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ABSTRACT

By combining two surveys covering a large fraction of the molecular material in the Galactic disc, we investigate the role spiral
arms play in the star formation process. We have matched clumps identified by APEX Telescope Large Area Survey of the
Galaxy (ATLASGAL) with their parental giant molecular clouds (GMCs) as identified by SEDIGISM, and use these GMC
masses, the bolometric luminosities, and integrated clump masses obtained in a concurrent paper to estimate the dense gas
fractions (DGFyye = ZMclump/Mgmc) and the instantaneous star formation efficiencies (i.e. SFEgy. = ZLclump/Mgmc). We find
that the molecular material associated with ATLASGAL clumps is concentrated in the spiral arms (~60 per cent found within
+10km s~ of an arm). We have searched for variations in the values of these physical parameters with respect to their proximity
to the spiral arms, but find no evidence for any enhancement that might be attributable to the spiral arms. The combined results
from a number of similar studies based on different surveys indicate that, while spiral-arm location plays a role in cloud formation
and H1 to H, conversion, the subsequent star formation processes appear to depend more on local environment effects. This
leads us to conclude that the enhanced star formation activity seen towards the spiral arms is the result of source crowding rather
than the consequence of any physical process.
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1 INTRODUCTION

Although comparatively few in number, massive stars play a sig-
nificant role in the development and evolution of their host galaxy
(Kennicutt & Evans 2012). Their high luminosities and UV fluxes
can drive strong stellar winds and lead to the production of HII
regions that can influence their local environments and trigger new
star formation by compressing the surrounding molecular gas (collect
and collapse or radiatively driven implosion; e.g. Bertoldi 1989;
Whitworth et al. 1994). Conversely, their feedback can limit star
formation by dispersing much of their own natal gas and thus limit
the total fraction of molecular gas that can be turned into stars.
Massive stars can therefore play an important role in regulating star
formation (e.g. Dale & Bonnell 2008; Dib 2011; Dib et al. 2013). The
heavy elements produced through nucleosynthesis are distributed to
the interstellar medium (ISM) throughout their lives via stellar winds
and by supernovae at the end of these stars’ lives, enhancing the

* E-mail: j.s.urquhart@gmail.com (JSU); adc @astro.cf.ac.uk (ADC)
1 Adjunct Astronomer at the Green Bank Observatory.

chemical content of the ISM, and allowing more complex molecules
to form.

For all their importance, the formation process of these stars is still
poorly understood (see review by Motte, Bontemps & Louvet 2018).
Their comparative rarity means that massive star-forming regions
tend to be widely separated, placing them at greater distances from
us than the numerous low-mass star-forming regions that can be
studied in great detail. Furthermore, the short time-scales associated
with their collapse causes them to reach the main sequence while still
enshrouded in their natal cocoons, impairing our ability to observe
them until after most traces of their formation environment have
long been dispersed. The time frames over which high-mass stars
form is still an open question, with young stellar objects (YSO)
and ultracompact (UC) H 1I-region lifetimes of a few 10° yr (Davies
et al. 2011; Mottram et al. 2011) but with simulations indicating
that material is drawn in from larger distances giving time-scales
of a million years (e.g. Padoan et al. 2019; see also discussion on
lifetimes by Motte et al. 2018).

Previous work has shown that there is little or no dependence of
the mean star formation properties and other physical parameters of
molecular clouds and dense clumps (e.g. surface densities, velocity
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dispersion, and level of Galactic shear) on their location in the main
Galactic disc and, especially, on their proximity to spiral arms (Dib
et al. 2012; Eden et al. 2012, 2013; Moore et al. 2012; Eden et al.
2015; Ragan et al. 2016, 2018; Rigby et al. 2019). A detailed study
by Dib et al. (2012) of the region of the first quadrant covered by the
Galactic Ring Survey (GRS; Jackson et al. 2006) found no correlation
between the dense gas fraction (DGF) and SFE as a function of a
Galactic cloud’s proximity to spiral arms or the level of shear they
experience. However, some dependences on spiral-arm locations are
observed in the disc of nearby spiral galaxies, however, including a
gradient in stellar age across the arms (e.g. Shabani et al. 2018) that
is consistent with the density wave theory. The results from density
wave theory are not supported by the observations of M51, however,
where there is no evidence for the onset of star formation merely in
spiral arms (Schinnerer et al. 2017). The dynamic associated with
spiral arms may influence the star formation efficiency (SFE) in their
vicinity such as in spurs (e.g. Meidt et al. 2013). This difference
may be a result of the difficulties to differentiate between spiral arm
and interarm objects in the Milky Way, which is not an issue for
observations of nearby face-on spiral galaxy studies.

