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Spiral arms do influence molecular gas properties  
in nearby galaxies
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Figure 4.7: Compact view of the cumulative mass spectra for GMCs in the different environments of M51 nor-
malized by the area covered by the environments in kpc2 (left; see Fig. 4.8 for exact area) and to the total number
of clouds for each environment (right). These representations illustrate clearly a vertical offset (different number
density of GMCs), a horizontal offset (maximum mass possible to form in a given environment) and different shape
between the spectra. For reference, the top axis provides the equivalent CO luminosity.

Envir. γ M0 N0 p-value
106 M⊙

All −2.29 ± 0.09 18.5 ± 3.4 17 ± 7 10−4

NB −1.33 ± 0.21 5.2 ± 0.3 90 ± 21 1.00
MR −1.63 ± 0.17 15.0 ± 3.2 26 ± 20 0.72
DWI −1.75 ± 0.20 12.2 ± 1.8 15 ± 12 1.00
DWO −1.79 ± 0.09 11.8 ± 0.9 24 ± 9 0.30
MAT −2.52 ± 0.20 158.6 ± 7.4 0 ± 2 0.92
UPS −2.44 ± 0.40 9.3 ± 4.0 2 ± 3 1.00
DNS −2.55 ± 0.23 8.3 ± 1.9 5 ± 4 0.36

Table 4.3: Slopes γ, maximum mass M0 and number of GMCs at the maximum mass N0 of the truncated power-
law fits to the GMC mass spectra of the different environments in M51. The error are obtained through 50 bootstraps
interaction. In the last column the goodness-to-fit tests are given as p-values of the KS tests. Truncated power-law
fits to the GMC mass spectra of the M51’s environments
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the reliance on detailed kinematical models of the MilkyWay
(e.g. Reid et al. 2009) means determining kinematical dis-
tances is a common source of uncertainty. In nearby galax-
ies, line-of-sight confusion is less problematic, but studying
GMCs has been limited by the resolution, where observa-
tions can identify individual GMCs, but are still short of re-
solving their inner substructure (e.g. Schinnerer et al. 2013).

One important question regarding GMCs is whether
they are essentially universal, or whether their properties
depend on galactic environment, for example their passage
through a spiral arm. Some studies have attempted to probe
these environmental e↵ects on GMC properties from obser-
vations of our Galaxy (e.g. Roman-Duval et al. 2010; Eden
et al. 2012; Shetty et al. 2012) and nearby spiral galaxies
(e.g. Hirota et al. 2011; Donovan Meyer et al. 2013; Colombo
et al. 2014; Rebolledo et al. 2012, 2015; Usero et al. 2015).
However, the results from these studies are still somewhat
inconclusive, as some (e.g. Eden et al. 2012; Donovan Meyer
et al. 2013) suggest that GMCs are insensitive to the phys-
ical conditions in their surroundings, while others have re-
ported environment-dependent variations in GMC proper-
ties (Shetty et al. 2012; Colombo et al. 2014; Rebolledo et al.
2012, 2015; Usero et al. 2015).

An alternative way to study GMCs, and their relation to
the galactic environment, is through numerical simulations.
This has the advantage that uncertainties regarding the con-
version of CO to H2, the relevance of dark CO, and distance
ambiguities, can be tested. To date, there have only been
few attempts to study GMCs in H2 (e.g. Dobbs & Bonnell
2006; Nimori et al. 2013; Fujimoto et al. 2014; Khoperskov
et al. 2015). This is mainly because numerical models of
galaxies often lack the resolution and/or many of the phys-
ical processes fundamental to capture the complexity of the
ISM down to parsec scales. Fujimoto et al. (2014) found that
the mean global GMC properties are independent of envi-
ronment, but the tails of the distributions do vary, although
the lack of supernovae feedback in such simulations (which
has a strong impact on the global distribution of gas) may
limit the robustness of the results. Other numerical simu-
lations have included feedback, but they typically just use
density to define the clouds (e.g. Dobbs 2015), rather than
CO emission. It is not clear how reliable, or how comparable
the properties of such simulated GMCs are to observations.

The comparison between the 3D position-position-
position (PPP) space of the simulations and the observ-
able position-position-velocity (PPV) space of molecular line
emission has been the focus of some studies in the litera-
ture. However, these are typically only on the scale of an
individual cloud (e.g. Shetty et al. 2010; Ward et al. 2012;
Beaumont et al. 2013) or on galaxy-scales but with a face-on
perspective (i.e. equivalent to an extragalactic observer, e.g.
Pan et al. 2015), and thus less severely a↵ected by projec-
tion e↵ects when compared to Galactic observations. Fur-
thermore, most attempts to compare PPP and PPV per-
spectives do not model the emission with radiative transfer
(they typically assume a fixed H2 density threshold above
which we should have observable molecular clouds Shetty
et al. 2010; Ward et al. 2012; Pan et al. 2015). As noted by
Beaumont et al. (2013), the topology of the CO emission can
be decoupled from the morphology of the underlying H2 gas,
and this can influence the observable properties of molecular
clouds.
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Figure 1. Left: Top-down total column density map of the
galaxy model presented in Dobbs & Pringle (2013). Right: Higher-
resolution simulation of the portion of the galaxy-simulation lying
within the box on the left panel (Dobbs 2015).

In this paper, we study the distribution and properties
of the molecular gas in a numerical simulation from Dobbs
(2015), capturing a fraction of a spiral arm, and inter-arm
material moving towards the arm (see Figs. 1 and 2), both
in 3D space, and from an observer’s perspective, by taking
an edge-on perspective of a galactic disc, realistically mim-
icking the line-of-sight complications inherent to Galactic
observations. This work includes a due treatment of the CO
chemistry within the simulation as well as full non-local ther-
modynamic equilibrium (non-LTE) radiative transfer calcu-
lations to derive the observable CO emission. The simulation
and the radiative transfer calculations are described in Sec-
tion 2. We investigate the e↵ects of using CO as a tracer of
H2 gas, both in 3D space, and from an observer’s perspective
(PPV space), in Section 3. In Section 4 we investigate the ex-
istence of any systematic correlation between the properties
of clouds and their position with respect to spiral arms. We
also examine a sub-sample of clouds which are particularly
striking, and discuss our results in the context of linking
the properties of GMCs to their larger scale environment.
In Section 5, we discuss the global equilibrium state of the
GMCs, and finally, in Section 6 we present our summary
and conclusions.

2 METHOD

2.1 The numerical model

In this paper, we study the population of clouds within
the Smoothed Particle Hydrodynamics (SPH) simulation de-
scribed in Dobbs (2015) at the timestep of 19.1Myr. This
simulation is a section of the galaxy model presented in
Dobbs & Pringle (2013) simulated at higher-resolution (see
Fig. 1), so that we can properly resolve molecular clouds
properties such as their morphology and dynamics (which
was not the case with the full-galaxy model). This simu-
lation has a particle mass of ⇠ 3.85M�, and it includes
self-gravity, heating and cooling, and simple H2 and CO
formation as described in Dobbs (2008), and Pettitt et al.
(2014). The minimum temperature of the gas in the sim-
ulation is 50K. This simulation also includes a two-armed
spiral potential, as was used in the original simulation from
Dobbs & Pringle (2013). Feedback is included using the same
method as described in Dobbs et al. (2011b), where feedback
is instantaneous, and inserted whenever gas lying above a
500 cm�3 density threshold is both bound and converging.
Here we use the model with a feedback e�ciency of ✏ = 0.4.
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the CO-dark gas is in inter-arm molecular filaments. How-
ever, due to the e↵ects of self-gravity and feedback in dis-
turbing the smooth appearance of ISM structures, the mor-
phology of the CO-dark gas here is significantly di↵erent to
that of Smith et al. (2014). Figure 2 illustrates this more
clearly, where we can see that most of the molecular gas
which does not have associated CO (that we can see in
green), is not in the form of smooth filamentary structures,
but instead as more di↵use and disordered structures. The
regions with high CO column density (in pink/white) are
often associated with either peaks of density or even en-
tire filamentary ridges in the inter-arm regions, reinforcing
the notion that CO is only able to trace smaller portions
of larger molecular complexes (see also Figure 6). This is
in good agreement with the idea that observed molecular
clouds are like “tips of icebergs” (e.g. Pringle et al. 2001).

4 EXTREME CLOUDS AND EFFECT OF
ENVIRONMENT

In this section we investigate how the properties of GMCs
depend on galactic environment, by separating the sample of
GMCs into arm and inter-arm clouds (in Sect. 4.1). We also
investigate the environment of the more extreme clouds, and
check how such clouds would be perceived from an observer’s
perspective (in Sect. 4.2).

4.1 Arm versus inter-arm regions

In order to understand whether the properties of clouds are
a↵ected by the di↵erent surrounding conditions, we divided
the extracted GMCs into arm and inter-arm clouds, based
on the projected distance from the arm in the x�y plane. We
adopted an arm width of 300 pc for this simulation based on
the surface density distribution from a top-down view. This
is also similar to the arm width found for the Milky Way
arms (of ⇠400 pc, see Vallée 2014).

We used the clouds from the H2 extraction, as it is more
representative of the entire GMC complexes (see Sect. 3.2),
and we plot the distribution of the cloud properties as a
function of the distance of clouds with respect to the spiral
arm in Fig. 9. We also show the histograms of the prop-
erties of the two sub-samples (arm clouds in dashed-black
histograms, and inter-arm clouds in grey). The statistical
properties of the two sub-samples of clouds are summarised
in Table 2.

