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ABSTRACT

The morphology of the Milky Way is still a matter of debate. In order to shed light on uncertainties surrounding the structure of
the Galaxy, in this paper, we study the imprint of spiral arms on the distribution and properties of its molecular gas. To do so, we
take full advantage of the SEDIGISM (Structure, Excitation, and Dynamics of the Inner Galactic Interstellar Medium) survey that
observed a large area of the inner Galaxy in the '*CO (2-1) line at an angular resolution of 28". We analyse the influences of the
spiral arms by considering the features of the molecular gas emission as a whole across the longitude—velocity map built from the
full survey. Additionally, we examine the properties of the molecular clouds in the spiral arms compared to the properties of their
counterparts in the inter-arm regions. Through flux and luminosity probability distribution functions, we find that the molecular gas
emission associated with the spiral arms does not differ significantly from the emission between the arms. On average, spiral arms
show masses per unit length of ~ 10° — 10° M kpc™. This is similar to values inferred from data sets in which emission distributions
were segmented into molecular clouds. By examining the cloud distribution across the Galactic plane, we infer that the molecular
mass in the spiral arms is a factor of 1.5 higher than that of the inter-arm medium, similar to what is found for other spiral galaxies
in the local Universe. We observe that only the distributions of cloud mass surface densities and aspect ratio in the spiral arms show
significant differences compared to those of the inter-arm medium; other observed differences appear instead to be driven by a distance
bias. By comparing our results with simulations and observations of nearby galaxies, we conclude that the measured quantities would
classify the Milky Way as a flocculent spiral galaxy, rather than as a grand-design one.

Key words. ISM: clouds — Galaxy: structure — stars: formation — galaxies: ISM — galaxies: star formation — galaxies: spiral

1. Introduction ties of the cold, dense progenitor gas has become of significant

. . . . importance in recent years because of the advent of observa-

Spiral galaxies dominate the star formation budget of the local  jqna] surveys that are beginning to probe the interstellar medium

Universe. Understanding how spiral arms and, in general, the (ISM) in nearby galaxies on parsec scales (e.g. Sun et al. 2018).
dynamical environment influence star formation and the proper-

Spiral arms possess a variety of different shapes and extents,

* dcolombo@mpifr-bonn.mpg.de and their possible origin mechanism is, as yet, not entirely clear
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(Dobbs & Baba 2014). Historically, the tightness of the arms
around galactic centres (i.e. the pitch angle) has been one of
the primary criteria used to classify galactic morphology (e.g.
Hubble 1926, de Vaucouleurs 1959). Spiral galaxies have also
been categorised based on the visual distinctiveness of their arms
or the number thereof (Elmegreen 1990). Grand-design galax-
ies (such as M51 or NGC 628) are characterised by two long
and fairly symmetric arms while flocculent galaxies (such as
NGC 7793 or NGC7331) have multiple, fragmented, and gen-
erally shorter arms. This second classification appears to be di-
rectly connected with the physical mechanisms that create arms,
which leave imprints on the distribution of the various galactic
components. The arms of grand-design spirals coincide with a
real gravitational potential depth that is noticeable in infrared
images as an excess of old stars, while this is not present in floc-
culent spirals, where the arms are primarily composed of patches
of gas and young stars. Flocculent spirals are supposedly gener-
ated by local disc instabilities, while the grand-design character
is associated with large-scale quasi-stationary density waves or
tidal interactions, or with the presence of a bar (Dobbs & Baba
2014). These two arm classes are not mutually exclusive. The
M51 galaxy, which is often put forward as an archetypal exam-
ple of a grand-design galaxy, shows flocculent-type arms in its
outer region, which can no longer be associated with a density
wave (Meidt et al. 2013; Colombo et al. 2014b).

Cold gas appears to be strongly influenced by the spiral-arm
perturbation. Evidence of this can be acquired by simple inspec-
tion of CO images of nearby galaxies: molecular gas emission
within the spiral arms is much brighter than in the space be-
tween them (the inter-arm regions) at both high (e.g., ~pc scale
Koda et al. 2009, Gratier et al. 2012, Donovan Meyer et al. 2013,
Schinnerer et al. 2013, Druard et al. 2014, Pan & Kuno 2017,
Leroy et al. 2017, Elmegreen et al. 2017, Gallagher et al. 2018)
and low resolution (e.g., ~kpc scale Helfer et al. 2003, Leroy
et al. 2008, Wilson et al. 2009, Rahman et al. 2012, Bolatto et al.
2017, Sorai et al. 2019). For comparison, the arms appear much
fainter in images of the old stellar population (Elmegreen et al.
2011). This could be due to the collisional nature of the cold gas,
which reacts strongly to any small perturbation in the stellar dis-
tribution. With the transit through the spiral shock induced by
arms, the gas undergoes compression and a series of effects that
leave an imprint on its distribution, properties, and structure (see
Dobbs & Baba 2014 for a review). The rate of cloud—cloud colli-
sions is enhanced within spiral arms due to orbit crowding, gen-
erating large molecular gas complexes (e.g. Tasker & Tan 2009;
Dobbs et al. 2015). Most of the star-formation regions are lo-
cated in the spiral arms, meaning that stellar feedback and super-
nova explosions are more frequent there, increasing turbulence,
and possibly enabling the formation of large cloud complexes
on the interacting surfaces of expanding shells (Inutsuka et al.
2015). At the same time, spiral arm streaming motions might
reduce the environmental pressure on the surface of the clouds
which increases their stable mass and generates a population of
unbound objects within the arms (Meidt et al. 2013). Upon leav-
ing the arms, the large clouds that originated within the spiral
perturbation feel the elevated shear of the differentially rotating
galactic disc which results in their transition into elongated struc-
tures such as spurs, feathers, and branches, as predicted by sim-
ulations (e.g. Dobbs et al. 2006, Dobbs & Pringle 2013, Duarte-
Cabral & Dobbs 2017) and clearly visible in high-resolution CO
maps (Schinnerer et al. 2017). Gas itself can dampen the promi-
nence of spiral arms (Dobbs & Baba 2014), while the gravita-
tional instability of the gas disc might be one of the dominant
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mechanisms producing more flocculent-like spiral features (as
in the case of M33, Dobbs et al. 2018).

Over the years, quantification of the effects of the spiral arm
perturbation on the distribution and the properties of the molec-
ular gas has been pursued in various ways. For instance, the
distribution of the CO flux in different regions of nearby galax-
ies has been studied through probability distribution functions
(PDFs). Hughes et al. (2013) find clear differences between the
PDFs drawn from the dynamical environments of M51: inter-
arm PDFs are narrower than spiral-arm and galaxy-centre PDFs
which show departures from a pure log-normal shape. The au-
thors interpret those departures as the signature of a combina-
tion of effects acting within the spiral arms, such as streaming
motions, shocks, and stellar feedback, together with self-gravity
of the gas within the clouds. Similarly, the integrated intensity
PDFs from the bar, centre, and arm regions of the galaxy M83
show differences in the tails and the overall shape (Egusa et al.
2018), possibly due to the higher velocity dispersion of the gas
in the central region compared to the spiral arms.

High-resolution observations of nearby galaxies show that
even over-densities of the molecular ISM (i.e. giant molecular
clouds; GMCs) feel the perturbing forces of spiral arms. The
GMCs located in the spiral arms and central region of MS51
are (on average) brighter and have larger velocity dispersions
compared to similarly sized objects in the inter-arm regions.
Moreover, their mass spectra show shapes that reflect the pas-
sage of the clouds through the different dynamical environments
(Colombo et al. 2014a; see also Koda et al. 2009), with spectra
for the spiral arm that extend to larger masses than those of the
inter-arm regions. Additionally, the recent work of Braine et al.
(2020) shows that the non-axisymmetric potential of M51 caused
by spiral arms generates an elevated number of spiral arm GMCs
with retrograde rotation compared to clouds in the inter-arm re-
gions. This is also seen in simulation works that show that large
GMCs forming from agglomerations of smaller clouds show a
large degree of retrograde rotation compared to the galactic disc
(Dobbs 2008). In the barred spiral galaxy M 100, the situation is
similar: central clouds are more massive, denser, and have higher
velocity dispersions than objects in the inter-arm regions (Pan &
Kuno 2017). Nevertheless, GMC properties in several other spi-
ral galaxies do not differ signficantly from spiral arms to inter-
arm regions (Donovan Meyer et al. 2013), even if, more recently,
Rosolowsky et al. (2021) observed some slightly higher surface
densities and lower virial parameters in clouds in the spiral arms
compared to objects in inter-arm regions.

Differing cloud properties across various dynamical environ-
ments are also seen in high-resolution galactic disc simulations.
For example, Fujimoto et al. (2014) perform a simulation of a
galaxy similar to M83 and observe that the distributions of cloud
properties extend to different maxima depending on whether
they are located in the bar, spiral arms, or disc regions. These
authors find that a large fraction of massive clouds are formed
by agglomeration. They also observe a population of unbound
objects that are typically observed as a product of cloud inter-
actions in dense filamentary structures. Similarly, Nguyen et al.
(2018) find that simulations that include spiral perturbation tend
to generate a high degree of agglomeration of clouds within the
spiral arms, with a general decrease in the number of small and
medium-sized objects (with masses < 10° My) in the disc, to-
gether with an incremental increase in the size of the unbound
population. Cloud properties do not appear to be strongly in-
fluenced by the kind of spiral perturbation (flocculent, grand-
design, or perturbed by a companion iteration), as shown by Pet-
titt et al. (2020), who nevertheless found that the cloud mass
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spectra and contrast between arms and inter-arm regions differ
depending on the type of spiral arms.

Our position within the disc of the Galaxy renders observa-
tions of the kind described above much more complicated for
the Milky Way, although we are able to probe much smaller
physical scales and gather relatively large samples for statisti-
cal analyses. Several works have attempted to unveil possible
environmental differences in the Milky Way’s gas distribution.
Molecular gas features in the Milky Way’s longitude—velocity
map (lv-map) can be associated with spiral arms (Dame et al.
2001, Reid et al. 2014, Rigby et al. 2016), even if substantial
amounts of inter-arm gas is observed. The earlier work of Dame
et al. (1986) revealed that GMCs are identified almost exclu-
sively along the spiral arms. Similarly, Stark & Lee (2006) ob-
serve that large complexes are mostly associated with the arms,
while the distribution of smaller clouds is more random. This re-
sult was later confirmed by Roman-Duval et al. (2009) who con-
cluded that the absence of large GMCs in the Milky Way’s inter-
arm regions implies that clouds form in the spiral arms and that
these clouds must be short-lived (with lifetimes < 107 yr). Never-
theless, later studies of the first Galactic quadrant, using higher
resolution data and more advanced molecular cloud identifica-
tion techniques (Colombo et al. 2019), did not find a significant
difference in terms of the mass and the size of the clouds between
the spiral arms and the inter-arm regions. Molecular cloud cat-
alogues of the complete Galactic plane based on the '>CO(1-0)
data of Dame et al. (2001) have been presented independently by
Rice et al. (2016) and Miville-Deschénes et al. (2017). The two
catalogues differ in a number of ways, but the denser and larger
complexes appear to describe some spiral structure in the top-
down view of the Milky Way. Rigby et al. (2019) used '*CO (3-
2) data to identify thousands of molecular gas clumps (somewhat
smaller than the clouds segmented in the previous studies), and
find that clumps in the spiral arms appear to have larger line
widths, virial parameters, and excitation temperatures than ob-
jects in the inter-arm regions'.

Dynamical environments can also play an important role in
shaping the morphology of molecular clouds. In recent years, a
number of highly elongated clouds have been observed in the
Milky Way (Jackson et al. 2010; Goodman et al. 2014; Ragan
et al. 2014; Wang et al. 2015; Zucker et al. 2015; Abreu-Vicente
et al. 2016; Mattern et al. 2018). An attempt to uniformly cat-
egorise these elongated clouds into at least two broad classes
(giant molecular filaments and Milky Way Bones) based on their
aspect ratio and density was made by Zucker et al. (2018). Study-
ing their locations, Zucker et al. (2018) (see also Abreu-Vicente
et al. 2016) conclude that only 35% of those large-scale fila-
ments can be associated with the spiral arms. The formation
and origin of these highly elongated clouds is a matter of de-
bate. Sub-parsec-resolution simulations of Smith et al. (2014)
that try to reproduce the four-arm spiral structure of the Milky
Way find that large-scale filaments tend to form preferentially
in spiral arms. However, the Smith et al. (2014) simulations are
likely hindered in their predictive power by the fact that they do
not include stellar feedback of any kind or gas self-gravity. In-
deed, more recently, Smith et al. (2020) found that supernovae
can randomise the alignment between these filaments and spi-
ral arms. Using lower resolution simulations, which in turn take
into account a wider range of physical processes, Duarte-Cabral
& Dobbs (2016) observed that the most elongated clouds can be

! The studies listed in this paragraph used models from various sources
and tracers to define the spiral arms, such as 21 cm line data (Shane
1972), compilations (Vallée 2008), and masers (Reid et al. 2014)

found exclusively in the inter-arm medium (or close to the spiral
arm entry point) and that their morphology is due to the intense
shear in this region, beyond the protection of low-shear spiral
arms. Additionally, the arm region of their simulation appears to
harbour the complexes with the largest sizes and highest velocity
dispersions. Further, Duarte-Cabral & Dobbs (2017) suggest that
those elongated features merge with each other to become GMC
complexes in the spiral arm, and so it is unlikely that large-scale
filaments in the Milky Way actually trace the spiral arms.

