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Abstract

Structures in molecular ISM are observed to follow a power-law relation between the velocity dispersion and
spatial size, known as Larson’s first relation, which is often attributed to the turbulent nature of molecular ISM and
imprints the dynamics of molecular cloud structures. Using the '>CO (J = 1-0) data from the Milky Way Imaging
Scroll Painting survey, we built a sample with 360 structures having relatively accurate distances obtained from
either the reddened background stars with Gaia parallaxes or associated maser parallaxes, spanning from 0.4 to
~15 kpc. Using this sample and about 0.3 million pixels, we analyzed the correlations between velocity dispersion,
surface /column density, and spatial scales. Our structure-wise results show power-law indices smaller than 0.5 in
both the 0,~R.ir and o,—Reg; - . relations. In the pixel-wise results, the 0P is statistically scaling with the beam
physical size (R, = ©D/2) in form of o?* oc R¥**993 Meanwhile, 0P in the inner Galaxy is statistically larger
than the outer side. We also analyzed correlations between P and the H, column density N(H,), finding that o7
stops increasing with N(H,) after >10%* cm 2. The structures with and without high-column-density (>10%* cm™?)
pixels show different afv’i" o N(Hy)¢ relations, where the mean (std) ¢ values are 0.38 (0.14) and 0.62 (0.27),

respectively.
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1. Introduction

Molecular clouds (MCs) are essential to the material cycle and
evolution of galaxies since they are the birthplaces of stars (e.g.,
E. A. Bergin & M. Tafalla 2007; J. Ballesteros-Paredes et al.
2020). Although interstellar molecular hydrogen (H,) constitutes
most of the gas in MCs, it is the carbon monoxide (CO) and its
isotopic molecules that are most used as the tracers of molecular
gas (M. Heyer & T. M. Dame 2015). From the observational
perspective, the MCs are more appropriately defined by the
connected structures in position—position—velocity (PPV) space
of the most extended '>CO (/= 1-0) emission (e.g., P. M. Solo-
mon et al. 1987; Q.-Z. Yan et al. 2022). The rare CO
isotopologues, for example, '*CO and C'®0, can help trace the
substructures of MCs. The large line widths have been identified
since the first observation of CO (J = 1-0) by R. W. Wilson et al.
(1970). In consideration of the cold (T~ 10K) and dense
(n > 10% cm ) environment in MCs, the high-velocity dispersion
indicates supersonic (Mach number M > 1) motions that are
often attributed to supersonic turbulence (A. G. Kritsuk et al.
2013). Meanwhile, the dynamic properties of MCs are funda-
mental for understanding cloud formation, dissipation, and star-

forming activities, making the MC velocity analysis of vital
importance. Insights about MCs’ gravity, turbulence, and
magnetic fields can be obtained by analyzing the velocity
structures. The techniques applied by previous studies include but
are not limited to: velocity centroids analysis (VCA; e.g.,
J. M. Scalo 1984; D. Hernandez-Padilla et al. 2020), A-variance
(e.g., F. Bensch et al. 2001), one-point PDF (e.g., R. S. Klessen
2000), principal component analysis (PCA; e.g., M. H. Heyer &
F. Peter Schloerb 1997; T. P. Downes et al. 2023), and velocity
gradient techniques for magnetic field (e.g., D. F. Gonzilez-
Casanova & A. Lazarian 2017; M. Zhao et al. 2022), etc. These
methods and techniques have fully utilized observational or
simulated data and enhanced our understanding of MC dynamics.

Before this prosperity, R. B. Larson (1981) has concluded
three basic relations of MCs: (1) The velocity dispersion—size
relation, o, x R”, 7= 10.38; (2) MCs are gravitationally bound
or in virial equilibrium (VE), with the virial parameter
ayir=Ei/Eg~1; (3) The volumetric density-size relation
noc R, These relations are not independent, as any two of
them imply the other. The third one is equivalent to a mass—size
relation of M o< R*, which indicates a constant surface density
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of molecular clouds. However, Y. Xing & K. Qiu (2022) found
that the power-law index of the mass—size relation is
significantly affected by the column density threshold, with
which the boundaries of molecular cloud structures are defined.
Besides, molecular tracers that are effective in different ranges
of densities may lead to different mass—size scaling relations.
This work will use a single molecular tracer and concentrate on
the first relation.

Larson’s first relation correlates the global velocity dispersion
with the size of MCs or the substructures. The global velocity
dispersion of a single MC is analog to the structure function at the
cloud scale (e.g., M. H. Heyer & C. M. Brunt 2004). The power-
law index y=0.38 has been interpreted as incompressible
turbulence in high Reynold number fluid, as it is close to the
value of 1/3 predicted by the theory of A. Kolmogorov (1941).
However, it is conceivable that the interstellar gas is compres-
sible, and the power-law index is expected to be larger than 1/3
(R. Cen 2021). Due to its importance in the dynamics of
molecular ISM, the relation has been continuously revisited (e.g.,
P. M. Solomon et al. 1987; G. A. Fuller & P. C. Myers 1992;
A. A. Goodman et al. 1998; B. Huang et al. 2023; Luo et al.
2024a, 2024b) and questioned (e.g., A. Traficante et al. 2018).
The current most widely accepted power-law index for the
relation is 0.5 (P. M. Solomon et al. 1987), but other values also
exist, for example, 0.21 (P. Caselli & P. C. Myers 1995), 0.56
(M. H. Heyer & C. M. Brunt 2004), 0.70 (J.-X. Zhou et al. 2022).
These values are obtained through different tracers among
different kinds of objects, making it hard to put them in the same
context of discussion.

An alternative approach other than cloud structure catalogs is
the line of sight analysis (A. K. Leroy et al. 2016; J. Sun et al.
2020; E. Rosolowsky et al. 2021). It measures the gas
properties along the lines of sight at one or more fixed spatial
scales. In this manner, one can reduce the difference caused by
various structure identification methods. Inspired by these
extragalactic works, we attempt to conduct similar pixel-by-
pixel analyses on the molecular gas in the Milky Way.
However, determining distances to every pixel is impractical.
We still cluster the molecular line emission into individual
structures to find reliable distance measurements.

In this work, we analyze the correlations between velocity
dispersion and other physical properties of 360 '*CO structures
and the pixels therein. The paper is organized as follows:
Section 2 describes the CO data and distance measurements.
The structure identification and derivation of the physical
properties are presented in Section 3. In Sections 4 and 5, we
present the structure-wise and pixel-wise results, respectively.
We discuss the Keto—Heyer diagram, virial parameter, and the
spatial scale of the measured velocity dispersion in Section 6.
Finally, a summary is provided in Section 7.
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2. Data
2.1. MWISP CO Data

In this work, we extract 13CO structures from the data cubes
of the Milky Way Imaging Scroll Painting (MWISP) survey to
explore the velocity dispersion—size relation. Y. Su et al. (2019)
have given a detailed description of the MWISP survey, and a
preliminary noise analysis has been performed by J.-J. Cai et al.
(2021). We summarize the major characteristics of the MWISP
CO data here: (a) The observations are taken in position-switch
On-The-Fly mode with half power beam widths of ~49” for
2CO (J = 1-0), ~52" for *CO and C'®0 (J = 1-0). (b) The
data are gridded into 30” x 30" pixels. (c) At channel widths of
0.16, 0.17 and 0.17 km sfl, the typical rms noise levels, oy,
are ~0.5, ~0.3 and ~0.3K for '°CO, *CO, and C'®O,
respectively.

