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ABSTRACT

Context. Cygnus X is one of the closest and most active high-mass star-forming regions in our Galaxy, making it one of the best
laboratories for studying massive star formation.

Aims. We aim to investigate the properties of molecular gas structures on different linear scales with 4.8 GHz formaldehyde (H,CO)
absorption line in Cygnus X.

Methods. As part of the GLOSTAR Galactic plane survey, we performed large scale (7°x3°) simultaneous H,CO (1,0—1, ) spectral
line and radio continuum imaging observations toward Cygnus X at 4 ~6 cm with the Karl G. Jansky Very Large Array and the
Effelsberg-100 m radio telescope. We used auxiliary HI, '*CO (1-0), dust continuum, and dust polarization data for our analysis.
Results. Our Effelsberg observations reveal widespread H,CO (1, —1;;) absorption with a spatial extent of 250 pc in Cygnus X for
the first time. On large scales of 4.4 pc, the relative orientation between local velocity gradient and magnetic field tends to be more
parallel at H, column densities of >1.8x10%2 cm~2. On the smaller scale of 0.17 pc, our VLA+Effelsberg combined data reveal H,CO
(1,0—1;,1) absorption only toward three bright HiI regions. Our observations demonstrate that H,CO (1, 6—1,) is commonly optically
thin. Kinematic analysis supports the assertion that molecular clouds generally exhibit supersonic motions on scales of 0.17-4.4 pc.
We show a non-negligible contribution of the cosmic microwave background radiation in producing extended absorption features in
Cygnus X. Our observations suggest that H,CO (1, — 1;;) can trace molecular gas with H, column densities of > 5 X 10! cm™2
(i.e., Ay 2 5). The ortho-H,CO fractional abundance with respect to H, has a mean value of 7.0x10710. A comparison of velocity
dispersions on different linear scales suggests that the dominant —3 kms~' velocity component in the prominent DR21 region has
nearly identical velocity dispersions on scales of 0.17—4.4 pc, which deviates from the expected behavior of classic turbulence.

Key words. ISM: clouds — radio lines: ISM — ISM: individual object (Cygnus X) —ISM: kinematics and dynamics — ISM:
molecules — ISM: structure

1. Introduction View on Star Formation in the Milky Way (GLOSTAR') sur-
vey is an unbiased survey of the interstellar medium (ISM) and
Stars are basic units of the Universe, but their formation is still ~ star formation regions in the Milky Way using the wide-band
one of the unsettled questions in modern astronomy. The Global ~ (4-8 GHz) C-band receivers of the Karl G. Jansky Very Large
Array (VLA) and the Effelsberg-100 m telescope to simultane-
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ously observe the radio continuum emission and selected spec-
tral lines (Brunthaler et al. 2021). So far, the survey data have
been used to characterize radio continuum sources (Medina et al.
2019; Nguyen et al. 2021; Dzib et al. 2022), identify supernova
remnants (Dokara et al. 2021, 2022), and search for methanol
masers emitting in the 6.7 GHz transition, the strongest class II
CH3O0H maser line (Ortiz-Leoén et al. 2021; Nguyen et al. 2022).
This work is the first GLOSTAR study to investigate the inter-
stellar medium (ISM) and star formation regions in the 4.8 GHz
formaldehyde transition.

1.1. To what extent does formaldehyde trace molecular gas?

Formaldehyde (H,CO) was the first polyatomic organic
molecule to be discovered in the interstellar medium (Snyder
et al. 1969). Being a slightly asymmetric top molecule, its ro-
tational energy levels are split into K—doublets. This molecule
has ortho and para symmetry species, depending on whether the
spins of the hydrogen nuclei are parallel (ortho) or antiparal-
lel (para). In molecular clouds, formaldehyde can be formed in
the gas-phase but more efficiently on the surface of dust grains
by successive hydrogenation of CO (Watanabe & Kouchi 2002),
and is then released to the gas phase by thermal and non-thermal
desorption.

The discovery of formaldehyde was made in the Jgake =
110 — 11,1 doublet line of its ortho species near 4.8 GHz (6 cm)
(Snyder et al. 1969). This line is generally observed in absorp-
tion against strong continuum background sources such as the
Galactic center (Sgr A; Snyder et al. 1969), and even its hy-
perfine structure (HFS) components have been detected in dark
clouds (e.g., Heiles 1973). The ubiquity of absorption in this line
is explained by the ease with which the lowest energy level of
ortho-H,CO (Jxaxe = 11,1) gets overpopulated by collisional
pumping, which results in a very low excitation temperature
of <2.73 K for the lowest K-doublet transition of ortho-H,CO
(110-1y1.1) (e.g., Evans et al. 1975). This “overcooling” results
in absorption even against the Cosmic Microwave Background
(CMB).

The substantial electric dipole moment of H,CO of 2.33 D
(Fabricant et al. 1977) makes its (sub)millimeter wavelength ro-
tational transitions good probes of dense gas in star forming re-
gions. These properties have inspired several studies that use the
rotational transitions of H,CO to probe the density and tempera-
ture of dense gas in the Milky Way and in external galaxies (e.g.,
Mangum & Wootten 1993; Ao et al. 2013; Ginsburg et al. 2015a;
Tang et al. 2018a,b). On the other hand, H,CO has been ob-
served in absorption against extragalactic continuum sources in-
dicating that H,CO can survive in diffuse and translucent molec-
ular clouds (Nash 1990; Liszt & Lucas 1995; Menten & Reid
1996; Snow & McCall 2006; Liszt et al. 2006). This ease with
which the ortho-H,CO (1;—1;) transition is excited in diffuse
and translucent clouds suggests that it traces the largest extent
of molecular gas when compared with other H,CO transitions.
These facts trigger a question: to what extent can this H,CO tran-
sition trace the general distribution of molecular gas? In order to
address this question, one requires large-scale mapping observa-
tions of H,CO, but such observations are still scarce. Large-scale
mapping studies of HCO (1;9—1, ;) absorption have been per-
formed toward the central molecular zone (Zylka et al. 1992),
W51 (Ginsburg et al. 2015a), and the Aquila molecular cloud
(Komesh et al. 2019), revealing a widespread distribution of
H,CO in these regions. However, these observations mainly fo-
cus on high H, column density (i.e., high extinction) molecular
gas, and the maps cover less than 5 square degrees in total.

Cygnus X

Because the (1;9—1;,) and (2;,;-2;7) pair of H,CO lines
has been proven to be a good densitometer (e.g., Henkel et al.
1980; Mangum & Wootten 1993; Mangum et al. 2008), large-
scale H,CO (1;0-1,,;) mapping observations are able to pin-
point regions with appreciable absorption, which can facilitate
follow-up H,CO (2;,,-2;2) imaging for density determinations
of molecular clouds on large scales (e.g., Ginsburg et al. 2015a).

Thanks to the large coverage of the GLOSTAR observations,
our survey can potentially reveal the distribution of H,CO (10—
1,,1) absorption on a Galactic scale for the first time (Brunthaler
et al. 2021). In this work, we will present the first results based
on GLOSTAR measurements of H,CO in Cygnus X.

1.2. Cygnus X as an excellent astrophysical laboratory

Cygnus X, named by Piddington & Minnett (1952), is one of the
closest and most active high-mass star-forming regions in the
Milky Way (e.g., Reipurth & Schneider 2008; Kryukova et al.
2014). This region exhibits very extended bright Galactic radio
continuum emission that arises from discrete Hii regions, super-
nova remnants (SNRs), and diffuse thermal emission (Wendker
1984; Wendker et al. 1991; Xu et al. 2013a; Emig et al. 2022).
Cygnus X contains several OB associations that harbour a large
number of massive stars (Knodlseder 2000; Wright et al. 2015;
Berlanas et al. 2018). Observations have also shown that a large
X-ray bubble and very high energy y-rays were found to sur-
round one of the most prominent of these, Cyg OB2 (e.g., Cash
et al. 1980; Abeysekara et al. 2021; Cao et al. 2021b). Due to
the irradiation from the Cyg OB2 association, pillars and glob-
ules are formed in ambient molecular clouds with an orientation
toward the center of the Cyg OB2 association (Schneider et al.
2016, 2021), demonstrating the role of the feedback of OB stars
on shaping molecular clouds.

The distance of Cygnus-X has been a subject of consid-
erable debate. Since molecular cloud complexes in Cygnus X
seem to be associated with each other due to the coherence in
line-of-sight velocities (Schneider et al. 2006), a fixed distance
of about 1.4-1.7 kpc is commonly assumed for all molecular
clouds in this region by many previous studies. While this is
consistent with the results of accurate trigonometric parallaxes
of maser sources located in various parts of Cygnus X and mas-
sive stars in the Cygnus OB2 association (Rygl et al. 2012; Xu
et al. 2013b; Dzib et al. 2013), later studies also find sources
at farther distances of 3.3-3.6 kpc (Rygl et al. 2012; Xu et al.
2013b) and even 29 kpc (indicated by the radial velocity of
< —60 kms~!; Lockman 1989; Ortiz-Leén et al. 2021; Li et al.
2021a). However, studies using the Gaia parallax measurements
and their line-of-sight extinctions suggest the bulk of molecular
gas should be located at 1.3—1.5 kpc in Cygnus X (Zucker et al.
2020; Chen et al. 2020; Dharmawardena et al. 2022). For sim-
plicity, we adopt a distance of 1.4 kpc in this work and the values
of physical parameters obtained from previous studies scaled to
this distance for comparison.