Aiming to shed new light on the nature of the Milky Way’s
spiral structure, in this paper, we study the influence of the dy-
namical environment generated by spiral arms on the distribu-
tion and properties of the molecular gas in the inner Milky Way.
To do so, we use '3CO (2-1) data from the Structure, Excita-
tion, and Dynamics of the Inner Galactic Interstellar Medium
(SEDIGISM; Schuller et al. 2017, 2021) survey described in
Section 2. We consider the four-armed spiral model of the Milky
Way provided by Taylor & Cordes (1993). This model is de-
scribed in Section 3. Two methodologies are used for the analy-
ses described here (Section 4): we first study the full distribution
of molecular gas in longitude—velocity space (Section 4.1) and
then we use the locations of discretised molecular clouds ex-
tracted from the SEDIGISM survey (Section 4.2). In Section 5,
we present the results of our analysis: the cumulative distribu-
tion of the flux with respect to the velocity offset from the spiral
arms (Section 5.1), the PDFs of the gas associated with the spi-
ral arms, inter-arm, and Galactic centre (Section 5.2), the cloud
numbers, and molecular gas mass per unit length and unit area
values for each spiral arm (Section 5.3), and the properties of the
clouds in the spiral arms and the inter-arm regions (Section 5.4).
We conclude with a discussion of the nature of the spiral features
of the Milky Way, comparing our findings with observations of
nearby galaxies and numerical works (Section 6).

2. Data

For the analysis presented in this paper, we use the 3CO (2-1)
data from the SEDIGISM survey obtained with the Atacama
Pathfinder Experiment 12m submillimeter telescope (APEX,
Giisten et al. 2006). The SEDIGISM project is fully described
in Schuller et al. (2017) and Schuller et al. (2021); here we pro-
vide only a brief summary. We utilise the full contiguous sur-
vey data as per the DR1? that covers —60° < [ < 18° and
|b] < 0.5°, plus small latitude extensions towards particular re-
gions. The DR1 13CO (2-1) data have an average logrms of 0.8-
1K (in Tpyp) per 0.25 kms™! channel width, and an angular res-
olution OrwHM.mb = 28”.

The survey data are provided as tiles of roughly 2° x 1° for
a velocity range from —200 to 200 kms~!. The noise across the
SEDIGISM survey data is not uniform, and in order to retain
only the significant emission, we need to mask the data cubes.
Each tile is masked using the mask cubes provided by the den-
drogram trunk. Duarte-Cabral et al. (2021) (hereafter DC21)
used the dendrogram technique (see Rosolowsky et al. 2008)
to generate the basic data structure necessary for the cloud iden-
tification algorithm (see Section 4.2.1). In the dendrogram, the
trunk is defined by all the connected regions within the masked
data cube in position—position—velocity. The masking is gener-
ally obtained by considering a few times the local (line-of-sight-
wise) or global signal-to-noise ratio (see DC21 for further de-
tails). The dendrogram trunk by construction contains all the sig-

2 https://sedigism.mpifr-bonn.mpg.de/cgi-bin-seg/
SEDIGISM_DATABASE.cgi
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Fig. 1. From top to bottom: Longitude—velocity map (lv-map) from the trunk-masked full survey data cube (see Section 2), the cloud data cube, the
data cube obtained for the clouds located in the spiral arms, and the data cube obtained for the clouds located in the inter-arms (following the CxyA
method described in Section 4.2.2). In each panel, the spiral arm tracks defined by Taylor & Cordes (1993) are overlaid: the 3 kpc arms in magenta,
the Norma-Outer arm in red, the Scutum-Centaurus arm in blue, the Sagittarius-Carina arm in green, and the Perseus arm in yellow. Dotted black
lines surround areas of the /[v—map that have a velocity offset with respect to the spiral arms within 10 km s~'. Shaded patches indicate regions
along the spiral arms where the velocity difference between adjacent arms (along the velocity axis) is greater than 20 km s~!. In the last two panels,
the clouds associated with the 3 kpc arms and the clouds with unreliable distance are excluded as they cannot be unequivocally associated with a

spiral arm or inter-arm region (see Section 4.2.2).
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nificant emission in a data cube. We therefore use these trunk-
masked cubes, which provide a good flux recovery whilst also
minimising the inclusion of the noisy regions.

We build integrated intensity maps from masked data cubes
and /lv—maps from each tile and we combine them using the
STARLINK (Currie et al. 2014) KAPPA package, using the WC-
SMOSAIC task® to build the maps from the full survey (Fig. 1).
A similar procedure is used to generate the maps from molecular
cloud datacubes.

3. Spiral arm models

We use the models from Taylor & Cordes (1993) (hereafter
TC93, see also Cordes 2004) to draw spiral arms across the
Milky Way disc mapped by SEDIGISM. These models fol-
low the distribution of known HII regions and improve on ear-
lier models of Georgelin & Georgelin (1976). Georgelin &
Georgelin (1976) models have also been independently verified
by Russeil (2003), who examined the position of the arms using
also Ha, CO, radio continuum, and absorption data. The arms
in this model are polynomial perturbations to single log-spiral
structures, and as such do not trace out a single pitch angle with
radius, seen most notably towards Carina. These tracks are the
same as those used in Schuller et al. (2021) and Urquhart et al.
(2021) and include additional near and far 3 kpc arm features that
have non-zero radial velocities. The four primary arms are pro-
jected into longitude-velocity space using modern values for the
local standard of rest and rotation curve as a function of radius,
assuming purely circular orbits (see Sect. 3.2 of Schuller et al.
2021 for details). Top-down positions and longitude-velocity
tracks of the spirals are shown in Fig. 2. Spiral arms in this model
are named 3 kpc, Norma-Outer (or Nor-Out), Sagittarius-Carina
(or Sag-Car), Scutum-Centaurus (or Scu-Cen), and Perseus.

We choose the TC93 model set for consistency with previ-
ous SEDIGISM studies and also because, in the Galactic region
spanned by SEDIGISM, it is the only one fitted independently
of the CO emission, which avoids possible configuration biases.
Another more recent and already widely used spiral arm model is
presented in Reid et al. (2019). However, that model is only well
defined in the I and II Milky Way quadrants, and in the remain-
ing quadrants, the tracks on the [v-map follow the '2CO (1-0)
emission peaks of Dame et al. (2001) survey data, which make
them prone to the aforementioned biases. We instead use the
Reid et al. (2019) model set to benchmark the robustness of our
results regarding model choices in Appendix A.

There have been several other attempts to model the Milky
Way spiral structure. For example, Hou & Han (2014a) used HII
regions, GMCs, and masers positions to define the Milky Way
morphology using ‘polynomial’ log-spirals. However, their arm
tracks do not match the local material particularly well, and the
non-log-spiral Sagittarius-Carina arm in the model makes it hard
to globally fit the spiral tracks on the /v-map (see quadrant I in
Fig 26 of Pettitt et al. 2014). Koo et al. (2017) extrapolated a map
of the 21 cm line emission and derived the position of the spiral
arms. However, their models have a large gap in the IV Galactic
quadrant where most of the SEDIGISM data are collected.

In order to adapt the TC93 models to the SEDIGISM data,
we interpolate Vi, R, and d of each arm onto the survey cube
coordinates (whose pixel size is 9.5”") considering the full extent

3 http://starlink.eao.hawaii.edu/docs/sun95.htx/
sun95ss204.html#Q1-231-838

of the arm using the scipy INTERP1D* method and a spline, cubic
interpolation.

In our analyses, we assume the spiral arms to be confined to
the Galactic plane, i.e. we do not consider the Galactic latitude
distribution of the diffuse emission and clouds to perform the
spiral arm association. This assumption is motivated by the fact
that the Milky Way warp starts at a Galactocentric distance of
~ 10kpc (e.g. Levine et al. 2006), which almost coincides with
the margin of our sensitivity limit. Dame & Thaddeus (2011)
identified a spiral arm at high latitude in the 21 cm line emission.
However, this arm is observed in the Milky Way I quadrant and
at a distance of ~ 21 kpc, a region not probed by our survey.

4. Methods

To compare the distribution of the molecular gas associated with
spiral arms to that of the molecular gas outside of the arms we
made use of two methods: the first one involves the integrated
flux of the trunk-masked data across the full /v-map of the sur-
vey; the second uses the molecular clouds identified within the
SEDIGISM field (from DC21) and associates clouds with the
spiral arms considering their position in Xga, YGal, and Vi space.
We used these two methods as they are highly complementary,
and in an attempt to compensate for the endemic biases that af-
fect each of the methods. Working on the lv-map allows us to
associate all the significant emission to spiral arms or inter-arm
regions. Due to our position within the Galactic disc, this method
suffers from projection effects, meaning that inter-arm gas is po-
tentially attributed to spiral arms and vice versa. For the other
method, using the SEDIGISM field, segmenting the gas into
discrete elements (clouds) allows the assignment of these ele-
ments to particular positions across the Galactic disc, removing
part of the projection effect bias. However, it is difficult to find
distances of sources in the inner Galaxy, and many SEDIGISM
clouds have ‘unreliable’ distances (as defined by DC21; see also
4.2.1). Additionally, clouds constitute only the denser parts of
the molecular ISM; in other words, the cloud segmentation fil-
ters out the most diffuse '*CO emission. Therefore, we can con-
sider that, to first order, the first (full /v assignment, hereafter
FlvA) method provides to an ‘upper limit’ of the spiral arm/inter-
arm association, while the second (cloud xy assignment, here-
after CxyA) method provides more of a ‘lower limit’ of the spiral
arm/inter-arm association.

4.1. FlvA method: molecular gas distribution with respect to
the spiral arms in v space

To define the '3CO emission associated with spiral arms, we cal-
culate the Euclidean distance between each [v-map pixel and ev-
ery spiral arm point. The minimisation of this distance identifies
the spiral arm point closest to a given pixel in the lv-map. In
this way, each /v-map pixel is uniquely associated to a spiral arm
point defined by the model tracks. Because of the interpolation
described in section 3, each pixel assumes the properties of its as-
sociated spiral arm point, in particular the heliocentric distance
that we use below to obtain physical properties of the spiral arm
gas. The absolute velocity difference or offset, AV, between the
lv-map pixel and the associated spiral arm point is then calcu-
lated. We consider as part of the spiral arms all /v-map regions
where AV < 10km s~!, which is of the order of the amplitude of
streaming motions around the spiral arms of the Milky Way and

4 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.interpolate.interpld.html
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Fig. 2. Face-on view of the Galactic region surveyed by SEDIGISM (confined within the dotted lines; top panels) overlaid with spiral arm tracks
defined by TC93: the 3 kpc arms in magenta, the Norma-Outer arm in red, the Scutum-Centaurus arm in blue, the Sagittarius-Carina arm in green,
and the Perseus arm in yellow (the solid lines merely trace the bottom of the potential, and do not correspond to a real ‘thickness’). The position
of the Sun is indicated with a green circle, while the Galactic centre is shown with a green ‘X’. In the top-left panel, coloured dots represent the
number density distribution of all molecular clouds identified within the SEDIGISM field by DC21. The top-right and bottom panels show the
distribution of the clouds in the full sample with respect to the spiral arms in xy and /v space, respectively. Clouds are colour-encoded by the
attributed spiral arm. Objects in the inter-arm region are in cyan and clouds with uncertain allocation are shown in grey. The latter consist of clouds
associated with the 3 kpc arms and those with unreliable distances.
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is generally used to define velocity offsets corresponding to ma-
terial within the spiral arms (Reid et al. 2014; Grosbgl & Carraro
2018; Ramoén-Fox & Bonnell 2018; Xu et al. 2018; Wang et al.
2020a).

This kind of analysis is affected by a number of potential
issues, and Fig. 1 clearly illustrates how the spiral structure in
the inner Milky Way is tightly convoluted, making it difficult to
properly separate one arm from another. In particular, towards
the Galactic centre, several arm tracks converge, making it hard
to disentangle the emission from each arm using the lv—maps
alone (but see Mertsch & Vittino 2020).

