral particles,
which has been interpreted as an indication of the decoupling of neutral turbulence from magnetic fields within a partially
ionized environment. We calculate the principal component analysis (PCA) correlation coefficients of CCH versus H'3CO™ and
H'3CN versus H'>*CO™. We find aside from H'3CN, CCH could also be strongly spatial correlated with H'3CO™* in high-mass
star-forming regions. CCH and H'>*CO™ line emissions are strongly spatial correlated with each other in 48 per cent sources
with a PCA correlation coefficient over 0.7. So, we investigate the ambipolar diffusion (AD) effect using CCH and H"3cot
lines as a neutral/ion pair in a sample of 129 high-mass star-forming clumps. We conduct a careful analysis of line widths of the
CCH-H"*CO™* pair pixel-by-pixel in 12 sources, which show a strong correlation in CCH-H'*CO* emission and no obvious
outflows or multiple velocity components. The mean velocity dispersion of CCH is about the same as H'*CO* in 12 sources.
In low-density regions of most sources, CCH shows a broader velocity dispersion than H'*CO*. However, the AD effect is not

significant from a statistical point of view.

Key words: ISM: clouds.

1 INTRODUCTION

Magnetic fields (B-fields) and turbulent flows are ubiquitous in
the Milky Way and are believed to play various important roles
in converting gas into stars (Klaassen 2008). In most analyses
and numerical simulations, turbulent flows and B-fields are treated
as perfectly coupled (Tang, Li & Lee 2018). This constitutes
a reasonably accurate approximation when examining large-scale
phenomena. However, at smaller scales, the decoupling between
neutral flows and magnetic fields, also known as ambipolar diffusion
(AD), becomes inevitable (Mouschovias 1987; Zweibel 2002; Li &
Houde 2008; Li et al. 2010). AD represents the physical mechanism
characterizing the relative motion of neutral and charged particles
along magnetic field lines within partially ionized environments.
Turbulent AD at smaller scales may also augment the efficiency
of large-scale mean-field AD (Fatuzzo & Adams 2002; Zweibel
2002; Heitsch et al. 2004; Nakamura & Li 2005), and the friction
between ions and neutrals may accelerate the dissipation of turbulent
energy (e.g. Mouschovias & Tassis 2008). Turbulence dissipation and
mean-field AD are both critical in the process of mass condensation,
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with the scale of turbulent AD being an important parameter in star
formation.

Li & Houde (2008) proposed that turbulent AD can induce
differences between the velocity dispersions of coexistent ions and
neutrals, as measured through spectral line widths. This occurs
because the line width is determined not solely by the contributions
of turbulent eddies at scales similar to the beam size, but also by the
cumulative effect of all smaller eddies within that scale. To discern
this nuanced effect, it is essential to employ a pair of neutral and ion
tracers that sample very similar volumes within a molecular cloud,
thereby minimizing the impact of extraneous variables. Houde et al.
(2000) compared single-dish observations of neutrals and ions for
which they see a broader line width for neutrals compared to ions,
and derived a relation for the line widths of the ions and neutrals.
Their approach accounts for collisions between ions and neutrals as
individual particles, based on the premise that ions are subject to
gyromagnetic motion around the magnetic field’s axis. With these
assumptions, it is inevitable that ions will demonstrate a narrower
line width when charting the same spatial area. This claim is further
developed and verified by later works such as Hezareh et al. (2010,
2014) and Tang et al. (2018).

However, some observational evidence show that their finding is
at odds with the conventional theoretical picture (Tafalla et al. 2004;
Sokolov etal. 2019; Pinedaetal. 2021). Pineda et al. (2021) compared
the velocity dispersion of ions and neutrals in the dense core Barnard
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Table 1. The basic observational parameters.

ATOMS: neutral/ion pair 4235

Molecule Transition Rest frequency Sensitivity Beam sizes Spectral resolutions rms of intensity
(GHz) (mJy beam™' MHz™!) (arcsec) (kms~1) (mJybeam~! kms~1)

H3co+ 1-0 86.754288 ~80 ~2 ~0.2 ~3

HCN 1-0 86.339918 ~80 ~2 ~0.2 ~1

CCH 1-0 87.316898 ~80 ~2 ~0.2 ~2

5 and found the non-thermal velocity dispersion of the ion traced
by N,H™ is systematically higher than that of the neutrals traced by
NHj3. This observed variation may indicate that the magnetic field
continues to fluctuate even within the depths of the dense core, akin
to the turbulent regions outside the core. lons are likely to exhibit a
stronger dynamic coupling with this fluctuating field in comparison
to neutrals, thereby accounting for their broader spectral line widths.
However, the tracers (N;H' and NH3) used in their work have very
different critical densities, and may trace different density layers of
the dense core.

