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ABSTRACT

The Structure, Excitation, and Dynamics of the Inner Galactic InterStellar Medium (SEDIGISM) survey has produced high (spatial
and spectral) resolution '3CO (2-1) maps of the Milky Way. It has allowed us to investigate the molecular interstellar medium in the
inner Galaxy at an unprecedented level of detail and characterise it into molecular clouds. In a previous paper, we have classified the
SEDIGISM clouds into four morphologies. However, how the properties of the clouds vary for these four morphologies is not well
understood. Here, we use the morphological classification of SEDIGISM clouds to find connections between the cloud morphologies,
their integrated properties, and their location on scaling relation diagrams. We observe that ring-like clouds show the most peculiar
properties, having, on average, higher masses, sizes, aspect ratios and velocity dispersions compared to other morphologies. We
speculate that this is related to the physical mechanisms that regulate their formation and evolution, for example, turbulence from
stellar feedback can often results in the creation of bubble-like structures. We also see a trend of morphology with virial parameter
whereby ring-like, elongated, clumpy and concentrated clouds have virial parameters in a decreasing order. Our findings provide a
foundation for a better understanding of the molecular cloud behaviour based on their measurable properties.

Key words. ISM: clouds — local insterstellar matter — ISM: bubbles — Submillimeter: ISM
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Molecular clouds (MCs) are some of the densest and coldest re-
gions in the interstellar medium (ISM) and the exclusive sites
of star formation in galaxies (Dobbs et al. 2014; Heyer & Dame
2015; Miville-Deschénes et al. 2017). They are turbulent struc-
tures with masses of order 10°~107 M, and most of this mass is
concentrated in high-mass giant molecular cloud complexes (>
10° Mg, for Milky Way) (Roman-Duval et al. 2010). Most MCs
are generally magnetically super-critical, though not by a large
margin (Crutcher et al. 2010; Crutcher 2012; Dobbs et al. 2014).

* Member of the International Max Planck Research School (IM-
PRS) for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

Moreover, magnetic fields vary from cloud to cloud and some
clouds may be magnetically supported (Chapman et al. 2011;
Barnes et al. 2015). MCs span a range of sizes between ~ 1
and ~ 200 pc and present a hierarchical structure, with dense
clumps and denser (proto-stellar or pre-stellar) cores (Blitz &
Stark 1986; Rosolowsky et al. 2008; Ballesteros-Paredes et al.
2020). The surface densities of molecular clouds have a wide
range; i.e. ~ 1 to more than 1000 My, pc~? (Barnes et al. 2018).
A typical value for the surface densities of clouds is ~ 100
Mo, pc~? (Roman-Duval et al. 2010; Rebolledo et al. 2012) and it
may change with the galactic environmental (e.g. M51; Colombo
et al. 2013; Sun et al. 2018).

The correlations between velocity dispersion and other cloud
properties such as surface density and the virial parameter have
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led to various interpretations explaining their structure. The his-
torically widely used Larson (1981) paper concludes that clouds
are self-gravitating objects in virial equilibrium and the grav-
ity acting on clouds is counterbalanced by internal forces giv-
ing an average virial parameter around unity (Solomon et al.
1987; Fukui et al. 2008; Roman-Duval et al. 2010). Another
work, Ballesteros-Paredes et al. (2011) argues that clouds are
in free-fall collapse, but the uncertainties/scatter in the size-
linewidth relation allow for virial equilibrium to be a consis-
tent mechanism. Field et al. (2011) present clouds as marginally
self-gravitating pressure-confined objects. A more recent work,
Véazquez-Semadeni et al. (2019), presents the global hierarchi-
cal collapse (GHC) scenario as a description of the processes
involved throughout the life cycle of molecular clouds, starting
from their formation in the diffuse medium to their destruction
by the massive stars. It proposes a ‘moderated’ free-fall to main-
tain the cloud structure, that takes into account the interplay at
different scales and includes processes, e.g. stellar feedback, that
affect the overall cloud evolution.

The filamentary nature of molecular clouds is ubiquitous in
the Galaxy and most of the star-forming clumps are situated
in large scale filamentary structures (Schneider & Elmegreen
1979; Arzoumanian et al. 2011; Polychroni et al. 2013; Hacar
et al. 2013; Li et al. 2016; Olmi et al. 2016; Kainulainen et al.
2017; Bresnahan et al. 2018; Mattern et al. 2018; Ballesteros-
Paredes et al. 2020; Arzoumanian et al. 2022). The evolution of
filaments is influenced by various mechanisms, e.g., ISM turbu-
lence, shocked flows, supernovae feedback, galactic shear (Chen
et al. 2020; Colombo et al. 2021). These filaments can be fur-
ther classified into various types — e.g. bones, giant molecular
filament (GMF) — based on their properties (e.g. aspect ratio;
Zucker et al. 2018). The variations in filament properties might
be a result of the Galactic environment and the scales at which
they evolve. For example, recent studies attribute the formation
of GMFs to galactic shear and large-scale gas motions, consider-
ing these filaments as a subset of giant molecular clouds (Koda
et al. 2006; Duarte-Cabral & Dobbs 2016).

The formation and evolution of molecular clouds is still not
completely understood (Ballesteros-Paredes et al. 2020). Sim-
ilarly, there is no unique global property of molecular clouds
that can define its ability to form high-mass stars. Modern ap-
proaches towards studying molecular clouds include an analy-
sis of their three-dimensional structure (Zucker et al. 2021) and
their morphological classification (Yuan et al. 2021) into fila-
mentary and non-filamentary structures. Relating the cloud mor-
phology to its properties and Galactic environment may provide
us a better understanding of molecular clouds and star formation.
It could also help us understand the physical processes behind
the structure of clouds (Arzoumanian et al. 2022).