4.2. CxyA method: molecular cloud distribution with respect
to the spiral arms in xy space

4.2.1. The SEDIGISM molecular cloud catalogue

The molecular cloud catalogue from the full SEDIGISM data is
fully described in DC21. The catalogue was built using the Spec-
tral Clustering for Molecular Emission Segmentation (SCIMES)
algorithm (Colombo et al. 2015, see also Colombo et al. 2019
for a description of the updated version). This applies a spec-
tral clustering method to identify discrete objects (i.e. molecular
clouds) from a dendrogram of emission features (Rosolowsky
et al. 2008) without the need for preceding data smoothing. Con-
sidering that ~ 30% — 50% of the flux appears to be diffuse or
with low S/N, this method allows a good separation of clouds
across the same line of sight. Indeed, ~ 82% of sightlines are
assigned to a single cloud, ~ 16% to two clouds, ~ 2% to three
clouds, and less than 1% to more than three clouds (see DC21,
their Section 3.1.3 for further details). In total, 10663 molec-
ular clouds have been decomposed from the SEDIGISM data.
The heliocentric distance to clouds was calculated assuming the
rotation model of Reid et al. (2019). To solve the kinematic dis-
tance ambiguity (KDA), a set of robust distance indicators was
used that includes masers, dark clouds, HI self-absorption, dust
clumps, the size-line width relation, and 3D extinction mapping
(see DC21, their Section 4.2 for full details).

The distribution of the clouds in the SEDIGISM coverage
is shown in a top-down view of the Milky Way in Fig. 2.
Qualitatively, it seems that more objects are located across the
near arm sections of the Norma-Outer, Scutum-Centaurus, and
Sagittarius-Carina arms, except for the Scutum-Centaurus and
Norma-Outer inter-arm region (around xgga1, Yga1 = —7, 0kpc).

We consider a set of subsamples for the analyses in this
paper. The entire sample contains all 10300 clouds of the
SEDIGISM catalogue. The sample with reliable distances, re-
ferred to hereafter as the distance reliable sample, contains all
clouds with a good distance estimation (drejiaple = 1 in the cata-
logue as explained in DC21, their section 4). This sample is use-
ful for the study of cloud cumulative quantities (such as fluxes
and masses) that do not require closed contours to be reliable.

Following the name convention of DC21, the science sam-
ple is constituted by all objects that have a reliable distance
(dretiable = 1), do not touch the upper and lower edges of the
survey datacubes (edge= 0, in the catalogue), and are well re-
solved (cloud area in arcsec > 3Qpeam, Where the beam size
Qbeam ~ 888 arcsec?). This sample is used here to analyse all
the properties of the clouds, especially those that require well-
resolved clouds and closed contours.

We also use complete distance-limited samples that share the
same set of criteria as the science sample, but only include clouds
with distances in the range of 2.5 — 5 kpc, and with masses above
3.1 x 10> My, and effective radii above 1pc (see DC21, their
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Fig. 3. Multi-coloured integrated intensity maps of the 1*CO (2-1) emis-
sion in an inset of the ‘G009’ SEDIGISM field. Clouds attributed to a
given spiral arm are colour-coded: magenta (3 kpc), red (Norma-Outer),
blue (Scutum-Centaurus), green (Sagittarius-Carina), yellow (Perseus),
grey (inter-arm or unreliable distance clouds). For visualisation pur-
poses, in these images, we include also clouds attributed to the 3 kpc
arms and with uncertain location, even if they are not used in further
analyses. The same images for the full survey are collected in Ap-
pendix E.

Appendix C, for further details). This sample is useful for as-
sessing whether trends observed in the science sample are robust
against distance biases.

In addition, we analyse subsamples of clouds that contain
certain star-formation signposts. The ATLASGAL sample indi-
cates clouds that contain at least one source identified within
the APEX Telescope Large Area Survey of the Galaxy data
(Schuller et al. 2009, see also Urquhart et al. 2021); the HMSF-
sample includes objects that show signs of high-mass star for-
mation in various tracers (see DC21, Sections 4.3 and 5.1 for
further details).

4.2.2. Association of molecular clouds to spiral arms and
distance redefinition

Segmented clouds can be considered as single discrete objects
that have well-defined extents, locations in the Galactic disc,
and velocities. With respect to the pixels in the lv-map, clouds
have a distance and associated uncertainty derived independently
from the spiral arm model (see DC21 for a full description of the
cloud distance assignment methods). Therefore, to match a given
cloud with its closest spiral arm, we use a simple y? test on the
distance—longitude plane (equivalent to the xy plane):

2 _ (dcloud - darm)2 (lcloud - larm)2
- o) Selond — Carm). (1)
d 9

o

where dgoug and dym are the distance to the cloud and a given
point on the spiral arm, respectively; lcjouqa and lam is the longi-
tude of the cloud centroid and to a given point on the spiral arm,
respectively. The distance uncertainty of a cloud, oy, is calcu-
lated in DC21 and we refer the reader to that work for details.
For an uncertainty on the cloud longitude, we assume the fol-
lowing:

O = O mgj COS(pa), (2)
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Table 1. Results of the cloud association to spiral arms for the TC93 model.

Cloud ID Cloud Name Closest spiral arm  Minimum distance AV pva  Location
kpc kms~!
1 SDG300.618-0.2307 Scu-Cen 0.80 .82 0.00 IA
2 SDG300.555-0.2366 Scu-Cen 0.81 1.80  0.00 IA
194 SDG304.498-0.0151 Sag-Car 0.12 741 097 SA
195 SDG303.246-0.2143 Sag-Car 0.32 9.52  0.89 SA
10663 SDG016.163+0.1113 3kpc 2.15 9.62  0.00 IA

Notes. Only a few lines are shown, the full table is provided online. From left to right: cloud identification number; cloud name; closest spiral

arm label; minimum distance to the closest spiral arm in kpc; velocity offset with respect to the closest spiral arm in km s~

!, p—value from the y?

test described in Section 4.2.2 and equation 1, location with respect to the spiral arm; ‘SA’ indicates clouds associated to a spiral-arm region, ‘1A’

indicates clouds in the inter-arm region.

where the cloud semi-major axis (0'p,j) 1S measured via a mo-
ment method (see Rosolowsky & Leroy 2006 for further details)
applying a principal component analysis of the cloud projection
onto the plane of the sky, while the position angle (pa) is given
by the orientation of the cloud major axis with respect to the
x—direction in the datacube (which for our case is Galactic longi-
tude). We use equation 1 to calculate the y> between position of a
cloud and the location of each spiral arm point from our adopted
model. We then associate a cloud to the closest spiral arm point
by minimising the y>. We assume that a cloud is within the spiral
arms if the p—value from the y? test satisfies pya > 0.05, and if
AV < 10km s~!. We assessed how our chosen velocity offset in-
fluences the properties of the clouds in the spiral arms versus the
inter-arm region in Appendix B. However, this method does not
perform well for the clouds near the spiral arm tangent points,
as a AV in velocity space does not correspond to a fixed width
on the xy plane. In this case, we also consider a cloud to be part
of a given spiral arm if the minimum offset between cloud and
arm on the xy plane is < 200 pc, assuming a conservative 400 pc
width (Vallée 2008).

Using this method, we also attempt to redefine the dis-
tance of the clouds with unreliable distance attribution as per
DC21 (2913 objects). We solve the kinematic distance ambigu-
ity (KDA) whenever the near distance puts a given cloud within
the associated arm, while the far distance locates the object in
the inter-arm region, or vice versa. In those cases, we favour the
distance solution that places a cloud within an arm. If both dis-
tance solutions attribute a cloud to spiral arms or inter-arm re-
gions, we keep the original distance of the object as defined by
DC21, with the unreliable flag. This method implicitly assumes
that the presence of the spiral arms favours cloud formation (see
e.g. Wang et al. 2020b), or simply that spiral-arm regions con-
tain more clouds than inter-arm regions, as observed in nearby
galaxies (e.g. Colombo et al. 2014a). By applying this spiral-
arm criterion, we solve the KDA for 139 more clouds, that is:
139 objects that originally had an unreliable distance attribution
are now assigned to a spiral-arm region. DC21 assumed 12 dis-
tance flags (called dp,) that identify the method used to find the
distance of a given cloud (see their Table 1 and Figure 6), and the
objects for which the KDA has been resolved with the spiral-arm
method assume dp,, = 13. With these new distances, we recal-
culate the properties of those clouds as described in DC21, their
Section 3.2.

Considering this, we now include 7889 objects with reliable
distances in the SEDIGISM cloud catalogue (distance reliable
sample). With the addition of these new reliable cloud distances,
the science sample (see Section 4.2.1) now constitutes 6782 ob-
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jects (as opposed to the 6664 clouds in the original science sam-
ple of DC21) and the complete distance-limited sample has 981
clouds. We use our updated catalogue for the remainder of the
paper. The inclusion of the additional clouds does not signif-
icantly change the results and main conclusions of the paper.
More details are provided in Appendix C. A representative part
of the updated catalogue (with the additional spiral arm informa-
tion) is shown in Table 1. The updated catalogue will be available
online as part of the SEDIGISM database.

The association between clouds and spiral arms is ambigu-
ous in certain Galactic regions. Figure 2 shows the result of the
cloud matching to the spiral arms on the xy plane (top right) and
Iv plane (bottom). On the xy plane, the clouds appear slightly
downstream with respect to the position of the spiral arms. Some
objects associated to the 3 kpc arms are actually far away from
them on the xy plane, but have a distance uncertainty that crosses
the arms. Other objects that appear quite close to the 3 kpc arms
are assigned as inter-arm clouds, because their velocity offset is
larger than 10 km s~'.

The reason behind the mismatch between xy— and lv—planes
across the 3 kpc region could arise from the strong non-circular
motions that are not accounted for in the derivation of the helio-
centric distances of the clouds. We therefore consider the clouds
associated to the 3 kpc arms to have an uncertain allocation. To-
gether with the clouds that have an unreliable distance attribu-
tion, the 3 kpc-associated objects constitute the uncertain loca-
tion sample of (2210) clouds and we do not consider them in any
of the analyses performed with the CxyA method.

Some clouds in the upstream region of the Scutum-
Centaurus and Norma-Outer arms appear very close to the arms
on the xy plane, but they have a velocity offset > 10kms~! .
Those objects end up to be attributed to the inter-arm region. Ad-
ditionally, Fig. 2 (left panel) shows that many clouds that appear
to be attributed to the inter-arm regions are actually quite close
to the spiral arms in /v—space, but are further away from them in
the xy plane. This is best illustrated in Fig. 1 (bottom panels). In
particular, the region of the /v-map where AV < 10km s~! con-
tains ~95% of the flux of the clouds associated to the spiral arms
with the CxyA method, but also ~40% of the flux from the inter-
arm clouds (considering only objects with reliable distances and
not associated with the 3 kpc arms). Indeed, as the allocation of
the clouds to a specific region is performed considering the po-
sition of the cloud centroid, the clouds themselves can extend
within the spiral arm or inter-arm region on the /v-map. Addi-
tionally, some objects of the inter-arm region are far from every
spiral arm on the xy plane (p—value < 0.05 or with a xy offset
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> 200 pc, considering the requirements of CxyA), but are in the
AV < 10km s~ area of the [v-map due to projection effects.

In Fig. 3, every cloud evident in the integrated intensity maps
is shaded with a colour that represents its association to a given
spiral arm. The full survey data displayed in this way are shown
in Appendix E. Such visualisation is useful to explore the com-
plexity of inner Galactic structure across the line of sight (see
e.g. Fig. E.7, lower panel). In addition, it is interesting to see
how many bright clouds appear to be located within the inter-
arm region. This visualisation might suggest that some redefini-
tion of the spiral arm models in the Milky Way fourth quadrant
is needed. For instance, the G305 complex shown in the upper
panel of Fig. E.13 is usually considered as part of the Scutum-
Centaurus arm (Clark & Porter 2004), but seems to be a mostly
inter-arm region.

5. Results

We compare the properties of the molecular gas within the spi-
ral arms and the inter-arm region across the SEDIGISM field. In
particular, we calculate the cumulative distribution of the flux
with respect to the velocity offset from the spiral arms (Sec-
tion 5.1). In Section 5.2, we derive the flux and luminosity prob-
ability distribution functions (PDFs) of the gas associated with
the spiral arms, the inter-arm regions, and the Galactic centre.
We measure the cloud linear mass (i.e. mass per unit length),
surface density, and number density for each spiral arm (Sec-
tion 5.3), and finally we examine whether the properties of the
clouds in the spiral arms differ from those of the inter-arm re-
gions (Section 5.4).