To investigate the AD effect more properly, it is better to use a
neutral/ion pair tracing a similar volume of the cloud, with similar
critical densities. In this work, we compared the line widths of
a neutral/ion pair, CCH (1—0) and H'*CO* (1—0), which have
similar critical densities. The critical densities of CCH (1—0) and
HBCO*(1—-0) are 1 x10° cm™> and 2x10° cm 3 at 30 K (Pety et al.
2017). This comparison was undertaken in a large sample of high-
mass star-forming regions, using the high-resolution data obtained
from the ATOMS (ALMA Three-millimetre Observations of Massive
Star-forming regions) survey programme.

2 OBSERVATIONS

We made the ALMA observations for 146 active Galactic star-
forming regions as the ATOMS survey. These 146 sources were
selected from the CS J = 2—1 survey of Bronfman, Nyman & May
(1996). The sample of 146 targets is complete for proto-clusters with
bright CS J = 2—1 emission (7> 2 K), indicative of reasonably
dense gas. The overall properties of these 146 targets are shown in
table A of Liu et al. (2020a). Most (139) of the targets are located
in the first and fourth Galactic quadrants of the inner Galactic plane.
The distances of the sample clouds range from 0.4 to 13.0 kpc with
a mean value of 4.5 kpc. The sample includes 27 distant (d>7 kpc)
sources that are either close to the Galactic centre or mini-starbursts,
representing extreme environments for star formation. The properties
of these sources have been described in detail in Liu et al. (2016,
2020a, b, 2021).

Images were made from the 12-m and Atacama Compact Array
(ACA) visibility data jointly. Fully calibrated visibility data were
generated by running the ALMA Pipeline, which applies calibration
tables obtained from the Quality Assurance 2 (QA2) to the raw
data. Line images were made for each spectral window (SPW)
with native spectral resolution. The 12-m and ACA array data were
calibrated independently. Subsequently, the visibility data from both
the 12-m and ACA array configurations were merged and imaged
using the Common Astronomy Software Applications (CASA). For
each source and SPW, a line-free frequency range is automatically
identified through the ALMA pipeline, as detailed in the ALMA
Technical Handbook. This frequency range serves to (a) eliminate the
continuum from line emission in the visibility domain, and (b) create
continuum images. The continuum images are generated through
multifrequency synthesis of data within these line-free frequency
ranges in the two 1.875 GHz wide spectral windows, specifically

SPWs 7 and 8, which are centred around approximately 99.4 GHz (or
3 millimetres). Visibility data from both the 12-m and ACA arrays
are jointly deconvolved using the task TCLEAN in CASA version
5.6. Natural weighting and a multiscale deconvolution approach are
employed to optimize sensitivity and image quality. All resulting
images are corrected for the primary beam. The details of data
reduction are described in Zhou et al. (2022). The 12-m and ACA
combined data have a synthesized beam size of ~2 arcsec.

There are 129 sources that all display emission in the spectral
lines of H'3CO* (1-0), H3CN (1-0), and CCH (1—0) in ATOMS
survey. The spectral and angular resolutions of the spectral lines for
CCH, H'3CN, and H'*CO™ are all around 0.2 kms~! and 2 arcsec,
respectively. For each source, we initially plot the spectral lines
to ascertain the required velocity range. The velocity intervals of
the three spectral lines are essentially identical. Spectral lines falling
within a range of 3 times the root mean square (rms) are excluded. We
smooth the data cube to a uniform angular resolution and regrid it to
the same as the H3CO™ (1—0) transition. Subsequently, an intensity
map is derived by integrating over the specified velocity range. We
obtained the integrated intensity maps of H'3*CO*, H'3CN, and CCH
using the CASA software. The noise levels of the integrated intensity
of H3COt, H'®CN, and CCH are estimated as 3, 1, 2 mly beam ™!
kms~! within the emission-free regions in the intensity maps,
respectively. All the basic observational parameters are summarized
in the Table 1.