We use the MWISP '?CO data to derive excitation
temperature (7,,) in calculating the column densities under
the assumption of local thermodynamic equilibrium (LTE). The
line width of the optically thick 'CO could be heavily
influenced by the opacity broadening effect (A. Hacar et al.
2016). Therefore, the velocity dispersion and column density
are derived from the '*CO data. In our case, most lines of sight
have '*CO central optical depth 71:co < 1.0, indicating that we
can safely ignore the opacity broadening effect.

2.2. Distance Measurements

The spatial size of a structure is directly proportional to its
distance from us. The uncertainty of the velocity dispersion—
size relation is dominated by the error of distances. Many
previous works utilized kinematic distances, which heavily rely
on models and suffer from near/far ambiguity toward the inner
galaxy. Therefore, to have an accurate estimation of the spatial
scale, we employ recent distance measurement results with
maser parallaxes (M. J. Reid et al. 2019; VERA Collaboration
et al. 2020; Y. Xu et al. 2021; S. B. Bian et al. 2022, 2024,
J. J. Li et al. 2022; N. Sakai et al. 2022) and Gaia (Gaia
Collaboration et al. 2016) parallaxes of reddened background
stars (Q.-Z. Yan et al. 2021; J. Mei et al. 2024; S. Zhang et al.
2024; Z. Zhuang et al. 2024). These measurements also
provided the radial velocities (Vi) that help match our
structures.

3. Methods
3.1. Structure Identification

We used the newly developed InterStellar Medium Gaussian
Component Clustering (ISMGCC) method (H. Feng et al.
2024) to acquire the structures for our analysis. This method
uses the Gaussian decomposition results of data cubes as the
input and returns the clustering results where each structure is a
collection of Gaussian components (GCs). It could give
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rational structure segmentation in crowded regions. Mean-
while, it is sensitive to weak emissions and could retain most of
the flux. Most importantly, the ISMGCC method is designed to
distinguish multiple velocity components along the line of
sight, without which the velocity dispersion might be over-
estimated because blended line profiles from multiple structures
could significantly increase the measured velocity dispersion.

We employed GAUSSPY+ (M. Riener et al. 2019) with the
default parameters to decompose the MWISP '>CO data cubes
around the (I, b, V},) coordinates with distance measurements,
during which the values of two smoothing parameters o; = 2.18
and a, =4.94 were taken from the tests on MWISP *CO by
M. Riener et al. (2020a). Then the ISMGCC method processed
the output table of GAUSSPY+ with the optimized parameters in
H. Feng et al. (2024) to find the structures. The identified
structures are based on '*CO emissions and have no specific
geometries. Because the most suitable emission line to define
molecular clouds is 2CO (J = 1-0) (e.g., P. M. Solomon et al.
1987; Q.-Z. Yan et al. 2022), the most suitable term to describe
the sample analyzed in this work should be “'*CO structures.”
Figure 1 shows some examples of the identified '*CO structures.
These examples demonstrate two features of the ISMGCC
method. First, it could distinguish structures toward the crowded
regions, as shown by the four examples on the top; Second, it is
sensitive to structures with weak emission, e.g., the four
examples at the bottom, because of no global signal-to-noise
ratio cutoff on the input data cube.

A structure is considered associated with a given distance
measurement (I, b, Vi, D) point if the following two conditions
are satisfied:

1. At least one pixel in the structure has angular separation
less than 2/ from (I, b);

2. The velocity difference between Vi and centroid velocity
of the structure’s spectrum on the nearest pixel is less
than the spectrum’s FWHM.

When a structure is associated with multiple distances, we only
retained the one with the least velocity difference. The total
number of structures with associated distance measurements is
431. Besides, the minimal pixel number for ISMGCC to
consider a structure valid was set to 16, about four beam sizes of
the telescope. To improve the reliability of the analysis results,
we retained only the structures having great consistency between
the raw average spectrum (gray profiles in the spectral panels of
Figure 1) and the recovered average spectrum (red curves). A
recovered average spectrum should recover at least 85% flux of
the raw average spectrum in the velocity interval demonstrated
by the blue dashed lines in Figure 1. The half-max value of the
recovered average spectrum defines this interval. Besides,
structures with incomplete boundaries were also removed. The
final number of structures in our analysis is 360.

Figure 2 shows the plan view of the Galactic distribution of
these structures. The inverse triangles and circles denote the
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CO structures associated with the maser parallaxes
(M. J. Reid et al. 2019; VERA Collaboration et al. 2020; Y. Xu
et al. 2021; S. B. Bian et al. 2022, 2024; J. J. Li et al. 2022;
N. Sakai et al. 2022) and reddened background stars (Q.-Z. Yan
et al. 2021; J. Mei et al. 2024; S. Zhang et al. 2024; Z. Zhuang
et al. 2024), respectively. The 95 structures associated with
masers are widely distributed throughout the galaxy at various
distances, while those with background stars are relatively
concentrated in the solar neighborhood.

3.2. Derivation of Physical Properties

The physical properties involved in our analysis include the
size, velocity dispersion, column density /surface density, and
mass of the structures. The first three properties exist at two
levels, pixels and structures. Therefore, for each of them, we
will first introduce its derivation among pixels, then structures.

For the physical size, we define the radius of a single pixel
on the plane of the sky as

R

N | =

©eD ey

in which © ~ 52" is the half power beamwidth of the telescope
at ~110GHz. D is the distance of the parent structure. The
effective radius of a structure is calculated by the following
equation (E. F. Ladd et al. 1994)

Ret = ~D | A _ o2, @)
2 T

where A is the angular area.

The velocity dispersion for each pixel is denoted as 0P, while
o, is reserved for the structures. As the structures identified by
ISMGCC are collections of GCs, one can generate a noise-free
data cube for each structure with its GCs. This recovered data
cube can derive P and ,. We clip the recovered cube at 20,ms
level and use the square root of its Moment 2 map to calculate
oD It can also be utilized to create a noise-free average
spectrum of the structure, also known as the recovered average
spectrum in Section 3.2. The red curves in the spectral panels of
Figure 1 are examples of such recovered average spectra, where
the second moment is applied to calculate o,.