Cygnus X harbors one of the most massive molecular cloud
complexes (~ 2-3 x 10® M) identified in the Milky Way
(Schneider et al. 2006). Previous CO and dust continuum obser-
vations show a highly structured distribution of molecular clouds
(e.g., Schneider et al. 2006; Hennemann et al. 2012; Cao et al.
2019), and the presence of filamentary structures in Cygnus X.
The filaments, especially toward the prominent compact Hi re-
gion DR21 and its environment, are found to show velocity gra-
dients (Schneider et al. 2010; Hu et al. 2021; Cao et al. 2022;
Li et al. 2023; Bonne et al. 2023), indicating ongoing accre-
tion flows on sub-parsec scales. A large number of dense cores
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and massive protostars are found in these filaments (including
DR21) (Motte et al. 2007; Schneider et al. 2011; Bontemps et al.
2010; Roy et al. 2011; Hennemann et al. 2012; Cao et al. 2019;
Cheng et al. 2022; Ching et al. 2022). Among these studies, Cao
et al. (2019) built a large sample of 151 massive dense cores that
have masses of >35 M, with a typical size of ~0.1 pc. Their fur-
ther efforts led to a sample of 8,431 dust cores being identified
(Cao et al. 2021a). Based on these results, the large-scale density
structure is studied with a triangulation-based method (Li et al.
2021b), implying that dense cores form through fragmentation
controlled by scale-dependent turbulent pressure support.

As part of the GLOSTAR survey, Ortiz-Le6n et al. (2021) de-
tected thirteen 6.7 GHz methanol masers, which are exclusively
associated with high mass young stellar objects, in Cygnus X.
Further evidence of widespread star formation activity in such
sources is provided by the discovery of about 60 molecular
outflows in Cygnus X in large-scale CO surveys (Gottschalk
et al. 2012; Duarte-Cabral et al. 2013; Deb et al. 2021; Skretas
& Kristensen 2022). These properties make Cygnus X one
of the best laboratories for studying massive star formation.
The Cygnus X region is therefore targeted by many ongo-
ing large-scale projects, including GLOSTAR (Brunthaler et al.
2021), K-band focal plane array Examinations of Young STellar
Object Natal Environments (KEYSTONE; Keown et al. 2019),
Surveys of Clumps, CorEs, and CoNdenSations in CygnUS-X
(CENSEUS; Cao et al. 2019), and the Cygnus Allscale Survey of
Chemistry and Dynamical Environments (CASCADE; Beuther
et al. 2022). Therefore, the study of H,CO absorption in Cygnus
X will pave the way toward understanding gas distribution, kine-
matics, chemistry, and evolutionary processes associated with
high-mass star formation.

2. Observations and data reduction
2.1. Effelsberg-100 m observations

As part of the GLOSTAR survey (Brunthaler et al.
2021), we performed C band observations with the dual-
polarization S45mm receiver of the 100-m telescope near
Effelsberg/Germany” between 2019 January 11 and 2020
December 23 (project codes: 22-15 and 102-20). The observa-
tions and data reduction have been described in Brunthaler et al.
(2021), and the calibration quality of the Effelsberg spectral line
observations will be discussed in Rugel et al. (in prep). In the
following, we summarize the observations and data products
relevant to this publication. Two different kinds of backends, the
SPEctro-POLarimeter (SPECPOL) and fast Fourier transform
spectrometers (FFTSs; Klein et al. 2012), were used to record
full Stokes continuum emission and spectral line signals,
respectively. The on-the-fly (OTF) mode was used to map
Cygnus X with a scanning speed of 90" per second. Like all of
the area covered by GLOSTAR, the region has been mapped
both along Galactic longitude and latitude, in order to reduce
striping artifacts in the image restoration. Our observations
cover an area of 7°x3°in size (i.e., 76°< [ <83°, —1°< b <2°).
The flux calibrators 3C 286 and NGC 7027 were used to
establish the flux density scale of both our radio continuum and
spectral line data. The system temperatures typically range from
28-42 K. Nearby pointing observations were carried out every
2 to 3 hours. The rms pointing uncertainty was found to be

2 The 100-m telescope at Effelsberg is operated by the Max-Planck
Institut fiir Radioastronomie (MPIfR) on behalf of the Max-Planck
Gesellschaft (MPG).
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within 10" which is less than 1/10 of the half power beam width
(HPBW) of 145" at 4.83 GHz.

In this paper, we have used the Effelsberg data to study the
large-scale ISM structure of Cygnus X in the 4.8 GHz formalde-
hyde transition, while the associated 4.89 GHz continuum data
are used to derive the optical depth of the H,CO line emis-
sion. In our setup, we simultaneously cover H,CO (1;0-1;)
at 4.8296600 GHz and its isotopologue H?CO (110-111) at
4.5930885 GHz (Miiller et al. 2005; Endres et al. 2016). The
channel spacings for H,CO (1;0-1y,1) and HI?CO (1;0-1;,)
are 0.19 kms~! and 2.49 km s~!(see Table 2 in Brunthaler et al.
2021), respectively. All the velocities are given with respect
to the local standard of rest (LSR). Spectral data were pre-
processed and calibrated with the standard Effelsberg pipeline,
which includes bandpass and absolute intensity calibration
(Winkel et al. 2012), as well as correction of atmospheric at-
tenuation based on a water vapor radiometer operating between
18 and 26 GHz. Since the spectra were regridded using Gaussian
convolution in the pipeline, the actual spectral resolution corre-
sponds to two channel widths (e.g., 0.38 kms~! for the 4.8 GHz
H,CO line). Further data reduction and mapping of the data was
performed with the GILDAS? software (Pety 2005). Six out of
1946700 H,CO spectra were affected by radio frequency inter-
ference (RFI), and were thus discarded in the data reduction. The
spectral baseline subtraction has been carried out using a first or-
der polynomial.

Our spectral map was first convolved to an effective HPBW
of 3’ with a single pixel size of 30" x 30”. However, at this spa-
tial resolution, the signal-to-noise ratio of the H,CO image was
not sufficient to detect the extended absorption. To improve the
fidelity of the extended absorption, the data were further con-
volved to an effective angular resolution of 10’8.

The spatial distribution of rms noise values is shown in the
top panel of Fig. 1. The rms noise can vary by a factor of 2 be-
cause of different effective integration times. We also illustrate
the 2D power spectra in the lower left panel of Fig. 1. The power
spectrum shows that there is no clear correlation at any specific
spatial scale. The lower right panel of Fig. 1 presents the his-
togram of the rms noise values which range from 0.07 to 0.24 K
with a median value of 0.10 K at a channel width of 0.5 kms~'.

The simultaneously observed 4.89 GHz radio continuum
data were reduced with the NOD3 software package (Miiller
et al. 2017). The typical rms noise levels are 5 mK at a narrow
bandwidth of 120 MHz. As described in Brunthaler et al. (2021),
the zero-level intensities of our Effelsberg data needed to be re-
stored using the Urumgqi 4.8 GHz continuum data (Sun et al.
2007, 2011). However, the zero-level intensities of the Urumgqi
4.8 GHz continuum data of Cygnus X need to be restored as
well, because the radio continuum emission of Cygnus X is
very extended, reaching |b| >5°. For this reason, we made use
of model ¢ from the WMAP foreground maps* (Bennett et al.
2013). We derived the WMAP-based 4.8 GHz continuum emis-
sion by interpolating the free-free, synchrotron, and dust emis-
sion. Smoothing the WMAP-based and Urumgqi 4.8 GHz con-
tinuum images to a common angular resolution of 1°5, we de-
rived the zero-level shift of the Urumqi 4.8 GHz data from the
difference between the derived WMAP-based and Urumgqi 4.8
GHz continuum images. The difference ranges from —0.065 K to
0.269 K, which is a small correction. These differences are then
added back to the original Urumgqi 4.8 GHz continuum image.

3 https://www.iram.fr/IRAMFR/GILDAS/
4 https://lambda.gsfc.nasa.gov/product/wmap/dr5/m_
products.html
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Our Effelsberg 4.89 GHz data cover only —1°< b < 2°, and thus
have a zero-level shift due to the continuum baseline correction
only covering the limited range of Galactic latitude. Following
the same method introduced in Brunthaler et al. (2021), we used
the restored Urumgqi 4.8 GHz data to recover the zero-level shift
of our Effelsberg 4.89 GHz data. Consequently, the restored
Effelsberg 4.89 GHz continuum mayp is used in this study.

2.2. VLA observations

As part of the GLOSTAR survey (Medina et al. 2019; Brunthaler
etal. 2021), the Cygnus-X region was observed using the D con-
figuration of the Karl G. Jansky Very Large Array (VLA) of
the National Radio Astronomy Observatory> with the correlator
configuration including the H,CO line. Details about the obser-
vations have been presented in Ortiz-Le6n et al. (2021); here we
give a brief summary. We observed 14 strips of 1°x1.5°in size
that cover the same area as the Effelsberg observations. The ob-
servations registered sixteen 128 MHz wide spectral windows
for the continuum. The H,CO (1;9—1;,;) line was observed si-
multaneously with 4 MHz of bandwidth and 1024 channels, re-
sulting in a channel spacing of 0.25 kms~'and a total veloc-
ity coverage of 260 kms~!. The calibration of the spectral line
data was performed using the Common Astronomy Software
Applications (CASA) package (McMullin et al. 2007) using a
customized version of the VLA pipeline®. The line imaging was
performed for each strip using the mosaic mode in CASA and a
pixel size of 27"5x2"’5. The synthesized beam is about 19" x15”
with a position angle of —34° for H,CO (1;—1;,1). The largest
angular scale structure that our VLA D array observations are
sensitive to is about 4’.