3 RESULTS

3.1 Principal component analysis

Principal component analysis (PCA) is a statistical procedure to
convert a set of observations of possibly correlated variables into
a set of values of linearly uncorrelated variables called principal
components. PCA has been widely used to identify and quantify
similarities and differences between various molecular line emissions
inside molecular clouds (Lo et al. 2009; Jones et al. 2012, 2013; Liu
et al. 2020a). For the 129 sources, we performed PCA on the pairs
of integrated emission maps of H*CN-H'*CO* and CCH-H'3*CO™*
to characterize their differences in spatial distribution following a
similar procedure in Liu et al. (2020a). The integrated intensity maps
of an exemplar source (113291-6229) are presented in Fig. 1. These
maps were first smoothed and gridded to ensure that they have the
same angular resolution and pixel sizes. We then exported their pixel
values for PCA analysis.

In the example source 113291-6229, the PCA correlation coef-
ficient of CCH-H'*CO™ and H'3CN-H'"3CO™ are 0.76 and 0.77.
It indicates that both CCH and H'3CN show strong correlations
with H3CO™, suggesting that these molecules have very similar
spatial distributions. Fig. 2 shows the distribution of PCA correlation
coefficients of H*CN-H'*CO* and CCH-H!*CO™* pairs. The blue
and orange represent CCH and H'3CN, respectively. It shows that the
PCA correlation coefficients of H*CN-H'3*CO™* are slightly higher
than that of CCH-H'3CO™ in general, which indicates that the spatial
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Figure 1. The integrated intensity maps of the exemplar source 113291-6229. Intensity maps for H3CN, H'3CO, and CCH are shown in the left, middle, and
right panels, respectively. Each panel’s corresponding colour bar delineates the intensity values.
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Figure 2. The distribution of PCA correlation coefficients of H'3CN—
H'3COt (orange histogram) and CCH-H'3CO™ (blue histogram) pairs.

distributions of the H3CN-H'3CO™ pair has a better correlation than
the CCH-H'3CO™* pair. For the H'3CN, 64 per cent sources have
PCA correlation coefficients over 0.7, 77 per cent sources over 0.6
and 92 per cent sources over 0.5. For the CCH, there are 48 per cent
sources that have PCA correlation coefficients over 0.7, 74 per cent
sources over 0.6 and 87 per cent sources over 0.5. Previous studies
have demonstrated significant variations in the spatial distributions
of CCH and H*CO* within the Orion B molecular cloud (Pety
et al. 2017). Our analysis suggests that CCH could also be strongly
correlated with H'3CO™ in high-mass star-forming regions.

Fig. 3 presents the correlation between the PCA correlation
coefficients of CCH-H'3CO™ pair and H*CN-H'3CO™ pair. The
black line marks the one-to-one correlation. It can be seen that when
the correlation coefficient of CCH-H'3CO" is greater than 0.7 (the
green dotted line), the PCA coefficient of CCH-H!*CO* pair and
H'3CN-H'"3CO™ pair is distributed around the one-to-one line. This
indicates that for sources with correlation coefficients over 0.7, the
three line tracers, H*CN, H'*CO*, and CCH, are strongly spatial
correlated with each other. This is also evidenced in their integrated
intensity maps (Fig. 1), showing that H*CN, H'3CO™, and CCH
have quite similar emission distribution.

3.2 Velocity dispersion measurement
Although the H'*CN shows a stronger correlation with H*CO™* than

CCH, the hyperfine structure of H*CN (1—0) line emission makes
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Figure 3. The correlation between the PCA correlation coefficients of CCH
versus H'3CO™ pair and H'3CN versus H'3*CO™ pair. The black line marks
the one-to-one relation. The green dashed line shows the PCA correlation
coefficient of CCH-H!3CO™ of 0.7. The sources in Table 2 are marked with
red crosses.