We use the line pair of 12C0 and *CO J = (1-0) to derive the
3CO column density N('’CO) for each pixel with the
assumption of LTE. To derive the excitation temperature 7,

on each pixel, we extract the '*CO peak intensity (T;gko) within
the velocity interval defined by the half-max value of '*CO
spectrum in the recovered data cube. Within this velocity interval
we can also extract Tplzgko to calculate the central optical depth
715 and use it to make corrections on N(**CO). Detailed formulas
are given in Appendix. Following M. Heyer et al. (2009), we
convert N(13CO) to N(H,) with the constant abundance ratio
[H,/'CO] = 1.1 x 10* (M. A. Frerking et al. 1982) and the one
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Figure 1. Eight examples of the structures identified with ISMGCC. The two rows on the top contain four structures in the crowded regions. The other two rows at the bottom
contain the four structures with the lowest M; 1. The number in parentheses on the top right corner of each spectral panel denotes the structure ID. The image on the left side of
each spectral panel is an integrated intensity map within the velocity interval indicated by the blue dashed lines in the spectral panel. These velocity intervals are defined by the
half-peak intensities of the recovered average spectra from the Gaussian components (GCs) clustered by ISMGCC. The red curves show the recovered average spectra, while the
gray profiles are the raw average spectra. Both kinds of average spectra are within the spatial boundary denoted by the red contour in each image panel. Locations of the distance
measurements are marked as cyan triangles (for maser parallaxes) and dots (for other methods). The Vj, of the distance measurements are marked by the cyan vertical line in the
spectral panels.

with  the  gradient ['’C/ 13C]:6.2(Rga,1/ 1 kpe) + 18.7 (N(H,)) is the average H, column density derived on its

(S. N. Milam et al. 2005), where Ry, is the galactocentric radius. belonging pixels. The total LTE mass of a cloud structure is
The mass surface density of an entire structure is calculated b
y Y MLTE = WResz - X (4)
XY= NH 3
gy (N (Ho) ) The surface density X is expected to be dominated by the
where piy, = 2.8 is the molecular mass per hydrogen molecule low-density regions of the identified structures, which is often
(J. Kauffmann et al. 2008), my is the H-atom mass, and close to the lower detection limit. M. Heyer et al. (2009)
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Figure 2. Spatial distribution of the '*CO structures on the face-on view of the galaxy from the north Galactic pole. The colored inverse triangles and circles mark the
13CO structures associated with maser parallaxes and distance measurements with background star parallax, respectively. The Sun (©) is located at (0, 8.15) kpc in the
galactocentric frame, around which a zoom-in view within 2.5 kpc is shown. Shaded concentric circles around the Galactic Center (GC) have radii of 4, 8, and 12 kpc,
which are the same as Figure 1 of M. J. Reid et al. (2014), while the ellipse is a schematic representation of the Galactic bar.

defined another area within the half-max isophote of the peak
column density in each structure to increase the dynamic range
of 3. We reproduced this procedure and calculated the physical
parameters described above. The physical properties of the 360
structures and their half-max isophote subregions are listed in
Table 1. In the next sections, we will show their distributions
and use them to analyze the velocity dispersion—size relation.
These structures contain a total of 366,605 pixels. In Section 5,
we will use the pixels with peak signal-to-noise ratios greater
than five to analyze the distributions and relations between R,
N(H,), and ™. The number of pixels in the 50, subset is
289,696, about 80% of the total.

4. Structure-wise Results

In this section, we first present the physical property
distributions of the '*CO structures, then demonstrate the o,~Re
relation. The impact of surface density on this relation is also
visited.

4.1. Physical Property Distributions

Here we describe the R.¢, 0, >, and M; tg distributions of the
13CO structures and the subregions defined by their N(H,) half-
max isophotes. The histograms are shown in Figure 3. The

sample number of the whole regions and half-max isophotes are
360 and 352, respectively, because eight half-max isophotes
contain less than three pixels leading to invalid R.¢ values. The
R of the whole regions are in the range of [0.16, 46] pc,
spanning two orders of magnitude with a median value of 2.1 pc,
similar to the common size of molecular clouds. The largest
structures could be around tens of parsecs, corresponding to the
Giant Molecular Cloud (GMC) or GMC Complex. The most
massive structure has Mg 2 8 X 10° M, while the median
value is 764 M.,

In contrast to the large dynamic range of M rg, the X values of
the whole regions are limited in a small interval of [10.6,
460] M., pc 2, because the projected area of a resolved molecular
cloud is commonly dominated by the pixels with the lowest
detectable column densities. M. Heyer et al. (2009) used the
subregions within the N(H,) half-max isophote to increase the >
dynamic range. We follow their work and show the half-max
isophote distributions as the red histograms in Figure 3. The
value span of ¥ is instantly increased from [10.6, 460] M., pc >
of the whole regions to [11.6, 8.4 x 103] M pcfz, as shown in
Figure 3(c). The median value is also increased from
527 M. pc? to 141 M., pc 2. Meanwhile, shrinking the spatial
boundary would naturally decrease R.; and Mptg. The value
ranges of R. and Mytg in the half-max isophotes are [0.05,



Table 1

Properties of the Identified '>CO Structures

Within the Entire Structure

Within Half-max Isophote of N(H,)

Distance Information

No. ! b Vier o, Rese % My 1E g, R % M g D Name References

(deg)  (deg) (kms )  (kms)  (po)  (Mope ) Mo)  Gms™h o) (Mope?) M) (kpc)

1062 —0.38 2.4 2.89 24.8 1.3e+02 2.6e+05 3.47 2.0 7.4e+02 9.0e+03 495193 G010.62—00.38" (1)
2 1047 +0.03 68.2 3.38 19.6 1.1e402 1.3e+05 2.50 0.8 2.5¢+03 5.0e4+03 85509 G010.47+00.02* )
5 1502 —0.67 20.1 2.94 8.9 4.6e+02 1.1e+05 2.33 0.7 8.4e-+03 14e4+04  2.047312 M17* 0))
10 1937 —0.02 25.9 2.11 12.8 1.6e+02 8.3e+04 1.70 1.7 6.2e+02 54e4+03  2.8479%) G019.36—00.03" )
11 19.62  —0.26 40.6 4.22 46.0 1.3e+02 8.6e+05 2.16 0.7 2.7e+02 4.8e+02  13.167}% G019.60—0.23" 6)
13 2008  —0.13 425 4.12 25.1 1.1e402 2.2e+05 2.06 2.4 6.7e-+02 13e+04 15157338 G020.08—0.13" 3)
15 2177 —0.12 63.2 2.02 1.1 2.4e+01 9.3e+01 2.07 0.7 3.3e+01 4.3e+01 3.61595 IRAS 18286—-0959" @)
16 2204 4022 51.9 3.41 16.5 9.5e+01 8.2e+04 1.79 1.7 4.4e402 3.8¢+03  3.0150% G022.03+00.22 @
17 2692  —3.56 16.3 0.43 0.7 2.6e+01 3.4e401 0.41 0.4 4.2e+01 1.9e+01 0.56 938 G026.9-03.5 ®)
18 2723 +0.13 113.1 1.04 3.4 3.3e4+01 1.2¢+03 0.82 0.7 8.8e4-01 l4et+02 633798 G027.2240.14 Q)
20 2807  —2.12 18.8 0.65 0.6 1.7e+01 1.8e+01 0.67 0.3 2.8e+01 6.5e+00  0.4879% G027.8-02.1 @)
28 33.64  —023 60.7 1.21 11.0 6.2e+01 2.3e+04 1.24 2.3 3.0e+02 49e+03  9.9079% G033.64—00.22" (11)
30 3550  —0.03 54.7 3.77 24.8 2.2e4+02 4.3e+05 3.37 2.6 8.4e4-02 1.8e+04  10.209% G035.57-00.03" (11
40 4151 4227 17.9 1.04 0.3 1.1e+01 3.1e+00 0.82 0.2 1.5e+01 1.3e+00 0925319 G041.54+02.3 ®)
48 4457 4274 14.7 0.43 0.4 1.5e+01 6.0e-+00 0.35 0.1 2.5e+01 1.6e+00  0.6215%2 G044.5402.7 @
56 5028  —0.39 14.7 1.41 9.1 6.3e+01 1.7e+04 1.62 1.3 2.2e4+02 Lle+03  7.105549 G050.28—00.39" (©)
65 7237 4211 —22 1.36 52 1.5e+02 1.2¢4+04 1.23 0.7 4.2e+02 6.4e402 1787312 ID: 1 ©)
66 7242 4037 45 1.07 3.8 5.0e+01 2.2e+03 0.93 0.5 1.7e+02 1.5e+02 2.4810%9 D: 2 ©)
319 19897 4143 7.4 0.89 2.9 3.9e+01 1.1e4-03 0.94 0.5 1.4e+02 Lle+02 071309 D: 6 (10)
320 19937 +1.05 5.1 0.58 1.0 1.6e+01 5.1e+01 0.47 0.6 2.2e401 2.5e4-01 0.701938 ID: 23 (10)