Although the di↵erences between the properties of arm
and inter-arm clouds are not particularly striking, there are
some tendencies in the mean values and shapes of the dis-
tributions. In particular, even though the distributions of
masses and major axis are similar (with a rather flat distri-
bution with cloud masses ranging from ⇠ 102 to ⇠ 106 M�,
and a relatively well peaked distribution of major axis
around a value of 30-40 pc), the largest and most massive
clouds in the sample are in the arm, and they correspond
to large GMC complexes (with masses larger than 106 M�
and sizes larger that 100 pc). Clouds in the arm also have a
higher value of mean velocity dispersion and a higher mean
number of leaves (i.e. are more sub-structured) compared
to inter-arm clouds. This agrees with the observational re-
sults towards M51, e.g. from Koda et al. (2009), who sug-
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Figure 9. Distribution of mass (top), aspect ratio (second-row),
major axis (third-row), line of sight velocity dispersion (fourth-
row), and number of leaves (bottom), as a function of distance
from the arm, for the GMCs from the PPP H2 density. Black-
filled circles (and grey-shaded area) show arm clouds, and grey-
filled circles are inter-arm clouds. The colour-coding of the circles
is as in Fig. 4, and is a proxy of the z coordinate of the centre
of each cloud. On the right of each panel are the distributions of
these variables for arm clouds (dashed-black histograms), and for
inter-arm clouds (grey-filled histograms).
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Figure 4. Time evolution of GMF2, where the background grey scale shows the top-down view of the total column density, the magenta
and cyan contours highlight the two main filaments, while the dark blue contours follow some of the smaller clouds that were or will
be once part of the main GMF. As in Fig. 3, circles show the population of star particles (representing stellar clusters), and the dashed
lines delineate the bottom of the potential well. GMF2 starts close to the bottom of the potential well, and has significant star formation
at t = 9 � 12Myrs, which results in visible shells on the following timesteps, that manage to break up the cloud. From t = 15.2Myrs,
GMF2 becomes part of the gaseous spiral arm, merging with other clouds. GMF2 develops a complex morphology, no longer retaining
its large-scale filamentary appearance.

3.2 Tracking individual giant filaments

To study the evolution of giant filaments in more detail, in
particular their morphological and chemical evolution, we
have selected two representative GMFs at t = 9Myrs, and
tracked them over time (for 11Myrs), at higher resolution
(1 pc). For this purpose, we have selected one of the longest
molecular filaments in the sample, spanning ⇠600 pc, located

in the inter-arm region (GMF1, see Fig. 3); and one filament
that spans ⇠500 pc which is at the bottom of the potential
well at t = 9Myrs, and then goes on to enter the gaseous
spiral arm (GMF2, see Fig. 4). In Fig. 1, we show the position
and extent of these two GMFs at t = 9Myrs.

In terms of morphology, both GMFs are most defined
when they reach the bottom of the spiral potential well (see
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Winding problem: material arms 
disappear after few galactic rotations
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ABSTRACT

The morphology of the Milky Way is still a matter of debate. In order to shed new light on the uncertainty surrounding the Galactic
structure, in this paper, we study the imprint of spiral arms on the molecular gas distribution and properties. 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 13CO (2-1) line at an angular resolution of 28". We analyse the influences of 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 those 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
di↵er much from the emission between the arms. On average, spiral arms show masses per unit length of ⇠ 105 � 106 M� kpc�1. 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 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 di↵erences compared to those of the inter-arm
medium; other observed di↵erences 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

Spiral galaxies dominate the star formation budget of the local
Universe. Understanding how spiral arms, and in general the dy-
namical environment, influences star formation and the proper-

? dcolombo@mpifr-bonn.mpg.de

ties of the cold, dense, progenitor gas has become of significant
importance in recent years due to the advent of observational sur-
veys that are beginning to probe the interstellar medium (ISM)
in nearby galaxies on pc scales (e.g. Sun et al. 2018).

Spiral arms possess a variety of di↵erent shapes and extents,
and their possible origin mechanism is, as yet, not entirely clear
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Fig. 1. From top to bottom: Longitude-velocity map (l3-map) from the trunk-masked full survey data cube (see Section 2), the cloud data cube, the
data cube obtained by the clouds located in the spiral arms, and the data cube obtained by 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 surrounds areas of the lv�map that have a velocity o↵set with respect to the spiral arms within 10 km s�1. Shaded patches indicate regions
along the spiral arms where the velocity di↵erence between adjacent arms (along the velocity axis) is larger than 20 km s�1. 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).Article number, page 4 of 39
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Fig. 6. Top left: probability distribution functions (PDFs) of the integrated intensity emission for the full integrated intensity map (black), within
the spiral arms (red), for inter-arm regions (blue), and towards the Galactic centre (green). Top middle: PDFs normalised by the total counts (N)
in the distribution. Top right: the relative value of the normalised PDFs of each region with respect to the normalised total distribution (named
“All” in the left panel). In the top left panel legend, IDI indicates the integrated intensity distribution index calculated from each distribution (see
equation 3). The IDI thresholds are indicated with grey vertical dotted lines. Bottom row: Parallel distribution representations using CO luminosity
from clouds. In the bottom left panel legend, the LDI indicates the luminosity distribution index.

higher than inter-arm LDI, confirming the finding of the IDIs,
and showing that there is not a significant di↵erence between
the luminosities in spiral arms and inter-arm region5.

5.3. Global integrated quantities

Through the Fl3A method, by associating each pixel of the l3-
map to a given (interpolated) point across the adopted spiral arm
model we have also defined a heliocentric distance map which
we can now use to convert the latitude-integrated flux in the l3-
map to the CO luminosity of the molecular gas within the spiral
arms. The CO luminosity in a given pixel of the l3-map is given
by LCO =

P
Tmb�x�y�v, where

P
Tmb is the latitude-integrated

flux in K, �x and �y represent the size of the pixel in pc, and
�v is the original data channel width in km/s. The molecular
gas mass within the arms follows by assuming a certain CO-
to-H2 conversion factor, ↵CO. We use ↵13CO (2�1) = 5↵12CO (1�0)
(where ↵12CO (1�0) = 4.35 M� (K km/s pc2)�1, Bolatto et al. 2013),
consistent with the value derived from the SEDIGISM science
5 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.

demonstration field (Schuller et al. 2017) and the same as used
to infer the molecular cloud masses in DC21. Assuming a con-
stant ↵CO for clouds in the di↵erent Galactic regions could be an
oversimplification as this value has been shown to have a large
scatter and dependency with respect to metallicity, opacity, exci-
tation conditions, and line-width (e.g. Barnes et al. 2018). We,
therefore, implicitly assume that those quantities (together with
the 13CO-to-12CO ratio) do not vary significantly between the
spiral arm and inter-arm regions. However, addressing these is-
sues is outside the scope of this paper.

To convert these masses into a mass per unit length (line-
masses), we require knowing the length of the spiral arm seg-
ments for which the masses were estimated. The spiral arm seg-
ment lengths are calculated by deriving the Galactocentric x and
y coordinates:

xGal = d sin(l) (5)
yGal = R0 � d cos(l) (6)
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Fig. 5. Cumulative distribution of the integrated intensity of the velocity o↵sets with respect to spiral arms (�V; left) and cumulative distribution
normalised by the total flux in their respective datasets (right). In the panels, we show cumulative distribution from the di↵erent methods described
in the text: direct integration of the original lv�map data cube (orange full line), integration of the lv�map generated by cloud masks (blue dotted-
dashed line), integration of the cloud fluxes as per their cloud velocity centroid association to the closest spiral arm (blue dotted lines). The dashed
green line shows the 10km s�1 width used to define arm association.

of the spiral arms has the highest peak among the di↵erent re-
gions, and its extension to maximum intensity is very similar
to that of the inter-arm region. The flux PDF from the ISM to-
wards the Galactic centre (e.g. within �2  l  2 deg) is the
most discrepant, showing a large lack of low flux pixels, but a
much larger amount of bright pixels compared to the other flux
PDFs. The di↵erences between the flux PDFs appear more evi-
dent in the right panel of Fig. 6, which illustrates the di↵erence
between the normalised PDF in the di↵erent 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, while 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 descrip-
tion and comparison of the PDFs, is to use brightness distribution
indices (BDI). In Sawada et al. (2012), the BDI was employed
to discern between bright emission in the spiral arms from more
di↵use emission in the inter-arms. Hughes et al. (2013) em-
ployed this index and the integrated intensity version of it (the in-
tegrated intensity distribution index, IDI) to compare the molec-
ular gas distribution within the various galactic environments in
M51’s disc. Here we apply the IDI to our flux PDFs. This index
parameterises the ratio between bright and faint emission and is
defined as:

IDI = log
 P

I2<ICO<I3 ICO,iP
I1<ICO<I0 ICO,i

!
, (3)

where the thresholds are chosen arbitrarily in order to catch
di↵erences in the PDFs in certain ranges. In our case, we set
(I0, I1, I2, I3) = (1, 10, 100,1) K km s�1. In Fig. 6, we can ob-
serve that the IDI from the spiral arm and the inter-arm flux
distributions are very similar; the small di↵erence in the IDIs
indicates that the spiral arms contain a slightly higher amount
of bright emission with respect to the inter-arm. The IDI from

the emission towards the Galactic centre instead is several times
larger than spiral arms and inter-arm IDIs, indicating that the
Galactic centre harbours a significantly higher amount of bright
emission with respect to 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 l3-map (Fl3A method) that e↵ectively mixes
emission at di↵erent distances. As the flux is a distance indepen-
dent parameter, in Fig. 6 (bottom row), we showed PDFs calcu-
lated from the CO luminosity (LCO), in order to verify the finding
from the flux PDFs. We inferred LCO from each pixel of the in-
tegrated intensity maps as LCO =