it difficult to accurately measure its line width. As discussed in last
section, CCH in general is also well correlated with H'*CO* in
high-mass star formation regions of the ATOMS sample. In addition,
H3CO™ (1—0) and CCH (1—0) have similar critical densities (Pety
et al. 2017). Therefore, we decided to use CCH and H'3CO™ as a
neutral/ion pair in the study of the AD effect in this work. We focus
on those sources in which H3CN, H3CO™, and CCH show very
similar spatial distribution, with correlation coefficients over 0.7.
There are 62 sources with correlation coefficients over 0.7.
Outflows and multiple velocity components can also broaden line
widths and largely affect the measuring of line widths in some
sources. Therefore, we picked out 12 sources out of the 62 sources,
where CCH and H"*CO™ do not show correlation with the outflows
and dominated by one velocity component. However, we can only
rule out the cases where there are obvious multiple emission peaks.
When a spectral line indicates the presence of multiple velocity
components, the line width obtained from a single Gaussian fit
tends to be broader than necessary. For each source, we determine
a threshold by observing the line widths in both the central and
peripheral regions of the molecular cloud, and then exclude areas
where the fitted line width exceeds this threshold (around 1.5 to
2 kms™!). Subsequently, we randomly select several points, marked
with red dots as numbers one to nine in Fig. 4, to assess the
reasonableness of this approach. The selection of these points is
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Figure 4. Source 118461-0113. Left: Ratio of the velocity dispersion between CCH and H'3CO*(R(CCH/H'3CO™)). The black and grey contours are shown
for the H'*CO™ and CCH integrated intensity map, respectively. The contour levels are drawn at 40 per cent, 70 per cent, and 90 per cent of peak values. The
purple contour is shown for the 3 mm continuum emission. The contour levels are drawn at 30 per cent, 70 per cent, and 90 per cent of peak values. In the
online materials, we have provided spectra for CCH and H'>*CO™ corresponding to the numbers one to eight. Right: The spectrum of the region numbered as
nine within left panel. The spectra is excluded due to the multiple components in analysis.

random but spans areas from the interior to the exterior of the
molecular cloud. For instance, the left panel of Fig. 4 offers a
detailed comparison of the velocity dispersion ratios for CCH and
H!3CO* concerning the particular source 118461-0113. The right
panel displays the spectrum corresponding to the region numbered
nine in the left panel, where the spectra reveal distinct multiple
velocity components that are further elaborated in the left panel. The
online materials include spectra for CCH and H'3CO* corresponding
to numbers one to eight. In the case of 116272-4837, the spectra
show a dominant velocity component compared to the other (see fig.
E1 of Xu et al. 2023), which can be well-fitted with two Gaussian
components in both two species. We carefully checked all the spectra
across all maps in the 12 sources and excluded the pixels that show
multiple velocity components such as the source in Fig. 4 right panel.

We perform the Gaussian fit for both lines, H'3CO* and CCH,
pixel-by-pixel using PYSPECKIT. Fig. 5 shows two exemplar spectrum
of source 118461-0113. Left and right panels show the CCH and
H'3CO™, respectively. The value and error of Gaussian fits param-
eters are shown in the upper right in each panel. The uncertainties
of line width from the fitting procedure for CCH and H'*CO™ span
the intervals of 0.009 to 0.031 kms~! and 0.014 to 0.071 kms~!,
respectively. Compared to the spectral resolution (around 0.2 km s~!)
and typical line widths (around 1.5 kms™') for CCH and H'*CO",
the uncertainties in the line width measurements are small. In
general, the Gaussian fits provide a good estimation of the line
widths.

The comparison between CCH and H'3CO™ are shown in Fig.
6. The right panel shows the comparison of the centroid velocity
obtained for both tracers using kernel density estimation (KDE),
which agrees within 1.5 kms~!. This comparison shows that there

is not a single velocity offset between the different tracers. The left
panel shows the difference in velocity maps between the CCH and
H'3CO™. This map shows that CCH display mostly lower centroid
velocities than H*CO™, but that in a few regions the relation is the
reverse, although without a clear spatial trend.

3.3 Velocity dispersion error

Potential variations in noise levels within the CCH and H'3CO*
intensity maps may influence the line width. To assess the impact of
these variations on the line width, we utilize corner plots, which
illustrate the posterior distribution of the statistical model. We
have generated a Gaussian spectral line with an amplitude A of
0.1143 Jybeam™' kms~' and a line width of 0.8 kms~', derived
from actual spectral fitting as shown in Fig. 7(a). By incorporating
different noise levels, we can evaluate the effect of noise on the
line width fitting. As detailed in Section 2, the noise levels for
the CCH and H*CO™* intensity maps are approximately 2 and 3
mJybeam™! kms~!, respectively. White noise levels of 1.5 and 3.5
mJybeam™' kms~! are added to the Gaussian line to observe the
impact of noise levels on the line width fitting under maximum
variance conditions. Fig. 7(b) displays the Gaussian line with added
white noise. Figs 7(c) and (d) present the corner maps. In the corner
maps, the histogram represents the measure of fit deviation when
the parameters are randomly sampled near the best-fit. Here, we
use likelihood as the measure. The green solid line indicates the
best-fit, while the purple dashed lines represent the 16 per cent, 50
per cent (median), and 84 per cent confidence interval percentiles.
The subtitles on the histograms display the estimated values for
each parameter along with the Gaussian errors at the 68 per cent
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confidence interval. The parameter in the histogram at the top left
corner represents the spectral peak, while the parameter at the bottom
right corner denotes the line width. Fig. 7 shows that under different
noise level conditions, the line width error is less than 0.015 kms™".
Therefore, under different noise level conditions, the line width error

will not affect the analysis of AD.