Note. (a) The distance references in the last column are: (1) M. J. Reid et al. (2019), (2) VERA Collaboration et al. (2020), (3) Y. Xu et al. (2021), (4) Q.-Z. Yan et al. (2021), (5) S. B. Bian et al. (2022),
(6) N. Sakai et al. (2022), (7) J. J. Li et al. (2022), (8) J. Mei et al. (2024), (9) S. Zhang et al. (2024), (10) Z. Zhuang et al. (2024), and (11) S. B. Bian et al. (2024); (b) The asterisk () suffix in the
distance source name denotes that it is a maser parallax result. (c) This table is available in its entirety online (https://doi.org/10.57760/sciencedb.14853). Only the first one or two records associated
with each distance reference are shown here.
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Figure 3. Physical property distributions of the identified structures. The solid black and dashed red histograms correspond to the values within the entire structures
and the N(H,) half-max isophotes, respectively. The vertical lines across each panel denote the median values.

4.2]pe and [0.15, 3.0 x 10*] M., respectively, while the median
values decrease to 0.5pc and 113 M. The size and mass
distributions of the half-max isophotes are similar to the common
definition of molecular clumps, as molecular clumps often refer
to molecular structures with sizes of ~1 pc and masses from ~10
to ~10° M, (e.g., B. T. Draine 2011; J. Kauffmann et al. 2013).

Shrinking the spatial boundary does not significantly impact
the o, distribution. As shown in Figure 3, the median values of

o, in the whole regions and half-max isophotes are 1.06 and
0.96kms ', respectively. Meanwhile, their lower and upper
limits are similar, specifically, [0.23, 4.21]km s~ for the
whole regions and [0.21, 3.61] kms~! for the half-max
isophotes. This could impact the o,—R. relation when combing
the whole region and half-max isophote samples, as they have
different R distributions. We will explicitly show this in the
next subsection.
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Alongside each power-law fitting result is the Pearson Correlation Coefficient (PCC). The horizontal line with ¢, ~ 0.2 km s ™' denotes the typical sonic speed in

molecular clouds.

4.2. The 0,—R . Relation

Here we examine the structure-wise scaling relation between
R.ir and o, in the form of

% - (ﬁ) ®)
Ol pe 1 pc

where v is the power-law index, and o, is the scaling
coefficient, the velocity dispersion at 1 pc scale. This relation is
known as Larson’s first relation (R. B. Larson 1981), and has
been commonly considered as the result of interstellar
turbulence, while the ~ value and interpretations are still under
debate. Using the sample of 360 structures extracted from the
MWISP '*CO data, this multi-structure, single-tracer explora-
tion should be classified as the Type 2 relation according to
A. A. Goodman et al. (1998).

In Figure 4, we plot o, of the structures against their
effective radii (R.g). To evaluate the impact of adding the half-
max isophote samples on the relation, we use two panels in
Figure 4 to draw the data points and fitting results, where the
left panel only includes the whole regions and the right panel
contains two configurations, half-max ishophtes only and the
union of the whole regions and half-max isophotes. Following
T. S. Rice et al. (2016), we use Orthogonal Distance
Regression (ODR; P. Virtanen et al. 2020) to fit Equation (5)
on these data points. The ODR can handle measurement errors
in the explanatory variable, i.e., R.s. The blue, red, and violet
straight lines in Figure 4 represent the power-law fitting results
on sample sets of the whole regions only, the half-max
isophotes only, and the union of them, respectively. The

shadow ribbon around each fitting line illustrates the fitting
errors of v and oy p.. We label the fitting results around the
fitting lines with corresponding text colors, below them is the
value of the Pearson Correlation Coefficient (PCC).

For the whole regions, half-max isophotes, and the union of
them, the fitting results of v are 0.40 £ 0.02, 0.38 £0.03 and
0.28 £ 0.01, while the o . values are 0.83 +0.03, 1.37 £ 0.03,
and 1.09 +0.02kms ', respectively. Based on the PCC values
of the three sample sets, 0.72, 0.49, and 0.72, we could conclude
that the correlation is more obvious when the whole region
samples are included due to their larger R.; range. Figure 3(b)
has shown that the half-max isophotes have very similar o,
distribution to the whole regions. Therefore, combining the half-
max isophotes with the whole regions would yield a shallower
power-law relation with v = 0.28 = 0.01. Meanwhile, using only
the half-max isophotes would have a ~ value close to that with
the whole regions only. The power-law scaling between o, and
R.ir is more obvious when the surface density is in a limited
range, similar to the samples in R. B. Larson (1981) where the
molecular clouds have nearly constant column densities. This
feature is often considered an observational selection effect
because the column density distribution in log-normal or power-
law forms would have a mean column density close to the
threshold (J. Ballesteros-Paredes et al. 2012). Choosing a higher
threshold to define dense subregions like the half-max isophote
samples here does increase the 3 range and change the relation.
However, as discussed in Section 6.2, the true physical scales
corresponding to the measured velocity dispersion are suspi-
cious. Besides, the whole region and half-max isophote samples
seem like different objects. As we have shown in Section 4.1, the
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Figure 5. Relation between the velocity dispersion (o,) and the product of effective radius and surface density (Refr - 32). The error bars only include the uncertainty of

distance measurements. Other elements are the same as Figure 4.

half-max isophotes match the common definition of clumps,
while the whole regions are closer to (giant) molecular clouds.
Mixing these samples would obscure the physical interpretation.
We have already shown that the whole regions and half-max
isophotes could independently have scaling relations similar to
the classical result of R. B. Larson (1981). In Section 5, we will
try to conduct an analysis directly using the pixels in our sample
to reduce the impact of the structure boundary and observational
selection effect.