P
Tmb�x�y�v, where

P
Tmb

is the velocity axis-integrated flux in K, �x and �y represent the
size of the pixel in pc, and �v is the original data channel width
in km/s. Since we know the distance of a given patch of gas,
we can use the pixel sizes in pc units. Since we do no possess a
way to infer the distances in the inter-arm regions via the Fl3A
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 can not infer the luminosity PDF from the Galac-
tic centre. For the luminosity PDF, we assume a logarithmic bin
size of 0.25 K km s�1 pc2. The luminosity PDFs from spiral arms
and inter-arm region are qualitatively similar to the correspond-
ing flux PDFs. However, the spiral arms appear to contain also 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 qualita-
tive comparison between the luminosity PDFs. The luminosity
distribution index is calculated as:

LDI = log
 P

L2<LCO<L3 LCO,iP
L1<LCO<L0 LCO,i

!
, (4)

where we chose the thresholds (L0, L1, L2, L3) =
(10�2, 10�0.5, 101,1) K km s�1 pc2. As in the case of the
flux PDFs, we observed that the spiral arm LDI is slightly
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Fig. 5. Cumulative distribution of the integrated intensity of the velocity o↵sets with respect to spiral arms (�V; left) and cumulative distribution
normalised by the total flux in their respective datasets (right). In the panels, we show cumulative distribution from the di↵erent methods described
in the text: direct integration of the original lv�map data cube (orange full line), integration of the lv�map generated by cloud masks (blue dotted-
dashed line), integration of the cloud fluxes as per their cloud velocity centroid association to the closest spiral arm (blue dotted lines). The dashed
green line shows the 10km s�1 width used to define arm association.
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most discrepant, showing a large lack of low flux pixels, but a
much larger amount of bright pixels compared to the other flux
PDFs. The di↵erences between the flux PDFs appear more evi-
dent in the right panel of Fig. 6, which illustrates the di↵erence
between the normalised PDF in the di↵erent 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, while 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 descrip-
tion and comparison of the PDFs, is to use brightness distribution
indices (BDI). In Sawada et al. (2012), the BDI was employed
to discern between bright emission in the spiral arms from more
di↵use emission in the inter-arms. Hughes et al. (2013) em-
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!
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where the thresholds are chosen arbitrarily in order to catch
di↵erences in the PDFs in certain ranges. In our case, we set
(I0, I1, I2, I3) = (1, 10, 100,1) K km s�1. In Fig. 6, we can ob-
serve that the IDI from the spiral arm and the inter-arm flux
distributions are very similar; the small di↵erence in the IDIs
indicates that the spiral arms contain a slightly higher amount
of bright emission with respect to the inter-arm. The IDI from

the emission towards the Galactic centre instead is several times
larger than spiral arms and inter-arm IDIs, indicating that the
Galactic centre harbours a significantly higher amount of bright
emission with respect to 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 l3-map (Fl3A method) that e↵ectively mixes
emission at di↵erent distances. As the flux is a distance indepen-
dent parameter, in Fig. 6 (bottom row), we showed PDFs calcu-
lated from the CO luminosity (LCO), in order to verify the finding
from the flux PDFs. We inferred LCO from each pixel of the in-
tegrated intensity maps as LCO =
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is the velocity axis-integrated flux in K, �x and �y represent the
size of the pixel in pc, and �v is the original data channel width
in km/s. Since we know the distance of a given patch of gas,
we can use the pixel sizes in pc units. Since we do no possess a
way to infer the distances in the inter-arm regions via the Fl3A
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 can not infer the luminosity PDF from the Galac-
tic centre. For the luminosity PDF, we assume a logarithmic bin
size of 0.25 K km s�1 pc2. The luminosity PDFs from spiral arms
and inter-arm region are qualitatively similar to the correspond-
ing flux PDFs. However, the spiral arms appear to contain also 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 qualita-
tive comparison between the luminosity PDFs. The luminosity
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flux PDFs, we observed that the spiral arm LDI is slightly

Article number, page 10 of 39

Intensity distribution indexin M51 (Hughes+ 2013b):

All, IDI = 0.40
Spiral arm, IDI =  0.12, 0.54
Inter-arm, IDI = -0.95, -0.65
Galactic centre, IDI = 0.76, 1.08



A&A proofs: manuscript no. output

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 lv 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 in grey. The latter consist of clouds associated
with the 3 kpc arms or having unreliable distance.
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it is generally used to define velocity o↵sets corresponding to
material within the spiral arms (Reid et al. 2014; Grosbøl & Car-
raro 2018; Ramón-Fox & Bonnell 2018; Xu et al. 2018; Wang
et al. 2020a).

This kind of analysis is, of course, a↵ected by a number of
potential issues, and Fig. 1 clearly illustrates how the spiral struc-
ture in the inner Milky Way is tightly convoluted, making it dif-
ficult to properly separate one arm from another. In particular,
towards the Galactic centre, several arm tracks that converge,
making it hard to disentangle the emission from each arm using
the l3�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 of preceding data smoothing. In
total, 10300 molecular clouds have been decomposed from the
SEDIGISM data. The heliocentric distance to clouds was calcu-
lated assuming the rotation model of Reid et al. (2019). To solve
the kinematic distance ambiguity (KDA) a set of robust distance
indicators that include masers, dark clouds, HI self-absorption,
dust clumps, size-linewidth relation, and 3D extinction mapping
was used (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 xGal, yGal ⇡ �7, 0 kpc).

For the analysis in this paper, we will consider a set of sub-
samples. The entire sample contains all 10300 clouds of the
SEDIGISM catalogue.

The distance reliable sample contains all clouds with a good
distance estimation (dreliable = 1 in the catalogue as explained
in DC21, their section 4). This sample is useful to study 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
(dreliable = 1), that do not touch the upper and lower edges of
the survey datacubes (edge= 0, in the catalogue), and that are
well resolved (cloud area in arcsec > 3⌦beam, where the beam
size ⌦beam ⇠ 888 arcsec2). This sample will be used to analyse
all properties of the clouds, especially the ones that require well-
resolved clouds and with closed contours.

We will also use complete distance-limited samples that
share the same set of criteria of the science sample, but only
includes clouds with distances between 2.5 � 5 kpc, and with
masses above 3.1 ⇥ 102 Mmol and e↵ective radii above 1 pc (see
DC21, their Appendix C, for further details). This sample is use-
ful to assess whether trends observed in the science sample are
robust against distance biases.

In addition, we will analyse sub-samples of clouds that con-
tain certain star-formation signposts. The ATLASGAL-sample
indicates clouds that contain at least one source identified

Fig. 3. Multi-coloured integrated intensity maps of the 13CO (2-1) emis-
sion in an inset of the “G009” SEDIGISM field. Clouds attributed to a
given spiral arm are colour-encoded following di↵erent colour-shades:
magenta (3 kpc), red (Norma-Outer), blue (Scutum-Centaurus), green
(Sagittarius-Carina), yellow (Perseus), grey (inter-arm or unreliable dis-
tance clouds). For visualisation purposes, 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 Appendix E.

within “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 sign of high-mass star-
formation 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 l3-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 �2 test on the
distance-longitude plane (equivalent to the xy plane):

�2 =
(dcloud � darm)2

�2
d

+
(lcloud � larm)2

�2
l

, (1)

where dcloud and darm are the distance to the cloud and a given
point on the spiral arm, respectively; lcloud and larm is the longi-
tude of the cloud centroid and to a given point on the spiral arm,
respectively. The distance uncertainty of a cloud, �d, 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 follow-
ing:

�
l

= �maj cos(pa), (2)

where the cloud semi-major axis (�maj) is measured via a mo-
ment method (see Rosolowsky & Leroy 2006 for further details)
applying a principal component analysis of the cloud projec-
tion onto the plane of the sky, while the position angle (pa) is
given by the orientation of the cloud major axis with respect to
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it is generally used to define velocity o↵sets corresponding to
material within the spiral arms (Reid et al. 2014; Grosbøl & Car-
raro 2018; Ramón-Fox & Bonnell 2018; Xu et al. 2018; Wang
et al. 2020a).

This kind of analysis is, of course, a↵ected by a number of
potential issues, and Fig. 1 clearly illustrates how the spiral struc-
ture in the inner Milky Way is tightly convoluted, making it dif-
ficult to properly separate one arm from another. In particular,
towards the Galactic centre, several arm tracks that converge,
making it hard to disentangle the emission from each arm using
the l3�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 of preceding data smoothing. In
total, 10300 molecular clouds have been decomposed from the
SEDIGISM data. The heliocentric distance to clouds was calcu-
lated assuming the rotation model of Reid et al. (2019). To solve
the kinematic distance ambiguity (KDA) a set of robust distance
indicators that include masers, dark clouds, HI self-absorption,
dust clumps, size-linewidth relation, and 3D extinction mapping
was used (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 xGal, yGal ⇡ �7, 0 kpc).

For the analysis in this paper, we will consider a set of sub-
samples. The entire sample contains all 10300 clouds of the
SEDIGISM catalogue.