5.1. Flux cumulative distribution with respect to spiral arm
velocity offsets

Excluding the Galactic centre, the distribution of flux within the
SEDIGISM fields is generally closely concentrated around the
spiral arm loci. This is visible from the /v—maps in Fig. 1. Nev-
ertheless, a non-negligible fraction of emission and clouds are
observed in the inter-arm regions. Figure 4 provides an alterna-
tive visualisation of a longitude—velocity map where, instead of
the Vi, we use the velocity offset with respect to its closest spiral
arm, AV, on the y-axis. It is interesting to note that, except for a
few cases, the emission is concentrated within AV < 30km s~!.
This result agrees with the analysis of Urquhart et al. (2021) (see
their Figs. 7 and 8). In addition, the offset that we use to de-
fine a spiral arm, AV = 10km s~!, contains more than ~ 50%
of the emission in a given longitudinal bin. The exceptions in-
clude the longitudes towards the Galactic centre (approximately
-2 <1 <2 deg); and the regions 300 < [ < 305 deg and around
[ ~ 320 deg, where a large amount of emission is significantly
offset from the spiral arm loci in the /v-map, which is possibly
due to mismatches between the data and the model used (see
Section 4.2.2, but also Appendix A). Cumulative distributions of
the flux with respect to AV show a more compact view of the
flux distribution across the spiral arms (Fig. 5). Without consid-
ering the Galactic centre, a AV < 10km s~! contains ~ 75%
of the flux within the full survey lv-map and the lv-map defined
from the clouds. Approximately 95% of the flux is observed for
AV <22km s,

Cloud association to a spiral arm is performed by matching
the centroid position to the closest spiral arm in the xyv space
(CxyA method). Some clouds whose centroid is located within
the spiral arms extend into the inter-arm region. This generates
a slightly different cumulative distribution (dotted line in Fig. 5)

compared to the one measured from the cloud /v—map (dashed-
dotted line in Fig. 5). In particular, with this representation, we
observe that approximately 70% of the cloud flux is within AV <
10km s, but 95% is reached around 50 km s~!.

5.2. Probability distribution functions

To provide a more quantitative measure of the differences in the
flux distributions between spiral arms, the inter-arm regions, and
toward the Galactic centre, here we analyse the shape of the in-
tegrated flux PDFs (Fig. 6, top row). To build the flux PDFs,
we use logarithmic bins of 0.25 Kkms~'. Generally, the spiral
arm PDF is relatively similar to the inter-arm PDF but is dras-
tically different from the PDF built with the emission towards
the Galactic centre. The flux PDF of the spiral arms has the
highest peak among the different regions, and its extension to
maximum intensity is very similar to that of the inter-arm re-
gion. The flux PDF from the ISM towards the Galactic centre
(e.g. within =2 < [ < 2 deg) is the most discrepant, showing a
significant lack of low-flux pixels, but a much larger amount of
bright pixels compared to the other flux PDFs. The differences
between the flux PDFs appear more evident in the right panel of
Fig. 6, which illustrates the difference between the normalised
PDF in the different regions with respect to the normalised total
flux PDF (shown in the middle panel of the figure). The inter-arm
region tentatively shows an excess of faint emission and a lack
of bright emission with respect to the other regions, the Galactic
centre flux PDF shows the opposite behaviour, and the spiral arm
flux PDF sits in the middle of these extremes.

A technique developed in the context of Galactic survey data
(Sawada et al. 2012) to provide a more quantitatively description
and comparison of the PDFs is to use brightness distribution in-
dices (BDIs). In Sawada et al. (2012), the BDI was employed
to discern between bright emission in the spiral arms from more
diffuse emission in the inter-arm regions. Hughes et al. (2013)
employed this index and the integrated intensity version of it
(the integrated intensity distribution index, IDI) to compare the
molecular gas distribution within the various galactic environ-
ments in the disc of M51. Here we apply the IDI to our flux
PDFs. This index parameterises the ratio between bright and
faint emission and is defined as:

212<1co<13 ICO,i
1 s
211 <lco<lp 1CO,i

IDI = log( 3)

where the thresholds are chosen arbitrarily in order to catch
differences in the PDFs in certain ranges. In our case, we set
Iy, I, I, I3) = (1,10, 100, o) Kkms~'. We use a bootstrapping
method in order to assess the uncertainty on the /DI. Briefly,
we generated 1000 realisations of the integrated intensity distri-
bution for each considered Galactic region. The values within
a distribution are resampled allowing for repetitions and a new
IDI is calculated from the bootstrapped distribution. The uncer-
tainty on the /DI is given by the median absolute deviation of the
IDI distribution. This method is robust and widely used to cal-
culate the uncertainties of emission-related structures (such as
clouds, Rosolowsky & Leroy 2006). In Fig. 6, we observe that
the IDI from the spiral arm and the inter-arm flux distributions
are quite similar (even if they are statistically distinct consider-
ing their relatively small uncertainties); the small difference in
the IDIs indicates that the spiral arms contain a slightly higher
amount of bright emission with respect to the inter-arm regions.
The IDI from the emission towards the Galactic centre is instead
several times larger than that from the emission towards spiral
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green line shows the 10km s~! width used to define arm association.

arms and inter-arm regions, indicating that the Galactic centre
harbours a significantly higher amount of bright emission than
the other two regions, which has been noticed before (e.g. Eden
et al. 2020).

This kind of analysis is performed assuming velocity con-
straints from the lv-map (FIvA method), which effectively mixes
emission at different distances. As the flux is a distance-
independent parameter, in Fig. 6 (bottom row) we show PDFs
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calculated from the CO luminosity (Lco) in order to verify the
finding from the flux PDFs. We inferred Lco from each pixel
of the integrated intensity maps as Lco = D, Tmp0x0yov, where
>, Twmb is the velocity axis-integrated flux in K, x and dy repre-
sent the size of the pixel in pc, and 6v is the original data channel
width in km/s. As we know the distance of a given patch of gas,
we can use the pixel sizes in pc units. As we do not possess a
way to infer the distances in the inter-arm regions via the FIvA
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bottom-left panel legend.

method, we built the luminosity PDFs considering the cloud as-
sociation from the CxyA method. Given the constraints of the
CxyA method, here we considered only the clouds that have re-
liable distances and that are not associated with the 3 kpc arms.
As such, we cannot infer the luminosity PDF from the Galac-
tic centre. For the luminosity PDF, we assume a logarithmic bin
size of 0.25 Kkm s~! pc?. The luminosity PDFs from spiral arms
and inter-arm regions are qualitatively similar to the correspond-
ing flux PDFs. However, the spiral arms appear to also contain a
larger fraction of low-luminosity pixels with respect to the inter-
arm region. As in the case of the flux PDFs, we calculated an
index (similar in scope to the IDI) that allows a more qualitative
comparison of the luminosity PDFs. The luminosity distribution
index is calculated as:

ZL2 <Lco<L3 LCO,i )
b

4)
2 Li<Leo<Ly LCOi

LDI = log(
where we chose the thresholds (Lo, Ly, L,, L3) =
(1072,10795,10", co) Kkms~! pcz. We took the bootstrap-

ping method used to assess the /DI uncertainty and used it in the
same way to generate the LDI uncertainties. Alternatively, we

could assume the distance errors of the clouds (from DC21) as
the dominant uncertainty in the calculation of the CO luminosity
uncertainty and propagate them to measure the LDI uncertainty.
Both ‘bootstrapping’ and ‘propagation’ methods provided a
comparable uncertainty measurement for the LDIs. We assumed
the former for consistency with the calculation of the IDI
uncertainty. As in the case of the flux PDFs, we observe that
the spiral arm LDI is slightly higher than the inter-arm LDI,
confirming the finding of the IDIs, and showing that there is not
a significant difference between the luminosities of the spiral
arms and the inter-arm regions®.

5.3. Global integrated quantities

Through the FlvA method, by associating each pixel of the /v-
map to a given (interpolated) point across the adopted spiral
arm model, we also defined a heliocentric distance map which
we can now use to convert the latitude-integrated flux in the lv-

> Varying the IDI (or LDI) threshold changes the value of the IDIs
(LDIs) themselves. However, qualitatively, our conclusions on the sim-
ilarity of spiral-arm and inter-arm region PDFs are robust.
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Table 2. Summary of the numbers and densities of the molecular ISM and clouds within given locations across the Galactic disc.

Property Units 3kpc Nor-Out  Scu-Cen  Sag-Car Perseus | Spiral arms | Inter-arm
@ 2 3 “ &) (©) ) ®) ®
FIvA method: non-overlapping spiral arm segments
log(Mgun) M, 6.07 6.47 6.43 3.88 6.51 7.00/6.95 -
length kpc 7.67 4.04 9.27 9.28 3.05 33.32/25.65 -
log(Myuy/length)  Mgkpe™! | 5.19 5.87 5.46 2.92 6.02 5.48/5.54 -
CxyA method: non-overlapping spiral arm segments
Neloud - - 308 455 32 35 830 -
log(Mcioud) Mg - 6.32 6.19 3.84 5.47 6.59 -
length kpc - 4.04 9.27 9.28 3.05 33.32 -
Nioud/length kpc™! - 75.85 48.98 3.46 11.48 25.12 -
log(M_joua/length) Mg kpc‘l - 5.72 5.22 2.87 4.99 5.07 -
CxyA method: full spiral arm extent
Neloud - - 943 1742 543 263 3491 2973
log(Mcioud) Mg - 6.69 6.83 6.38 6.13 7.19 7.01
length kpc - 16.92 27.23 22.13 4.01 70.29 -
Neioud/length kpc™! - 56.23 64.57 24.55 66.07 50.12 -
log(M_ioua/length) Mg kpe™! - 5.46 5.40 5.03 5.53 5.34 -
length kpc - 16.92 27.23 22.13 4.01 70.29 -
widthg,, (widthigr) pc - 463 (666) 531(810) 951(952) 682(885) | 579(832) -
area kpc? - 7.84 14.48 21.06 2.74 46.12 51.35
Neloud - - 943 1742 543 263 3491 2973
Njoud/area kpc~? - 120.23 120.23 25.70 95.50 75.86 57.54
log(Mcioud) Mg - 6.69 6.83 6.38 6.13 7.19 7.01
log(M_joua/area) Mg kpe=2 - 5.80 5.67 5.05 5.70 5.53 5.30

Notes. From left to right. Column (1): considered property: mass of the molecular ISM calculated from the /v-map (M;,), length of the spiral
arm or spiral arm segment across the SEDIGISM field (length), mass of the molecular ISM per unit length (of a spiral arm segment, My, /length),
number of clouds (Noua), mass in clouds Mg, number of clouds per unit length (of a spiral arm/spiral arm segment, N jouq/length), mass in
clouds per unit length (of a spiral arm/spiral arm segment, Mouq¢/length), medians (widthg, ) and inter-quartile ranges (widthiggr) of two times the
absolute offset with respect to the spiral-arm ridge line, length of the spiral arms multiplied by the median width (area), cloud number surface
density (Ncoug/area), and cloud mass surface density (M joua/area). Column (2): considered property units. Columns (3)-(7): spiral arm or spiral

arm segment name. Column (8): entire spiral-arm region, the symbol ‘/’

separates quantities calculated with the 3 kpc arms contribution included

and excluded, respectively. Column (9): entire inter-arm region. Quantities are calculated following the FlvA method (Section 4.1) and CxyA
method (Section 4.2) considering the non-overlapping segment on the /v-map (see Figure 1), and for the CxyA method also the extent of the full

arm.

map to the CO luminosity of the molecular gas within the spiral
arms. The CO luminosity in a given pixel of the lv-map is given
by Lco = 2, Tmp0x0yov, where ) Ty is the latitude-integrated
flux in K, 6x and Jy represent the size of the pixel in pc, and
ov is the original data channel width in km/s. The molecular
gas mass within the arms follows by assuming a certain CO-
to-Hy conversion factor, aco. We use aincoe-1) = S@ico(i-0)
(Where a12c0 (1-9) = 4.35 Mg (K km/s pc?)™!, Bolatto et al. 2013),
consistent with the value derived from the SEDIGISM science
demonstration field (Schuller et al. 2017) and the same value as
that used to infer the molecular cloud masses in DC21. Assum-
ing a constant aco for clouds in the different Galactic regions
could be an oversimplification as this value has been shown to
have a large scatter and dependency with respect to metallicity,
opacity, excitation conditions, and line width (e.g. Barnes et al.
2018). We therefore implicitly assume that those quantities (to-
gether with the '3CO-to-'2CO ratio) do not vary significantly be-
tween the spiral arm and inter-arm regions. However, addressing
these issues is outside the scope of this paper.

To convert these masses into a mass per unit length (line-
masses), we require the length of the spiral-arm segments for
which the masses were estimated. The spiral arm segment
lengths are calculated by deriving the Galactocentric x and y co-
ordinates:
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XGal = d sin(l),

&)
(6)

where Ry = 8.34 kpc is the distance from the Sun to the Galac-
tic centre (Reid et al. 2014)°, while the longitudes (/) and the
heliocentric distance (d) of each spiral arm segment are pro-
vided by the model and are interpolated on the SEDIGISM
survey datacube grid. Those distances are totally dependent
on the spiral arm model used (TC93 in our case) and are in-
dependent of the distances estimated for SEDIGISM clouds.
The length of each segment is the sum of the Euclidean
distance between each spiral arm point, given by: length =
> \/(xgal — x5 + (g, — V5% For compatibility with the
derivations from cloud measurements, we excluded the regions
where the clouds do not have reliable distances (i.e. between
—5° <1<10°) to calculate the arm length.