4.3. The o—R 5 X Relation

Compared with o,—R.g, the power-law relation between
R X and o0, seems to be a more robust one that can tolerate
the mixture of samples with various surface density and
galactic environments (see M. Heyer & T. M. Dame 2015, for a
review). We explore the o,—R.g - 2 relation using our sample.
Figure 5 has the same element setting as Figure 4 in
Section 4.2. Using ODR again, we fit the power-law relation of

| RexX "
o, I Mypet )’

is the power-law index and o/, is the scaling

|9

(6)

where +/

coefficient.

There is obviously less difference between using the whole
regions, half-max isophotes, and the union of them than that of the
0,~Reg relation. The fitting values of ' for the three sample sets
are 0.28 £0.01, 0.24 + 0.01, and 0.26 = 0.01, while the values of
J’V are 0.30 +0.02, 0.36 +0.02, and 0.32 4+ 0.02 km sfl, respec-
tively. The ' value derived from the sample union is in between

those of the whole regions and half-max isophotes. Including > in
the explanatory variable naturally eliminates the impact of a large
> dynamic range that disturbs the o,—R. relation.

Even though the ' derived here is smaller than the expected
value of 0.5 (M. Heyer et al. 2009; M. Heyer &
T. M. Dame 2015), the fact that R.¢- > has a better correlation
with o, than R.g is solid. In recent studies, including galaxy-
wide research (e.g., M.-A. Miville-Deschénes et al. 2017) using
the '2CO(J = 1-0) survey of T. M. Dame et al. (2001) and dense
gas structures (J. W. Zhou et al. 2023) with H'*CO™ J=1-0
line, also have power-law indices shallower than 0.5.

5. Pixel-wise Results

This section uses the 289,696 pixels where the '*CO spectra
have peak intensity greater than 5o,,,; as the sample to explore
the relations between velocity dispersion and other physical
properties.

5.1. Physical Property Distributions

The distributions of excitation temperature (7.,), central
optical depth (7;3), H, column density (N(H,)) and velocity
dispersion (0P'™*) measured on the pixels are demonstrated in
Figure 6. As shown in Figure 6(a), the excitation temperature
derived from T;gko has a median value of ~11K, while the
95% quantile is ~20 K. This distribution is consistent with the
typical temperature range from 10 to 30 K in molecular clouds,
implying thermal excitation conditions in most locations of our
sample.
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Figure 6. Physical property distributions of the pixels in the identified '>CO structures. Three inset panels are created to show the cumulative probability function of

Texs
Figure 6(b) illustrates the central optical depth (73) distribu-
tion of the '>CO emission. The 5%, 50%, and 95% quantiles are
0.20, 0.37, and 0.82, respectively. Therefore, we could conclude
that the '>CO emissions are optically thin in most locations of
our sample and safely ignore the opacity-broadening effect.
According to A. Hacar et al. (2016), when 713 =0.3 and 1.0, the
relative contribution to the total observed line width from
opacity broadening are about 5% and 15%, respectively.

73, and P, The vertical dashed lines in all panels denote the median values.

10

The N(H,) has a log-normal-like distribution shown in
Figure 6(c), corresponding to the regime in MCs dominated by
turbulence. Such an analysis is well-known as N-PDFs (e.g.,
J. Kainulainen et al. 2009; Y. Ma et al. 2022). The power-law
tail associated with self-gravity is not visible here, because the
tail only occupies a small fraction of the locations in each
structure, and the accumulation of hundreds of structures can
obscure such a feature. The N(H,) values span about three
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orders of magnitude. The median value is 3.5 x 10*' cm 2, and the oP™ values are vertically scattered, the trend of o™

about 5% pixels have N(H,) < 10*' cm 2,

Figure 6(d) demonstrates the 0P distribution with a median
value of 0.667 km s~ '. Only about three thousand pixels (1% of
total) have 0P < ¢, ~ 0.2 km s~!, indicating that even on the
small scale of pixels, the measured 0P are dominated by
supersonic motions. We also checked the subsonic ratio in the

dropped pixels where T, pea O < 50,ms, resulting in about 7%.

5.2. Velocity Dispersion and Beam Physical Size

The distance (D) of our sample covers a large range between
400 pc and 15 kpc, making the spatial scale of the telescope
beam (R;) varies from ~0.05pc to ~2pc. Although the
velocity measurements are limited on the line of sight, larger Ry
could still correspond to the larger vortex of turbulent motions.
Therefore, we use the varying D and R, to explore the relation
with 0P,

Before explicitly correlating oP* with D and R,, we
investigate the distribution of ¢?* in various distance intervals.
As shown in Figure 7(a), the o?* values are split into six
distance intervals. These intervals are logarithmically spaced.
The D boundaries, pixel numbers, and structure numbers in
each interval are placed in the legend and inset table of
Figures 7(b) and (c). The cumulative distributions of JEiX move
rightward as D increases. For comparison, the similar
cumulative distributions of Tpedk and 73 are shown in

Flgures 7(b) and (c), respectively. Unlike 0P, the distributions
of T,.C peak O and 73 show less dependence on D.

To explicitly show the relation between 0P and D, we plot
the histograms as the background of Figure 8(a). Even though

increasing with D is visible. The six data points with error bars
use the same D interval configuration as Figure 7. Each data
point is derived from the mean ¢?* and D values of pixels in
each D interval. Correspondingly, the error bars are the
standard derivations. Using these points, we fit a power-law
relation with ODR. The gold line in Figure 8(a) is the fitting
result of oPX oc DO43E003,

We also apply the same operations on 7. eak and show the
results in Figure 8(b). The bottom part of the distribution
corresponds to the 5o, threshold described at the end of
Section 3.2, while the top part fluctuates with different
structures. In contrary to 0P, 7..G edk shows no obvious trend

with D. The ODR fitting result is 7| eak o< , indicating
no dependence on D. Therefore, we could attribute the
increasing oP* to the increasing D. M. Riener et al.
(2020a, 2020b) referred to this phenomenon as the beam
averaging effect. Using the sample with accurate distance

measurements, we have acquired the power-law relation of
oD% o PO43£0.03 RO43£0.03,

D0-02+0.04

, or equivalently, 0P o

Even though these two quantities are measured in different
spatial directions, i.e., R, on the plane-of-sky and oP'* along the
line-of-sight, their power-law correlation might still reflect the
turbulent nature of molecular gas in the ISM. A turbulent flow
contains eddies across different spatial scales, where larger
spatial separation corresponds to eddies with larger scale and
higher velocity difference (See Figure 1 in E. Vazquez-Sema-
deni et al. 2024, for a schematic illustration). For eddies smaller
than the beam’s physical size, the corresponding velocity
difference is unresolved and contributes to the line width/
velocity dispersion measured on the pixel. The trend shown in
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distance intervals as Figure 7.

Figure 8(a) might statistically reflect such features of turbulent
molecular gas. Nevertheless, the large vertical scatter indicates
other important factors determining the measured 0P on each
pixel, e.g., the column density (Section 5.3).