The distance reliable sample contains all clouds with a good
distance estimation (dreliable = 1 in the catalogue as explained
in DC21, their section 4). This sample is useful to study 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
(dreliable = 1), that do not touch the upper and lower edges of
the survey datacubes (edge= 0, in the catalogue), and that are
well resolved (cloud area in arcsec > 3⌦beam, where the beam
size ⌦beam ⇠ 888 arcsec2). This sample will be used to analyse
all properties of the clouds, especially the ones that require well-
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share the same set of criteria of the science sample, but only
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DC21, their Appendix C, for further details). This sample is use-
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given spiral arm are colour-encoded following di↵erent colour-shades:
magenta (3 kpc), red (Norma-Outer), blue (Scutum-Centaurus), green
(Sagittarius-Carina), yellow (Perseus), grey (inter-arm or unreliable dis-
tance clouds). For visualisation purposes, 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 Appendix E.

within “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 sign of high-mass star-
formation 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 l3-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 �2 test on the
distance-longitude plane (equivalent to the xy plane):

�2 =
(dcloud � darm)2

�2
d

+
(lcloud � larm)2

�2
l

, (1)

where dcloud and darm are the distance to the cloud and a given
point on the spiral arm, respectively; lcloud and larm is the longi-
tude of the cloud centroid and to a given point on the spiral arm,
respectively. The distance uncertainty of a cloud, �d, 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 follow-
ing:

�
l

= �maj cos(pa), (2)

where the cloud semi-major axis (�maj) is measured via a mo-
ment method (see Rosolowsky & Leroy 2006 for further details)
applying a principal component analysis of the cloud projec-
tion onto the plane of the sky, while the position angle (pa) is
given by the orientation of the cloud major axis with respect to
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it is generally used to define velocity o↵sets corresponding to
material within the spiral arms (Reid et al. 2014; Grosbøl & Car-
raro 2018; Ramón-Fox & Bonnell 2018; Xu et al. 2018; Wang
et al. 2020a).

This kind of analysis is, of course, a↵ected by a number of
potential issues, and Fig. 1 clearly illustrates how the spiral struc-
ture in the inner Milky Way is tightly convoluted, making it dif-
ficult to properly separate one arm from another. In particular,
towards the Galactic centre, several arm tracks that converge,
making it hard to disentangle the emission from each arm using
the l3�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 of preceding data smoothing. In
total, 10300 molecular clouds have been decomposed from the
SEDIGISM data. The heliocentric distance to clouds was calcu-
lated assuming the rotation model of Reid et al. (2019). To solve
the kinematic distance ambiguity (KDA) a set of robust distance
indicators that include masers, dark clouds, HI self-absorption,
dust clumps, size-linewidth relation, and 3D extinction mapping
was used (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 xGal, yGal ⇡ �7, 0 kpc).

For the analysis in this paper, we will consider a set of sub-
samples. The entire sample contains all 10300 clouds of the
SEDIGISM catalogue.

The distance reliable sample contains all clouds with a good
distance estimation (dreliable = 1 in the catalogue as explained
in DC21, their section 4). This sample is useful to study 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
(dreliable = 1), that do not touch the upper and lower edges of
the survey datacubes (edge= 0, in the catalogue), and that are
well resolved (cloud area in arcsec > 3⌦beam, where the beam
size ⌦beam ⇠ 888 arcsec2). This sample will be used to analyse
all properties of the clouds, especially the ones that require well-
resolved clouds and with closed contours.

We will also use complete distance-limited samples that
share the same set of criteria of the science sample, but only
includes clouds with distances between 2.5 � 5 kpc, and with
masses above 3.1 ⇥ 102 Mmol and e↵ective radii above 1 pc (see
DC21, their Appendix C, for further details). This sample is use-
ful to assess whether trends observed in the science sample are
robust against distance biases.

In addition, we will analyse sub-samples of clouds that con-
tain certain star-formation signposts. The ATLASGAL-sample
indicates clouds that contain at least one source identified

Fig. 3. Multi-coloured integrated intensity maps of the 13CO (2-1) emis-
sion in an inset of the “G009” SEDIGISM field. Clouds attributed to a
given spiral arm are colour-encoded following di↵erent colour-shades:
magenta (3 kpc), red (Norma-Outer), blue (Scutum-Centaurus), green
(Sagittarius-Carina), yellow (Perseus), grey (inter-arm or unreliable dis-
tance clouds). For visualisation purposes, 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 Appendix E.

within “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 sign of high-mass star-
formation 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 l3-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 �2 test on the
distance-longitude plane (equivalent to the xy plane):

�2 =
(dcloud � darm)2

�2
d

+
(lcloud � larm)2

�2
l

, (1)

where dcloud and darm are the distance to the cloud and a given
point on the spiral arm, respectively; lcloud and larm is the longi-
tude of the cloud centroid and to a given point on the spiral arm,
respectively. The distance uncertainty of a cloud, �d, 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 follow-
ing:

�
l

= �maj cos(pa), (2)

where the cloud semi-major axis (�maj) is measured via a mo-
ment method (see Rosolowsky & Leroy 2006 for further details)
applying a principal component analysis of the cloud projec-
tion onto the plane of the sky, while the position angle (pa) is
given by the orientation of the cloud major axis with respect to
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Fig. E.2. Multi-colored integrated intensity maps of the 13CO (2-1) emission in the SEDIGISM field across 0�  l  2� and 346�  l  360�.
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Fig. 6. Top left: probability distribution functions (PDFs) of the integrated intensity emission for the full integrated intensity map (black), within
the spiral arms (red), for inter-arm regions (blue), and towards the Galactic centre (green). Top middle: PDFs normalised by the total counts (N)
in the distribution. Top right: the relative value of the normalised PDFs of each region with respect to the normalised total distribution (named
“All” in the left panel). In the top left panel legend, IDI indicates the integrated intensity distribution index calculated from each distribution (see
equation 3). The IDI thresholds are indicated with grey vertical dotted lines. Bottom row: Parallel distribution representations using CO luminosity
from clouds. In the bottom left panel legend, the LDI indicates the luminosity distribution index.

higher than inter-arm LDI, confirming the finding of the IDIs,
and showing that there is not a significant di↵erence between
the luminosities in spiral arms and inter-arm region5.

5.3. Global integrated quantities

Through the Fl3A method, by associating each pixel of the l3-
map to a given (interpolated) point across the adopted spiral arm
model we have also defined a heliocentric distance map which
we can now use to convert the latitude-integrated flux in the l3-
map to the CO luminosity of the molecular gas within the spiral
arms. The CO luminosity in a given pixel of the l3-map is given
by LCO =

P
Tmb�x�y�v, where

P
Tmb is the latitude-integrated

flux in K, �x and �y represent the size of the pixel in pc, and
�v is the original data channel width in km/s. The molecular
gas mass within the arms follows by assuming a certain CO-
to-H2 conversion factor, ↵CO. We use ↵13CO (2�1) = 5↵12CO (1�0)
(where ↵12CO (1�0) = 4.35 M� (K km/s pc2)�1, Bolatto et al. 2013),
consistent with the value derived from the SEDIGISM science
5 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.

demonstration field (Schuller et al. 2017) and the same as used
to infer the molecular cloud masses in DC21. Assuming a con-
stant ↵CO for clouds in the di↵erent Galactic regions could be an
oversimplification as this value has been shown to have a large
scatter and dependency with respect to metallicity, opacity, exci-
tation conditions, and line-width (e.g. Barnes et al. 2018). We,
therefore, implicitly assume that those quantities (together with
the 13CO-to-12CO ratio) do not vary significantly between the
spiral arm and inter-arm regions. However, addressing these is-
sues is outside the scope of this paper.

To convert these masses into a mass per unit length (line-
masses), we require knowing the length of the spiral arm seg-
ments for which the masses were estimated. The spiral arm seg-
ment lengths are calculated by deriving the Galactocentric x and
y coordinates:

xGal = d sin(l) (5)
yGal = R0 � d cos(l) (6)
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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 the top to the bottom row: e↵ective radius, velocity dispersion, molecular gas mass, molecular gas mass
surface density, virial parameter, 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 Q25 = 25th and Q75 = 75th percentiles. The dotted lines indicate the position of the lower and upper
whiskers (defined as Q25 � 1.5 IQR and Q75 + 1.5 IQR, respectively, where the interquartile range, IQR = Q75 � Q25). 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 the median for the complete distance-limited sample. In the x-axis labels, the numbers within the brackets indicate the number of
clouds in the science/complete distance-limited samples respectively, total within spiral arms or inter-arm regions.
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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 the top to the bottom row: e↵ective radius, velocity dispersion, molecular gas mass, molecular gas mass
surface density, virial parameter, 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 Q25 = 25th and Q75 = 75th percentiles. The dotted lines indicate the position of the lower and upper
whiskers (defined as Q25 � 1.5 IQR and Q75 + 1.5 IQR, respectively, where the interquartile range, IQR = Q75 � Q25). 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 the median for the complete distance-limited sample. In the x-axis labels, the numbers within the brackets indicate the number of
clouds in the science/complete distance-limited samples respectively, total within spiral arms or inter-arm regions.
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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 the top to the bottom row: e↵ective radius, velocity dispersion, molecular gas mass, molecular gas mass
surface density, virial parameter, 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 Q25 = 25th and Q75 = 75th percentiles. The dotted lines indicate the position of the lower and upper
whiskers (defined as Q25 � 1.5 IQR and Q75 + 1.5 IQR, respectively, where the interquartile range, IQR = Q75 � Q25). 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 the median for the complete distance-limited sample. In the x-axis labels, the numbers within the brackets indicate the number of
clouds in the science/complete distance-limited samples respectively, total within spiral arms or inter-arm regions.
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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 the top to the bottom row: e↵ective radius, velocity dispersion, molecular gas mass, molecular gas mass
surface density, virial parameter, 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 Q25 = 25th and Q75 = 75th percentiles. The dotted lines indicate the position of the lower and upper
whiskers (defined as Q25 � 1.5 IQR and Q75 + 1.5 IQR, respectively, where the interquartile range, IQR = Q75 � Q25). 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 the median for the complete distance-limited sample. In the x-axis labels, the numbers within the brackets indicate the number of
clouds in the science/complete distance-limited samples respectively, total within spiral arms or inter-arm regions.
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Fig. 9. Distribution of the most massive clouds from SEDIGISM (SED, coloured circles) ATLASGAL high mass star formation (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).