Stellar feedback plays an important role in regulating the
star formation in a galaxy and shaping the neighbouring molec-
ular clouds. Stars can impart mechanical energy in the form
of turbulence, stellar winds and shocks, and radiative energy,
which heats up the gas, leading to the creation and destruction
of molecular clouds and their substructures. Feedback drives the
mass, energy, momentum and metal enrichment into the sur-
rounding ISM, inducing new star formation events (Ballesteros-
Paredes et al. 2020; Schneider et al. 2020; Beuther et al. 2022).
On the other hand, it can also shread the natal molecular gas,
limiting further star formation (Geen et al. 2016; Urquhart et al.
2021). Feedback often results in the formation of interstellar
bubbles (Deharveng et al. 2010; Jayasinghe et al. 2019), which
are some of the most morphologically complex structures in the
Galaxy. For instance, the bubble RCW 49 (Schneider et al. 2020;
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Rodgers et al. 1960) shows an expanding shell that is decoupled
from the ambient ISM (Tiwari et al. 2021). Similarly, a frag-
mented ring of molecular gas is detected around the ionised re-
gion surrounding the bubble RCW 120 (Zavagno et al. 2007;
Rodgers et al. 1960), the presence of which is attributed to the
collect and collapse mode (Elmegreen & Lada 1977; Zavagno
et al. 2006; Zhou et al. 2020; Luisi et al. 2021). These bub-
bles/shells are prime examples of the ring-like clouds discussed
in this work.

In this paper, we try to find a connection between the mor-
phology of molecular clouds and their properties. The paper is
organised as follows: Sec. 2 provides a brief overview of the sur-
vey data and the cloud catalogue used for the analysis. Sec. 3
gives a brief description of the methods used for classification
of clouds into different morphologies, and the resulting morpho-
logical classes and cloud samples. We have discussed these in
detail in Neralwar et al. (2022, hereafter Paper I). In sec. 4 we
analyse the integrated properties of molecular clouds for the four
morphological classes. We also check if the results from the dif-
ferent cloud samples agree with each other for the different mor-
phologies. In Sec. 5 we study the Larson’s and Heyer’s scaling
relations, and in Sec. 6 we discuss the results and the physical
processes leading to the observed morphologies. We summarise
our main findings in Sec. 7.

2. Data

SEDIGISM (Structure, Excitation, and Dynamics of the Inner
Galactic InterStellar Medium) is a southern hemisphere inner
Galaxy survey that probes the moderately dense (~ 10° cm™)
interstellar medium. It covers —60° < [ < +18° and |b| < 0.5° in
several molecular lines, mainly the J = 21 transitions of '*CO
and C'80. The observations for the survey were carried out using
the 12m Atacama Pathfinder EXperiment (APEX, Giisten et al.
20006) telescope. A detailed description of the observations, data
reduction and data quality checks is provided in Schuller et al.
(2017) and Schuller et al. (2021).

Duarte-Cabral et al. (2021, hereafter called DC21) used the
first data release (DR1) (Schuller et al. 2021) of the SEDIGISM
survey to obtain a catalogue of 10663 clouds using the scimes'
algorithm (detailed description in Colombo et al. 2015, 2019).
The data has a FWHM beam size of 28" with a 1 o sensitivity
of 0.8-1.0 K at 0.25 kms™! spectral resolution. In Paper I, we
classify these clouds based on their morphology (see Sec. 3) and
thus add more information to the original catalogue?.

This cloud catalogue (hereafter called SEDIGISM cloud cat-
alogue) presents the directly measured properties and the derived
properties for the clouds identified with scimes. Each cloud is
assigned an ID from scimes and a name using its Galactic co-
ordinates. The directly measured properties include the clouds’
position, velocity, velocity dispersion, size and the intensity as-
sociated with each cloud. The catalogue also lists near, far and
adopted kinematic distances to clouds, their reliability and un-
certainties, and the presence of star formation tracers. These
properties are used to derive other properties like the aspect ra-
tio, mass, surface density and the virial parameter. The catalogue
also provides the values of the properties obtained after beam de-
convolution, which are used in the current work.

! https://github.com/Astroua/SCIMES
2 https://sedigism.mpifr-bonn.mpg.de/cgi-bin-seg/
SEDIGISM_DATABASE.cgi
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3. Morphological cloud classification

We study the integrated cloud properties for different morpholo-
gies and this demands that the clouds be highly resolved and
have reliable distance measurements. Thus, we use the clouds
belonging to the science sample from DC21 to study their prop-
erties. The clouds in the science sample have reliable distance
measurements, are well resolved (cloud area > 3Q..,) and
do not lie on the latitude edges of the survey (edge = 0; in
SEDIGISM catalogue).

Paper I presents the classification of molecular clouds from
the SEDIGISM cloud catalogue based on their morphology. It
uses two methods for this: J plots (Jaffa et al. 2018) and by-
eye (visual) classification. J plots is an automated algorithm that
uses the principal moment of inertia of a structure to determine
its morphology. It distinguishes the structures based on their
degree of elongation and degree of central concentration thus
classifying them into three types: cores, filaments and bubbles
(rings). In Paper I, we also conducted a visual analysis of the in-
tegrated intensity maps of the clouds which resulted in four mor-
phological classes: (i) ring-like clouds (e.g., Fig. 1a), (ii) elon-
gated clouds (e.g., Fig. 1b), (iii) concentrated clouds (e.g., Fig.
Ic), (iv) clumpy clouds (e.g., Fig. 1d).

There are 298 clouds that could not be classified into any of
the above classes.

The two classification methods were used to identify two
samples from the SEDIGISM cloud catalogue. These are the vi-
sually classified (VC) and morphologically reliable (MR) sam-
ples. Both these samples are obtained from the SEDIGISM full
sample — a sample of 10663 molecular clouds (detailed de-
scription in DC21). The VC sample is obtained by categorising
the clouds into the four morphologies using by-eye classifica-
tion (i.e. SEDIGISM full sample excluding unclassified clouds)
whereas the MR sample contains clouds that have the same mor-
phology under both J plot and by-eye classifications. It means
that MR sample includes ring-like, elongated and concentrated
clouds that are identified by J plots as bubbles, filaments and
cores, respectively. The clumpy clouds that are recognised as ei-
ther filaments or cores by the J plots algorithm also belong to
the MR sample. A detailed description of the classifications and
the resulting samples is provided in Sec. 3 and 4.1 of Paper L.