For this analysis, we only consider the emission that is un-
ambiguously associated to a single spiral arm segment, i.e. for
which the velocity gap between one arm and the adjacent one

YGal = Ro — d cos(l),

® In this paper we adopt Ry = 8.34 kpc for consistency with DC21,
who produced the SEDIGISM cloud catalogue. Nevertheless, this value
was recently updated by Reid et al. (2019) to Ry = 8.15 kpc.
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is larger than 20 km s~!(double our definition of an arm veloc-
ity ‘width’). We also exclude from the analysis the section of
the [v-map in the range |/| < 2 degrees, because that area in-
cludes gas towards the Galactic centre, which has highly non-
circular orbits, and is not included in the TC93 model. Further-
more, the SEDIGISM latitude coverage does not account for
complete coverage of the molecular gas distribution between
—60 < [ < —42 degrees at Galactocentric distances larger than
8 kpc where the Galactic disc is warped towards lower latitudes
(e.g. Chen et al. 2019; Romero-Gémez et al. 2019); so this region
will also be excluded from the analyses. Considering all these as-
pects, the usable spiral-arm segments for the analysis employing
the FIvA method are shown in Fig. 1 as shaded grey areas.

Spiral arm segment lengths, molecular gas masses, and lin-
ear mass densities inferred from the FlvA methods are listed in
Table 2. Those segments generally contain approximately the
mass of one GMC per kiloparsec for each arm. Spiral arm linear
masses calculated in this way vary between 103 — 10® Mg kpc™!.
In Section 6 we put these numbers in the context of recent find-
ings from nearby galaxy studies.

Similar line masses can be calculated considering the clouds
identified across those non-overlapping segments, as part of the
CxyA method. For this test, we use only clouds with reliable dis-
tances that also possess a well-defined mass calculated from the
CO luminosity, by assuming the same luminosity-to-mass con-
version factor, aico 2-1), as previously used. Table 2 reports the
results of the analysis. As before, we exclude the clouds associ-
ated with the 3 kpc arms. The biggest discrepancy concerns the
segments related to the Perseus arm, which appear to have a lin-
ear mass one order of magnitude lower than that estimated con-
sidering the full /v-map. On average, however, we observe that
the line mass from the FIlvA method is a factor of approximately
three larger than the one inferred from clouds. This discrepancy
might arise from various elements, as the two methods are not
completely comparable. For instance, several clouds (or parts of
clouds) associated with the inter-arm region by the CxyA method
have a velocity offset < 10km s™! to the closest spiral arm.

The CxyA method allows the inference of line masses and
cloud densities across the full extent of the spiral arms imaged
by SEDIGISM. This is possible because clouds are attributed to
a particular spiral arm based on their position in the xy plane,
where the arms do not show significant overlap. In this sec-
tion we used the distance-reliable sample, excluding the clouds
with uncertain location. Linear masses derived from clouds in
this way are almost consistently found to be between 10°° and
10°° Mg kpc™'. A few differences between the line masses cal-
culated from the /v-map and the cloud methods can be noted.
For example, the line mass from the CxyA method across the
full extent of the Sagittarium-Carina arm is almost two orders
of magnitude larger than the one calculated across the /v-map
(on the non-overlapping regions), which might indicate that the
non-overlapping regions where this quantity has been calculated
might not be representative of the linear arm across the full arm.
In other cases (e.g. the Perseus arm), the calculated line masses
are higher than the ones inferred from the molecular cloud dis-
tribution, which might suggest a similar effect, the existence of
a slightly more diffuse medium not included in the cloud seg-
mentation, or that several inter-arm region clouds are accounted
for in that particular spiral arm section of the /v-map. In terms
of pure discrete objects, it appears that the number of clouds
per unit length (Njougs/length in Table 2) is only a few tens of
objects per kiloparsec without significant discrepancies between
the arms.

Having located clouds in particular positions in the Galactic
disc, it is possible to measure additional quantities such as sur-
face densities and to study the contrast between spiral arms and
inter-arm regions. Figure 2 (top-left panel) gives some indica-
tions that certain regions of the Milky Way show enhanced densi-
ties of clouds. Those enhancements may correspond to the loca-
tion of the arms, but not always. Over-densities are also observed
between the arms defined by TC93. An additional analysis of the
distribution of clouds around arms is provided in Fig. 7 where the
cumulative number of clouds and mass within clouds is binned
according to the xy—plane distance of the clouds and their ve-
locity offset with respect to the closest spiral arm. Generally, we
observe that the number of clouds is indeed enhanced closer to
the spiral arms, especially for clouds that host an ATLASGAL
source or an HMSF signpost. This is not true for the mass con-
tained within clouds, because a non-negligible amount of mass is
observed in bins that cannot be attributed to spiral arms. The fig-
ure also shows that some clouds appear to be located away from
the closest spiral arm both in terms of distance and velocity, for
example up to maximum values of 1.8 kpc in distance on the
xy—plane and with a velocity offset below 50 km s~!. Neverthe-
less, as noted above, several clouds associated with the inter-arm
regions are observed within 10km s~! of the closest arm.

In the following, we attempt to better quantify these find-
ings, first by calculating the areas of the different regions. The
area spanned by each spiral arm is obtained by multiplying its
length by its ‘width’, with this latter being taken to be the median
of two times the distribution of cloud offset to the closest (and
associated) arm. In general, the width calculated in this way sug-
gests that spiral arms are relatively wide, with a global median
of ~ 580 pc, but with a broad inter-quartile range IQR~ 830 pc.
Those measurements are more than a factor of two larger than the
spiral arm widths estimated by Reid et al. (2019) (using maser
locations), while being more similar to the measurements of Val-
1ée (2017) who suggests arm widths of ~ 600 pc, considering a
variety of tracers. The global area of the inter-arm region is taken
to be

Ainter—arm =

Algurvey = Alunretic
rvey o nrel able) % ﬂdﬁ,ax - 7'1"'i2n - Z ASpiral armss
@)

where Algyvey = 78° is the full longitudinal range spanned by the
SEDIGISM survey, Alynreliabie = 15° indicates the longitudinal
region where cloud distances are not reliable, dnax = 15kpc is
the distance within which most clouds are located, ri, = 3 kpc is
the radius where the clouds are associated to the 3 kpc arm, and
2. Aspiral arms 18 the total Galactic disc area within the spiral arms.

The number of clouds per unit area is slightly higher than the
number of clouds per unit length, but it is still around several tens
of clouds per kpc? within the spiral arms. At the same time, there
is a difference between arms of less than an order of magnitude
in the total amount of gas mass per unit area; 10°—10°% My/kpc?.
Interestingly, the contrast between spiral arms and the inter-arm
regions in terms of mass is about 1.5, which is similar to the
mass surface-density ratio. As a final note, these numbers do not
change significantly if the ATLASGAL or HMSF samples are
employed.

The molecular gas mass surface densities inferred from
SEDIGISM clouds appear lower than the values measured
Galaxy-wide. Miville-Deschénes et al. (2017) (their Fig. 9) show
a collection of X, profiles measured using different techniques.
In the inner Galaxy, all techniques obtained values consistent
with 01 ~ 5Mg pc2, including the analysis based on cloud

Article number, page 13 of 38



A&A proofs: manuscript no. main_corr

Distance reliable sample

ATLASGAL sub-sample

HMSF sub-sample

1.7 1

[
w
1

Dist. to arm [kpc]
=}
(o]

0.1

iR
v
10g(Nciouds)

T
—_
o

1
g e
o 8]

1.7

E 6.0
5.5

0.1

E 1.3 1 g -5.0 ~
= [©]
g 4.5 2
< 0.9 1 L 4.0 g
o s
= N
+ 3.5 %
2] (o]
el o
A 0.5 1 -3.0

IZ.S
2.0

22.5 32.5 42.5 2.5 12.5

AV [km/s]

2.5 12.5

22I.5
AV [km/s]

225 32,5 425

AV [km/s]

325 425 25 125

Fig. 7. Bi-dimensional histograms of the total number of cloud counts (top row) and cumulative molecular gas mass in clouds (bottom row) within
bins of 0.1 kpc and 0.25km s~!, considering the xy—plane distance and the velocity offset to the closest spiral arm. Different cloud subsamples
are considered: the distance-reliable sample (left), the subset of this sample that contains an ATLASGAL source (middle), and the subset with a
high-mass-star-formation (HMSF) signpost (right). The vertical green line indicates the AV = 10km s~! that we use to define a spiral arm, and the

horizontal green line indicates the median spiral width of 580 pc.

segmentation. Considering the cloud distribution across the full
field of SEDIGISM (excluding the inner 3 kpc region and the
longitudes between -5° and 10° where clouds with uncertain lo-
cations are found), we calculated X,,;; ~ 0.3 Mg pc’z, roughly an
order of magnitude lower than the ‘canonical’ value for the in-
ner Galaxy. This discrepancy can arise from several factors. The
cloud segmentation of Miville-Deschénes et al. (2017) is per-
formed on Dame et al. (2001) data that include the whole Milky
Way. Instead, our cloud catalogue is restricted to the IV quad-
rant and within |b| < 0.5°. By restricting the Miville-Deschénes
et al. (2017) catalogue to the SEDIGISM coverage, we obtain
ol ~ 3.4Mg pc‘z. In addition, the Dame et al. (2001) cata-
logue was built using a technique that attempts to allocate all
CO flux into clouds, while the technique used to construct the
SEDIGISM catalogue instead allows filtering of the emission,
meaning that not all CO flux is necessarily assigned to discrete
objects, but a fraction of emission is allowed to be in a dif-
fuse form (as actually observed, Pety et al. 2013). By consid-
ering Milky Way catalogues built using techniques more com-
parable to that used for SEDIGISM (from Rice et al. 2016 and
Colombo et al. 2019), restricted only to the clouds observed with
the SEDIGISM field, we measure X, ~ 0.8 — 0.9M, pc‘z.
However, those cloud catalogues are built from '>CO data that
trace a more diffuse medium with respect to the 13CO (2-1) emis-
sion used here and suffer from more severe optical depth effects.
At the same time, 2CO suffers from more severe lower-beam-
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filling-factor effects than '>CO. We repeated the same test us-
ing data from the Galactic Ring Survey (GRS; Jackson et al.
2006), where '3CO (1-0) was used to observe the Milky Way
I quadrant. From the cloud measurements presented in Roman-
Duval et al. (2009) and Roman-Duval et al. (2010), we obtained
Zmol ~ 0.6 Mg pc=2, which is fairly consistent with the X,,; mea-
sured across the SEDIGISM field. GRS and SEDIGISM both
imaged the inner Galaxy, but their derived cloud catalogues do
not overlap in any Galactic region, and therefore a completely
compatible comparison is not possible. As for the studies of
Rice et al. (2016) and Colombo et al. (2019), the technique used
by the GRS collaboration to produce the cloud catalogues does
not assign all CO emission to clouds, and is therefore similar
in scope to the SEDIGISM cloud segmentation technique. From
these experiments, it appears that the discrepancies noted in our
Zmol Measurements with respect to similar measurements in the
Milky Way are attributable to the cloud segmentation and the
tracer, with possibly a larger influence from the latter.

5.4. Properties of the clouds in the spiral arms and in the
inter-arm

The molecular cloud catalogue from the SEDIGISM survey re-
ports a number of different cloud properties. It is interesting now
to analyse whether the distributions of these properties vary be-
tween spiral arms and inter-arm regions. In this section, we con-
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Table 3. Cloud property distribution statistics across regions and subsamples

Full sample

Science sample Dist. lim. sample

SA 1A SA 1A
Property Units U IOR U IOR U IOR | pu IOR
log(Rer) pc 036 051 037 039|039 034038 0.37
log(oy) kms™' | -0.11 030 | -0.12 0.28 | 0.06 0.32 | 0.05 0.31
log(Mmor) Mg 311 1.08 | 3.11 0.87 | 323 0.82 | 3.28 0.88
log(Zmol) | Mopc™ | 1.87 024 | 1.87 0.23 | 1.97 027 | 202 0.32
log(avir) 0.13 044 | 008 042|026 041|024 048
log(AR) 1.00 032 | 098 033|119 027 | 1.13 0.30

ATLASGAL sample

Science sample Dist. lim. sample

SA IA SA IA
Property Units U IOR u IOR | u IOR | pu IQOR
log(Refr) pc 038 0.50 | 047 035036 0.33]040 0.32
log(oy) kms™' | 0.04 020 | 003 0.22|0.08 021|006 0.25
log(Mmo1) Mg 326 1.05| 350 0.74 | 325 0.68 | 3.34 0.52
log(Zmol) | Mopc™ | 204 022 | 209 0.21 | 203 022|211 020
log(avir) 024 055 0.08 044|028 037|026 047
log(AR) 1.07 031 | 101 035|117 030 1.10 0.26

HMSF sample

Science sample Dist. lim. sample

SA 1A SA 1A
Property Units u IQR u IOR u 10R u IOR
log(Ref) pc 0.62 046 | 064 039|062 029|060 0.33
log(oy) km s~ 022 024 ] 022 025|023 023|023 027
log(Mmo1) M, 397 1.03 | 407 0.89 | 398 0.63 | 4.05 092
logZmol) | Mopc™ | 2.19 030 | 224 0.24 | 221 029 | 229 0.28
log(avir) 0.19 0.63 | 0.08 054|022 042 0.15 0.50
log(AR) 1.17 029 | 122 035|121 025 1.28 0.30

Notes. Median (1) and inter-quartile range (/ QR) of cloud property distributions (from top to bottom effective radius R, velocity dispersion o,
molecular gas mass M., molecular gas mass surface density X, virial parameter a,;;, and aspect ratio AR) in the spiral arms (SA) with respect
to the inter-arm regions (IA). The analysis is performed separately for the full sample, for the cloud sample that contains at least one ATLASGAL
source (ATLASGAL sample), and for the sample with a high mass star formation (HMSF) signpost (HMSF sample); and their respective science
and complete distance-limited subsamples.