MNRAS 533, 4234-4247 (2024)

When considering the 12-m and ACA visibility data jointly, there
is a 20 per cent flux error. Consequently, we also employ corner maps
for error analysis in this context. In our data set, the range of peak flux
is approximately from 0.15 to 0.3 Jy beam™! kms~!. Therefore, the
amplitudes used for Gaussian fitting are 0.1, 0.15, 0.2, 0.25, 0.3, and
0.35 Jybeam~! kms~!. Considering that the impact of peak flux on
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at the top-left corner represents the spectral peak, while the parameter at the bottom-right corner denotes the line width.

fitting error varies with different line widths, we selected line widths
of 0.5, 0.8, and 1.98 kms~! as samples based on the range of line
widths, generating 18 Gaussian spectral lines with added white noise
at 0.35 mJybeam~! kms~!. Fig. 8 illustrates how the error varies
with peak flux for different line widths. The wider the line width, the
more significant the influence of peak flux on the error. However, in
this data set, the line width error caused by peak flux does not exceed
0.01 kms~!.

Combining these two types of errors using the error propaga-
tion formula 8% = /82 + 83, the total error is calculated to be
0.018 kms~!. Compared to the spectral resolution (approximately
0.2 kms~!) and typical line widths (approximately 1.5 kms~') for
CCH and H'3CO, the uncertainties in the line width measurements
are minimal. Generally, the noise level and the 20 per cent flux error
will not affect our further comparative analysis of the line widths of
CCH and H'3CO".
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Table 2. The parameters of 12 sources which selected for analysis of velocity
dispersion. The PCA correlation coefficients of CCH-H'>*CO™ and H'3CN-
H'3CO* pair list in column two and three, respectively. The mean and
standard deviation of the velocity dispersions of H'3CO" and CCH are listed
in columns four and five.

—— width = 0.5km/s
0.010 1 —— width = 0.8km/s
—— width = 1.98km/s
0.008 -
8
fiv]
% 0.006
w
Y
@
&
0.004 -
0.002 -
0.10 0.15 0.20 0.25 0.30 0.35

Peak Flux (Jy/beam km/s)

Figure 8. The error varies with peak flux for different line widths. The blue,
orange, and green lines represents the line width of 0.5, 0.8, and 1.98 km sl
respectively.

The velocity dispersion maps for both tracers (CCH and H'3CO™)
in the exemplar source 113291-6229 are shown in Fig. 9. The velocity
dispersion maps for the remaining 11 sources are presented in the
online materials. In source 113291-6229, the velocity dispersion
maps of both lines show a similar trend that the velocity dispersion
is larger in the centre of the core than at the outskirt.

We calculated the mean and standard of the velocity dispersions
of H'®CO* and CCH for 12 sources. The parameters are listed
in columns four and five in the Table 2, which also include
PCA cofficients. We plot the mean o,(H'>*CO™) against the mean
0,(CCH) of the 12 sources in Fig. 10. The dotted line marks
the one-to-one line. It can be seen that the velocity dispersions

0,(CCH)
A |
-62°45'00"} ; i
O 20"_ ]
L
()
40"t ]
[ |
=: s ’
46'00"} : ]
13"32m36° 33° 308 27°

RA

D PCA PCA 0y(CCH) oy(HB3CO™M)
CCH H3CN (mean = std) (mean = std)
(kms~1) (kms~1)
113291-6229 0.76 0.77 0.92 +£0.27 0.81 £ 0.25
113295-6152 0.81 0.68 0.89 £ 0.14 0.98 +0.2
113484-6100 0.91 0.88 1.36 + 0.45 1.34 £ 043
116272-4837 0.86 0.82 1.08 + 0.25 1.02 +0.26
116330-4725 0.91 0.90 1.25+0.3 1.26 +0.33
116484-4603 0.84 0.83 1.05 +0.38 1.09 + 0.36
117143-3700 0.84 0.89 1.37 £ 0.31 1.33 £ 0.31
117439-2845 0.70 0.73 0.72 £ 0.21 0.74 £ 0.22
117589-2312 0.79 0.74 1.04 £ 0.33 0.91 £ 0.29
118223-1243 0.76 0.59 0.77 £ 0.31 0.7 £0.33
118461-0113 0.82 0.90 1.14 £ 0.19 1.18 £ 0.17
118469-0132 0.79 0.89 1.21 £0.27 1.2 4+0.27

of the H®COT—-CCH pair agree with each other very well in

general.