The calibration and imaging of the radio continuum emission
were done using the Obit package (Cotton 2008); see Brunthaler
et al. (2021) for more details. For the analysis presented here,
we only used a ~200 MHz wide frequency sub-band centered at
4.9 GHz out of the 16 spectral windows. The continuum image
has a circular beam of 19”and a pixel size of 2!'5x2!’5. In order
to match the angular resolution of the continuum and line emis-
sion, we smoothed both VLA data sets to a circular beam of 25"
for our analysis.

2.3. Combination of VLA and Effelsberg data

Since the VLA D configuration data lack the short-spacing in-
formation, we combine the VLA and Effelsberg data in order
to recover the extended emission and absorption. As illustrated
in Brunthaler et al. (2021), there is no clear systematic offset
between the VLA and Effelsberg flux calibration. Hence, no
flux scaling was needed. Before the combination, we regridded
both VLA and Effelsberg H,CO data sets to the same channel
width of 0.5 kms™!. The combination was performed with the
“feather” task in CASA. The combined data have a circular beam
of 25" for both the continuum and the H,CO (1, 9—1,,;) spectral
line images, which corresponds to a linear scale of ~0.17 pc in
Cygnus X. The typical 1o noise level is about 20 mJy beam™!
(or 1.7 K in units of brightness temperatures) at a channel width
of 0.5 kms!.

5 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.

% https://science.nrao.edu/facilities/vla/
data-processing/pipeline
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We compare the VLA-only and VLA +Effelsberg combined
data toward DR22 in Fig 2. While the distributions are similar
in both data sets, it is evident that the VLA+Effelsberg com-
bined data show more extended emission and higher flux densi-
ties, which confirms that the combined data recover the missing
flux in the VLA D-configuration data. Therefore, we adopt the
VLA+Effelsberg combined data for the following analysis on
small scales.

2.4. Archival data

In order to determine the H, column density in Cygnus X, we
use the Planck 353 GHz map of the dust optical depth that
was derived by fitting the spectral energy distribution (SED)
of dust emission inferred from continuum maps ranging from
353 to 3000 GHz (Planck Collaboration et al. 2014). The con-
version factor from the 353 GHz dust optical depth to the H,
column density will be discussed in Sect. 4.2. The HPBW is
4’9. The Planck thermal dust polarization data at 353 GHz are
used to study the polarization properties of molecular clouds in
Cygnus X (Planck Collaboration et al. 2015a,b). The data are
smoothed to 10’ to achieve a signal-to-noise ratio greater than 3
in the amplitude of linear polarization. These maps are obtained
from the public Planck Legacy Archive’.

We also used '*CO (1-0) data obtained from the Five College
Radio Astronomical Observatory (FCRAO), the details being
described in Schneider et al. (2011). The HPBW is 46", and the
channel spacing is 0.066 kms~!. The typical 1o~ rms noise level
is 0.2 K per channel on an antenna temperature scale. A main
beam efficiency of 0.48 is adopted in this study.

A HI column density map was obtained from the Effelsberg-
Bonn HI Survey (EBHIS; Kerp et al. 2011; Winkel et al. 2016).
The HPBW is 10’8 at 1.420 GHz. The rms noise level is 90 mK
at a channel spacing of 1.29 kms~'.

3. Results
3.1. Widespread formaldehyde absorption
3.1.1. Overall distribution

The 4.8 GHz formaldehyde transition is typically observed in
absorption with a sample spectrum being shown in Fig. 3, where
the two velocity components at —3 kms~' and 8 kms™! arise
from the DR21 cloud and its foreground cloud associated with
W75N (e.g., Cyganowski et al. 2003; Schneider et al. 2010;
Dobashi et al. 2019), respectively. Figure 4 shows the distri-
bution of the H,CO intensity integrated over the velocity range
between —10 kms~! and 20 kms~!, at an angular resolution of
10°8. Although H,CO (1;9-1;,1) has been investigated toward
several positions in Cygnus X (e.g., Bieging et al. 1982; Henkel
et al. 1983; Piepenbrink & Wendker 1988; Yan et al. 2019), our
Effelsberg-100 m observations reveal the widespread nature of
H,CO absorption in Cygnus X for the first time. With an area
coverage of 21 square degrees, this is the largest H,CO (10—
11,1) map of the region to date.

Figure 5 shows the Effelsberg 4.89 GHz radio continuum
image overlaid with the peak H,CO absorption contours at two
different angular resolutions (i.e., 3’ and 10’8). The widespread
absorption is mainly attributed to two main structures known as
CygX-North and CygX-South (labeled in the top panel of Fig. 4)
following the nomenclature by Schneider et al. (2006, 2011).

7 http://pla.esac.esa.int/
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an HPBW of 3’. Lower left: Power spectrum of the noise image. The very high power pixels in the cross are artifacts that are caused
by the Fourier transform of the sharp image (also known as the Gibbs phenomenon). Lower right: Histogram of the rms noise
values. The mean and standard deviation values are 0.10 K and 0.01 K, respectively.
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Fig. 3. Observed H,CO (1, 9—1;,1) spectrum at an HPBW of 10’8
toward DR21 (the black solid line) overlaid with the fitted model
(the blue solid line). The two velocity components at —3 kms~!
and 8 kms~! correspond to two physically distinct velocity com-
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Figure 5 shows that the absorption toward CygX-North cov-
ers an area ~ 2° X 2°, in which several discrete absorption peaks
are superimposed on more diffuse absorption. In CygX-South,
the absorption covers a larger area with a similar diffuse mor-
phology on which more compact peaks are superimposed. The
extended absorption is more evident in Fig. 5b compared to
Fig. 5a, since the former’s larger beam size makes it much more
sensitive to extended absorption. The lowest contour in Fig. 5b
suggests a total area of approximately 4700 pc? for the detectable
H,CO (1,0 — 1) absorption.

In Fig. 5, strong H,CO absorption features coincide with
the bright radio continuum emission from (most prominently)
DR21, DR17, DR22, DR6, W69, and G078.177-00.363. This is
due to enhancements of the amplitude of absorption (in units of
main beam temperature) against the bright continuum emission.
The strongest H,CO absorption arises from the line of sight to-
ward DR21, which is largely due to the fact that DR21 is the
brightest radio continuum source in this field (see Fig. 3). This
is consistent with previous pointed observations (Piepenbrink &
Wendker 1988). However, a large amount of extended H,CO ab-
sorption features are not associated with bright compact radio
continuum sources in Fig. 5b.

3.1.2. Optical depth

Based on the radiative transfer equation in the Rayleigh-Jeans
regime, the main beam temperature, Ty, can be expressed as:

Top = fo(Tex = Tog — Te)(1 — exp(-7)) , 6]

where T, is the excitation temperature, T, is the temperature of
the cosmic microwave background radiation that is taken to be
2.73 K (e.g., Fixsen 2009), and T is the brightness temperature
of the continuum emission behind the H,CO gas, f, is the beam
dilution factor, and 7 is the optical depth.

Measurements of the HFS components of H,CO (1;0—111)
give an excitation temperature of ~1.6 K in dark clouds (e.g.,
Heiles 1973). However, this method can only be applied to
cases where the line widths are narrow enough. Our spectra are
too broad to resolve the HFS components, so we have to as-
sume excitation temperatures for our study. In addition to the

Cygnus X

HFS measurements (e.g., Heiles 1973), statistical equilibrium
calculations suggest that the excitation temperatures are typi-
cally 1.2-1.8 K in massive star-forming regions (Henkel et al.
1980; Yan et al. 2019). This suggests that the excitation tem-
perature does not change significantly in different regions, and
consequently, we assume a constant Tex of 1.6 K for our anal-
ysis (see also Sect. 4.2). If the excitation temperature varies in
the range of 1.2-2.0 K, this assumption will result in at most
25% uncertainties in the derived optical depth.

In order to estimate the H,CO optical depth, we assume that
all the observed radio continuum emission lies behind the molec-
ular gas. Hence, the observed radio continuum emission in Fig. 5
contributes to T, in Eq. 1. Because of the widespread H,CO dis-
tribution (see Sect. 3.1.1), f; is simply assumed to be unity to
estimate 7. Figure 6 shows the derived peak optical depth dis-
tribution at angular resolutions of 3’ and 10’8. The peak optical
depth values are found to be lower than unity at all locations. The
optical depths at an angular resolution of 3" are generally higher
than those at 10’8 resolution. For the angular resolution of 10’8,
all the peak optical depth values are lower than 0.4. The maxi-
mum 7 of ~0.34 is located at the region centered at [=77.877°,
b=0.865°. This suggests that H,CO (1, 0—1;,) is optically thin
at almost all locations. We also note that the optical depth would
be underestimated if only a small fraction of the radio contin-
uum emission contributes to the background emission in Eq. 1.
However, optical observations have shown that Cygnus X is seen
as a dark patch in the sky (see Fig. 1 in Schneider et al. 2006, for
instance), which suggests that most radio continuum emission
from the Hn regions should lie behind the molecular clouds.
Toward the same line of sight, the H,CO gas behind the radio
continuum emission is likely weaker than the H,CO gas in the
front, because the absorption can be enhanced against radio con-
tinuum emission. Therefore, the derived optical depths are likely
reliable.