Table 4. KS test results on cloud properties for spiral arm and inter-arm distributions

Property Full ATLASGAL HMSF
Pval D stat Pval D stat Pval D stat
Science sample
Rest <0.0001 0.08 | 0.0008 0.17 | 0.2050 0.13
oy 0.3806 0.02 | 0.7908 0.06 | 0.7263 0.08
Mol <0.0001 0.07 | <0.0001 0.22 | 0.1013 0.15
Zmol 09757 0.01 | 0.0027 0.16 | 0.2058 0.13
Qyir <0.0001 0.08 | <0.0001 0.22 | 0.1525 0.13
AR 0.0316  0.04 | 0.0846  0.11 | 0.3664 0.11
Complete distance-limited sample

R 0.6720  0.05 | 0.8385 0.09 | 0.8380 0.10
oy 0.7971  0.04 | 09004 0.08 | 0.8246 0.11
Mol 0.3791  0.06 | 0.0902 0.18 | 0.8088 0.11
2ol 0.0088 0.11 | 0.0041 0.26 | 0.3077 0.16
Qvir 0.3265 0.06 | 0.2856  0.15 | 0.4696 0.14
AR <0.0001 0.15 | 0.0968 0.18 | 0.5689 0.13

Notes. p—values (py,) and statistics (Dy) from the KS test comparing the distributions of cloud properties (from top to bottom: effective radius
R, velocity dispersion o, molecular gas mass M,,,, molecular gas mass surface density X, virial parameter a,;;, and aspect ratio AR) in the
spiral arms (SA) with respect to the inter-arm regions (IA). The analysis is performed separately for the full sample, for the cloud sample that
contains at least one ATLASGAL source, and for the cloud sample that contains a HMSF signpost.
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Fig. 8. Distributions of the cloud properties in the spiral arms (red) and in the inter-arm regions (blue) drawn from the science sample and
represented as violin plots (which show the relative shape of the distributions). The violins outlined in black show the distributions drawn from the
complete distance-limited sample. From top to bottom rows: effective radius, velocity dispersion, molecular gas mass, molecular gas mass surface
density, virial parameter, and aspect ratio, for the full (science or complete distance-limited) sample of clouds, clouds with an ATLASGAL source,
and clouds with an HMSF signpost (from left to right). The full horizontal line shows the distribution medians of the science sample. The dashed
lines display the position of the Qys = 25" and Q75 = 75" percentiles. The dotted lines indicate the position of the lower and upper whiskers
(defined as Qps — 1.5IQR and Q75 + 1.5 IQR, respectively, where the interquartile range IQR = Q75 — (O»s). The horizontal lines have the same
colours as the associated violin diagram. In the violins, the white circle indicates the median of the distribution from the science sample while the
cross shows the median for the complete distance-limited sample. In the x-axis labels, for each environment (spiral-arms and inter-arm regions),
the two numbers within the brackets indicate the number of clouds in the science sample and in the complete distance-limited sample, respectively.
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sider the cloud effective radius (R.), velocity dispersion (o),
molecular gas mass (M), molecular gas mass surface density
(Zmo1), virial parameter (ayi;), and aspect ratio (AR), as defined in
DC21 (their Section 5.1; see also Colombo et al. 2019 for further
details). We use the science sample and the complete distance-
limited sample (that we refer to as ‘full’ samples in this section),
described in Section 4.2.1, from which we removed the clouds
attributed to the 3 kpc arms and the ones with uncertain loca-
tions. We also differentiate between two subsamples of the full
science sample and the complete distance-limited sample: a sub-
sample that contains at least one ATLASGAL clump (ATLAS-
GAL sample), and a subsample with at least one HMSF signpost
(HMSF sample; see Section 4.2.1). Figure 8 and Table 3 report
the results of the analysis.

Regarding the full science sample, we find slightly more
clouds in the spiral arms (~ 55% of the sample considered here)
than in the inter-arm regions (~ 45% of the sample). Similar
percentages are observed for the subsets of clouds with one or
more ATLASGAL sources or HMSF regions. Generally speak-
ing, the distributions of properties differ slightly in shape from
spiral arms to the inter-arm regions (especially at the distribution
tails), but the median and the 25" and 75™ percentiles are sim-
ilar everywhere. Additionally, we observed that the median o
and X, appear to increase across the three subsamples (as no-
ticed by DC21), independently of whether the clouds are in the
spiral arms or in the inter-arm regions. Considering the complete
distance-limited sample and its subsets that contain ATLASGAL
or HMSF sources, the distributions drawn from both spiral-arm
and inter-arm-region clouds appear narrower than for the cor-
responding science samples, especially regarding the spiral arm
distributions. However, the median values of complete distance-
limited and science samples appear the same everywhere, ex-
cept for the velocity dispersion distribution (full sample). We
still observe slightly more clouds in the spiral arms compared to
the inter-arm region (in particular, 60% of the total number of
objects of the full sample are in the spiral arms, 65% consider-
ing the ATLASGAL subsample, and 55% considering the HMSF
subsample).

To assess whether the property distributions for clouds in
the spiral arms and inter-arm regions can be drawn from the
same parental distribution, we use the two-sample Kolmogorov-
Smirnov (KS) test as implemented within the SCIPY pack-
age7. This test provides two quantities, the KS statistic (Dg,t),
which quantifies the absolute maximum distance between the
cumulative distribution functions from the two samples, and the
p—value (pya), which can be used to reject the null hypothesis
that the two samples are drawn from the same parental distribu-
tion if the p-value is less than the significance level (generally
considered to be equal to 0.05 as in Section 4.2.2). The KS tests
performed on both science and complete-distance limited sam-
ples indicate that the differences between the properties of the
clouds in the two Galactic environments observed in the science
sample can be largely attributed to a distance bias (see Table 4).
In particular, the p-values for R.g, Mol, and ay; are very low
(well below 10~) for the full sample and for the ATLASGAL
sample, but this is not observed in the complete distance-limited
sample. Interestingly, the p—values for two of the properties least
influenced by distance biases, e.g. AR and X, are below the
significance level (py, = 0.05) in both the science and complete
distance-limited samples. The p-values for the HMSF sample
are significantly higher for every property and sample, implying

7 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.ks_2samp.html

that there is no significant difference between the distributions of
clouds in the spiral arms and the inter-arm regions when consid-
ering clouds that contain at least one HMSF signpost.

A similar analysis was carried out by Rigby et al. (2019),
who investigated the clump distributions between spiral arms
and inter-arm regions across the CO Heterodyne Inner Milky
Way Plane Survey (CHIMPS). In contrast to our findings, these
latter authors observed a low p—value for the spiral arm and
inter-arm region distributions o, but, as in our case, they ob-
tained a low p—value for the ay; distributions. However, given
the difference in tracers, clump—cloud segmentation techniques,
and property calculation methods, a fully robust comparison be-
tween the results is not possible.

6. Discussion: the Milky Way, a grand-design or
flocculent spiral galaxy?

Despite many decades of observational and theoretical work,
several aspects of the Milky Way remain shrouded in mystery.
Because of the position of the Sun within the Galactic disc,
the Milky Way appears to us as an edge-on galaxy, though ob-
served at very high resolution. The determination of its large-
scale structure, for example, is extremely challenging, due to a
series of effects such as the kinematic distance ambiguity (for
the inner Galaxy), velocity crowding, and spiral arm streaming
motions. Nevertheless, in recent years, the increase in the cover-
age of spectroscopic large-scale Galactic plane surveys (see e.g.,
Table 1 in Schuller et al. 2021 and Fig. 1 in Stanke et al. 2019),
high-quality stellar data (e.g., Deng et al. 2012; Kunder et al.
2017; Majewski et al. 2017; Gaia Collaboration et al. 2021), and
maser measurements (Reid et al. 2014; Xu et al. 2018; Reid et al.
2019) has provided new insights into this complex issue.

In particular, the mechanism that generated the Milky Way’s
spiral arms, as well as the number thereof, are still debated
(Dobbs & Baba 2014). The most common interpretation is that
the Milky Way has four primary arm features: the Perseus,
Sagittarius-Carina, Scutum-Centaurus, and Norma-Outer spiral
arms (e.g. Georgelin & Georgelin 1976; Urquhart et al. 2014;
Reid et al. 2019), as we have adopted in this work. However,
some studies have suggested that a two-armed structure (corre-
sponding to the Perseus and Scutum-Centaurus arms) better fits
their data (Drimmel 2000; Drimmel & Spergel 2001). As high-
lighted by GLIMPSE data (Benjamin et al. 2005; Churchwell
et al. 2009), it appears that the Milky Way spiral structure is
tracer-dependent (Hou & Han 2014b): the old-stellar population
(observed in the infrared bands) seems to be distributed across
two spiral arms, while young stars, gas (Xu et al. 2018, and ref-
erences therein), and dust (Rezaei Kh. et al. 2018) appear to fol-
low a four-armed spiral structure, even if their positions across
the disc cannot always be unambiguously determined. One pos-
sible explanation is that the Perseus and Scutum-Centaurus arms
were generated by a large-scale density wave, while the other —
slightly weaker— arms are the result of resonances (e.g. Martos
et al. 2004; Pettitt et al. 2014), visible only in the distribution
of gas, dust, and young stars. As the Milky Way possesses a bar
(e.g. Wegg et al. 2015), this scenario might fit better with the
observations of barred galaxies in the local Universe, which tend
to show two arms originating from the two tips of the bar. Even
this picture may be an oversimplification, with many secondary
features observed (such as arm bridges and segments) in the dis-
tribution of the stars (Quillen et al. 2018) and of the cold gas
(Amodres & Lépine 2005), especially towards the outer Galaxy
(Koo et al. 2017). An explicit example is the Local arm, which
is often considered to be a spur rather than a large-scale arm
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Fig. 9. Distribution of the most massive clouds from SEDIGISM (SED, coloured circles) ATLASGAL HMSF (AG HMSF) clumps (purple dots
and crosses, from Urquhart et al. 2018) and GAIA distribution of OB stars (grey contours, from Xu et al. 2021), overlaid with the spiral arm
location from TC93 models. Local spur parameters are taken from Reid et al. (2019). Other symbol conventions follow Fig. 2 (top panels).

that spans a significant fraction of the disc (e.g., Georgelin &
Georgelin 1976; though also see Xu et al. 2013). The question of
the structure of the Milky Way spiral arms has been revisited on
a number of recent occasions using Gaia data, sometimes giving
divergent results. For example, Castro-Ginard et al. (2021) using
the most updated catalogue of open clusters measured different
pattern speeds for different spiral arms, favouring a flocculent
structure with transient arms that co-rotate with the disc. Alter-
natively, Martinez-Medina et al. (2021), studying the kinematics
of selected stars in the Gaia EDR3 sample, found instead that
stars do not always co-rotate with the disc: objects in the spi-
ral arms tend to rotate more slowly than objects in the inter-arm
region.
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Theoretical works have also attempted to shed light on the
nature of the Galactic spiral pattern. Numerical methods in par-
ticular have been used in attempts to fit different structural mod-
els to a number of different galactic tracers. The studies of Pettitt
et al. (2014, 2015) found that fewer grand-design discs tend to
allow the more irregular emission features in the observed [v-
map to be matched to observations. Other authors have made
similar findings, with many outer arm features (> 4) needed to
reproduce the observations (Li et al. 2016) with the time evo-
lution of features such as the Perseus arm, pointing towards a
dynamic kind of nature (Tchernyshyov et al. 2018; Baba et al.
2018). Stellar material has also become even more usable for
studies of Galactic arms, with transient spiral features also pro-
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viding a good match to observed stellar velocities (Grand et al.
2015; Sellwood et al. 2019).