4 DISCUSSION

The comparison of both the morphology of the integrated intensity
maps and PCA correlation coefficients suggest that CCH and
H3CO™ may trace similar structures in high-mass star-forming
regions. Therefore, CCH and H"*CO™ could be a good neutral/ion
pair for investigating the AD effect.

050 0.75 1.00 1.25 1.50 1.75 2.
km/s )

g (H3CO%)
1 '
-62°45'00"+ |
L
20"
40"} '
46'00" sk L 1
13h32m36s 33s 30s 27°
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| . ‘ . ‘ |
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Figure 9. Source 113291-6229. Velocity dispersion maps for CCH and H'*CO™ are shown in the left and right panels, respectively. The grey and black contours
are shown for the CCH and H'>CO™ integrated intensity map, respectively. The contour levels are drawn at 40 per cent, 70 per cent, and 90 per cent of peak
values. Each panel’s corresponding colour bar delineates the line width values.
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Figure 10. The mean o,(H'*CO") against the mean o,(CCH) for the
selected 12 sources. The dotted line marks an one-to-one line. The error
bars show the standard deviation of the velocity dispersions.

In principle, comparison between natural and ion molecules in
the line width should be the non-thermal line widths. However,
considering the large line widths in high-mass star-forming regions,
and the comparable molecule mass of CCH and H'3CO™, the effect
from thermal component is pretty small. In this paper, we directly
use velocity dispersion in the AD analysis because of a lack of
gas temperature measurements. We calculated the ratio between the
velocity dispersion (o, ratio) obtained between CCH and H'*CO*
(R(CCH/H'3CO")) for the 12 sources. The left panel of Fig. 11
shows the ratio map of an exemplar source 113291-6229. This map
shows that R(ICCH/H'*CO™) is higher in the outskirt of cores than
in the central region, although such a spatial trend is not significant.
To better analyse the line widths of tracers, we show the CCH and
H'3CO™ spectra toward representative regions, which are marked by
red circle and numbered in left panel of Fig. 11. The right panel of Fig.

B1.2 150

S
©
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11 shows a direct comparison of the velocity dispersion distributions
of the tracers for all pixels in 113291-6229, using KDE. There are
three peaks in the KDE map, two of them around 0.6 and 1.1 km
s~! show equal velocity dispersion for CCH (neutrals) and H'3CO™*
(ions). These two peaks correspond to the regions numbered as 4
and 8 in the left panel of Fig. 11. In the third peak of the KDE plot,
CCH has a systematically larger (by around 0.25 km s~') velocity
dispersion than H'3CO™. This KDE peak is mostly from the regions
numbered as 3 and 6 in the left panel of Fig. 11, which are clearly
offset from the emission peak.

We show the o, ratios (R(CCH/H!3CO™)) as a function of the
intensity of H'3CO™ for the source 113291-6229 in Fig. 12. The
figure shows that the velocity dispersion of CCH is in most cases
comparable to that of H*CO™, and this remains true also in high-
density regions. In contrast, in low-density regions the CCH velocity
dispersion tends to be larger than the H'*CO™ dispersion. Therefore,
if AD is present, it will more likely occur in low-density regions.
The left panel in Fig. 11 also shows a similar pattern. Around peak
8, which is in the highest density region, the R(CCH/H'*CO™) ratio
is lower than the lower density regions such as 6, 7, and 9.

For the remaining sources, we show their intensity maps, velocity
dispersion maps, velocity dispersion ratio maps, KDE maps, and o,
ratio-intensity distribution maps in the online materials. By analysing
these maps, one can identify three types of sources.

(i) Sources like 113291-6229, such as 117439-2845, 113484-6100,
and 117589-2312. In most cases, the velocity dispersion of CCH is
about the same as H'3CO™, but in low-density regions, the CCH has
a larger velocity dispersion than H'3CO™. In high-density regions,
there is not much difference in velocity dispersion between the two
tracers.