We restrict our MR and VC samples in this paper (Table 1)
only to the clouds from the science sample (DC21), and use
this sub-sample of clouds for further analysis. These samples
are used to understand the connection between cloud properties,
their morphologies and the effects due to Galactic environment.
It is worth noting that the quality of classification for the MR
sample is better than for the VC sample, as it is classified us-
ing the aid of both visual and automated classifications. How-
ever, this leads to the rejection of a large amount of data and
results in a small sample size for some morphologies (e.g. ring-
like clouds). Hence, we use both samples? for our analysis (Table

1).

4. Results

In this section, we analyse the connection between cloud mor-
phologies and their other properties i.e. cloud mass, surface den-
sity, radius, velocity dispersion, length, aspect ratio and virial pa-
rameter. The properties used throughout this paper are the decon-
volved properties from DC21. The cloud radius (effective radius

3 We remind the readers that the VC and MR samples used in this
paper contain only the science sample clouds and therefore differ from
the VC and MR samples presented in Paper 1.

Table 1: Quantitative description of the clouds.

Morphological class MR sample VC sample
Ring-like cloud 156 961
Elongated cloud 3607 3676
Concentrated cloud 528 1094
Clumpy cloud 729 733

Total 5020 6464

Notes. The table presents the clouds in visually classified (VC) and
morphologically reliable (MR) samples for different morphologies. We
only present the clouds contained in the science sample. For the full
SEDIGISM sample, refer to Paper 1.

and deconvolved radius) is calculated (by DC21) from the ex-
act area of the cloud, assuming a spherical geometry. Therefore,
the concept of radius may be inefficient in correctly describing
the size of clouds with complex structures, which have a non-
spherical geometry. An alternative measure of the major and the
minor axes of a cloud could be the length and width obtained us-
ing the geometric medial axis. The longest running central spine
through a 2D projected cloud mask is considered to determine
the cloud length, whereas the width is twice the average distance
from the spine to the cloud edge. The cloud length (lengthya)
and the aspect ratio (ARpa ) used in this work were obtained us-
ing the medial axis technique (DC21). The medial axis length is
free of the assumption that clouds have a particular geometry and
hence provides a different estimate of the cloud size (especially
for elongated structures), as compared to the cloud radius. Our
implementation of the medial axis analysis does not consider the
intensity distribution of the cloud and therefore we do not trace
the density-weighted spine.

The average integrated intensity of a cloud is obtained from
the observed flux and it is converted into the cloud mass M
using the 13CO (2-1) to H, conversion factor; Xco = lf(l)ls X
102 ecm=2(K km s™1)™! (Schuller et al. 2017). This mass is fur-
ther used to obtain the surface density and the virial parameter
for the clouds (DC21). The virial parameter is calculated assum-
ing that clouds are spheres (Rosolowsky & Leroy 2006), but this
is not consistent with the different cloud morphologies that we
see. Moreover, the virial parameter is a crude property calculated
using the balance between the kinetic and gravitational energies
in the clouds, and might not be an accurate representation of the
gravitational state of all the clouds. Nevertheless, we discuss it
for the different morphologies as it is a widely used parameter in
the star formation literature (e.g. DC21).

The violin plots in Fig. 2-5 present distributions of the prop-
erties for different cloud morphologies using the VC and MR
samples. The main statistics (i.e. the median, interquartile range,
skewness and kurtosis) of cloud properties for different mor-
phologies for both samples are reported in Table 2. The simi-
lar values (especially for median) between the two samples in
most cases indicate that they follow each other closely. The two
samples show the most similar distributions for elongated and
clumpy clouds (p-value = 1, Table A.1). The p-values presented
throughout this work are obtained using the two sample Kol-
mogorov—Smirnov (KS) test. A detailed description of the KS
test and p-values is presented in appendix A. We compare the p-
values between the VC and MR samples using the distributions
of cloud properties in Table A.1. We find a p-value > 0.01 in ~
85% of the cases, which suggests that the VC and MR samples
usually show a similar distribution.
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Fig. 1: Examples of a different cloud morphologies. The images are integrated intensity (moment 0) maps of the '*CO (2 - 1)
transition. The numbers in the right bottom corner of an image represent the J; and the J, moments (J plots algorithm) respectively.
The colour bars represent the '>CO integrated intensity in K km s~'. The white contours represent the cloud edge. The white circles

at the bottom left of the figures represent the telescope beam size.

The differences between the distributions of the cloud prop-
erties for the various morphological classes can be identified vi-
sually from the violin plots (Fig. 2 — 5) and confirmed using
the p-values from the KS test (Table A.2). The distributions for
the different morphologies differ from each other for each cloud
property (typically p-value < 0.01, Table A.2), e.g., the mass dis-
tribution of concentrated and ring-like clouds differ from each
other.

Ring-like clouds show the most different properties as com-
pared to other morphologies. These clouds show higher average
values and different distributions of radius, velocity dispersion,
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aspect ratio and length as compared to other morphologies (Fig.
2 and 3; see ‘Median’ values in Table 2). They also have higher
average cloud mass than elongated and clumpy clouds, but the
average surface density is comparable to elongated clouds and
lower than other morphologies (Fig. 4). Ring-like clouds also
show slightly higher average values of virial parameter com-
pared to other morphologies (Fig. 5). However, we again caution
the readers that virial parameter might not correctly represent a
cloud’s gravitational state for all the morphologies.