The column density of H,CO in the upper energy level,
Ny,,.can be estimated from the optical depth using the follow-
ing formula (Eq. 30 in Mangum & Shirley 2015):

—iex hv —1_1f‘rdv
lip — 8773/112u p kTex 5

where h is the Planck constant, yy, is the dipole moment of
2.33 D (Fabricant et al. 1977), and k is the Boltzmann constant.
Assuming a constant T, of 1.6 K, Eq. (2) becomes

(@)

3

Integrating the optical depth over the velocity range from
—10 kms~' to 20 kms™', we derive the H,CO column density
in the 1, level with Eq. (3), and the results are presented in
Fig. 6¢c. The H,CO column densities range from 3 x 10'! to
9.0 x 10> cm™? with a median value of 2.9 x 10'> cm™? in
the 1, level. We note that variations in the excitation temper-
atures can affect the accuracy of the column density determina-
tion. If the expected excitation temperatures vary from 1.2-2 K,
the assumption of constant excitation temperature will lead to
an uncertainty of a factor of ~2 in the derived N;,,. Based on
the method introduced in Appendix A, we derive the total ortho-
H,CO column density to range from 8 x 10'! to 2.3 x 10" cm™
with a median value of 7.4 x 10'? cm~.

Ny, =9.45x 10" f‘r dvem™ .

3.1.3. Decomposition

The H,CO (19-1;,) transition is comprised of six HFS lines
(e.g., Tucker et al. 1971). The overlapping HFS lines might
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Fig. 4. Top: Integrated-intensity map of the Effelsberg H,CO (1;0—1;,1) absorption at an HPBW of 108. The integrated velocity
range is from —10 to 20 km s~!. The contours start at —0.4 K km s~! (507), with each subsequent contour being twice the previous one.
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MSX 8 yum image in green, and the Effelsberg 4.89 GHz continuum emission in blue.

introduce uncertainties in the fitted velocities and line widths.
We therefore performed a simulation to study the impact of
the HFS lines to test the effects. The results, which are pre-
sented in Appendix B, demonstrate that the velocity centroid de-
rived by Gaussian fitting can have an intrinsic velocity shift of
-0.12 kms~' to 0.03 kms~! and the line widths can be overesti-
mated by approximately a factor of 1.5-2.5. In order to prop-
erly decompose the HyCO spectra, we simultaneously fit six
Gaussian components to the observed spectra on the basis of
the rest frequencies and relative line strengths of the six HFS
lines (Miiller et al. 2005) using the ‘LMFIT’® python pack-

8 https://lmfit.github.io/Imfit-py/

age (Newville et al. 2014). Since most of the H,CO (1,0-1;.1)
absorption is expected to be optically thin (see discussion in
Sect. 3.1.2), the method should be valid across the whole region.
In regions with multiple velocity components, first, the bright-
est HyCO absorption component along the line of sight is fit-
ted, which is followed by fitting an additional component to the
residual if significant. We repeat this process until the peak resid-
ual absorption is no brighter than 5o-. The chosen threshold al-
lows us to avoid fit results with low confidence levels. As an ex-
ample, Figure 3 presents the two-component fitting to the spec-
trum along the line of sight toward DR21. Figure 7 shows the fit-
ted results for the complete H,CO distribution in Cygnus X cov-
ered by us. From its upper panel, it is evident that the fitted ve-
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locities are between —7 kms~! and 15 kms™'. The lower panel
of Fig. 7 suggests that the velocity dispersions are within the
range of 0.16-4.04 kms~! with a median value of 1.07 kms~!.
These are consistent with early statistical results of 34 positions
in Cygnus X (Piepenbrink & Wendker 1988).

Before investigating the velocity information, we first apply
the clustering algorithm DBSCAN? (Density-based spatial clus-
tering of applications with noise, e.g., Ester et al. 1996; Schubert
et al. 2017; Yan et al. 2020), to the fitted results (coordinates,
LSR velocities, and velocity dispersions) in order to assign the
observed absorption to different coherent cloud structures. The
algorithm requires two parameters, € and pp,. € corresponds to
the maximum distance between two samples for one to be con-
sidered as being in the neighborhood of the other, while ppni,
represents the minimum number of points required to form a co-

% https://scikit-learn.org/stable/modules/generated/
sklearn.cluster.DBSCAN.html

herent region. We use twice the number of dimensions (i.e., 4
considering that the four dimensions correspond to Galactic lon-
gitude, Galactic latitude, LSR velocity, and velocity dispersion)
of our data as pmin. The results of the clustering algorithm de-
pend sensitively on €, with higher values of € leading to more ex-
tended cloud structures (see discussions in Appendix C). Since
we only intend to study extended cloud structures that are well
resolved at an angular resolution of 10’8, we manually increase
€ to 0.25 (see discussions in Appendix C). Consequently, we de-
tect eight coherent and extended cloud structures that are well re-
solved at the angular resolution of 10’8, the results being shown
in Fig. 8. The cloud structures, labelled A to H cover areas of 51—
1055 pc? with cloud E in CygX-South being the most extended
and coherent cloud structure.

In Fig. 8, three cloud structures (i.e., A, F, H) overlap
each other along the line of sight in CygX-North, while two
cloud structures (i.e., E, G) overlap along the line of sight to-
ward CygX-South. In CygX-North, the three cloud structures
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are characterized by LSR velocities of —3 kms™!, 5 kms™', et al. 2003; Schneider et al. 2010; Dobashi et al. 2019), the
and 8 kms~!. Based on previous studies (e.g., Cyganowski —3 kms~! component (i.e., H) mainly stems from the molec-
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ular gas associated with DR21, while the 8 km s~ component
(i.e., F) arises from the W75N component in front of molecular
clouds associated with DR21. Previous studies suggest that the
interaction between the two components may trigger massive
star formation in this region (e.g., Dickel et al. 1978; Dobashi

10

et al. 2019). The 5 kms~! cloud (i.e., A) is connected to clouds
F and H in both spatial and velocity spaces, which implies that
cloud F is also interacting with the other two clouds. Toward
CygX-South, clouds E and G also overlap along the line of sight
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although we do not see signatures of massive star formation at
the intersection.

The fitted LSR velocity centroids appear to show ordered
velocity gradients, and these gradients will be further discussed
in Sect. 4.4. Figure 9 presents the statistics of the velocity dis-
persions for the eight cloud structures that have a median value
of 1.04 kms~!. The observed velocity dispersions, oy, consist
of contributions from thermal and non-thermal motions, o; and
Ont-

o= o2+ @)

The thermal velocity dispersion can be estimated from the fol-
lowing relation:

Oy = k_71k ’ (5)
N m;

where k is the Boltzmann constant, Ty is the kinetic temperature,
m; is the mass of the molecule (e.g., m; =30 for H,CO). Since
molecular clouds have typical kinetic temperatures of 10 K, the
characteristic thermal velocity dispersion is 0.05 kms~'. As is
evident from Fig. 9, the observed velocity dispersions are much
higher than 0.05 kms™!, suggesting that the molecular gas in
Cygnus X is dominated by non-thermal motions on a 4.4 pc (i.e.,
10:8) scale. The Mach number is defined as

M=on/cs, (6)

where c is the sound speed of molecular gas. ¢, is 0.19 kms™! at
Tx=10 K where the mean molecular weight is taken to be 2.37
(Kauffmann et al. 2008). Figure 9 suggests that most of the
molecular gas traced by H,CO absorption has M > 2, which is
indicative of nearly ubiquitous supersonic motions in Cygnus X.

The minimum Mach number could be slightly overestimated
because of the spectral dilution. Our minimum velocity disper-
sion is about 0.5 kms~! which corresponds to a Gaussian line
width of ~1.2 kms~!. Taking the spectral dilution caused by the
0.5 kms~! channel into account, the broadening line width be-
comes 1.3 kms~!, which indicates about 8% broader than the
intrinsic value. Therefore, the spectral dilution does not play a
crucial role.

3.2. Formaldehyde absorption on small scales

Our GLOSTAR VLA D array observations provide the first un-
biased H,CO (1;9—1;,1) absorption survey toward Cygnus X on
a scale of ~ 0.17 pc. This has led to the robust detection (> 50)
of H,CO (1,9 — 1;,;) absorption toward three compact radio
continuum sources, DR21, DR22, and G76.1883+0.0973 (also
known as IRAS 20220+3728), which are known to be Hi re-
gions (e.g., Gregory & Condon 1991; Kurtz et al. 1994; Motte
et al. 2007). The sparse number of absorption detections toward
compact sources is mainly attributed to our sensitivity — given
our 1o sensitivity of about 0.02 Jy beam™! (or 1.7 K) at a chan-
nel width of 0.5 kms~!, only strong absorption features can be
detected by our observations.