Besides the different beam physical sizes introduced by
varying distances, the galactic environments might also play a
role. If the clouds in the inner galaxy have stronger turbulence,
the velocity dispersion should be statistically larger than the
outer Galaxy. Using the pixel-wise sample same as in Figures 7
and 8, the Pearson’s correlation coefficient between oP™* and
the Galactocentric radii (R,,;) is —0.47. Even though this value
indicates a moderate correlation, we must remember that R,
strongly depends on D and the coefficient is —0.6. To have a
reliable assessment of the R, impact on crEi", we must rule out
the dependence on D. Among the six distance intervals shown
in Figure 7, we noticed (2.19, 4.25] and (4.25, 8.25] kpc are
suitable for this because the correlation coefficients between
Rgy and D therein are only —0.07 and 0.04, respectively, much
smaller than the corresponding values between R, and oP* of
—0.33 and —0.19, indicating the weak negative correlations
between 0P and R, in these two distance intervals.

To visually show the 0P distribution difference between the
inner and outer Galaxy, we plot the cumulative distributions in
Figure 9. The pixel-wise D distributions are also demonstrated
in the inset panels to evaluate the D variation. In both distance
intervals, 0P distributions in the inner and outer Galaxy are
significantly different. The 0P values are statistically larger in
the inner part. Beside Figure 9, this result is also demonstrated
through the mean o©™* values in Table 2. Because the adopted
distances in our sample are based on the parallaxes of masers or
background stars (Section 2.2), the above analysis does not
encounter the problem of kinematic distance ambiguity at the
cost of a smaller sample size. The two selected distance
intervals contain only 38 and 30 gas structures, respectively,

12
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-D. The data points and error bars are the mean and standard derivation values within the same

making the heliocentric distance CDFs in a stepped shape.
Even though this does not affect the result that the pixel-wise
velocity dispersions are systematically larger in the inner
galaxy, a more robust conclusion should be made from a larger
sample with more completeness, which is mostly limited by the
distance measurements for now.

5.3. Velocity Dispersion and Column Density

Previous works have concluded the importance of the
surface density (X). When X is included, changing the spatial
boundaries of the structures does not significantly affect the
scaling relation. To increase the dynamic range of X, we
followed M. Heyer et al. (2009) to define the subregions within
the N(H,) half-max isophote in the previous section. As the
velocity dispersion (oEiX) and column density N(H,) on each
pixel of our sample have been measured, we could directly
correlate the UEiX and N(H,) values. In this manner, the column
density range traceable by '*CO emission can be fully utilized.
Here we first demonstrate the relation between agix and N(H,)
using the mixture of pixels from all structures, then statistically
analyze the relation in each structure.

Figure 10(a) displays the correlation between avpi" and N(H,)
of pixels in all structures using 2D-histograms as the
background, where oP* is positively correlated with N(H,)
and the Pearson correlation coefficient is 0.65. With such a
strong correlation in the log—log plot, it is straightforward to fit
a power-law relation in the form of agi" o« N (H,)¢. The ODR
fitting result is o™ oc N (H,)33. Even though the power-law
index (&) is close to a common value of 0.5, we must note that
the UIV’iX and N(H,) values were measured on each line-of-sight,
instead of the complete cloud structures. Therefore, interpreting
this relation should involve the gas structure thickness, a
hidden variable in most observations. As the column density is
the integral of volume density along the line-of-sight, N(H,)
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Figure 9. Cumulative distributions of ¢®* in the inner and outer galaxy. The inset panels contain the corresponding heliocentric distance (D) distributions. We
consider the samples with galactocentric radii Ry, < 8.15 kpc as the inner subsets, while the rest constitute the outer ones. The oP™ mean values and standard

deviations are shown in Table 2.

~ Table 2
Mean Values of o8 in the Inner and Outer Galaxy
Distance interval Inner Outer
(kpe) (kms™") (kms™")
(2.19, 4.25] 1.26(0.67) 0.63(0.24)
(4.25, 8.25] 1.35(0.60) 0.72(0.30)

Note. (a) Values in the parentheses are the corresponding standard deviations;
(b) The boundary between the inner and outer Galaxy is set as Ry, = 8.15 kpc;
(c) The distance intervals are heliocentric while Ry, is the galactocentric radius.

comprises the thickness and volume density profile. On the
other hand, 05”‘ is a direct measurement of the particle velocity
distribution in the same direction. The relation shown in
Figure 10(a) might be interpreted by the turbulent motion
scaling with the line-of-sight thickness.
The largest oP*  values are
N(H,) ~ 10?2 cm 2, above which the increasing of 051" slows

located around

down and seems to be flat around o?* ~ 2 km s~!. To further
explore such a pattern, we replicate Figure 10(a) for each
structure. Some examples are shown in Figure 11, representing
two kinds of afv’i"—N(Hz) distributions in our sample. One kind
is shown in the top row of Figure 11, similar to the trend in
Figure 10(a), the 0P is flatting after N(H,) > 10**cm 2. The
other kind can be well described by power-law relations, as
shown by the bottom row of Figure 10. As the flat trend at the
high end of column density would decrease the power-law
index, we expect that there would be a difference on &
distribution between the structures with and without high-

column-density pixels. Figure 10(b) shows the cumulative
distributions of the power-law indices (¢) between oP* and
N(H,) in the two structure groups. The mean (std) value of £ in
the structures with high-column-density pixels is 0.38 (0.14),
while in the group without such pixels, it is 0.62 (0.27). The
Kolmogorov—Smirnov test between the two groups’ ¢ distribu-
tions has a p-value of 1.3 x 10~", rejecting the null hypothesis
of identical distributions. The numbers of structures with and
without high-column-density pixels are 174 and 171, respec-
tively, where the structures with less than 16 pixels above 50,y
have been dropped to have reliable fitting results.

The interesting 0P flattening pattern at the high end of N(H,)
is similar to the velocity dispersion profile analysis conducted by
N. Peretto et al. (2023). They found the radial profiles of o?™ are
different in the diffuse and denser parts of most clouds. The flat
0P profile in the denser part is consistent with the trend in our
structures with high-column-density pixels, e.g., the examples in
the top row of Figure 11. A possible interpretation of these
features is that the embedded dense structures (clumps or cores)
have been decoupled from the surrounding gas structure and
dominated by gravitational contraction, in the meanwhile, the
parent clouds could still be stable and supported by turbulence.
Such structures in our sample have a viral parameter median
value ~2 (Section 6.1), also supporting this scenario. It could be
consistent with the quasi-isolated gravitational collapse model
proposed by G.-X. Li (2017). However, we must note that this
interpretation of our observational results is still primitive. More
evidence and analytical proof are required to establish a solid
connection.



Research in Astronomy and Astrophysics, 24:115018 (19pp), 2024 November

(@)

Feng et al.

10' |
3 i
w
g 1w}
'E.:- i
[¢) L
101 k.

T T T T T T T

10*

‘é’eix - N(H2)°‘53

T T

107

N(Hz) [cm~2]

10%

10%°

(b)
L 10 r ¥ v ¥ ¥ T ¥ ¥ ¥ 1 T ¥ L L L T t ‘_
| 08 -
1. I
2 3
4 g i
Bosl .
18 i ;
4 3 i -
4 O | iI
1 - ! KS Test p-value: 1.3 x 10713
1 02r —== w N(Hz) > 102 cm~2 ]
[ —— w/o N(Hz) > 10?2 cm—2
11l 0'0_-" | S SR W NN SR S S T N T
0.0 0.5 1.0 1.5

Power-law index

Figure 10. Panel (a): Two-dimensional histogram of o against N(H,). The color bar represents the number of samples. The scatter points replace the 2D bins with
less than ten samples. Panel (b): The power-law index distributions of o2*~N(H,) relation in each structure. The structures are divided into two subsets according to
the existence of pixels with N(H) > 10?* cm ™2 therein. The p-value of the Kolmogorov—Smirnov test indicates that the two subsets have significantly different power-

law indices.