Concentrated clouds present a morphology quite different to
the ring-like clouds. These clouds have a high density at the
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centre leading to a near-circular structure and therefore exhibit
smaller (average) lengths and aspect ratios (Fig. 3). They also
have lower average mass than other morphologies but their small
size results in higher average surface density than other struc-
tures (Fig. 4).

Elongated clouds and clumpy clouds have comparable ra-
dius, velocity dispersion, length and aspect ratio* distributions
(Fig. 2 and 3); with elongated clouds having more tailed distri-
butions towards both lower and higher values (see kurtosis in
Table 2). The lower kurtosis of clumpy clouds may be a result
of their smaller sample size. The length distributions (Fig. 3) of
these two morphologies are similar to that of all clouds, which
might be due to most of the clouds having an elongated structure.
Clumpy clouds have more mass but similar lengths to elongated
clouds, resulting in higher surface densities (Fig. 4).

We also check if the distribution of the clouds in the Galaxy
is influenced by environmental factors, namely Galactocentric
radius/distance (Rg,) and Galactic height (zg, (see Fig. 6). We
do not find any specific environmental trend that separates a par-
ticular cloud morphology from others. All cloud morphologies
show a gaussian like distribution in the Rg, histograms (Fig. 6,
top). The small sample size at smaller Ry, (Fig. 6; top) is due
to rejection of clouds near the Galactic centre (the science sam-
ple in DC21 excludes clouds with unreliable distances) whereas
the small sample size at higher Ry, (which for SEDIGISM corre-
sponds to large heliocentric distances) is mostly due to the sensi-
tivity and resolution limitations of the telescope. Unsurprisingly,
a large number of molecular clouds are situated at low Galac-
tic heights (Fig. 6, middle), which may be a consequence of the
high density of molecular gas in the Galactic plane. Moreover,
all the morphologies seem to be distributed similarly across the
Galactic height.

In order to identify any potential observational biases, we
have also investigated how the different morphologies are dis-
tributed as a function of heliocentric distance (Ry). The Ry his-
tograms show that ring-like clouds have a higher concentra-
tion closer to us (Fig. 6; bottom). It could be due to a projec-
tion effect leading to distortion in the observed structure of the
clouds at large distances. Also, the most distant ring-like clouds
could be unresolved and thus get classified into other morpholo-
gies. This is possibly reflected in the distribution of concentrated
clouds, which shows slightly higher number densities at larger
Ry. Hence, this is most likely a consequence of observational
bias and not a physical phenomenon. The distribution of other
morphologies is similar along the heliocentric distance, with a
dip in the number of clouds at Rgy = 6 kpc. The clouds in this
region lie very close to the tangent velocity and are assigned a
higher distance value (i.e. the tangent distance) to avoid the dis-
tance ambiguity (see Sec. 4.1 in DC21).

We observe that clouds of all morphologies are abundant at
all Ry (Fig. 6; bottom), however the slight trends in the distribu-
tions indicate the presence of observational biases. We discuss
the observational limitations potentially affecting our analysis in
appendix B. The influence of biases is most visible in the directly
measured properties, i.e., mass, radius and length. For example,
smaller and less massive clouds can be detected in our vicinity
but the technical limitation of telescopes minimise their detec-
tion at large distances. We also discuss the influence of the envi-

4 There are 25 elongated and 12 clumpy clouds with aspect ratio <
1.5 in the VC sample. These clouds are low resolution structures which
might have been classified incorrectly or have unreliable medial axes
measurements. We do not exclude these structures as they constitute
only a very small percentage of the total sample and do not affect our
analysis.
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Fig. 2: Distribution of radius (top) and velocity dispersion (bot-
tom) for the VC sample (blue) and the MR sample (orange). The
violin plots present the density of the data at different values,
which is smoothed through kernel density estimator. The hor-
izontal lines at the ends and middle of the plots represent the
extreme and the median values of the distributions respectively.

ronmental factors, i.e. Rgy and zg, in appendix C. We find that
smaller clouds are usually seen at low Galactic heights. How-
ever, clouds at all Galactic heights show similar aspect ratios.
A general observation is that the clouds properties follow the
global trends (as seen in Fig. 2 — 5) irrespective of the Galactic
environment and the observational biases.

5. Scaling Relations

Larson’s size-linewidth relation (Larson 1981) or Larson’s first
law is one of the most studied scaling relations, which has
provided observational constraints on the dynamics of molec-
ular clouds for the past 40 years. The relation o, = 1.10 L038
was obtained by analysing a large number of molecular clouds
from sub-parsec size to few hundred parsecs. It has a similar
form to Kolmogorov’s law for turbulence and implies that larger
clouds have higher velocity dispersion. It was further updated
for molecular clouds using analysis from Solomon et al. (1987)
as discussed in Colombo et al. (2019).
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Table 2: Statistics of the integrated properties for various cloud morphologies.