As shown in Fig. 10, these bright H,CO (1;-1;) absorp-
tion distributions match the distributions of the 4.9 GHz radio
continuum emission, which strongly supports that these features
are due to absorption of continuum emission (as opposed to the
CMB). DR21, DR22, and G76.1883+0.0973 are well known
massive star formation regions (e.g., Motte et al. 2007; Ortiz-
Leodn et al. 2021). Therefore, all the absorption features detected
by the high angular resolution data are in the direction of mas-
sive star forming regions.

Asis evident in Fig. 10a, the spectrum toward DR21 exhibits
two velocity components at —3 km s~ and 8 km s~!. Their distri-
butions show that both components are against the radio contin-
uum emission of DR21 (see Fig. 10b). The —3 km s~! component
has a higher optical depth than the 8 kms~! component, which
can explain the fact that the 8 kms~' component was not de-
tected by previous NHj (1,1) and 6.7 GHz methanol line ob-
servations (Cyganowski et al. 2003; Ortiz-Leén et al. 2021).
The —3 km s~ component was also detected in absorption in the
1667 MHz OH and 6.7 GHz CH3OH lines (see Fig. 8 in Ortiz-
Ledn et al. 2021), but the blueshifted wing-like features detected
in the 1667 MHz OH and 6.7 GHz CH;OH lines are absent in
H>CO (11,0-11,1).

In Fig. 10, we also compare the H,CO (1,9-1;,;) LSR ve-
locities with the LSR velocities of the three Hu regions derived
from radio recombination line (RRL) observations at a similar
angular resolution (Khan et al. in prep). The velocity differences

11
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are 0.5+ 0.3kms !, 15.5 0.2 kms™!, and 5.2 + 0.8 kms~! for
DR21, DR22, and G76.1883+0.0973, respectively. We find that
the molecular gas is redshifted with respect to the RRL veloci-
ties at least toward DR22 and G76.1883+0.0973. The presence
of H,CO (1;0—1,,;1) absorption suggests that the molecular gas
lies in front of the Hu regions. The large velocity differences in-
dicate that the molecular gas is likely not associated with the
ionized gas for the two Hu regions.

Following the same method used in Sect. 3.1.2, we also de-
rived the H,CO optical depths in the VLA data (see Figure 10).
All the derived optical depth values are lower than 0.8. Among
the detections, the line of sight toward G76.1883+0.0973 has
the highest optical depth of ~ 0.7. It is worth noting that
G76.1883+0.0973 does not reside in the bright cloud struc-

12

tures of CygX-North and CygX-South (see Fig. 5). We also de-
rive the H,CO column densities in the 1, level, which range
from 4.2 x 102 to 7.3 x 103 cm™? with a median value of
6.8x 102 cm™2.

In order to study the kinematics, we also perform a decompo-
sition of the VLA +Effelsberg data as in Sect. 3.1.3. Because two
velocity components at —3 kms~! and 8 kms~! are evident to-
ward DR21 in Fig. 10, we investigate them separately. Figure 11
shows a histogram of the velocity dispersions for the four com-
ponents in the three regions. The distributions have mean values
of 1.61 kms™!, 0.91 kms™!, 0.68 kms™!, and 0.60 kms™! for
the —3 kms~! component of DR21, the 8 kms~' component
of DR21, DR22, and G76.1883+0.0973, respectively. Based
on previous ammonia observations, Kinetic temperatures range
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Fig. 10. Top: Observed H,CO (1, 9—1,,1) spectra of DR21 (a), DR22 (c), and G76.1883+0.0973 (e) overlaid on the fit results indi-
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vertical lines represent the LSR velocities of the Hu regions obtained from the radio recombination line measurements (Khan et al.
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from 17 — 28 K around DR21 and DR22 (Keown et al. 2019),
which corresponds to thermal H,CO velocity dispersions of
0.07-0.09 kms~!. It is evident that the observed velocity disper-
sions are much higher than what is expected from thermal mo-
tion. Hence, they are dominated by non-thermal motion (i.e., tur-
bulence). Furthermore, the —3 kms™! component toward DR21
appears to have higher velocity dispersions than the other re-
gions by a factor of ~ 2, and is thus more turbulent. It is worth
noting that the —3 kms~!' component toward DR21 appears to
be the only component associated with an Hi region. In order to
estimate Mach numbers, we use a kinetic temperature of 20 K
as a fiducial case (i.e., ¢, = 0.26 kms™!). Figure 11 suggests
that most of detected H,CO absorption has Mach numbers of
> 2, indicating that supersonic turbulence commonly exists in
Cygnus X on scales of 0.17 pc (statistical results on the 4.4 pc
scale are presented in Sect. 3.1.3).

3.3. Nondetections

Although our Effelsberg observations also cover the H?CO
(110—11,1) line, it is not detected in the Cygnus X region. At the
HPBW of 3’ and the channel width of 2.5 kms~!, the 1o~ noise
levels range from 0.02 K to 0.14 K with a median value of 0.06
K. Based on Eq. 1, we obtain a 30~ upper limit of 0.18 K at the
position of the peak continuum emission position (7.=29.7 K,
i.e., DR21), which corresponds to an upper limit of 0.006 for the
optical depth. Previous observations have detected H}*CO (10—
1,,1) absorption toward DR21 (Wilson et al. 1976; Henkel et al.
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Fig. 11. Histogram of the observed velocity dispersions derived
from the VLA+Effelsberg combined H,CO data. The black and
blue vertical dashed lines represent the thermal velocity disper-
sion of H,CO and twice the sonic speed at a kinetic temperature
of 20 K, respectively.
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1980; Yan et al. 2019), but with intensities that correspond to
signals that are below our detection limit.

H,CO (1,9-1;,;) masers are known to be associated with
massive star formation in our Galaxy (e.g., Araya et al. 2004),
but these masers have only been detected in 11 massive star
forming regions of the Milky Way to date (Forster et al. 1980;
Whiteoak & Gardner 1983; Pratap et al. 1994; Araya et al. 2004,
2007, 2008; Ginsburg et al. 2015b; Chen et al. 2017; Lu et al.
2019; McCarthy et al. 2022). With both our Effelsberg-100 m
and VLA observations, we did not detect any H,CO maser in
Cygnus X. The 30 upper limits for the masers are ~ 0.09-0.3 Jy
at a channel width of 0.19 kms~! for the Effelsberg observations
and ~0.07 Jy at a channel width of 0.25 kms~! for the VLA D-
configuration observations.

4. Discussion
4.1. Absorbed photons on different scales

As mentioned in Section 1.1, the H,CO (1,9-1; ) line can be
seen in absorption both against radio continuum sources and the
CMB. Given the extent of bright radio continuum emission in
Cygnus X, it is not well known as to which source plays the
dominant role as a background for absorption on different scales.
In order to address this question, we investigate the relationship
between the peak intensities of H,CO absorption and the bright-
ness temperatures of the 4.9 GHz radio continuum emission.

For our GLOSTAR VLA-+Effelsberg results on a scale of
~0.17 pc, all the detected absorption features are against bright
continuum sources with brightness temperatures > 20 K (see
Sect. 3.2), suggesting that they are caused by absorption of pho-
tons mainly from the Hu regions rather than the CMB. At the
sensitivity limit of our observations, we cannot estimate the rel-
ative importance of radio continuum and the CMB for weak ab-
sorption features on this scale.

We further carry out a pixel-by-pixel comparison between
the peak intensities of H,CO absorption and the brightness
temperatures of the 4.9 GHz radio continuum emission of the
Effelsberg data, in which only the peak intensities of H,CO ab-
sorption with at least 5o are taken into account. The results for
two large scales (3" and 108, i.e., 1.2 pc and 4.4 pc) are shown in
Fig. 12. As mentioned above, Figure 12a is dominated more by
compact sources at the high intensity end, and the points in the
diagonal line arise from DR21. In contrast, Figure 12b shows
the relationship for the extended H,CO absorption features. In
both panels, we find that a significant fraction of the Galactic
4.9 GHz continuum emission has brightness temperatures that
are lower than the CMB (2.73 K, e.g., Fixsen 2009). Especially
for the extended H,CO absorption (see Fig. 12b), about 97% of
points have Galactic 4.9 GHz radio continuum emission bright-
ness temperatures <2.73 K. We also find that 9.1% and 0.6%
of the H,CO absorption dips can be greater than the Galactic
radio continuum temperature in Fig. 5c at the 10~ and 30 signifi-
cance levels, respectively. Such extreme cases are seen at around
[=77.877°, b=0.865°. This unambiguously attributes the absorp-
tion primarily to the CMB. Overall, we expect that absorption of
CMB photons contributes to extended H,CO absorption features
in addition to radio continuum emission.