Within the spiral arm sections studied here, we found sur-
face densities of the order of 10° — 10® My kpc~2. For exam-
ple, in a region of 1kpc?, fewer than ten GMCs of 10° M, are
observed. Similar orders of magnitude are measured for linear
masses. Such densities would indicate that large areas of the spi-
ral arms are devoid of dense gas, or are filled with diffuse gas.
Giant molecular clouds have sizes of up to ~ 100 pc, at least one
order of magnitude lower than the unit length of the spiral arm
tracks considered.

Although our results are self-consistent, the linear mass
we obtain for Milky Way spiral arms, even after consider-
ing the possible variations introduced by the choice of tracer
or segmentation technique (see Section 5.3), are still largely
short of the 108 Mg kpc™! linear mass values obtained for M51
(e.g. Colombo et al. 2014a), the most prototypical grand-design
galaxy in the local Universe. Nevertheless, such values are not
uncommon in the local Universe. For instance, Sun et al. (2018)
obtained molecular gas surface densities from high-resolution
observations of a sample of 15 nearby galaxies. This sample con-
tains grand-design spiral galaxies (such as M51 and NGC628),
flocculent and multi-armed galaxies (e.g. NGC2835, NGC6744),
as well as atomic-dominated galaxies (M31 and M33) and merg-
ers (Antennae). Considering their beam sizes and the surface
densities measured, and assuming that most of the molecular gas
emission comes from spiral arms, we would get linear masses in
the range of 10° — 10" My kpc™!, more in line with our Milky
Way values. Additionally, Rosolowsky et al. (2021) performed
molecular cloud segmentation for a sample of ten nearby galax-
ies, observing a spiral arm—inter-arm region molecular gas mass
contrast of between ~ 1 — 2.3 (E. Rosolowsky, private commu-
nication) considering the mass within clouds, which is similar to
what we measure here (1.5, see Section 5.3).

In Section 5.2, we show that the PDF drawn from the inte-
grated intensity from the CO emission within the spiral arms is
similar in shape to the inter-arm region PDF. This evidence has
been quantified via IDIs (and LDIs) that show largely similar
values for the two PDFs. Clearly, these results are qualitatively
at variance with PDF studies of grand-design galaxies. In M51,
the PDFs observed for the emission within the spiral arms are
significantly wider than those of the inter-arm region emission
(Hughes et al. 2013). This difference is also reflected in the val-
ues of the IDIs (see Hughes et al. 2013, their Table 2) drawn
from the spiral arm and inter-arm environments. Nevertheless,
nearby galaxy studies of this kind are not completely comparable
with Milky Way studies of the same kind: differences in resolu-
tion, tracers, and our inability to perfectly separate the spiral arm
emission from the bulk emission might play a role in homogenis-
ing the properties of the molecular ISM within and outside the
spiral arms. In addition, the brightness of the CO emission, be-
ing a function of column density, is prone to projection effects,
potentially influencing the shape of emission PDFs. Flux along
a given line of sight in face-on nearby galaxies is difficult to sep-
arate in velocity because of the limited spectral resolution and
the lower vertical velocity structure, which blends the emission
from clouds along the same sight line. Therefore, multiple CO
emission components can contribute to the global intensity ob-
served, potentially enhancing the amount of brighter emission,
particularly towards the spiral arms. This is starkly different for
the Milky Way for which the velocity structure can be clearly re-
solved and the CO emission splits across the various spiral arms,
thus resulting in emission PDFs that are less skewed towards
high values.

In Section 5.4 we observe that, for clouds in the science sam-
ple, the distributions of Reg, Mmol, Zmol, and i for clouds in
the spiral arms differ from those in the inter-arm regions. How-
ever, most of those differences tend to disappear when we con-
sider the complete distance-limited sample, indicating that the
statistics might be affected by a distance bias in the science sam-
ple. The only cloud property that shows significant distribution
differences in both science and complete distance-limited sam-
ples is AR. This evidence is similar to that found with molecu-
lar cloud simulations from Duarte-Cabral & Dobbs (2016) and
Duarte-Cabral & Dobbs (2017), who showed that, based on as-
pect ratio, the cloud populations in their spiral arm and inter-
arm regions do not descend from the same parental distribution.
However, we did not observe a surplus of elongated structures
in the inter-arm region compared to the spiral arms as in their
simulations. When we look at the subsamples of clouds with an
ATLASGAL counterpart or an HMSF signpost, we also find no
significant difference between arms and the inter-arm medium.
This suggests that star formation is taking place in clouds regard-
less of the environment. In other words, the conditions necessary
to trigger HMSF can occur in both environments, although this
does not exclude the possibility that spiral arms might be more
conducive to the process. We do see consistently slightly higher
fractions of clouds in the spiral arms compared to the inter-arm
region for all subsamples. However, the relative ratios of arm to
inter-arm clouds are not significantly enhanced for the ATLAS-
GAL or HMSF subsamples with respect to the full sample, as
we would expect if spiral arms were to effectively drive a more
efficient formation of dense gas and stars. Although our number
statistics might be too limited to come to any robust conclusions
in this regard (particularly as completeness limits could play a
role in the ATLASGAL and HMSF associations), our findings
could be an indication that the spiral arms in the Milky Way
work as gas accumulators, as indicated by Wang et al. (2020b),
who showed that the atomic-to-molecular gas ratio increases by
a factor of six from spiral arms to the inter-arm region in the
inner Galaxy. However, spiral arms might not be significantly
determining the cloud properties or the conditions for star forma-
tion. This conclusion is consistent with other similar experiments
in the Milky Way (see also Querejeta et al. 2021 for a nearby
galaxy perspective). Indeed, although star-forming clumps seem
to be closely associated with the spiral arm structure (Urquhart
et al. 2018), this might simply be due to source crowding (Moore
et al. 2012). Several studies involving independent datasets have
shown that there is no enhancement of the star formation effi-
ciency as a function of spiral arm locus (e.g. Moore et al. 2012;
Eden et al. 2013, 2015; Ragan et al. 2018; Urquhart et al. 2021).
In particular, the star formation efficiency in the inner Galaxy
does not show any particular trend compared to the velocity off-
set from the spiral arms or the Galactocentric radius (Urquhart
et al. 2021). Additionally, while the distribution of the HII re-
gions tentatively follows a defined spiral pattern in the I and IV
Milky Way quadrant, it becomes more sparse in the other quad-
rants (see Xu et al. 2018, and references therein). More recently,
Xu et al. (2021) presented a comparison between the positions
of OB stars and the spiral arm loci traced by masers (from Reid
et al. 2019). While maser locations can be clearly fitted by log-
arithmic spirals, OB stars appear to be found everywhere across
the surveyed area, and their distribution possibly follows the gas
over-densities described by their natal clouds rather than a spi-
ral structure. Some of these studies are summarised in Fig. 9,
which collects the most massive SEDIGISM clouds, the HMSF
clumps from ATLASGAL (Urquhart et al. 2018), and the OB
stars from GAIA (Xu et al. 2021). Interestingly, SEDIGISM
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clouds with masses above 103 M, are tightly associated to the
spiral arms, while objects with 10* < Myo < 10° Mg are dis-
tributed more homogeneously across the Galactic plane region
surveyed by SEDIGISM. Similarly, the peaks in the distribution
of the GAIA sources clearly correspond to the bottom of the spi-
ral arm potential traced by TC93 models. At the same time, many
OB stars are observed in the inter-arm region. Some high-mass
star-forming regions from ATLASGAL clearly follow the spi-
ral structure, however several of these clumps are detected ev-
erywhere across the Milky Way plane. These findings reinforce
the idea that spiral arms in the Milky Way represent an environ-
ment that favours some physical processes (such as GMC and
star formation), but they are not the exclusive place where those
phenomena occur. These pieces of evidence are in stark contrast
with the HMSF picture present in M51, which displays a clear
pattern and relationship with the spiral arm influence. In the in-
ner part of this latter galaxy, the HMSF regions appear offset
from the CO spiral arms (Schinnerer et al. 2013) and are dis-
tributed in discretely-spaced features that stretch in the down-
stream region of the inter-arm called spurs. As no age gradient
of the stars is observed across the spurs, it appears that star for-
mation happens in situ (Schinnerer et al. 2017). This seems to
occur in response to the strong streaming motion in M51’s spiral
arms, which provides an additional stabilisation element against
the collapse of the clouds located at the bottom of the spiral arm
potential (Meidt et al. 2013).

In conclusion, the work we present here adds strong support
to the mounting lines of evidence that the Milky Way is closer
to a flocculent or multi-armed spiral galaxy (in line with earlier
studies of Quillen 2002) rather than having a well-defined grand-
design morphology.

7. Summary

We present an analysis of the molecular gas distribution in the in-
ner Galaxy and in particular its relationship with the Milky Way
spiral arms. We used '*CO (2-1) spectral line data from the high-
resolution SEDIGISM survey and compared the properties of the
global emission from the spiral arms and those of the emission
enclosed in molecular clouds with the emission from the inter-
arm region. Our main results can be summarised as follows.

— By uniquely associating clouds to given spiral arms, we are
able to solve the KDA for 139 objects that had an unreliable
distance attribution in the original SEDIGISM cloud cata-
logue.

— The flux PDFs constructed from different Galactic regions
show that globally the distribution of emission from the spi-
ral arms does not largely differ from the distribution ob-
served from the inter-arm regions. However, the flux PDFs
from both regions are profoundly different from the PDF
constructed from the flux towards the Galactic centre. Nev-
ertheless, we do see that the inter-arm region contains more
faint emission flux and less bright flux than the other regions,
while the opposite behaviour is shown by the Galactic centre
flux PDF. Similar conclusions can be drawn from luminosity
PDFs built from cloud association.

— We calculate a spiral arm linear molecular gas mass that gen-
erally ranges between 10° and 10° M, kpc™! considering the
global cloud emission from non-overlapping segments and
cloud emission across the full extent of the arms. Those val-
ues are similar to linear masses inferrable from spiral galax-
ies in the nearby Universe.
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— Without the contribution of the clouds attributed to the 3 kpc
arms (whose location with respect to the spiral structure is
ambiguous), we find that ~ 10% more clouds with reliable
distances reside in the spiral arms than in the inter-arm re-
gions. The cloud number and gas mass per unit area is a fac-
tor of approximately 1.5 larger in the spiral arms than in the
inter-arm regions, similar to other spiral-arm galaxies in the
local Universe.

— Tentatively, only the mass-surface-density and aspect-ratio
distributions from the clouds in the spiral arms and inter-
arm regions appear to show significant differences. For other
properties (such as effective radius and mass), differences
seems to be largely driven by a distance bias.

— We find that clouds with an HMSF signpost inside and out-
side the spiral arms have identical properties, suggesting that
the conditions needed to promote the formation of massive
stars are achievable in both environments. The numbers of
high-mass star-forming clouds in the arms are not enhanced
beyond the expected enhancement due to higher numbers of
clouds in the arms, suggesting that the spiral arms in the
Milky Way are not increasing the efficiency of dense gas for-
mation and high-mass star formation.

Taken together, these lines of evidences suggest that the Milky
Way is a spiral galaxy with a flocculent or ‘multi-armed’ mor-
phology rather than a grand-design galaxy.
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Table A.1. Distribution indexes for given models and regions.

TC93 R19
Region IDI LDI IDI LDI
All -0.50 -0.63 | -0.50 -0.63
Spiral arms | -1.58 -0.58 | -1.50 -0.55
Inter-arm -2.02 -0.85 | -2.01 -0.97
Gal. centre | 0.66 - 0.66 -

Notes. Integrated intensity distribution index (IDI) and luminosity dis-
tribution index (LDI) calculated from flux and luminosity PDFs, respec-
tively. The PDFs are built through Taylor & Cordes (1993) (TC93) and
Reid et al. (2019) (R19) models.

Appendix A: Assessing the robustness of the
results with an alternative spiral arm model

To test how our results and conclusions are dependent on the spiral
arm model adopted, in this section, we repeated some key analyses of
the paper using the models from (Reid et al. 2019) (hereafter R19).
These models are included in the Bar And Spiral Structure Legacy
(BeSSeL) Survey parallax-based distance calculator v2.4 bundle’. The
bundle provides a table where the longitude (/), latitude (b), velocity
(Vier), Galactocentric radius (R), heliocentric distance (d), and azimuth
(B) are defined at each longitudinal degree, which we interpolate on the
SEDIGISM data cube grids following the method in Section 3.

Figure A.1 shows the longitude—velocity tracks for the main spiral
arms considered in this work drawn from the TC93 and R19 models.
Generally, the two model sets are consistent with each other. However,
several differences can be noted. Tracks from TC93 models are smooth,
while the ones from R19 models, which follow the '2CO(1-0), show
peaks and troughs. The 3 kpc arms are the most compatible between the
two models. The Sagittarius-Carina models are also largely compatible
at large velocities and longitudes and the Scutum-Centaurus arms de-
fined by TC93 and by R19 are almost equivalent. The Norma-Outer arm
tracks are, instead, the ones that show the largest differences between
the two models across the [v space, as well as the Perseus arm. For the
latter, in particular, the TC93 model considers also a segment between
300° < [ < 330° and at large velocities which is not present in R19
models. Figure A.2 shows the equivalent comparison for the top-down
view of the Milky Way. Here the differences between the models are
more evident. Spiral arm locations are similar, but start and end points
generally do not coincide. Additionally, it appears that TC93 models are
shifted towards larger Galactocentric radii with respect to R19 models.
Therefore, we expect major discrepancies to occur on the analysis of
the cloud distribution with respect to the assumed spiral arm model.