Subset Visually classified sample Morphologically reliable sample
Median IQR Skewness Kurtosis | Median IQR Skewness  Kurtosis
M [x10° Mg]
All 1.27 3.25 52.3 3451.1 1.17  2.83 13.2 294.6
Ring-like 2.51 7.96 14.1 283.3 1.40  5.89 2.8 8.3
Elongated 1.09 2.67 16.6 422.3 1.09  2.65 16.9 437.0
Concentrated 1.06 2.01 32.1 1046.9 1.05 1.93 7.2 71.4
Clumped 2.04 471 54 39.8 2.04 471 5.5 41.2
T [Mo pe ]
All 73.42 4240 5.0 67.1 72.15 40.29 3.7 28.1
Ring-like 7194 52.35 2.7 10.7 59.49 34.30 2.2 4.9
Elongated 67.04 32.09 5.1 52.6 67.22 32.03 5.1 53.6
Concentrated 9229 49.68 8.2 144.7 | 101.73 55.33 1.8 4.9
Clumped 88.99 47.33 2.8 11.6 88.99 47.33 2.8 11.5
R [pc]
All 232 226 3.1 30.7 2.23 2.15 3.7 43.6
Ring-like 324 344 1.4 3.3 2.71 3.25 1.1 0.8
Elongated 224 217 4.3 56.2 2.23 2.17 4.3 57.6
Concentrated 1.90 1.51 3.2 24.3 1.86 1.40 1.7 4.7
Clumped 2.67  2.37 1.7 4.1 2.67 2.34 1.7 4.1
o,[km s71]
All 0.76  0.53 6.9 158.5 0.74 049 2.6 12.0
Ring-like 0.99 0.89 2.2 10.5 0.84 0.86 1.9 4.3
Elongated 0.73 0.48 2.6 11.7 0.73 048 2.5 11.3
Concentrated 0.70 0.39 19.4 522.1 0.72 0.38 1.9 5.5
Clumped 0.83 0.60 2.5 11.5 0.83  0.60 2.6 11.6
ARwmA
All 4.95 3.66 1.6 4.6 4.85 3.46 1.7 5.3
Ring-like 7.11 4.72 1.5 3.9 8.18 5.71 1.6 4.4
Elongated 5.25 345 1.5 3.5 5.19 341 1.5 3.6
Concentrated 3.03 2.04 2.9 18.7 2.75 1.89 1.5 4.6
Clumped 4.60 3.25 1.3 2.7 459 3.21 1.3 2.8
yir
All 1.25 1.31 8.4 125.7 1.25 1.29 9.1 144.1
Ring-like 1.50 1.68 4.3 27.1 1.74 1.80 2.4 6.1
Elongated 1.31 1.34 8.9 140.4 1.31 1.33 8.9 139.5
Concentrated 0.98 0.90 8.5 105.7 098 093 7.8 94.1
Clumped 1.08 1.18 9.6 135.7 1.08 1.18 9.6 135.0
Length [pc]
All 7.60 9.43 3.6 37.2 7.32 8.77 4.4 53.9
Ring-like 1296 15.21 1.5 2.9 10.84 15.20 1.3 1.5
Elongated 7.71 8.87 5.0 66.2 7.69 8.82 5.0 67.5
Concentrated 473  4.87 3.8 25.1 438 4.13 2.4 9.9
Clumped 8.39 10.00 2.1 6.2 834 995 2.1 6.2

Notes. The properties are mass (M), surface density (Z) , radius (R), velocity dispersion (o), aspect ratio (ARma ), virial parameter (a,;;) and length
(lengthyia). The median is an estimate of the average of a distribution. The Interquartile Range (IQR) is the difference between the 75" percentile
and the 25" percentile of the distribution and is a measure of the variability in the data. Skewness is a measure of symmetry of a distribution
and the positive and negative values signify the data being skewed left and right respectively. Kurtosis describes the outliers or extremities in the

distribution with a high value representing a highly-tailed distribution.

We present the size-linewidth relation for the various cloud
morphologies in Fig. 7. All cloud morphologies follow the gen-
eral trend of high velocity dispersions for large clouds. However,
it should be noted that the ‘size’ in terms of an equivalent radius
is a better approximation for some clouds than others. The high
values of velocity dispersion for ring-like clouds with large radii
(log(R) > 0.5) might be attributed to the momentum imparted
due to stellar feedback. A larger radius means that more of the
gas (shell) has travelled farther away from the centre, resulting
in a higher velocity difference between the centre and the edge.
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Although we expect the ring-like clouds to have a vertical offset
given their higher velocity dispersions, this is not the case and
they still lie along Larson’s relation (Fig. 7). We perform princi-
pal component analysis (PCA) for different cloud morphologies
on the Larson’s plot (Fig. 7) to obtain the confidence ellipses (1-
sigma) and compare the cloud distributions with the Larson’s re-
lation. The slopes of the confidence ellipses for the clouds (Table
3) may indicate that elongated clouds and clumpy clouds (slope
= 0.48) follow Larson’s first law (slope = 0.50) more closely
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Fig. 3: Distribution of length (top) and aspect ratio (bottom). The
symbols and conventions follow Fig. 2.

than other morphologies. However, the large scatter in the data
(Fig. 7) prevents us from confirming this.

Larson’s second relation correlates the velocity dispersion
to cloud mass implying that clouds are approximately in virial
equilibrium, while the third relation shows the anticorrelation
between cloud mean density and size. These relations together
with the analysis of Solomon et al. (1987) assert that clouds
have a constant surface mass density. Heyer et al. (2009) reanal-
ysed the clouds in the first quadrant of the Galaxy and found that
these clouds do not have a constant surface mass density and
they are not necessarily gravitationally bound. We show Heyer’s
relation (02/R o X) for different cloud morphologies in Fig. 8
and report the slopes of the corresponding 1-sigma PCA ellipses
in Table 4. The different cloud morphologies show a trend with
respect to the virial parameter, with ring-like clouds present to-
wards a region of higher virial parameter. This is understood as
ring-like clouds are effectively expanding and thus not gravita-
tionally bound. Towards higher surface density and lower veloc-
ity dispersion (i.e. lower virial parameter), the regions are cor-
respondingly occupied by elongated, clumpy and then concen-

Fig. 4: Distribution of mass (top) and surface density (bottom).
The symbols and conventions follow Fig. 2.

trated clouds. This is in agreement with our previous analysis of
concentrated clouds being dense, gravitationally bound compact
objects. We also observe that none of the cloud distributions fol-
low ayir = 1 (Heyer et al. 2009), but the bulk of clouds could be
virialised if they are under a relatively mild external pressure or
are contracting at some fraction of free-fall (Fig. 8).