4.2. Formaldehyde abundance

Based on the derived total column density of ortho-H,CO (see
Sect. 3.1.2 and Appendix A), we can estimate its molecular frac-
tional abundance with respect to H,. Assuming, as usual, that
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Fig. 12. Comparison between the peak intensities of H,CO ab-
sorption and the temperatures of the 4.89 GHz radio continuum
emission at an angular resolution of 3’ (a) and 10’8 (b). All data
points have signal-to-noise ratios of >5. In both panels, the red
dashed line represents the CMB temperature of 2.73 K. (c) Same
as panel (a) but zoomed into a narrower intensity range. The
panel in the lower right corner is the same as Fig. 5a but zoomed
into the region where the absorption dip is greater than the radio
continuum temperature. In panels (b) and (c), the orange dashed
line marks the equality between H,CO peak absorption and ra-
dio continuum temperature. In all panels, the error bars represent
a 1o uncertainty.

the dust emission traces the H, column density (Goodman et al.
2009), we use the Planck 353 GHz map of the dust optical depth
(Planck Collaboration et al. 2014) and the HI column density
map from the Effelsberg-Bonn HI survey (EHBIS) (Winkel et al.
2016) to estimate the H, column densities in this study. The dust
optical depth at 353 GHz, 7353 consists of contributions from
both molecular (H,) and atomic gas (HI). The column density of
atomic gas, Ny, is related to 7353 by Nygp = 8.3 X 1027353 cm ™2
(Planck Collaboration et al. 2014). Comparing the EHBIS HI
column densities and the 7353-based HI column densities, we
find that HI contributes to at least 26% of the dust-based HI col-
umn densities for pixels with the detection of H,CO absorption.
Thus, the HI column density needs to be subtracted from the
dust-based HI column density to calculate the H, column den-
sity which is determined as Ny, = 0.5(8.3x 10%7353—Npgp) cm ™2,
where Ny is based on the EBHIS HI column density map. All
images are convolved to 10’8 to calculate the H, column densi-
ties and the ortho-H,CO fractional abundance.

Figure 13a presents a comparison between the derived H,
column densities and the ortho-H,CO column densities. It is ex-
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pected that the ortho-H,CO column density increases with in-
creasing H, column density, and the Pearson correlation coef-
ficient is 0.49. The molecular fractional abundances are found
to range from 1.4x107'% to 1.6x107° with a median value of
6.9%x10719 on a scale of 4.4 pc. On the other hand, the fractional
abundances of ortho-H,CO appear to be unaffected by the H,
column densities on this scale, because the Pearson correlation
coeflicient between the ortho-H,CO fractional abundances and
the H, column densities is only —0.17.
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Fig. 13. (a) H, column density as a function of the ortho-H,CO
column density. The three lines represent the fractional abun-
dances of 2 x 1071%, 7 x 107'°, and 2 x 107, respectively. (b)
Statistic histogram of the ortho-H,CO abundance. The red line
represents the Gaussian fit to the histogram.

As shown in Figure 13b, the histogram of the ortho-H,CO
abundances displays a Gaussian-like behavior in the logarithmic
space. We perform a Gaussian fit to the histogram, which re-
sults in a mean abundance of 7.0x10~'° with a dispersion of
0.15 dex (i.e., 107>19*015) Our values are roughly consistent
with the ortho-H,CO abundances in the Galactic center and the
W51 complex (Guesten & Henkel 1983; Ginsburg et al. 2015a).
This suggests that the abundances do not vary significantly for
the different environments on the cloud scale. This also agrees
with previous para-H,CO studies that the fractional abundance
of H,CO is rather stable and the variation is usually within an

order of magnitude in different environments (e.g., Gerner et al.
2014; Zhu et al. 2020; Tang et al. 2021).

4.3. Comparison with other tracers

In order to compare the distribution of H,CO with that of other
tracers including the 353 GHz dust optical depth, Hi column den-
sity and the '*CO (1-0) line, we use the integrated optical depth
maps rather than the integrated intensity map since the column
density of H,CO is directly related to the optical depth. The dif-
ferent data sets were convolved to a common angular resolution
of 10’8 and projected onto the same grid as the H,CO absorp-
tion. Figure 14 shows the comparison between the distribution
of different tracers at the same angular resolution of 10’8.

We use the structural similarity index (SSI'?) to quantify the
similarity between the distributions of different tracers (Wang
et al. 2004). The SSI has a value between —1 and 1, where an
SSI of 1 implies perfect similarity, an SSI of 0 implies no simi-
larity, and an SSI of —1 implies a perfect anti-correlation. Before
making this comparison, we perform the quantile transformer of
our data to make sure that the pixel values follow the Gaussian
distribution. The SSI is then estimated for different pairs of trac-
ers. We find that the comparison between H,CO and 13Co (1-0)
results in an SSI of 0.38, higher than found for the other two pairs
(the SSI for each pair is shown in the lower left corner in Fig. 14).
The results show that the best overall morphological agreement
is between H,CO (1,0-1;) and 13CO (1-0). In contrast, the
distribution of 7353 is more extended, while that of Ny is even
more extended and often uncorrelated with both H,CO (1, 9—
11.1) and '3CO (1-0). This strongly suggests that our Effelsberg
data of the H,CO (1, 0—1;,1) absorption traces the bulk of molec-
ular gas, also seen in 13CO (1-0) emission (their relationship is
further investigated in Appendix D).

Previous observations have suggested that H,CO can exist in
diffuse and translucent molecular clouds (e.g., Nash 1990; Liszt
& Lucas 1995; Menten & Reid 1996; Snow & McCall 2006;
Liszt et al. 2006). Hence, H,CO (1,0—1;,1) can potentially be
used to investigate the so-called “CO-dark” molecular gas (e.g.,
Grenier et al. 2005; Wolfire et al. 2010). However, our survey
data appear to only trace molecular gas seen in '*CO (1-0).
Previous observations suggest that the “CO-dark” molecular gas
is prevalent over the visual extinction range 0.4 < Ay < 2.5
(Planck Collaboration et al. 2011), while numerical simulations
indicate that the “CO-dark” molecular gas can be present in
gas with Ay < 5 (Seifried et al. 2020a). Given our sensitiv-
ity, our H,CO (1;-1,,;) observations can only probe molecular
gas with H, column densities > 5 x 10?! cm™ (i.e., Ay 2 5)
in Cygnus X (see Fig. 13). We also stacked the H,CO spectra
for regions where 13CO (1-0) integrated intensities are lower
than 0.15 K kms™' (30), but H,CO absorption is not detected
in the stacked spectrum. Therefore, we conclude that our obser-
vations do not reach the regime of the “CO-dark” molecular gas,
and more sensitive observations are needed to address whether
H,CO (1,,0—11,1) can trace the “CO-dark” molecular gas or not.

4.4. Local velocity gradient

The distribution of velocity centroids seems to show ordered
LSR velocity gradients rather than random motions. To study the
LSR velocity gradients within the individual cloud structures, we

10 https://scikit-image.org/docs/dev/auto_examples/
transform/plot_ssim.html
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follow the definition of the local velocity gradients, Vv, given by  where vy, is the observed velocity centroid; vy is the systemic
Goodman et al. (1993): velocity centroid; Al and Ab are the offsets in the Galactic lon-
U = 00 + XAL+ yAD ) gitude and latitude; x and y are the components of Vv along the
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directions of the Galactic longitude and latitude. The magnitude

of the local velocity gradient is defined as [Vo| = /x2 + y2. The
position angle is 6., arctan(x/y), and 6 increases counter-
clockwise with respect to the Galactic northern direction. In
order to derive the Vv distribution, we fit Eq. 7 using the
Levenberg—Marquardt algorithm toward each block of 3 x 3 pix-
els (e.g., Gong et al. 2021).

Figure 15 shows the derived Vo distribution of cloud E, and
the results for the other cloud structures are presented in Fig. E.1
of Appendix E. The magnitude |Vu| lies in the range from O to
2.38 kms~! pc™! with a median value of 0.14 kms~! pc~!. More
than 80% of the |Vu| values are lower than 0.3 kms™! pc™!. The
high [Vu| values mainly arise from two cloud structures (clouds A
and H) close to DR21 (see also Fig. E.1). The velocity gradients
toward DR21 are believed to be caused by cloud-cloud collisions
(Dickel et al. 1978). Furthermore, these plots confirm the pres-
ence of anisotropic velocity fields at least in parts of clouds on
the large scale of 4.4 pc.

Since gravity and turbulence can also affect the relative ori-
entations between local velocity gradients and magnetic fields,
we use the alignment measure (AM) to further investigate their
relationship. Following previous studies (e.g., Lazarian & Yuen
2018; Liu et al. 2022), AM is defined as:

AM = (cos(2¢)), ®)
where ¢ is the relative orientation between local velocity gradi-
ents and magnetic fields in the range of 0°-90°. AM has a value
between —1 and 1, where AM = —1 implies perpendicular and
AM = 1 implies parallel alignment.

Figure 16 presents AM as a function of velocity dispersion
and H; column density on the 4.4 pc scale. In Fig. 16a, AM ap-
pears to be uncorrelated with velocity dispersion. This is differ-
ent from previous study on the Taurus cloud where strongly par-
allel or perpendicular alignments are restricted to regions with
low levels of turbulence (Heyer et al. 2020). This is because
Cygnus X is more turbulent than the Taurus cloud and the corre-
lation is weak in case of strong turbulence (Gonzdlez-Casanova
& Lazarian 2017; Lazarian & Yuen 2018).