The IDI and LDI calculated from flux and luminosity PDFs (re-
spectively), and built through TC93 and R19 models, are collected in
Table A.1. The values have been obtained with the same thresholds as
indicated in Section 5.2. The table clearly shows that indexes calculated
with the two models are almost indistinguishable, except for the LDI
of the inter-arm region, which are slightly different. Nevertheless, those
differences are marginal and do not influence our conclusions on the
moderate prominence of spiral arm PDFs over inter-arm region PDFs.

This prominence can also be checked through the spiral-arm to
inter-arm mass contrast. Using R19 models, we calculated a spiral arm
mass of 10”8 M,, and an inter-arm mass of 107 My, for a spiral-arm
to inter-arm contrast equal to 1.4, which is remarkably close to the value
inferred from TC93 models (1.5; see Section 5.3). In particular, consid-
ering the discussion in Section 6, this value classifies the Milky Way as
an average spiral galaxy, similar to others in the nearby Universe.

The median and inter-quartile range of the cloud property distribu-
tions of spiral arms and inter-arm regions, allocated through R19 mod-
els, are collected in Table A.2 for both the full science and complete
distance-limited samples, and their respective subsamples containing
ATLASGAL or HMSF sources. The values in the table do not show
significant differences compared to the corresponding ones from the

® http://bessel.vlbi-astrometry.org/node/378
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cloud property distributions built through TC93 models (Table 3). As in
Section 5.4, we assessed the property differences through the KS test;
the results are summarised in Table A.3. Interestingly, for the full sci-
ence sample the test for all properties (except X)) returned significant
p—values (well below 10~%), while through TC93 models, we observed
that oy and AR were giving high p—values. Nevertheless, the test on the
two model cloud associations returned results of equivalent meaning.
considering the ATLASGAL and HMSF subsample. Additionally, as
for the cloud association through TC93 models, we did not observe sig-
nificant differences between the distributions that involve the distance-
limited complete sample (and relative subsamples).

Given these tests, we conclude that our results are fairly robust re-
gardless of the spiral arm model set used to perform the analyses. We
observe that only some cloud property distributions show more signifi-
cant differences when using the R19 model set with respect to the TC93
model set. However, this does not change our conclusion on the nature
of the spiral arm structure of the Milky Way.

Appendix B: Assessing the influence of the chosen
velocity offset

To associate clouds to spiral arms we have chosen a particular velocity
offset (AV) with respect to the arm ridge line of 10km s~'. This choice
was motivated by the magnitude of spiral arm streaming motion mea-
sured in several studies (see Section 4.2.2). Here we tested how this
choice might influence the properties of the spiral arms versus the inter-
arm region inferred through cloud measurements. We used the complete
distance-limited sample in order to remove distance biases that might
influence our interpretation of the results. Varying this threshold in-
creases the number of clouds associated with spiral-arm regions steeply:
between 35% — 75% of the clouds in the complete distance-limited
sample are found within spiral arms considering AV = 5 — 15km s~!
(Fig. B.1, left). The same is true for the spiral-arm—inter-arm region con-
trast (measured through the ratio between the total cloud mass within
spiral arms and the total cloud mass in the inter-arm region; Fig. B.1,
middle), which also steeply increases with AV. In addition, we checked
how the property distributions of the clouds in the two considered re-
gions compare by evaluating the KS test p—value at different AV. For
Rers 0y, Mo, and a,;; we did not observe a significant variation of
p—value, which also indicates that spiral-arm and inter-arm region dis-
tributions can be drawn from the same parental distribution regardless
of the velocity offset. The p—value for X, distributions showed larger
variations, mostly below the significance level. The p—value for AR dis-
tributions instead goes well below 0.05 for each AV.

We conclude that the choice of AV has a potentially large impact on
spiral-arms and inter-arm region differences inferred from cloud mea-
surements. However, this conclusion also indicates that there are no
clear discontinuities between the molecular gas across velocity space,
reinforcing our general conclusion on the flocculent nature of the Milky
Way spiral structure.

Appendix C: Possible biases introduced by the
spiral arm KDA solver

In Section 4.2, we solved the KDA of 139 clouds with unreliable dis-
tances using the spiral arm association: a cloud uniquely associated with
given spiral arm region assumes the distance of that region if the cloud
distance was originally tagged as ’unreliable’ in the DC21 catalogue.
This explicitly supposed that spiral arms favour the formation of molec-
ular clouds. In addition, this operation increased the spiral arm cloud
population in our sample. Those clouds have been tagged with dy,, = 13
in the catalogue. In this section, we check whether this changes the main
conclusions of our analysis. In Section 5.3, we observed that 54% of
the clouds with reliable distances are in the spiral arms; without the in-
clusion of dp,, = 13 clouds, the percentage decreases to 53%. Similar
decrements are observed considering the well-resolved subsamples of
clouds used in Section 5.4. The addition of the dp,e = 13 clouds did
not change the property distributions in Section 5.4 or the relationships
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Table A.2. Cloud property distribution statistics across regions and subsamples with cloud-to-spiral-arm association performed with R19 models

Full sample

Science sample Dist. lim. sample

SA 1A SA 1A
Property Units U IOR U IOR U IOR | pu IOR
log(Refr) pc 034 054 039 037|038 036|038 035
log(oy) kms™' | -0.11 032 | -0.12 0.26 | 0.07 033 | 0.04 0.28
log(Mmor) Mg 306 1.18 | 3.17 0.81 | 3.19 0.82 | 3.29 0.87
log(Zmol) | Mopc™ | 1.87 025 | 1.87 0.22 | 1.97 028 | 202 0.32
log(avyir) 0.16 045 | 0.04 038|027 047|021 042
log(AR) 1.01 032] 096 032|119 026 | 1.15 0.30

ATLASGAL sample

Science sample Dist. lim. sample

SA IA SA IA
Property Units U IOR u IOR | u IOR | pu IQOR
log(Refr) pc 038 0.55] 051 033036 035] 042 0.30
log(oy) kms™' | 0.03 020 | 003 0.22|0.08 022006 0.19
log(Mmo1) Mg 326 1.07 | 3.57 0.69 | 3.19 0.62 | 3.37 0.56
log(Zmol) | Mo pc™ | 205 022 | 208 0.20 | 2.03 022|207 021
log(avir) 023 055 0.05 040|029 045|025 0.37
log(AR) 1.06 031 101 033|117 029 | 1.09 0.30

HMSF sample

Science sample Dist. lim. sample

SA 1A SA 1A
Property Units u IQR u IOR u 10R u IOR
log(Ref) pc 0.61 049 | 064 034 062 031|059 0.30
log(oy) km s~} 023 024 ] 016 025|023 023|021 024
log(Mmo1) M, 396 1.07 | 405 0.78 |3.99 0.70 | 402 0.83
log(Zmol) | Mopc™ | 2.18 028 | 223 0.26 | 223 028 | 229 0.26
log(avir) 021 0.61 | 0.05 047|023 042 0.11 048
log(AR) 1.18 030 | 1.20 034 | 126 027 | 1.26 0.26

Notes. Median (1) and inter-quartile range (/QR) of cloud property distributions (from top to bottom effective radius R.g, velocity dispersion
oy, molecular gas mass M,,,, molecular gas mass surface density X, virial parameter a,;, and aspect ratio AR) in the spiral arms (SA) with
respect to the inter-arm regions (IA). The analysis is performed separately for the full sample, for the cloud sample that contains at least one
ATLASGAL source, and for the cloud sample that contains clouds with a HMSF signpost; and their respective science and complete distance-
limited subsamples.

Table A.3. KS test results on cloud properties for spiral arm and inter-arm distributions with cloud-to-spiral-arm association performed with R19
models

Property Full ATLASGAL HMSF
Pval Dstal Pval Dstal Pval Dstat
Science sample
Rest <0.0001 0.16 | <0.0001 0.24 | 0.1500 0.14
oy <0.0001 0.06 | 0.6524 0.06 | 0.0177 0.19
Mol <0.0001 0.15 | <0.0001 0.28 | 0.0549 0.16
Zmol 0.0969 0.03 | 0.0453 0.12 | 0.1667 0.14
Qyir <0.0001 0.16 | <0.0001 0.23 | 0.0187 0.19
AR <0.0001 0.08 | 0.1364 0.10 | 0.8472 0.07
Complete distance-limited sample

Rest 0.8195 0.04 | 0.1435 0.17 | 04913 0.14
oy 0.1559 0.08 | 09045 0.08 | 0.3692 0.16
Mol 0.1484  0.08 | 0.0390 0.20 | 0.6764 0.12
Zmol 0.0217 0.10 | 0.0594 0.19 | 0.7078 0.12
Qvir 0.0851 0.08 | 0.0333 0.21 | 0.2217 0.18
AR 0.0008  0.13 | 0.0524  0.19 | 0.9925 0.07

Notes. p—values (py,) and statistics (Dy,) from the KS test comparing the distributions of cloud properties (from top to bottom: effective radius
Reg, velocity dispersion oy, molecular gas mass My, molecular gas mass surface density X, virial parameter @y, and aspect ratio AR) in the
spiral arms (SA) with respect to the inter-arm regions (IA). The analysis is performed separately for the full sample, for the cloud sample that
contains at least one ATLASGAL source, and for the cloud sample that contains clouds with a HMSF signpost.
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Fig. A.1. Spiral-arm models from Taylor & Cordes (1993) (dotted line) and Reid et al. (2019) (full line) overlaid on the lv-map from the full data
set. The 3 kpc arms are shown in magenta, the Norma-Outer arm in red, the Scutum-Centaurus arm in blue, the Sagittarius-Carina arm in green,
and the Perseus arm in yellow. Other symbols follow the convention of Fig. 1.
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Fig. A.2. Spiral-arm models from Taylor & Cordes (1993) (dotted line)
and Reid et al. (2019) (full line) overlaid on the cloud distribution.
The 3 kpc arms are shown in magenta, the Norma-Outer arm in red,
the Scutum-Centaurus arm in blue, the Sagittarius-Carina arm in green,
and the Perseus arm in yellow. Other symbols follow the convention of
Fig. 2.

between the distributions, as given by the p—values, which show similar
significance. The clouds with dp,, = 13 add a mass of 10°* M, to the
spiral arms. Removing them would not significantly affect the results
presented in Table 2 as spiral arms show a total molecular gas mass in
clouds of ~ 1072 M.
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Appendix D: Distance bias in the cloud science
sample

In Section 5.4 we compared the cloud property distributions in the spiral
arms and inter-arm regions. Besides the science sample, we also used
a complete distance-limited sample to access whether the distribution
differences might be driven by a distance bias in the science sample. In
Fig. D.1, we show the distribution of heliocentric distance for clouds in
the spiral arms and inter-arm regions in the science sample. The spiral
arm histogram shows two peaks at distances of ~ 4 kpc and ~ 12kpc,
while inter-arm clouds populate the distance region between these two
peaks. In addition, spiral arm clouds show distances that extend up to
~ 20kpc. This discrepancy might indeed be responsible for the low
p—values observed for some property distributions in the science sam-
ple. As such, a KS test performed on the distance distributions consid-
ered here gives a very low p—value (on the order of 107,

Appendix E: Full SEDIGISM survey integrated
intensity map multi-coloured images

Here we collect all multi-coloured integrated intensity maps of the
13CO (2-1) emission across the full SEDIGISM data. Clouds attributed
to a given spiral arm are colour coded as follows: magenta (3 kpc), red
(Norma-Outer), blue (Scutum-Centaurus), green (Sagittarius-Carina),
yellow (Perseus), and grey (inter-arm or unreliable distance clouds).
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Fig. B.1. Number of clouds in the spiral arms (Njouasa) as a percentage of the total number of clouds (Ngjoudot) in the complete distance-limited
sample (left panel), and the integrated cloud mass within spiral arms (M sa) over integrated cloud mass within the inter-arm region (Mol a3
middle panel) versus different velocity offsets with respect to the spiral arm model ridge line. In the panels, the red diamonds show the values for
our chosen velocity offset AV = 10km s~!. Also shown is the KS test p—value (p,;, right panel) variation with respect to AV calculated from the
property distributions of the clouds in the spiral arms and inter-arm region. Considered properties are effective radius R.g, velocity dispersion o,
molecular gas mass My, molecular gas mass surface density X, virial parameter «.;, and aspect ratio AR. The dashed line indicates p—value =
0.05.
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Fig. D.1. Distribution of distances from spiral arm and inter-arm region
clouds in the science sample.
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