6. Discussion

The differences in properties of different morphologies can be
associated with various physical processes that play a role in the
formation and evolution of clouds. The large size (as measured
by length and radius in Fig. 2 and 3) and aspect ratio (Fig. 3)
for ring-like clouds can be attributed to their formation process.
These clouds could be associated with infrared bubbles, which
form due to stellar winds and radiation feedback. We find in Pa-
per I that 605 ring-like clouds show association with infrared
bubbles from the Milky Way Project (MWP). Stellar feedback
could impart high velocity and turbulence to the shells, which
then travel large distances to form large rings with high velocity
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Fig. 5: Distribution of virial parameter for the VC and MR sam-
ples. The symbols and conventions follow Fig. 2.

Table 3: Slopes and their standard deviations (SD) recovered
from PCA on Larson’s scaling relation (o, oc R®!°P®) for different
cloud morphologies.

Cloud Ring Elongated Concentrated Clumpy
Slope  0.63 0.48 0.41 0.48
SD 0.01 <0.01 0.01 0.01

Notes. The values are obtained using the bootstrap technique, where
different samples are generated by varying the values of x and y param-
eters of the scaling relation within their errors. We calculate the slope
for each sample and report the mean and standard deviation of these
slopes in the table. The results are obtained using 10000 random sam-
ples generated using random seed 0. The expected value of the slope is
0.54.

References. (a) Larson (1981)

Table 4: Slopes recovered from PCA on the Heyer scaling re-
lation (02/R oc E%1°P¢), The terminology follows Table 3. The
expected value of the slope is 1.

Cloud Ring Elongated Concentrated Clumpy
Slope  3.17 4.50 3.46 3.87
SD 0.21 0.12 0.20 0.21

References. (a) Heyer et al. (2009)

dispersion (Snell et al. 1980; Liu et al. 2019). Ring-like clouds
have the highest mass (on average). However, the large sizes of
these clouds result in them having lower surface densities than
other structures. Overall, ring-like clouds show the most extreme
properties compared to the global distribution of clouds as well
as other morphologies.

The high mass and surface density (Fig. 4) of the clumpy
clouds can be explained with two possibilities. The first is that
these are multiple overlapping clouds, considered to be a sin-
gle cloud by scimes. The other hypothesis is that these clouds
evolve similar to globular filaments (Schneider & Elmegreen
1979), having multiple dense regions in the filamentary struc-
ture. The second hypothesis is supported by higher star forma-
tion efficiencies (refer Paper I) for these clouds as compared to
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Fig. 6: Histogram (normalised) for distribution of clouds with
respect to Galactocentric radius [top] Galactic height (zg,1) [mid-
dle], and heliocentric distance [bottom]. The histograms repre-
sent the ratio of clouds in each bin to the total number of clouds
in all the bins. The bin width is 1 kpc for the heliocentric dis-
tance and Galactocentric radius plots and 1 pc for the zgy his-
togram. The blue colour represents the VC sample and the or-
ange colour represents the morphologically reliable (MR) sam-
ple. The cloud morphologies from top to bottom represent ring-
like clouds (Ring), elongated clouds (Elon), concentrated clouds
(Conc) and clumpy clouds (Clumpy).

elongated clouds. Clumpy clouds have length distributions simi-
lar to elongated clouds, which could be due to a common forma-
tion/evolution mechanism, leading to filamentary structures of
comparable sizes. It could also be an artefact of the cloud selec-
tion criteria used by the scimes algorithm. scimes is oriented to-
wards selecting clouds with similar sizes and could thus present
a single molecular cloud as smaller individual clouds or combine
small molecular clouds and present them as a single cloud.

A major observation across all the data samples and through-
out the different Galactic environments is that most of the molec-
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(dashed black line) (Larson 1981).

ular clouds are elongated (Table 1; histograms in Fig. C.1, C.2,
C.9, C.10, B.1 and B.2). The average properties of elongated
clouds lie between those of ring-like clouds and concentrated
clouds. The large sample size for elongated clouds might be the
reason for their values being non-extreme. We also find that the
Galactic environment does not influence the trends in the inte-
grated properties for most of the morphologies significantly (see
the ridge plots in appendix B).

7. Summary

In this paper, we have studied the connection between the mor-
phology of clouds and their integrated properties. We also anal-
yse, how the different cloud morphologies are distributed in the
Galaxy. Our analysis is based on the catalogue of molecular
clouds from the SEDIGISM survey (presented in DC21; along
with the integrated properties). Clouds were classified into four
types based on their morphology (in Paper I). Our main findings
are as follows:

— Elongated clouds are the most abundant type of clouds in the
Galaxy, with their average properties lying between ring-like
and concentrated clouds.

— Concentrated clouds have the smallest median sizes and
highest median surface densities of all cloud categories.

— Ring-like clouds show the most discrepant properties com-
pared with the global population of clouds, with higher aver-

age mass, radius, length, aspect ratio and velocity dispersion
than other morphologies.

— The different morphology classes are not distributed differ-
ently in terms of Galactocentric distance (R,al) and Galactic
height (zga1).

— The distributions of clouds do not show significant differ-
ences on Larson’s size-linewidth plot for the different mor-
phologies.

— Heyer’s scaling relation shows the evolution of morpholo-
gies with virial parameter; with ring-like, elongated, clumpy
and concentrated clouds lying in order of decreasing virial
parameter.