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/multi-armed galaxies (e.g. NGC2835, NGC6744), as
well as atomic-dominated galaxies (M31 and M33), and mergers
(Antennae). Considering their beam-sizes and the surface densi-
ties measured and assuming that most of the molecular gas emis-
sion comes from spiral arms, we would get linear masses be-
tween 105�107 M� kpc�1, more in line with our Milky Way val-
ues. Additionally, Rosolowsky et al. (2021) performed molecular
cloud segmentation for a sample of 10 nearby galaxies observ-
ing a spiral arm-inter arm molecular gas mass contrast between
⇠ 1 � 2.3 (E. Rosolowsky, private communication) considering

the mass within clouds, which is similar to what we have mea-
sured here (1.5, see Section 5.3).

In Section 5.2, we have shown that the PDF drawn from the
integrated 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 sim-
ilar values for the two PDFs. Clearly, those results are qualita-
tively at variance with PDF studies of “grand-design” galaxies.
In M51, the PDFs observed for the emission within the spiral
arms is significantly wider than those of the inter-arm region
emission (Hughes et al. 2013). This is also reflected by the val-
ues of the IDIs (see Hughes et al. 2013, their Table 2) drawn
from the spiral arm and inter-arm environments. Nevertheless,
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Fig. 9. Distribution of the most massive clouds from SEDIGISM (SED, coloured circles) ATLASGAL high mass star formation (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).

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/multi-armed galaxies (e.g. NGC2835, NGC6744), as
well as atomic-dominated galaxies (M31 and M33), and mergers
(Antennae). Considering their beam-sizes and the surface densi-
ties measured and assuming that most of the molecular gas emis-
sion comes from spiral arms, we would get linear masses be-
tween 105�107 M� kpc�1, more in line with our Milky Way val-
ues. Additionally, Rosolowsky et al. (2021) performed molecular
cloud segmentation for a sample of 10 nearby galaxies observ-
ing a spiral arm-inter arm molecular gas mass contrast between
⇠ 1 � 2.3 (E. Rosolowsky, private communication) considering

the mass within clouds, which is similar to what we have mea-
sured here (1.5, see Section 5.3).

In Section 5.2, we have shown that the PDF drawn from the
integrated 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 sim-
ilar values for the two PDFs. Clearly, those results are qualita-
tively at variance with PDF studies of “grand-design” galaxies.
In M51, the PDFs observed for the emission within the spiral
arms is significantly wider than those of the inter-arm region
emission (Hughes et al. 2013). This is also reflected by the val-
ues of the IDIs (see Hughes et al. 2013, their Table 2) drawn
from the spiral arm and inter-arm environments. Nevertheless,
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or median) TCO is generally about 20%–25% higher in the
spiral arm (D »T 3 KCO,arm ) than in the spurs (Table 1). The
exception is spur S6, which has an equally high mean value.
Comparison of the mean and median TCO shows that the mean
is always larger than the median, with the exception of spur S3.
While the difference is less than ∼5% for the arm and spurs S4
and S5, it is around 10% for the remaining spurs, except for
spurs S3 and S9 where the difference is about 20%. This
suggests that the distribution of TCO is skewed toward lower
values in the majority of the spurs. It is interesting to note that
the maximum TCO value in two spurs (S6, S9) is higher than
the maximum TCO measured in the arm.

Using the integrated CO line emission, the picture reverses
and the spiral arm becomes significantly brighter, also relative
to most spurs (e.g., Figure 4(a)). Assuming the standard
Galactic conversion factor between CO luminosity and
molecular hydrogen mass of

N

I
H2

CO
=2×1020 cm−2 K−1 km−1 s,

we calculated the distribution of the H2 surface density SMH2
. In

the spurs we find an average H2 gas surface density of
SMH2

≈100 -
:M pc 2 (twice the value found by Corder et al.

2008 for their spurs), reaching maximum values of up to
400–500 -

:M pc 2 in the more prominent spurs (S6 and S9;
see Table 1). However, we do not see a good correlation
between the H2 surface density in the spurs and in the immediate
adjacent spiral arm segments (Figure 2(d)), as SMH2

has both
lower and higher values in the spurs than in the corresponding
arm segment.
Taken together these results imply that although the gas

surface densitySMH2
is higher in the arm, the gas in the spurs is

on average brighter based on the lower contrast between arm
and spurs in the peak brightness temperature. This brightness
increase could be caused by a higher filling factor, a higher gas
volume density, or a higher gas kinematic temperature. From
this finding (similar TCO, but different SMH2

) immediately
follows that the velocity dispersion σ in the spurs is on average
lower than σ in the spiral arms (see Figure 4(d) and Table 1).
The value for the spurs is on average a third lower than the arm
value of σ = 8.1 km s−1. The typical gas mass within a spur is
MH2≈4×106 :M , slightly higher than the amount of gas
present in the spurs of Corder et al. (2008; when correcting for
the different distance used). The spurs S6 and S9 contain about
three times as much gas and both cover some of the
largest area.
The spurs form a distinct kinematic environment, as the gas

associated with the spurs shows strong deviations from the
regular velocity field with velocity gradients (of roughly
5 km s−1 per arcsecond) along the minor axis of the spurs (e.g.,
S1, S3, S4, S6, and S9; see Figure 4(b)), though the direction of
the gradient is not always the same. These strong streaming
motions are not similar to the ones seen in the spiral arm itself,
where the velocity gradient is generally largest across the arm
width, and are almost perpendicular to the gradient seen across
the spurs.

3.1.2. Giant Molecular Cloud (GMC) Properties in Arm and Spurs

In order to study the properties of GMCs in our defined spur
and arm regions (see the red and blue contours in Figure 3), we
utilize the PAWS GMC catalog (Colombo et al. 2014a) of
GMCs identified via the CPROPS software (Rosolowsky &
Leroy 2006). In Figure 5(a) we highlight all GMCs associated
with a spur (arm) as red (blue) circles. GMCs are mostly
associated with the arm and the spurs; larger GMCs
preferentially coincide with gas overdensities. A summary of
the average properties of all GMCs found in either the arm or
spur regions are listed in Table 2. (The individual properties of
all identified GMCs are provided in Tables 5 and 6.)
The number of GMCs identified in the gas spurs ranges from

1 to 6, with an average of 2.8 GMCs per spur. Spur GMCs have
sizes of r∼50 pc similar to the average arm GMC when the
two large GMCs of spurs S4 and S8 are excluded. The typical
line width of spur GMCs is slightly lower than for arm GMCs,
consistent with the observed lower velocity dispersion in the
spurs. The typical molecular gas mass of spur GMCs is about
3×106 :M , and therefore the typical spur GMC is about 25%

Figure 4. Properties of the molecular gas and distribution of star formation
tracers in the northern spiral arm of M51a: (a) CO 1 012 ( ‐ ) peak brightness
temperature distribution, (b) CO 1 012 ( ‐ ) velocity field colors ranging from −95
to −45 -km s 1, (c) CO 1 012 ( ‐ ) velocity dispersion colors ranging from 0 to 16

-km s 1, (d) hot dust emission as traced by the MIPS 24 μm continuum, (e) H II
regions traced by the HST/ACS Hα emission, and (f) (young) stellar clusters as
images in the HST/ACS B band continuum. The contours in all images refer to
the molecular gas surface density from Figure 2(d) (thick lines only).
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Similar to the previous spurs, spur S2 also has all three star
formation tracers associated with it; however, they are clearly
spatially separated. The young clusters tend to be located on the
edge of the gas spur, suggesting that star formation has been
proceeding for a while already inside this spur. The situation in
spur S1 is similar, although the 24 μm emission is significantly
reduced, implying that this star formation site is slightly older.
The lack of associated 24 μm emission together with significant
Hα emission and young stellar clusters suggests that the
formation of massive stars has just ceased in spur S5.

The over-density of stellar clusters that is located between
the arm and spur S8 is the relative “oldest” star-forming site, as
no 24 μm emission is present and the Hα emission is very faint
and diffuse, suggesting that the H II region has already
dissolved. The presence of significant [C II] emission suggests
that there is still a significant amount of ionizing photons from
massive stars and/or that the recombination time for C+ is
much longer than for H+ to H I to H2. Similarly, the
distribution of the molecular gas as seen in the CO emission
is more dispersed, suggesting that the previous massive star
formation events have had a severe impact on the morphology
and prominence of the spur. It also shows that a spur is not
necessarily continuously fed by new material from the arm.