Figure 16b shows that AM tends to be more parallel at high
H, column densities of > 1.8 x 10?> cm™2. In high-density
regions, in which gravity becomes dominant, molecular gas
tends to flow along magnetic field lines because of the resist-
ing Lorentz force in the perpendicular direction (e.g., Li et al.
2014). Our observations thus support that gas motions are chan-
neled by gravity and magnetic fields in Cygnus X when the H,
column densities are > 1.8 x 10*> cm™2 on the 4.4 pc scale.
The critical H, column density for the transition from being per-
pendicular to being parallel appears to be higher than the val-
ues (10217215 cm~2) predicted by previous simulations (Seifried
et al. 2020b). However, the plane-of-sky magnetic field strengths
in the ambient gas surrounding DR21 have been estimated to be
~0.1 mG (Ching et al. 2022), which is much higher than the val-
ues (< 10 uG) adopted in the simulations (Seifried et al. 2020b).
The critical Hy column density should depend on the mag-
netic field strength (e.g., Li et al. 2014; Seifried et al. 2020b).
Therefore, the higher critical Hy column density in Cygnus X
can be explained by its stronger magnetic fields.

4.5. Comparison of multi-scale motions

Molecular clouds are known to show hierarchical structures
(e.g., Rosolowsky et al. 2008). However, the connection between
the large-scale and small scale structures is not well established.

Cygnus X

Our Effelsberg and VLA observations allow us to study the rela-
tionship between the large-scale and small scale properties.

Since H,CO absorption is only detected toward three bright
Hu regions (i.e., DR21, DR22, and G76.1883+0.0973) by our
high angular resolution observations, we therefore can only
meaningfully compare the gas properties toward these regions
on different scales. Figure 17 shows the comparison of the de-
rived velocity dispersions on different scales. According to the
classical turbulence cascade theory (e.g., Elmegreen & Scalo
2004; Scalo & Elmegreen 2004) and previous observational
studies (e.g., Larson 1981; Qian et al. 2012; Schuller et al.
2017), gas motions should decrease toward small scales. Our
observations are in agreement with this scenario except for the
-3 kms~! component of DR21, which has nearly identical ve-
locity dispersions on different scales (0.17—4.4 pc). This contra-
dicts the expected behavior of this classic turbulence, which is
thought to be externally driven on large scales of =10 pc with tur-
bulent energy cascading down to small scales (e.g., Elmegreen
& Scalo 2004; Scalo & Elmegreen 2004).

In order to explain this behavior, we speculate that the fact
that we find nearly identical velocity dispersions on different
scales indicates that the turbulence in the DR21 region is driven
on scales <4.4 pc. Previous studies have proposed cloud—cloud
collisions between the —3 kms~!and 8 kms™' components of
DR21 (Dickel et al. 1978; Dobashi et al. 2019), which can
drive the additional turbulence. If the small-scale turbulence
is due to a cloud—cloud collision, we expect to see an en-
hancement of turbulent motions in both velocity components.
However, the 8 kms™! component seems to follow the turbu-
lence cascade picture (see Fig. 17). Instead, the additional tur-
bulence in the —3 kms~! component can be induced by lo-
cally convergent flows that result from self-gravity (Schneider
et al. 2010). Theoretical studies also suggest that the shal-
lower relation between velocity dispersion and linear scales
is indicative of gravitational collapse (e.g., Murray & Chang
2015; Vazquez-Semadeni et al. 2019). Alternatively, the ad-
ditional turbulence can be driven by the powerful protostel-
lar outflow in the region. DR21 is known to host one of the
most powerful outflows in Cygnus X, whose lobes extend over
~1.6 pc (Garden & Carlstrom 1992, Skretas et al. in prep).
Because the —3 kms~! component of DR21 is physically as-
sociated with the molecular outflow, the outflow-driven turbu-
lence can affect nearly all the physical scales probed in Fig. 17.
While molecular outflows may also exist close to DR22 and
G76.1883+0.0973 (e.g., Shepherd & Churchwell 1996; Skretas
& Kiristensen 2022), these may be too weak to drive additional
turbulence comparable to that toward DR21. Another possible
source of turbulence could come from the associated Hu re-
gions. As shown in Sect. 3.2, the comparison between RRL and
H,CO velocity suggests that the —3 km s~' component of DR21
is likely the only molecular gas that is associated with Hu re-
gions. Hence, the feedback of Hu regions could also lead to
the difference behavior of the —3 kms~! component of DR21.
Therefore, we suggest that the nearly identical velocity disper-
sions toward the —3 kms~™! component of DR21 on different
scales can be caused by internally driven turbulence from con-
vergent flows, YSO outflows, and Hu regions.

We also note that our H,CO absorption measurements probe
all of the gas along the line of sight. The probed lengths along
the line of sight are completely unknown, which could bias the
representative scales in Fig. 17.
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5. Summary and conclusion

As part of the GLOSTAR survey project, we carried out
Effelsberg and VLA observations toward the Cygnus X region to
study multi-scale structure properties of its molecular gas. The
main findings are summarized as follows:

1.

18

Our Effelsberg observations reveal widespread H,CO
(110 — 1y,;) absorption with a typical spatial extent of
250 pc in Cygnus X. Most of the observed H,CO absorp-
tion is optically thin. Based on a decomposition of the
spectra to a scale of 4.4 pc and the DBSCAN clustering
method, we assign the observed H,CO absorption into eight
velocity-coherent cloud structures which are dominated by

2.

3.

supersonic turbulent motions.

The GLOSTAR VLA-+Effelsberg combined data result in
the robust detection of H,CO (1, — 1,,;) absorption toward
three Hu regions (i.e., DR21, DR22, and G76.1883+0.0973).
The observed velocity dispersions suggest that supersonic
turbulence commonly exists in the three Hu regions on the
0.17 pc scale.

While the compact absorption features are mainly due to ab-
sorption against the radio continuum in Cygnus X, extended
absorption features are also seen where the radio continuum
is weak. This suggests a non-negligible contribution of
the cosmic microwave background in producing extended



Gong et al.: Cygnus X

angular size (")
102

10! .
T : ;
il ---- Taurus |
........ Larso
DR21@-3km/s
2.00F ; " |
DR21@8km/s
f DR22@7km/s
M I G76@0.5km/s |
—~1.50} _
Im
é - P
S p
1.00f+ , |
0.75F ’ _
0.50 _—_____::.‘. e |
025F. ., o o

10° 10!
Linear scale (pc)
Fig. 17. Velocity dispersions of H,CO (1;9—1) as a function
of different linear scales toward the targeted sources. The clas-
sic Larson relation is indicated by the black dotted line (Larson
1981), while the relation between the velocity dispersion and lin-

ear scales in the Taurus molecular cloud is shown by the black
dashed line (Qian et al. 2012).

absorption features in Cygnus X.

4. On a large scale, our comparison of different tracers shows
a high degree of similarity in the distributions of the H,CO
(10 — 11,1) absorption and 13CO (1-0) emission, indicating
that H,CO (1,0—11,1) can trace the bulk of the molecular
gas seen in '3CO (1-0). Making use of the Planck 353 GHz
dust optical depth map, Hi column density map, and our
H,CO observations, we find that H,CO (1, —1;,;) can trace
molecular gas with H, column densities of 2 5 x 10! cm™
(i.e., Ay = 5) and the ortho-H,CO fractional abundances
with respect to H, has a mean abundance of 7.0x107'° with
a dispersion of 0.15 dex (i.e., 1072-16+0:15),

5. Local velocity gradients are investigated on scales of 4.4 pc
and 0.17 pc. On a 4.4 pc scale, most of the magnitudes of
the local velocity gradients are as low as <0.3 kms™' pc~!.
We find that the relative orientation between local velocity
gradient and magnetic field tends to be more parallel at H;
column densities of >1.8x10% cm™2, which could be caused
by the scenario that gas motions are channeled by magnetic
fields.

6. Multi-scale comparisons of velocity dispersions show that
the —3 kms~! component of DR21 has nearly identical ve-
locity dispersions on scales of 0.17-4.4 pc, which might de-
viate from the expected behavior of classic turbulence. This
could be caused by internally driven turbulence from conver-
gent flows, YSO outflows, and Hu regions.

Our GLOSTAR observations reveal widespread H,CO
(1,0—1y,;) absorption and pinpoint the bright absorption regions
in Cygnus X, demonstrating that the GLOSTAR data can probe
the H,CO (1, — 1;,1) absorption on cloud (24 pc) down to core
(~0.17 pc) scales. Follow-up H,CO (2, | — 2, ,) observations of

regions showing appreciable H,CO (1,9 — 1;,;) absorption will
allow for determinations of the density distributions of the cov-
ered molecular clouds.
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Appendix A: Total formaldehyde column density

Because of an unusual collisional pumping process, the level
populations of ortho-H,CO corresponding to the 1;9—1;; tran-
sition often deviate from what is expected under conditions of
local thermodynamic equilibrium (LTE). Hence, we do not de-
rive the total ortho H,CO column density from observations of
this single line under the assumption of LTE. Instead, we use
the following approach. First, we explore the level populations
of ortho H,CO for a range of physical conditions (that can be
expected on scales > 4.4 pc) using a standard non-LTE radia-
tive transfer model, and determine the fractional population in
the 1, level. We then determine the total ortho H,CO column
density by scaling the column density in the 1} level by a fac-
tor at fiducial values of the physical conditions in the Cygnus X
region.