In conclusion, we found some connections between cloud
integrated properties and their morphology. The ring-like clouds
show an extreme behaviour compared to other cloud morpholo-
gies, which may be a consequence of their nature, i.e. formation
due to stellar feedback. Moreover, the global trends in the prop-
erties for different morphologies are followed even in separate
smaller regions of the Galaxy (i.e. throughout the distance bins
(appendix C)), irrespective of the observational biases (appendix
B). Even though we did not find any particular trend in the distri-
bution of different types of clouds as a function of Galactocentric
distances or Galactic height, we have not looked into other en-
vironments within the Galaxy, possibly more critical to the evo-
lution of clouds, such as spiral arms or the Galactic centre. The
categorisation of clouds into different morphologies could thus
give way to various potential follow up studies to help under-
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stand the role of the Galaxy in shaping the formation and evolu-
tion of molecular clouds.
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Appendix A: Kolmogorov—Smirnov test and p-value

The two-sample Kolmogorov—Smirnov (KS) test is a non-parametric
goodness of fit test that compares the cumulative distribution of two
datasets by calculating p-value and the maximum difference between
them. We use the null hypothesis that the two distributions are obtained
from the same distribution. Hence, a low p-value (typically below 0.01)
leads to rejection of the null hypothesis, and is an indication that the two
samples belong to different distributions. All the p-values throughout
this paper are obtained from the KS test. We use the ks_2samp module
from python scipy package to implement KS test on our distributions.
We use the KS test for two major tasks. The first is to confirm
whether the distribution of property for a particular morphology is the
same for VC and MR samples. We confirm that VC and MR samples
are consistent with each other in Table A.1. The second task is to check
if different morphologies show different distribution for a given prop-
erty. The differences in the properties for different morphologies can
be visually distinguished in the violin plots (Fig. 3-5) and ridge plots
(appendix B and C) and statistically confirmed through Table A.2.
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Table A.1: P-values for the two sample KS test conducted on the VC and MR samples for each property and morphology.

Cloud M z R o AR Qyir Length
Total 7.7¢-02  1.1e-01 1.1e-01  7.5e-02 2.7e-01 1.0e+00 8.8e-02
Ring-like 4.5e-03 3.8e-05 3.5¢-02 4.4e-02 6.8e-03 1.5e-01 3.9e-02
Elongated 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00
Concentrated  9.0e-01 1.8e-03  2.9¢-01 6.3e-01 3.5e-03 1.0e+00 4.2e-02
Clumpy 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00 1.0e+00

Notes. The rows represent the cloud morphologies whereas the columns represent the cloud properties. The symbols follow Table 2.

Table A.2: P-values for the two sample KS test conducted on different morphologies for each cloud property (VC sample).

Cloud M > R o, AR Qyir Length
Tot-Ring 59e-15 33e-02 59e-15 5.9e-15 59e-15  53e-10 5.9e-15
Tot-Elon 24e-04 29e-15 1.1e-01 1.2e-03 8.5e-09  1.2e-03 4.6e-01
Tot-Conc 1.6e-07 1.8e-15 1.8e-15 4.1e-10 1.8e-15 1.8e-15 1.8e-15
Tot-Clumpy 5.4e-10 8.8e-29 5.7e-06 3.3e-05 2.1e-02  3.3e-05 1.7e-02
Ring-Elon 2.1e-15 1.5e-13  2.1e-15 2.le-15 2.le-15  8.6e-06 2.le-15
Ring-Conc 6.9e-32  1.3e-30 2.7e-54 1.1e-43 1.8e-191 2.7e-28 5.0e-103
Ring-Clumpy  1.4e-03 1.7e-15 2.1e-07 8.2e-07 1.7e-15 l.le-14 1.7e-15
Elon-Conc 5.6e-03  9.6e-90 3.5e-12 1.3e-04 1.7e-141 1.6e-24 6.8e-50
Elon-Clumpy  3.0e-16 4.1e-59 3.7e-08 3.4e-09 5.8e-07  6.5e-09 1.9e-02
Conc-Clumpy 1.2e-15 1.4e-01 1.2e-15 5.3e-15 1.2e-15 9.8e-03 1.2e-15

Notes. The rows represent the two morphologies for which the KS test was conducted. Tot, Ring, Elon, Conc and Clumpy refer to the total, ring-
like, elongated, concentrated and clumpy clouds respectively. The columns represent the property for which the p-value is obtained. The symbols

follow Table 2.

Appendix B: Testing the observational biases
affecting cloud properties and morphological
trends

The sensitivity and resolution limitations of the telescope may result in
incorrect classification of cloud morphology at large distances (Ry). We
discuss the effects of these technical limitations in details in this section
using the ridge plots for heliocentric distance (Ry). In general, ridge
plots are a visualisation tool that show the distribution of a numerical
value for various groups. In our case, they can be considered violin plots
for cloud properties in separate distance bins. The clouds are separated
into 9 distance bins of width 2 kpc each, covering 0-18 kpc, based on
their proximity from the Sun. Fig. B.1 shows the number of structures
in each distance bin from 0-24 kpc.

The cloud properties that are most affected by the technical limita-
tions are mass and size (radius and length). They show visible changes
in the median as well as the distribution range across the distance bins.
Fig. B.2 shows that the lower limit on mass increases with Ry. At a
smaller Ry, low-mass clouds can be detected due to the high resolution
and sensitivity of the telescope, but as R, increases, the low mass clouds
are perceived as background noise. Similarly, we also find that the lower
limit on radius (Fig. B.4) and length (Fig. B.8) increases with distance,
following the same principle as mass distributions.

The surface density (Fig. B.3), aspect ratio (Fig. B.6) and veloc-
ity dispersion are not strongly affected by the technical limitations. The
distributions for virial parameter (Fig. B.7) show the most overlap com-
pared to those of other properties. The decrease in the virial parameter
with increasing R, can be attributed to observational biases at play (dis-
cussed in appendix C of DC21).

We study the cloud properties in two-dimensional position-position
space, and it could lead to the projection effects affecting our analysis.
For example, our cloud length and width do not represent the original
dimensions of the molecular clouds, but rather a projected length and
width. Similarly, the cloud morphology is also influenced due to the po-
sitioning of clouds with respect to the telescope’s line of sight. However,
given the large size of our data sample, the general trends in the results
are unlikely to be affected and thus we ignore the projection effects in
this work.