When using our crude classification for the age of the star
formation site, we find no clear age trend across our nine spurs
(color coding in Figure 7 from blue [youngest] to red [oldest]).

4.2.2. Perpendicular to Spiral Arm = along a Spur

The location of star formation sites relative to the spurs can
be roughly classified into four categories: (a) in the arm next to
a spur base, (b) at the base of the spur where it connects to the
arm, (c) in the middle of the spur, and (d) at the tip of the spur.
Spurs S1, S3, and S5 are next to star-forming sites in the arm,
while spurs S4 and S9 have most star formation occurring at
their base. Prominent star formation in the middle of the spur
occurs in spur S1, S2, and the almost dispersed spur S8. In
spurs S5, S6, and S7 most star formation is found at the tip of
the gas spur. In short, no obvious trend of the star formation
location along a spur is found among our nine spurs (see the
open star symbols in Figure 7).

When we combine the age classification with the location of
star formation along a spur, we find no preferred location for a
given age, nor a trend along the spiral segment. However, it is
interesting to note that some spurs (S6, S7, and S9) exhibit a
clear age gradient along the spur, with more recent star

formation activity being closest to the arm. For the remaining
spurs, we see no clear spatial segregation between different
tracers for star formation activity and impact.
Taken together this suggests that star formation is not started

in a preferred, fixed location relative to the spiral arm (in each
spur). However, there might be a preference for star formation
onset more closely to the arm within each spur. As star
formation typically proceeds for several Myr within an
individual gas spur, this implies the onset mechanism has to
act over a longer timescale or the star formation process itself is
not instantaneous but can be sustained for a certain, few Myr
long, time interval.

4.3. Star Formation Feedback

To study the impact of star formation on the ISM, we use the
following data to investigate the dissociation of molecular
hydrogen (H I and Hα) and the CO molecule ([C II] line at
158 μm), as well as the heating of the interstellar dust (8 μm
emission corrected for stellar contribution, and MIPS 24 μm
emission). Figure 8 shows a comparison of some of these
tracers to the molecular gas distribution as seen via its CO
emission. We discuss the geometry and properties of the
individual spurs in this section.
General trends of the impact of star formation onto the ISM

can be summarized as follows.

(i) The youngest stars heat the dust. Hot dust/PAH emission
along the spurs is always coincident with molecular gas
(emission from CO; see Figure 8(d)), and the peaks in
dust emission are consistent with the location of the
youngest (i.e., below 3Myr) stellar clusters. Due to the
lower resolution of the dust emission of ∼2″ compared to
the HST imaging (∼0 1) for the young clusters, it is
difficult to search for small but significant spatial offsets
between the two tracers. However, in particular spurs S2
and S6 show some indication for an age differentiation,
even among the youngest stellar clusters (or at least their
impact onto the surrounding ISM).

(ii) The dissociation product of CO, the [C II] emission line,
can be observed after H II regions have ceased to exist.A
prime example is spur S8, where a bright [C II] emission
peak (Figure 8(c)) has no counterpart in Hα emission
(Figure 8(a)). Interestingly, the brightest [C II] and Hα
emission peaks (Figure 8(a)) do not show a 1-to-1
correspondence, and the same is true for [C II] and hot
dust/PAH emission. This suggests that the [C II] emis-
sion in the spurs tends to reach its peak brightness at a

Figure 6. Detailed comparison of the location of stellar clusters (filled circles)
relative to the molecular gas distribution (grayscale). The stellar clusters are
shown by filled circles symbols (same size as for Figure 5(c)). The color coding
corresponds to ages of log(t(year)) < 6.5 (blue), 6.5 � log(t(year)) < 7.0
(cyan), 7.0 � log(t(year)) < 8.2 (orange), and log(t(year)) � 8.2 (red). It is
noteworthy that clusters with ages of <tlog year 6.5( ( )) tend to be highly
clusters, while the clustering is becoming less obvious for clusters with ages of

- <t6.5 log year 7.0( ( )) and is non-apparent for even older clusters.

Figure 7. Relative age of star formation associated with our spurs (from young
to old: dark blue–cyan–green–yellow–orange–dark red shading) based on
different star formation tracers (see text for details). The preferred location of
star-forming in each spur is marked by an open star symbol (dark gray). Star
formation outside spur S8 (black open star) and in the arm close to spurs (light
open star) is indicated as well. (See the text for details.)
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• Star formation happens outside spiral arms in 
M51 (in the spurs)

• No age gradient observed across the spurs of 
the star clusters: star formation happens in situ



The morphology of the Milky Way – I. 937

Figure 25. Four CO radiative transfer l−v maps with their x–y counterparts from Fig. 24, chosen to show a range of different morphologies. The top-down
maps only show material that is seen in CO l−v space; that of the highest density. The cross indicates the observers position (which differs between models).
Arrows indicate locations of prominent features in l−v space. Models 2 and 4 reproduce the outer arm structure while 1 and 3 provide a better reproduction of
the Carina arm.
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3920 A. R. Pettitt et al.

Figure 10. Our four best-fitting CO radiative transfer l–v emission maps with their x–y counterparts. The models from top to bottom are Bb, Bc(207 Myr),
Bc(292 Myr) and Bd. The top-down maps only show gas material that is seen in CO l–v space; that of the highest density. The cross indicates the observer’s
position (which differs between models). SCC refers to the Scutum-Centaurus-Crux arm in the four-armed paradigm of the Milky Way, also referred to in the
main text as the Inner Ridge when viewed in l–v space. Arrows indicate locations of prominent features in l–v space.
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Pettitt+ 2014, 2015
Fixed potential (Density-wave arms)

The morphology of the Milky Way – II 3921

Figure 11. Zoom in of the first and second quadrant arm features in CO from the 207 Myr Bc arm model (second row, Fig. 10). Observational data are shown
in the upper panel for comparison. As the synthetic has stronger emission on average, we have increased the emission of the observational data slightly to be
on the same scale as the synthetic map in this figure.

The emission is however still somewhat higher than that observed,
a problem with all maps produced. The top-down map shows that
the Local and Perseus Arms are a bifurcation of the same arm. The
Carina hook structure is reproduced but is present at the incorrect
longitude. The tangent point lies upon Vela (l = 100◦) rather than
the observed Carina tangent (l = 80◦). This feature can be made to
match better by increasing Robs, but at the expense of the other arm
features. The Inner Ridge of this model is somewhat poorer than the
other models. There is a void of emission at approximately l = 20◦

vlos = 80 km s−1 where clear emission is seen in observations. The
incorrect reproduction of the Inner Ridge is due to the SCC Arm
tracing a near-circular arc in the inner disc, which is seen as the
steep straight line in the l–v map. In the other models, the SCC arm
clearly ‘winds’, i.e. has a non-circular shape, so is seen to be angled
in l–v space.

The second Bc map, created at approximately 100 Myr after
the first, appears to be the best reproduction by eye. The model
shows the Carina, Perseus, Outer and Local Arms as well as an
Inner Ridge that is aligned similarly to observations. This model
offers the best reproduction of the Inner Ridge and Carina arm
simultaneously. The Carina Arm appears to branch away from the
SCC Arm (the source of the Inner Ridge) allowing it to be correctly
placed in l–v space without causing spurious emission in the inner
disc, a problem the symmetric fixed potential models persistently
encountered. There also appears to be a four-armed outer structure,
with a strong two-armed inner structure, which adds weight to the
models in the literature that suggest a strong stellar two-armed
component with weaker four-armed one in the gas/dust and young
stars (Drimmel 2000; Churchwell et al. 2009). Local material is
again formed by a spur off the Perseus Arm. The Perseus Arm itself
is hard to differentiate from the Local and Outer Arm features,
which is the main problem with the model. All arm structures in
the second quadrant appear at too shallow velocities, implying Vobs

is incorrect or that the model rotation curve is too shallow near the
solar radius.

Our final model has the lightest disc, and the lowest-fit statis-
tic. As with the previous model, there is a good reproduction of
the Inner Ridge, Carina Arm and Local material. The Perseus and
Outer Arms appear too weak, and there is a significant amount of
emission in the inner disc (|l| < 30◦). While common to all models,

this excess emission is especially evident here due to the general
flocculent nature of the spiral arms. There is no clear inner disc
structure and the many smaller arm features in the inner disc are
seen in molecular emission, appearing as a great swath rather than
distinct arm features. The flocculent nature is also the cause of the
weakness of the Perseus and Outer Arms beyond the solar radius. It
is surprising that the emission features can be well reproduced by a
model with seemingly no clear dominant spiral mode (Fourier anal-
ysis indicates m ≈ 5). While the fit statistic indicates that this model
is a good fit, this is likely because there is little emission seen in the
incorrect place, coupled with the correct reproduction of the Inner
Ridge, Carina and Local Arms. The arm features however seem too
weak in the outer disc for this model to be a correct reproduction of
our Galaxy.

Overall, the fit statistic favours the live bulge–disc model with
the lightest disc, Bd. However, the features appear too flocculent in
the outer disc, and so we favour the second best-fitting model, Bc.
The Bd model provides an excellent fit to the strongest emission
regions, that of the Inner Ridge, but the Bc reproduces other arm
features better.