In order to investigate the level populations of ortho H,CO,
we make use of the non-LTE RADEX!” code (van der Tak
et al. 2007). The molecular data of ortho-H,CO are obtained
from the Leiden Atomic and Molecular Database (LAMDA!8;
Schoier et al. 2005), where the energy levels, transition frequen-
cies and Einstein A coefficients are taken from the CDMS cat-
alog (Miiller et al. 2005; Endres et al. 2016) and the collisional
rates are taken from Wiesenfeld & Faure (2013). A total of 40
energy levels are considered in our calculations. Based on the
previous temperature measurements toward Cygnus X (Keown
et al. 2019; Cao et al. 2019), most of the molecular gas lies
in the kinetic temperature range of 10-30 K. Hence, we per-
form our calculations at kinetic temperatures ranging from 5 K
to 30 K with a step size of 1 K. Because previous observations
have shown H, number densities of 500—5000 cm™ on a scale of
>0.3 pc (e.g., Nishimura et al. 2015), we expect that the H, num-
ber density range of 10>~10* cm™ on a scale of 4.4 pc should be
suitable for our cases. Therefore, the H, number density, in units
of cm™3, is varied logarithmically, with log[n(H,)] from 2 to 4
with a step size of 0.1. The ortho-to-para ratio of Hj is fixed to
be 0.25 according to previous studies (e.g., Neufeld et al. 2006).
For the specific column density (defined as the ratio between the
column density and line width), we adopt a range from 1 x 10'2
em™? (kms )T to1x 10" cm™? (kms™!)~!.

Figures A.la—A.1b present the modeling results of the frac-
tional population of the 1, level. The modeling results suggest
that the population in the 1, level accounts for 34.2%—41.9%
of the total population within the specific column density range
of 1 x 102 ecm™2-1 x 103 cm™2 (kms~")~!. This shows that the

17 https://home.strw.leidenuniv.nl/~moldata/radex.
html
8 https://home.strw.leidenuniv.nl/~moldata/
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fractional population does not change significantly for the range
of physical conditions expected in Cygnus X. Furthermore, the
modeling results show that the excitation temperatures range
from 0.7 to 2.3 K (see Fig. A.1c-A.1d), which suggests that
adopting an excitation temperature of 1.6 K (see Section 3.1.2)
is a reasonable assumption.

To determine the total H,CO column density, we adopt a ki-
netic temperature of 10 K, and H; density of 10°cm™3,and a spe-
cific H,CO column density of 5%10'2 cm™2 (kms™))~! as fidu-
cial physical conditions in Cygnus X on a scale of ~ 4.4 pc. For
these parameters, the fractional column density of H,CO in the
11 level is = 0.39. Adopting this ratio and using Eq. 3, the total
ortho H,CO column density can be simply estimated by scaling
the integrated optical depths of the H,CO (1, 9—1;) line:

Northo-t,co = 2.41 x 10" f rdvcm™2 . (A.1)

We also note that adopting a constant ratio of 39% implies at
most an additional ~ 13% uncertainty in the derived column den-
sities. We conclude that Eq. (A.1) can provide a reasonable es-
timate of the total ortho-H,CO column density when only the
single transition HyCO (1;—111) is observed.

Appendix B: Overlap effects of the hyperfine
structure lines of H,CO (1,0-1;)

The H,CO (1,9-1,,;) transition is known to have six HFS lines
(e.g., Tucker et al. 1971), which overlap on account of line
broadening. This can bias the measurements of the line widths
and velocity centroids. In order to study the overlap effects of
the HFS lines of H,CO (1;9-1,,;), we follow the method intro-
duced in Appendix D of Gong et al. (2021). We specify the rest
frequencies and relative line strengths of the six HFS lines based
on the CDMS (Miiller et al. 2005). For the fiducial case, we as-
sume an excitation temperature, T, of 1.6 K, the microwave
background radiation temperature, Ty, to be 2.73 K, that no
continuum emission arises from behind the H,CO-bearing gas
(i.e. T, =0 K), and the systemic LSR velocity, vy, to be 0 km s7L
These parameters will not affect the velocity information of syn-
thetic spectral line profiles, but only affect the amplitude of syn-
thetic spectra. The peak optical depths can vary within the range
of 0-0.5 (see Fig. 6). We use different peak optical depths, 7,
and velocity dispersion, o7, to create synthetic spectra to test the
overlapping effects.

Figure B.1 presents two synthetic spectra for different val-
ues of velocity dispersion. It is evident that the absorption in-
tensity still peaks at v, ~0 kms~! for a low velocity dispersion
(see Fig. B.1a), but shifts to the blueshifted side at a higher ve-
locity dispersion (see Fig. B.1b). For large velocity dispersions,
the F=1-0 line can create a redshifted wing-like profile which
should not be misinterpreted as an indication of molecular out-
flows (see Fig. B.1b).

We also note that these profiles deviate from the typical
Gaussian profile. Especially when the synthetic spectral line pro-
files are fit with the Gaussian function to derive the observed
parameters, the derived velocity centroids and line widths can
deviate from their true values. In order to understand this ef-
fect, we adopt different velocity dispersions from 0.1 kms™ to
1 kms~! with a step of 0.1 kms™"and different peak optical
depths from 0.1 to 1 with a step of 0.1. The deviation is char-
acterised by the velocity difference, vg — vy, and the ratio of ve-
locity dispersions, og/0, where vg and o are the fit velocity
centroid and dispersion obtained from Gaussian fitting. In order
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Fig. A.1. RADEX calculations of the fractional population of the 1, o level (top panels) and excitation temperatures (bottom panels).
The left panels and right panels correspond to the two different specific column densities of 1 x 10> cm=2 (kms~!)~! and 1 x 10?

cm™? (kms™")7!, respectively.

to reduce the broadening effects caused by the F=1-0 line (see
Fig. B.1), we only perform the Gaussian fit to the spectra within
the velocity range from —2 kms~'to 1 kms~'. The results are
shown in Fig. B.2. The results demonstrate that both vg — vy
and og/o are largely regulated by velocity dispersions. When
00=0.3-0.4 km ™!, vg—uvp can be as large as 0.1 km s~'. On the
other hand, og/0o increases with decreasing o with the high-
est ratio of >2 at 09=0.1 kms~'. Therefore, these overlapping
effects should not be neglected in studying the kinematics with
this transition.

We also note that H,CO (1;9-1,,) is typically not in LTE,
which can lead to the line ratios of HFS lines being different
from what is expected under LTE. However, the available colli-
sional rate coefficients do not include the HFS lines (Wiesenfeld
& Faure 2013), and non-LTE effects for the HFS lines are be-
yond the scope of this work.

Appendix C: Parameterizing DBSCAN

Since the clustering results of the DBSCAN algorithm depend
on €, we study the influences of the varied € on the clustering re-
sults here. We run the algorithm with different values of € to in-
vestigate the clustering results. As in Sect. 3.1.3, we discard the
clustering structures with areas of less than three beams (10:8).
The results are presented in Fig. C.1. Comparing the results, we
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find that the clustering method tends to result in more extended
structure with higher e. Usually, higher silhouette scores indi-
cate better results. We find that the silhouette scores converge
to 0.37 for € >1.25 when only one cloud structure is identified.
Since the clustering results are mainly used to separate the line-
of-sight velocity components to derive the local velocity gradi-
ents (see Sect. 4.4), the clustering results of the high € values are
not suitable for our cases. Hence, we have to select the cluster-
ing results manually based on Fig. C.1. A few large structures
are missing in the clustering results with € <0.18, while many
discrete and small structures with areas of less than three beams
emerge for € >0.50. Furthermore, the line-of-sight overlapped
velocity structure around / =81.5°, b=0.3° are well separated by
€ =0.25 but not by € =0.5. In order to study the velocity fields
of extended structures, we choose €=0.25 for our study. The lo-
cal velocity gradients are exactly the same for the same pixels in
the different clustering results except for boundary pixels which
only make negligible difference in the velocity gradient maps.
On the other side, the mainly affected results are the cloud ar-
eas, but the cloud areas are not used to reach any conclusion.
Therefore, we conclude that our results with e =0.25 in this work
should be valid.
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in the legend.
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Fig. C.1. Cloud structures identified by the DBSCAN algorithm with different € values. The € value and silhouette score are indicated
in the upper right corner of each panel. The different structures are marked with different colors.

Appendix D: The relationship between H,CO
(1 1,0—1 171) and 1300 (1—0)

The relationship between H,CO and CO isotopologues has been
investigated by previous studies (e.g., Tang et al. 2013, 2014).
Our observations enable the comparison with a much larger
sample size. Figure D.1 presents a comparison between the in-
tegrated properties of '3CO (1-0) and H,CO (110—1;). This
comparison shows that the correlation coefficient (0.45) between
13CO (1-0) and H,CO (1,0-1,,) integrated intensities is lower
than the correlation coefficient (0.51) between 3CO (1-0) in-
tegrated intensities and the integrated optical depth of H,CO
(110—11,1). Furthermore, Figure D.la appears to show a higher
degree of scattering than Figure D.1b. Since the optical depths
are derived by assuming that all radio continuum emission is lo-
cated behind the molecular clouds, we speculate that most of the
molecular gas should lie in front of the radio continuum emis-
sion. This is further supported by optical images that molecu-
lar clouds are seen as dark patches in Cygnus X (see Fig. 1 in
Schneider et al. 2006 for instance).

Appendix E: Local velocity gradient maps

The local velocity gradient map for cloud E has been presented
in Sect. 3.1.3, and the local velocity gradient maps of the remain-
ing seven clouds are shown in Fig. E.1.
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