(ii) Sources like 117589-2312. The velocity dispersion of CCH is
larger than that of H'3CO™ in a large range of densities, as shown
in the right panel of Fig. 13. This is similar to the findings in Li
et al. (2010). The KDE map in Fig. 14 shows that the ions display a
narrower line width in the whole region. In low-density regions, the
R(CCH/H'3CO™) ratios are even much higher.

1.4

e
o

S/LLY
a,(H13C0~) (km/s)
g

= e
n N
=] [rl

=]
e
nl

8

10.6

0

0.25

0.50

0.75

1.00

1.25

o, (CCH) (km/s)

1.50

1.75

2.

-62°45'15"
U 30"
[
0O
45" %‘
46'00"{ @
13h32m3gs 3¢ 345 328 30°

RA

Figure 11. Source 113291-6229. Left: Ratio of the velocity dispersion between CCH and H'*CO+(R(CCH/H'*CO™)). The black, grey, and purple contours
are shown for the H'>CO™ and CCH integrated intensity map and 3 mm continuum emission, respectively, with levels the same as in Fig. 9. The red circles and
numbers show the positions of the sample spectra. In Fig. 5, the spectra for points 1 and 2 are displayed, while the spectra for the remaining points 3 through
10 are available in the online materials. The colour bar delineates the R(CCCH/H'3CO™) values. Right: Comparison between the velocity dispersion of H'3CO*
and CCH, estimated using a two-dimensional KDE. The one-to-one line is marked by the black solid line.
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Figure 12. Source 113291-6229. The distribution of the &, ratio RCCCH/H!3CO™) and the intensity of H'*CO™*. The width of the red rectangle represents the
bins of intensity. The red triangles and error bars represent the median value of o, ratio and standard deviation in each bin, respectively. The green line shows
that o, ratio equal to one.
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Figure 13. Source 117589-2312. Left: Ratio of the velocity dispersion between CCH and H'3*CO™ (R(CCH/H'3CO™)). The black and grey contours are shown
for the H'3CO™ and CCH integrated intensity map, respectively. The contour levels are drawn at 40 per cent, 70 per cent, and 90 per cent of peak values. The
purple contour is shown for the 3 mm continuum emission. The contour levels are drawn at 10 per cent, 60 per cent, and 90 per cent of peak values. The colour
bar delineates the R(CCH/H'3CO™) values. Right: Comparison between the velocity dispersion of H'3*CO" and CCH, estimated using KDE. The one-to-one
line is marked by the black solid line.
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Figure 14. Source 117589-2312, the distribution of the o, ratio (R(CCCH/H'3CO™")) and the intensity of H'3CO*. The width of the red rectangle represents the
bins of intensity. The red triangles and error bars represent the median value of o, ratio and standard deviation in each bin, respectively. The green line shows

that o, ratio equal to one.

The velocity dispersion of CCH is also larger than that of H'*CO™* in
source 116272-4837, as shown in the right panel of Fig. 15. However,
the R(CCCH/H'3CO™) ratios are higher in its high-density regions than
in its low-density region in Fig. 16, opposite to the source 117589-
2312.

(iii) Sources like 116330-4725 as shown in the right panel of Fig.
17. There are two peaks in the KDE map. One shows the CCH having
an equal velocity dispersion to H'>3CO™. While the other peak shows
that CCH has lower velocity dispersion than H*CO™. Fig. 18 also
shows that in high-density areas CCH has an even smaller velocity
dispersion than H'3CO™. This situation is similar to the case in the
dense core Barnard 5 (Pineda et al. 2021).

It should be noted that Pety et al. (2017) indicates the critical
densities for CCH and H'*CO™* are similar, which are 1x10° and
2x10° cm™3, respectively, at a temperature of 30 K. However, Shirley
(2015) reports a much lower effective critical density for the H3CO™*
line at 20 K, which is approximately 2x10* cm™3. Unfortunately,
Shirley (2015) did not derive the effective critical density for CCH.
However, considering the good correlation of CCH and H'3CO™ in
their spatial distributions and centroid velocities, CCH and H'3CO*
should trace similar density gas at least in the 12 sources that are
analysed here.

Overall, the first two types of sources show that the velocity
dispersion of CCH is broader than H'*CO™ in general. The difference

of these two cases is that neutral lines have larger velocity dispersion
only in the low-density region in the first type sources, while neutral
lines show higher velocity dispersion in the whole emission regions
of type 2 sources. The third type sources are opposite to the first
two type sources. Their neutral lines have narrower line widths than
their ion lines. However, even in type 3 sources, CCH shows a larger
velocity dispersion than H'3CO™ in a large fraction of pixels in their
low-density region.