4 D ISCUSSION

4.1 General results

In this paper, we have shown that a live N-body system represent-
ing the stellar component of the Galaxy can provide a good match
to many of the observed molecular emission features. While not
one single model produced all arms perfectly, we believe that with
enough initial seeds a match could be found. The Bc model at the
later time-stamp in particular compares to the Milky Way remark-
ably well, with a good reproduction of all arm features and inner
emission structure.

The values in Table 3 show that models with the lowest fit statistic
(<0.9) have a high arm number (3 < N < 5). Models showing two-
armed structures were not readily produced. In the case of the Ba
model, a two-armed morphology was highly irregular and appeared
to be buckling in the outer disc, beyond the solar position. Two-
armed models have been produced by studies in the literature, but
tend to only be so when perturbed by some external body (Toomre
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PHANGS galaxies

Is the Milky Way 
morphology common?

GMC Properties in PHANGS-ALMA 21

Figure 8. Characteristic GMC parameters plotted as a function of galac-
tocentric radius in 5 even quantiles. For a given galaxy, the same number
of GMCs are found in each bin. The top panel illustrates the median virial
parameter for clouds. The second panel shows the median internal pressure
estimated for the molecular clouds. The bottom panel shows the fraction of
flux in the GMC catalogues compared to the total flux calculated by sum-
ming all the CO emission in that radial bin. The virial parameter of the
molecular clouds is remarkably constant in most galaxies, except for the
high values observed in NGC 4826 and the inner parts of barred galaxies.
On the contrary, we observe significant galaxy-to-galaxy and radial varia-
tions in the other parameters, which trace the organization and brightness
of the emission.

were also observed to exhibit distinct properties (e.g., Koda et al.
2009; Colombo et al. 2014).

Using the environment labels for individual GMCs (Sec-
tion 2.3), we establish two comparisons: Bar versus Disc and Arm
versus Interarm where the subpopulations of GMCs in those com-
parisons are mutually exclusive. Figure 9 plots the distributions of
clouds grouped by environment in �2/R3D versus ⌃mol space and
summarizes the cloud properties in each environment in the last
four rows of Table 4. We also show the mass distributions for clouds
grouped by environment in Figure 10.

Figure 9. The ⌃��0 relationship showing GMCs grouped by environ-
ment. The grey points show the data from the full survey indicating the
general distribution of clouds. The contour levels show the bounds con-
taining 25%, 50% and 75% of the population for clouds found in regions
labelled as Spiral Arms, Bars, and Interarm regions (not Bar or Spiral Arm).
The relationship shows the variation between the surface density and turbu-
lent line widths on 1 pc scales. The solid blue line shows the relationship
expected for cloud with virial parameter ↵vir = 1.

6.2.1 Bar versus Disc Clouds

In Figure 9, we explore these two comparisons in the context of
the �2

0�⌃mol plane. Like Figure 5, the solid blue line indicates the
relationship expected for clouds in virial equilibrium, i.e., ↵vir = 1

and R = R3D. In this parameter space, Bar clouds appear displaced
upward relative to the Disc population, showing that they are typ-
ically less gravitationally bound with higher line widths at a given
surface density. This is reflected in Table 4 where the typical virial
parameter for the Bar clouds (↵vir = 2.6) is significantly higher
than for the Disc clouds (↵vir = 1.4). We also see marginally
higher surface densities and internal pressure in Bar clouds ver-
sus the Disc clouds. This result shows clear evidence for the influ-
ence of dynamical environment on GMC properties (see also the
PHANGS-ALMA results in Sun et al. 2018, 2020b).

Considering the Bar versus Disc comparison in Figure 10, we
see that the mass distribution of Bar clouds extends to higher values
and that the completeness mass is higher than for the Disc clouds,
reflecting more blended emission in the Bars. Referring to Table 5,
we see that cutoff mass scale, Mc, is a factor of 2.5 higher, though

MNRAS 000, 1–28 (2020)

• 4986 clouds in 10 galaxies
• Slightly higher amount of massive 

and dense clouds in the spiral 
arms compared to the inter-arm 
regions

• Median virial parameter slightly 
lower in spiral arms compared to 
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Figure 8. Characteristic GMC parameters plotted as a function of galac-
tocentric radius in 5 even quantiles. For a given galaxy, the same number
of GMCs are found in each bin. The top panel illustrates the median virial
parameter for clouds. The second panel shows the median internal pressure
estimated for the molecular clouds. The bottom panel shows the fraction of
flux in the GMC catalogues compared to the total flux calculated by sum-
ming all the CO emission in that radial bin. The virial parameter of the
molecular clouds is remarkably constant in most galaxies, except for the
high values observed in NGC 4826 and the inner parts of barred galaxies.
On the contrary, we observe significant galaxy-to-galaxy and radial varia-
tions in the other parameters, which trace the organization and brightness
of the emission.

were also observed to exhibit distinct properties (e.g., Koda et al.
2009; Colombo et al. 2014).

Using the environment labels for individual GMCs (Sec-
tion 2.3), we establish two comparisons: Bar versus Disc and Arm
versus Interarm where the subpopulations of GMCs in those com-
parisons are mutually exclusive. Figure 9 plots the distributions of
clouds grouped by environment in �2/R3D versus ⌃mol space and
summarizes the cloud properties in each environment in the last
four rows of Table 4. We also show the mass distributions for clouds
grouped by environment in Figure 10.

Figure 9. The ⌃��0 relationship showing GMCs grouped by environ-
ment. The grey points show the data from the full survey indicating the
general distribution of clouds. The contour levels show the bounds con-
taining 25%, 50% and 75% of the population for clouds found in regions
labelled as Spiral Arms, Bars, and Interarm regions (not Bar or Spiral Arm).
The relationship shows the variation between the surface density and turbu-
lent line widths on 1 pc scales. The solid blue line shows the relationship
expected for cloud with virial parameter ↵vir = 1.

6.2.1 Bar versus Disc Clouds

In Figure 9, we explore these two comparisons in the context of
the �2

0�⌃mol plane. Like Figure 5, the solid blue line indicates the
relationship expected for clouds in virial equilibrium, i.e., ↵vir = 1

and R = R3D. In this parameter space, Bar clouds appear displaced
upward relative to the Disc population, showing that they are typ-
ically less gravitationally bound with higher line widths at a given
surface density. This is reflected in Table 4 where the typical virial
parameter for the Bar clouds (↵vir = 2.6) is significantly higher
than for the Disc clouds (↵vir = 1.4). We also see marginally
higher surface densities and internal pressure in Bar clouds ver-
sus the Disc clouds. This result shows clear evidence for the influ-
ence of dynamical environment on GMC properties (see also the
PHANGS-ALMA results in Sun et al. 2018, 2020b).

Considering the Bar versus Disc comparison in Figure 10, we
see that the mass distribution of Bar clouds extends to higher values
and that the completeness mass is higher than for the Disc clouds,
reflecting more blended emission in the Bars. Referring to Table 5,
we see that cutoff mass scale, Mc, is a factor of 2.5 higher, though
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Fig. 6. Violin plots showing the distribution of molecular gas and star formation rate surface densities measured in 1 kpc apertures, as well as the
resulting depletion times (⌧dep = ⌃mol/⌃SFR). The di↵erent colours indicate the range of environments that we examine in this paper. The numbers
on top of the violin plots indicate the median value in linear scale. The thick black bar inside each violin plot shows the interquartile range, the
white dot indicates the median, and the thin black lines show the span of data points beyond the black bar that lie within 1.5 times the interquartile
range.

is quite small (1.18 to 2.10 Gyr). Centres have the shortest de-
pletion times (i.e. they are more e�cient at forming stars), with
a median of 1.2 Gyr, while bars have the longest depletion times
(median of 2.1 Gyr). The other environments have intermediate
depletion times (median of ⇠1.6�1.8 Gyr). The shorter deple-
tion times found in centres are consistent with previous findings
in M51 (Leroy et al. 2017).

Table 3 lists the medians and scatter in the distributions
shown in Fig. 6. Additionally, it also lists the means and the
CO-weighted averages. The violin plots show the unweighted
distributions, considering all sight lines equally (i.e. weighting
by area), which tells us about the typical expectation if we look at
a random location within each of these environments. Weighting
the kpc-size apertures by their molecular gas content captures the
properties and depletion times that we can expect if we randomly
pick up a molecular cloud in each of these environments. The
unweighted mean for the molecular gas and SFR surface density
is always higher than the median, implying that the distributions
are skewed towards high values; this is not surprising, as there
are substantial local enhancements in the surface densities and
this is also the expectation for gas in a lognormal distribution.
The mean surface densities become even higher if we weight by
CO, which is expected by construction for molecular gas, and
indirectly for star formation, since it follows molecular gas to
first order. Weighted by CO, the characteristic depletion times
tend to be slightly longer.

Finally, we examine the relation between molecular and SFR
surface densities, known as the molecular Kennicutt–Schmidt
relation (Schmidt 1959; Kennicutt 1998). Fig. 7 shows this re-
lation colour-coded by environment, and including the best-fit
power-law regressions to the data using a bisector fit. The slopes
and intercepts that we find for the di↵erent environments are
listed in Table 4, relative to the same units as Fig. 7, that is,
log(⌃SFR/[M� yr�1 kpc�2]) = M + N log(⌃mol/[M� pc�2]). The
slope for centres appears steeper, but all environments have val-
ues consistent with each other within their uncertainties. Table 4
confirms that there are some di↵erences in the slopes (and in-
tercepts) depending on the adopted ↵CO prescription; the centre
environment is most sensitive to the choice of ↵CO. A constant
Galactic conversion factor results in fairly similar slopes and in-

tercepts, with di↵erences of at most a few percent. Adopting the
B13 prescription for ↵CO that explicitly depends on CO inten-
sity (see Sun et al. 2020a, for details) yields larger departures,
with a slope as high as N = 1.43 (but also with a larger uncer-
tainty) for all PHANGS sight lines. In the Appendix, Fig. A.1
shows alternative plots to Fig. 7 using these di↵erent conversion
factors.