101 "_'“'l LR ERLL A '}"”"! LSRR L "‘_'- _L'“i LI ALILILL: P ‘_"""! O L ORI LSS L) "”""l LR GRS 101
E O_EIX O:(_N(Hg)o'aa . s O’BIX OC N(H2)0.28 30 O_EIX O( N(H2)0.26
: 80 L ] 30 3 7 . :
: : g :
10° 3 4 10°
0 - 1 Mo - .. 0 . '
10_1 ol s il o ..I.I.:.?i L .!Y?Pf.u:l;o.sp. e mwd ol oy ul.l.:.?] SINPP.(.H?znsl i el vl o ulei 1.4.{\!?::1 6:?’.3. a1 0_1
101 __""I SRR ""“"! TR — _'_ [T LR ‘."""! =R — et __""I BRI, '.”""! Ty Err—% "';_ 101
E O_Esx OC N(H2)0.5 E O_glx O( N(H2)0.47 E D,Elx O( (Hz)O.QB ]
T A ]
w
E 10°¢ E H10°
'>E§.> y ]
L [ ]
to-t bl i D72 N 1918 | | O/ D168 Nop 1614 | || O /- 1D203 N 85T [
0% 10*" 10% 10% 10 10*"  10%2 10% 10 10*'  10%  10%

N(Hz) [em 2]

Figure 11. Examples of the 2D histograms between P and N(H,). Each panel contains one structure, where the structure ID and pixel number above 50,y therein
are labeled at the bottom. The three structures on the top row contain pixels with N(H;) > 10%2 cm™2, while the other three at the bottom row do not. The other
elements in each panel are the same as Figure 10(a).

14



Research in Astronomy and Astrophysics, 24:115018 (19pp), 2024 November

The oP*-N(H,) relations of the structures with only low-
column-density pixels can be well described by the power-law
form, as shown in the bottom row of Figure 11. The mean
standard deviation of the residuals is <0.1dex. As we will
discuss in Section 6.2, this strong power-law correlation might
be interpreted as the turbulent motions scaling with the line-of-
sight thickness of the molecular gas. Beside turbulence, gravity
might also play a role in these relations because the increasing
N(H,) includes more amount of gas. As it is still under debate
whether the measured velocity dispersion represents the
turbulent flow that supports the gas structure against gravita-
tional contraction, the systematic infall motions during the
collapsing, or even the mixture of both (E. Vazquez-Semadeni
et al. 2024), the above interpretation of the power-law relation
between 0P and N(H,) is not conclusive for now.

6. Discussion
6.1. The Keto—Heyer Diagram and Virial Parameter

Here we discuss the dynamic state of the '>CO structures
through the Keto—Heyer diagram (KH diagram, E. R. Keto &
P. C. Myers 1986; M. Heyer et al. 2009) and virial parameters.
The KH diagram correlates the Larson ratio £ = o,/ R(?f'fs with
the surface density (). The viral parameter (o), surface
density (X), and £ can be related with

1
[ — (ﬂavirGE)—,

7
5 (N

in which the viral parameter (o) defined by F. Bertoldi &
C. F. McKee (1992) is

2E;  S02R 507
Quip = —=% =~ Ty Rell _ I 8)
|E,]  GMyirg  7GRegX

Using the physical properties derived in the whole regions and
half-max isophotes of our sample (Section 3.2), we plot the KH
diagram in Figure 12(a). We also include the loci of o, =1, 2,
10 and pressure-bound virial equilibrium with external pressure
P./kg ~ 10°>-10°Kem ™ in Figure 12(a). The pressure-
bounded virial equilibrium (PVE, G. B. Field et al. 2011) can
be described with

4P, )

> )

where P, is the external pressure and I' =3/5 is a form factor
for a sphere of constant density.

It seems the sample distribution in Figure 12(a) is consistent
with the prediction that £ oc X 2. However, this trend is only
obvious when the half-max isophote samples are included.
Removing them would make the correlation vanish. Specifi-
cally, the Pearson correlation coefficients between £ and ¥
with and without half-max isophote samples are 0.39 and
—0.02, respectively. As we have addressed in Section 4.1, the

2= %(wr o ©)
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Y values of the whole regions are limited in the range of [10.6,
460] M., pc 2, while the half-max isophotes can increase the
upper bound of ¥ to 8.4 x 10°M. pc 2. Therefore, the
dynamic range of ¥ is critical in analyzing the £-3 relation.

Some super-viral structures lie above the locus of a,;, = 10
on the left-hand side of Figure 12(a). Most of them are low-X
structures with ¥ < 100M, pc~ 2 The interpretations of such
super-virial objects are under debate. On the one hand, if the
molecular clouds and clumps are supported by turbulence and
in equilibrium, these super-virial structures are over-supported
and require external pressure to be confined (e.g., F. Bertoldi &
C. F. McKee 1992; G. B. Field et al. 2011). The V-shaped
curves in Figure 12(a) also illustrate that the external pressure
in the order of magnitude of ~10°K might be sufficient to
confine the super-viral structures. On the other hand, they can
also be interpreted as the early evolution stage of turbulent
collapsing structures (J. Ballesteros-Paredes et al. 2018;
E. Vazquez-Semadeni et al. 2019).

The distributions of «y; in different categories could be
interesting. To assess the impact of spatial boundary definition
on v, we plotted the av,;, histograms of the whole regions and
half-max isophotes in Figure 12(b), and found no obvious
differences between them, while the median o, values are 3.2
and 3.7, respectively. When the spatial boundaries are
shrinking from the whole region to half-max isophote, R.g is
heavily reduced but 3 significantly increases, leading to similar
Qwir distributions. Therefore, the spatial boundary definitions
have a relatively small impact.

However, as shown in Figure 12(a), the structures with high-
> seem to have smaller ;. values. This inspires us to use the
classification based on the existence of high-column-density
(>1022 crn*z) pixels in Section 5.3. As shown in Figure 12(c),
the o, distributions of the whole regions are different between
the structures with and without such high-column-density
pixels, where the median a,; values are 1.7 and 6.7,
respectively. As demonstrated in Figure 12(d), the half-max
isophotes also have the same trend, while the corresponding
median ;. values are 2.2 and 6.7. In Section 5.3, we have
found that the structures with and without high-column-density
pixels have different a{’ix o N (H,)¢ relations. Now we know
that they also have different o, distributions.