Fig. 19 shows the o, ratios (R(CCH/H'3CO™")) as a function of
the intensity of H'*CO™* for all selected 12 sources. The intensity
of H'3CO™* is normalized. The maximum and minimum value for
normalization is the maximum and minimum intensity of each
source. The distribution of velocity dispersions is close to being
symmetric for all selected 12 sources. This figure also shows in low-
density regions, the CCH has a slightly larger velocity dispersion
than H'3CO™. While in high-density regions, it shows H'*CO* has
a slightly larger velocity dispersion than CCH. We also noticed that
dispersion of the o, ratios (R(CCH/H'*CO™")) is much larger in low-
density regions than in high-density regions.

In a word, if high R(CCCH/H"*CO™") represents active AD, the
AD effect may be more significant in some low-density regions of
high-mass star-forming regions, which should be further studied with
higher quality of data in future. However, considering the large scatter
of data points, the AD effect is not significant from a statistical point
of view.
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Figure 15. Source 116272-4837. Left: Ratio of the velocity dispersion between CCH and H'3CO+(R(CCH/H'3CO™)). The black and grey contours are shown
for the H'3CO™ and CCH integrated intensity map, respectively. The contour levels are drawn at 40 per cent, 70 per cent, and 90 per cent of peak values. The
purple contour is shown for the 3 mm continuum emission. The contour levels are drawn at 20 per cent, 60 per cent, and 90 per cent of peak values. The colour
bar delineates the R(CCH/H!3CO™) values. Right: Comparison between the velocity dispersion of H'3CO* and CCH, estimated using KDE. The one-to-one
line is marked by the black solid line.
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Figure 16. Source 116272-4837, the distribution of the o, ratio (R(CCH/H'3*CO1)) and the intensity of H3CO*. The width of the red rectangle represents the
bins of intensity. The red triangles and error bars represent the median value of o, ratio and standard deviation in each bin, respectively. The green line shows
that o, ratio equal to one.
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Figure 17. Source 116330-4725. Left: Ratio of the velocity dispersion between CCH and H'3*CO(R(CCH/H'>CO™)). The black and grey contours are shown
for the H'*CO™* and CCH integrated intensity map, respectively. The contour levels are drawn at 40 per cent, 70 per cent, and 90 per cent of peak values. The
purple contour is shown for the 3 mm continuum emission. The contour levels are drawn at 20 per cent, 60 per cent, and 90 per cent of peak values. The colour
bar delineates the R(CCH/H'3CO™) values. Right: Comparison between the velocity dispersion of H'*CO* and CCH, estimated using KDE. The one-to-one
line is marked by the black solid line.
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Figure 18. Source 116330-4725, the distribution of the o, ratio (R(CCH/H!3CO™)), and the intensity of H'3CO. The width of the red rectangle represents the
bins of intensity. The red triangles and error bars represent the median value of o, ratio and standard deviation in each bin, respectively. The green line shows
that o, ratio equal to one.

5 CONCLUSION in their velocity dispersions. Our results can be summarized as

. . foll .
We presented ATOMS H'*CO*, H'3CN, and CCH line observations orows

of a large sample of massive clumps, and investigated the differences ) ) . o
(i) We performed PCA analysis on the integrated emission maps

of H*CN versus H"*CO* and CCH versus H'*CO™ to characterize
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Figure 19. The velocity dispersion ratios, denoted as R(CCCH/H'3CO™), are presented as a function of the H'3CO™ intensity across the 12 selected sources,
with the H3CO™ intensity serving as the normalizing factor. The red triangles and error bars represent the median value of ¢, ratio and standard deviation in

each bin, respectively. The green line shows that o, ratio equal to one.

their differences in spatial distributions. These three molecular lines
show very similar large-scale spatial distributions and are strongly
correlated with each other in spatial distributions. We found that
H'3CN shows a slightly stronger correlation with H'3CO™ compared
to CCH.

(i) We picked out 12 sources out of the 62 sources, where CCH
and H*CO™* don’t show correlation with the outflows and dominated
by one velocity component, for studying the AD effect by measuring
the velocity dispersion of CCH and H'*CO™ as a neutral/ion pair.
We find that CCH shows larger velocity dispersion than H'*CO™ in
low-density regions of most sources, which indicates that AD effect
is more significant in low-density gas if AD is present.
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