In any case, for our preferred PHANGS ↵CO approach, the
slopes for all of the environments are compatible with a linear
relation within the uncertainties of the fits (within 1�, except for
the interarm fit, where the o↵set is 1.6�). The slope fitted to
all the PHANGS data points together is close to 1 (N = 0.97 ±
0.06). This agrees with previous findings, where the molecular
Kennicutt–Schmidt relation was found to be more linear than
the atomic version; for instance, Bigiel et al. (2008) found N =
1.01 from a combined analysis of a large number of sight lines
from the HERACLES survey (Leroy et al. 2009); Leroy et al.
(2013) further refined these calculations, highlighting the role of
the ↵CO conversion factor, and consistently find a slope of N ⇡
1.0 in agreement with ours. Previous studies based on di↵erent
surveys also recover an approximately linear relation between
molecular gas and SFR surface density (e.g. Blanc et al. 2009;
Schruba et al. 2011; Bolatto et al. 2017; Leroy et al. 2017; de
los Reyes & Kennicutt 2019; Dey et al. 2019; Lin et al. 2019;
Ellison et al. 2021; Leroy et al. 2021b). Yet, we warn that the
precise slope of the Kennicutt-Schmidt relation is sensitive to the
masking and sampling scheme followed, as measurements at low
signal-to-noise regions can a↵ect the slope. Thus, comparisons
among surveys must be done with caution.

We also measure the median vertical o↵set of each envi-
ronment with respect to the global fit to all data points in the
Kennicutt–Schmidt plane. While ⌧dep variations may capture
the key physical quantity, these o↵sets from an overall scal-
ing remove any zeroth-order dependence of ⌧dep on gas surface
density. The standard deviation in log(⌃SFR) at fixed molec-
ular gas surface density is fairly similar among environments
(0.24�0.35 dex), but there are bulk di↵erences ranging from
a median o↵set of �0.11 dex for bars and spiral arms, up to
+0.23 dex for centres (interarm and discs without spiral masks
have smaller o↵sets, �0.06 and 0.06, respectively). This means
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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 lv 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 in grey. The latter consist of clouds associated
with the 3 kpc arms or having unreliable distance.
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Fig. 4. Velocity o↵set with respect to the closest spiral arm versus Galactic longitude, integrated across the whole l3-map. Each pixel has size
of ⇠ 0.5� and 0.5 km s�1. Red, blue, and cyan lines represent the 50%, 75%, and 95% quartile values (respectively) of the flux distribution in a
given longitudinal bin. The yellow horizontal line marks the position of a velocity o↵set �V = 10 km s�1, which indicates our spiral arm velocity
threshold.

to see how many bright clouds appear to be located within the
inter-arm region. This visualisation might suggest that some re-
definition of the spiral arm models in the Milky Way 4th quadrant
is needed. For instance, the G305 complex, usually considered
as part of the Scutum-Centaurus arm (Clark & Porter 2004), in
Fig. E.13 (upper panel) seems mostly to be an 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 o↵set 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, inter-arm and Galactic centre. We measure the
cloud linear mass (i.e. mass per unit length), surface densities,
and number densities for each spiral arm (Section 5.3), and fi-
nally we examine whether the properties of the clouds in the spi-
ral arms di↵er with respect to the inter-arm regions (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 lv�maps in Fig. 1. Never-
theless, a non-negligible fraction of emission and clouds are ob-
served in the inter-arm regions. Fig. 4 provides an alternative vi-
sualisation of a longitude-velocity map where, instead of the Vlsr,
we use the velocity o↵set with respect to its closest spiral arm,
�V , on the y-axis. It is interesting to note that, except for a few
cases, the emission is concentrated within �V < 30 km s�1. This
result agrees with the analysis of Urquhart et al. (2021) (see their

Fig. 7 and 8). In addition, the o↵set we choose to define a spiral
arm, �V = 10 km s�1, contains more than ⇠ 50% of the emis-
sion at a given longitudinal bin. The exceptions include the lon-
gitudes towards the Galactic centre (approximately �2  l  2
deg); and the regions 300  l  305 deg and around l ⇠ 320
deg, where a large amount of emission is significantly o↵set
from the spiral arm loci in l3-map, possibly due to mismatches
between data and model used (see Section 4.2.2, but also Ap-
pendix A). Cumulative distributions of the flux with respect to
�V show a more compact view of the flux distribution across
the spiral arms (Fig. 5). Without considering the Galactic centre,
a �V < 10 km s�1 contains globally ⇠ 75% of the flux within
the full survey l3-map, and the l3-map defined from the clouds.
Approximately 95% of the flux is observed for �V < 22 km s�1.

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 di↵erent cumulative distribution (dotted line in Fig. 5)
compared to the one measured from the cloud lv�map (dashed-
dotted line in Fig. 5). In particular, with this representation, we
observe that approximately 70% of the cloud flux is within �V <
10 km s�1, but 95% is reached around 50 km s�1.

5.2. Probability distribution functions

To provide a more quantitative measure of the di↵erences of the
flux distributions between spiral arms, inter-arm region, and to-
ward the Galactic centre, here we analyse the shape of the inte-
grated flux probability distribution functions (PDFs, Fig. 6, top
row). To build the flux PDFs, we use logarithmic bins of 0.25
K km s�1. Generally, the spiral arm PDF is relatively similar to
the inter-arm PDF, but drastically di↵erent from the PDF built
with the emission towards the Galactic centre. The flux PDF
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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 l3-map from the full data
set. In the figure, the 3 kpc arms are 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.

Fig. A.2. Spiral arm models from Taylor & Cordes (1993) (dotted line)
and Reid et al. (2019) (full line) overlaid on the cloud distribution. In
the figure, the 3 kpc arms are 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.

presented in Table 2 as spiral arms show a total molecular gas mass in
clouds of ⇠ 107.2 M�.

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 used also

a complete-distance limited sample, to access whether the distribution
di↵erences might be driven by a distance bias in the science sample. In
Fig. D.1, we showed the distribution of heliocentric distance for clouds
in the spiral arms and inter-arm region in the science sample. The spiral
arm histogram shows two peaks at distance ⇠ 4 kpc and ⇠ 12 kpc, while
inter-arm clouds populate the distance region between these two peaks.
In addition, spiral arm clouds show distances that extend up to ⇠ 20 kpc.
This discrepancy might, indeed, be responsible for the low p�values
observed for some property distributions in the science sample. As such
a KS test performed on the distance distributions considered here gives
a very low p�value (on the order of 10�96).

Appendix E: Full SEDIGISM survey integrated

intensity map multi-coloured images

Here we collected 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-encoded following di↵erent colour-
shades: magenta (3 kpc), red (Norma-Outer), blue (Scutum-Centaurus),
green (Sagittarius-Carina), yellow (Perseus), grey (inter-arm or unreli-
able distance clouds).
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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 l3-map from the full data
set. In the figure, the 3 kpc arms are 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.

Fig. A.2. Spiral arm models from Taylor & Cordes (1993) (dotted line)
and Reid et al. (2019) (full line) overlaid on the cloud distribution. In
the figure, the 3 kpc arms are 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.

presented in Table 2 as spiral arms show a total molecular gas mass in
clouds of ⇠ 107.2 M�.

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 used also

a complete-distance limited sample, to access whether the distribution
di↵erences might be driven by a distance bias in the science sample. In
Fig. D.1, we showed the distribution of heliocentric distance for clouds
in the spiral arms and inter-arm region in the science sample. The spiral
arm histogram shows two peaks at distance ⇠ 4 kpc and ⇠ 12 kpc, while
inter-arm clouds populate the distance region between these two peaks.
In addition, spiral arm clouds show distances that extend up to ⇠ 20 kpc.
This discrepancy might, indeed, be responsible for the low p�values
observed for some property distributions in the science sample. As such
a KS test performed on the distance distributions considered here gives
a very low p�value (on the order of 10�96).

Appendix E: Full SEDIGISM survey integrated

intensity map multi-coloured images

Here we collected 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-encoded following di↵erent colour-
shades: magenta (3 kpc), red (Norma-Outer), blue (Scutum-Centaurus),
green (Sagittarius-Carina), yellow (Perseus), grey (inter-arm or unreli-
able distance clouds).
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Fig. B.1. Percentage of the clouds in the spiral arms (Ncloud,SA) over the total number of clouds (Ncloud,tot) in the complete distance-limited sample
(left panel), integrated cloud mass within spiral arms (Mmol,SA) over integrated cloud mass within the inter-arm region (Mmol,IA; middle panel)
versus di↵erent velocity o↵sets with respect to the spiral arm model ridgeline. In the panels, the red diamonds show the values for our chosen
velocity o↵set �V = 10 km s�1. KS test p�value (pval, right panel) variation with respect to �V calculated from the property distributions of the
clouds in the spiral arms and inter-arm region. Considered properties are e↵ective radius Re↵ , velocity dispersion �v, molecular gas mass Mmol,
molecular gas mass surface density ⌃mol, virial parameter ↵vir, 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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