It is interesting to note that regardless of the changes in the prop-
erties with distance, the properties show similar trends across all the
distance bins for the different morphologies validating our conclusions
on the trends found for the full samples (see Sec. 4).
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Fig. B.1: Mass ridge plot for the VC sample with Ry bins.
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Fig. B.2: Mass ridge plot for the MR sample with R4 bins.
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Fig. B.3: Surface density ridge plots with Ry bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. B.4: Radius ridge plots with Ry bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. B.5: Velocity dispersion ridge plots with R4 bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. B.6: Aspect ratio ridge plots with Ry bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. B.7: Virial parameter ridge plots with R4 bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. B.8: Length ridge plots with R4 bins. Left (solid): VC sample, Right (dashed): MR sample.
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Appendix C: Dependence of cloud properties on
Galactic environment

The properties of molecular clouds might show changes within different
Galactic environments and based on their position in the Galaxy. We
study changes in the integrated properties of molecular clouds based on
their location in the Galaxy for the VC and MR samples using ridge
plots. The data in each bin is plotted separately for each morphology
to understand the environmental influence on each cloud properties for
the different morphologies. The distributions of elongated clouds and
clumpy clouds for the two samples are nearly identical as only a few of
these clouds from the VC sample are not a part of the MR sample. The
clouds are separated into distance bins based on two distance’ types.
The first is Galactocentric radius (Rgy), i.€., the distance of a cloud from
the centre of Milky Way. The second is the Galactic height (zga), i.€.,
vertical height of a cloud from the Galactic plane. The cloud properties,
i.e. mass, surface density, radius, velocity dispersion, aspect ratio, virial
parameter and length are studied using ridge plots. The low sample size
of morphologies in some bins leads to sporadic peaks in the plots and
also prohibits an in-depth study.

Appendix C.1: Galactocentric radius (Rga1) bins

This section presents the ridge plots with Galactocentric radius (Rgq1)
bins. The data is divided into 8 bins of width 1 kpc from 2—10 kpc®. The
central part of the Galaxy (< 1 kpc) is excluded as the local gas motions
influence the overall properties, causing a change in the dynamics of the

5> The distances are provided as R_gal and z_gal_kpc in the cloud cat-
alogue of DC21.
6 The MR sample has ring-like clouds only upto Ry, = 8 kpc.

region. The decrease in sample size at large distance from the Galactic
centre sets an upper limit of 10 kpc for R, bins (Fig. C.1 and C.2).

The mass distribution for the two samples (Fig. C.1 and C.2) show
highest values for ring-like clouds and clumpy clouds. The surface den-
sity distributions (Fig. C.3) follow the global trends (Sec. 4), showing
high values for concentrated and clumpy clouds. The properties pertain-
ing to the size of the clouds show similar features across most of the Ry,
bins. These are the radius (Fig. C.4) and length (Fig. C.8), which show
highest values for ring-like clouds. The aspect ratio distribution (Fig.
C.6) also follows similar trends. These high values can be explained as
a consequence of stellar feedback expanding the bubbles (see Sec. 6).

Appendix C.2: Galactic height (zea) bins

In this section, we study the clouds by distributing them into zg, bins.
The highest z4, value for the clouds is ~ 230 pc, however, < 1 % clouds
lie above 160 pc. Thus, we bin the clouds into 8 bins of width 20 pc
covering 0—160 pc. Clouds near the Galactic plane, have a larger span
of sizes (both radius and length) as seen in Fig. C.12 and C.16. Smaller
clouds at high Galactic heights might be obscured due to the foreground
gas in the Galactic plane. The sensitivity and resolution of telescope
could also prevent detection of smaller clouds at large distances. Clouds
at all Galactic height exhibit almost similar aspect ratio distributions
(Fig. C.14), showing that they show similar average shapes for a given
morphology. We also see that less massive clouds are mostly located
near the Galactic plane (Fig. C.9 and C.10). The virial parameter distri-
bution has a mild trend suggesting a lower average value with increasing
Galactic height (Fig. C.15). In a nutshell, we detect a larger number of
smaller and less massive cloud in the Galactic plane compared to large
Galactic heights, but this could be due to the foreground molecular gas,
telescope limitations or both.
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Fig. C.1: Mass ridge plot for the VC sample with R, bins. The vertical dashed lines represent the medians of the distributions.
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Fig. C.2: Mass ridge plot for the MR sample with R, bins. The vertical dashed lines represent the medians of the distributions.
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Fig. C.3: Surface density ridge plots with Ry, bins. Left (solid): VC sample, Right (dashed): MR sample.

log(Z [Mo pc2])

Article number, page 21 of 28



A&A proofs: manuscript no. paper

VC sample MR sample

—__ 2-3kpc

-0.5 0.0 0.5 1.0 1.5 —-0.5 0.0 0.5 1.0 1.5
log(R [pc]) log(R [pc])

Fig. C.4: Radius ridge plots with Ry, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.5: Velocity Dispersion ridge plots with R, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.6: Aspect ratio ridge plots with R, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.7: Virial Parameter ridge plots with R, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.8: Length ridge plots with R,y bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.9: Mass ridge plot for the VC sample with zg, bins.

Article number, page 24 of 28



MR sample

K. R. Neralwar, D. Colombo et al.: SEDIGISM: molecular cloud morphology II

EEm Elongated cloud [ Concentrated cloud
HE Ring-like cloud

. Clumpy cloud

80-120pc
120-160pc
160-200pc
200-240pc
1 2 3 4 0 20 40 60 80 100 (%)
Iog(M [Ms]) Number of structures
Total clouds in distance bin
Fig. C.10: Mass ridge plot for the MR sample with z,, bins.
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Fig. C.11: Surface density ridge plots with zg bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.12: Radius ridge plots with z4,1 bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.13: Velocity Dispersion ridge plots with zg,; bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.14: Aspect ratio ridge plots with zg, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.15: Virial parameter ridge plots with zg, bins. Left (solid): VC sample, Right (dashed): MR sample.
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Fig. C.16: Length ridge plots with zg, bins. Left (solid): VC sample, Right (dashed): MR sample.
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