6.2. Spatial Scale of the Measured Velocity Dispersion

A prominent feature of interstellar turbulence in the inertia
range is the power-law correlation between the spatial scale and
velocity difference. In observations, the measurement of velocity
along the line-of-sight (LoS) is much easier than the estimation of
spatial scales, which is why we only have analyzed the structures
with distance measurements (Section 2.2) at the cost of a smaller
sample size. An empirical assumption in the velocity dispersion—
size relation is that the structure thickness along the LoS is
comparable to its plane-of-the-sky (PoS) size. However,
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v differences between structures with and without high-column-density pixels where N(H,) > 102 ecm ™2

definitions of spatial boundaries are rather arbitrary and depend
on the choice of emission line, data sensitivity, intensity
thresholds, and structure identification methods. Meanwhile, the
LoS velocity measurements are less affected, e.g., the comparison
of o, distributions between the whole region and half-max
isophote samples in Section 4.1, shrinking the spatial boundaries

toward the structure density center does not significantly change
the o, distribution. If we accept the comparable LoS—PoS size
assumption, the thickness values of the half-max isophotes
should be closer to the PoS sizes of their parental whole regions.
Therefore, including the half-max isophotes in Figure 4(b) might
naturally break the power-law relation.
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There is other evidence implying the importance of the
hidden LoS thickness. For instance, the o,—R.s- > relations
shown in Figure 5 are more robust than the o,—R.¢ relations in
Figure 4. The participation of the half-max isophote samples
does not significantly impact the o,—R.¢ - 2 relation. Because
the surface/column density is the LoS integral of the volume
density, it could be a proxy of the LoS thickness. Comparing
with the PoS-only R, Reg - 2 includes the extra information of
the LoS thickness and might be a rough 3D estimation of the
spatial scale, which corresponds better with o, than the PoS-
only Ry Another piece of evidence is the pixel-wise oP™
—N(H,) relations in Section 5.3. As shown in Figure 10(a) and
examples in Figure 11, the power-law relations between o™
and N(H,) below 10*?cm ™2 are quite obvious. The indices
around 0.5, either with the pixel mixture of all structures or the
statistical results from the fitting in each structure, could be the
consequence of the interstellar turbulence. Besides, if we
assume that the average volumetric number density along the
LoS in a structure without high-column-density pixels is close
to the '*CO critical density, and the column density N(H,) is
directly proportional to the LoS size. Then the mean power-law
index of 0.62 is consistent with the value of 3/5 proposed by
R. Cen (2021).

A more reasonable spatial scale estimation of the measured
velocity dispersion should be some form of average between
the LoS thickness and PoS size. However, as a dimension
hidden by projection effects in astronomical observations, it is
inherently hard to measure the thickness. Sometimes the
thickness could also be surprising. For example, an edge-on
sheet looks like a filament from our angle, such as the Musca
molecular cloud (A. Tritsis & K. Tassis 2018; A. Tritsis et al.
2022). In previous studies, some methods have been developed
to estimate the thickness of molecular clouds along the LoS, for
example, 3D differential extinction maps (e.g., C. Zucker et al.
2021; A. Tritsis et al. 2022), radiation transfer (e.g., D. Li &
P. F. Goldsmith 2012), and core velocity dispersion (CVD,
L. Qian et al. 2015). The 3D extinction maps are restricted to
the solar neighborhood, while the CVD relies on models. The
most promising approach is estimating the volume density
using radiation transfer and emission lines with multi-transition
observations. However, collecting such a complex data set with
enough spatial coverage is not trivial.

7. Summary

The physical interpretations of the relation between velocity
dispersion and spatial size of molecular cloud structures are still
under debate, even though it has been more than four decades
since the first realization (R. B. Larson 1981). People keep
visiting this topic for its indispensable function in revealing the
dynamic of molecular cloud structures. In this work, we applied
the ISMGCC method on the MWISP CO data and acquired 360
3CO structures with accurate distance measurements to
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analyze the correlations between the physical properties
therein. Here we summarize our results:

1. The velocity dispersion and effective radius of the entire
structures show a scaling relation of o, oc R3O0,
while including the N(H;) half-max regions would result
in a shallower scaling of o, oc R$?**%, This indicates
that the o,—R.¢ relation is less solid when the sample
spans a larger 3 range, consistent with the conclusion
from previous works;

2. The o,—R.- 2 is less sensitive to the X range and has a
power-law index below 0.3;

3. We also analyzed the pixels above 50, in the structures
and noticed a scaling relation of P oc DO43+0.03 op
RO4$+003 The possible interpretation is that the larger
beam physical sizes (R;) with increasing distances would
cover larger turbulent eddies, statistically resulting in
higher velocity dispersion. Besides, oP™ in the inner
galaxy seems statistically larger than the outer side.

4. The pixel-wise USD‘ has stronger correlation with N(H,) than
with R, in a power-law form of 0P o< N (H,)¢. Fitting the
relation with the mixture of pixels from all structures results
in £€=0.53. Each structure could have its own & value
through fitting the relation with its pixels. We noticed a &
distribution difference between the structures with and
without high-column-density (>10**cm ™ *%) pixels, where
the mean (std) & values are 0.38(0.14) and 0.62(0.14),
respectively. The significant difference is mostly caused by
the flattening of o™ when N(H,) > 10** cm ™2 Even though
the role of gravity is still unclear in the structures without
high-column-density pixels, the stronger power-law correla-
tions might reflect the turbulent nature of the diffuse
molecular gas because N(H,) is partially a proxy of the line-
of-sight thickness.

5. The above structures with and without high-column-
density pixels also have different virial parameter
distributions where the former ones have median
ayir~ 2, while the latter is ~7. Changing the spatial
boundaries from the entire structures to the subregions
within its N(H,) half-max isophote does not significantly
affect the av,;, distribution, but increases the dynamic range
of the surface density (X), making the sample distribution

1
roughly consistent with the relation of av/ Rz o< X2,
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Appendix
Column Density Calculation

The column density for each line-of-sight can be calculated
through

ex ex

E E !
Nt = 2.48 x 10'%(Ty, + 0.88)exp (T—“)[exp(—“) — 1]

f Tupdv (km s

U Te) — I (Tog)
T )

X ———————cm
1 —exp(—7)

(AL)

which is derived under LTE assumption for C'*0(J = 1-0)
(J. G. Mangum & Y. L. Shirley 2015, 2016) and has been
corrected by the central optical depth

T
r=—In|1— peak . (A2)
FUATo) — J(Typ)
The excitation temperature 7, can be derived from Tgfak and
2C0O (J = 1-0) rest frequency v:
o= "lm|1 4 Pk (A3)

Toow + J(Thp)

where J,(7) is the Rayleigh—Jeans equivalent temperature
hv/k
hv ’

exp (k_T) -1
and 7, is the background radiation temperature set to that of
Cosmic Microwave Background (CMB) Ty == 2.73 K.

Equation (A1) can also be applied to '*CO(J = 1-0) by
adopting its upper level energy E, =5.29 K. The derivation of
the constant 2.48 x 10'* requires the dipole moment £ and
rigid rotor rotation constant B of the molecule. Substituting the
corresponding 1 and By values for '*CO molecule® leads to the

same constant in the precision of three significant digits.
Therefore, the only difference in calculating the column density

J(T) = (A4)

® From https: //splatalogue.online/.
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between the two emission lines is the upper level energy E,.
Besides, fis the beam filling factor that is always assumed to be
identity in our cases.
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