There is a large variation in the cloud-to-cloud SFE and DGEF, as
measured by the ratios of integrated infrared luminosity and dense
gas mass within clouds to total molecular cloud masses (Moore et al.
2012; Eden et al. 2012; Csengeri et al. 2016a). The same studies
also showed that cloud-to-cloud variations in these parameters
predominate, with ratios ranging over two orders of magnitude that
are consistent with being lognormal distributions (Eden et al. 2015).
This variation does not originate from the uncertainty associated
with using infrared luminosity as an SF tracer, as a similar variation
is observed when using a more direct star formation rate (SFR) tracer
such as YSO counts (Lada, Lombardi & Alves 2010; Kainulainen,
Federrath & Henning 2014; Zhang et al. 2019). However, we note
that there can be a systematic offset between SFRs determined from
infrared measurements and star counts as revealed by the detailed
study of NGC 346 reported by Hony et al. (2015) and so some of
the variation observed could be dependent on the choice of tracer.

A constant SFE, when averaged over kpc scales, is probably
consistent with simple empirical SFR scaling relations such as the
Schmidt—Kennicutt ‘law’ (Gao & Solomon 2004; Lada et al. 2012),
but the dominance of cloud-to-cloud variations indicates that, if there
are physical mechanisms that regulate SFE, they operate principally
on the scale of individual clouds. In particular, spiral arms appear
to play little part in regulating or triggering star formation once a
molecular cloud has formed. The high concentrations of molecular
gas found to be associated with spiral arms in our own Galaxy and
in nearby spiral galaxies indicate that it is likely that the arms play
a role in triggering the cloud formation (via spiral shock or their
gravitational potential), and therefore play an indirect role in the
star formation process by enhancing giant molecular cloud (GMC)
formation by converting H1 to H, (Koda, Scoville & Heyer 2016;
Wang et al. 2020).

In this paper, we will use the results of two Galactic plane surveys
to investigate variations in the DGF and SFE across the inner Galactic
disc. We compare the properties of clumps identified in the APEX
Telescope Large Area Survey of the Galaxy (ATLASGAL; Schuller
et al. 2009) with those of their host molecular clouds identified from
the final calibrated data cubes resulting from the SEDIGISM survey
(Structure, Excitation and Dynamics of the Inner Galactic Interstellar
Medium; Schuller et al. 2017, 2020). Analysis of the SEDIGISM data
towards all ATLASGAL clumps provide a strong consistency check
on the velocities already assigned from the other surveys utilized in
our previous work.
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The structure of this paper is as follows: in Section 2, we provide a
brief overview of the survey and the data products used in this work.
The extracted profiles are fitted with Gaussian components to obtain
measurements of the amplitude, velocity, and line width of molecular
material associated with the ATLASGAL clumps. We describe this
process in Section 3, as well as the criteria used to assign a velocity
in cases where two or more molecular components are detected. In
Section 4, we use the velocities obtained from the CO analysis and the
GMC catalogue produced from the SEDIGISM cubes (Duarte-Cabral
et al. 2020) to derive the GMC DGF and SFE, and use these to look
for variations towards the spiral arms. In Section 5, we discuss our
results and investigate the role spiral arms play in the star formation
process. We summarize our main findings in Section 6.

2 SURVEY DESCRIPTIONS

2.1 ATLASGAL

ATLASGAL (Schuller et al. 2009; Beuther et al. 2012) is an unbiased
870-m submillimetre survey covering 420 deg” of the inner Galactic
plane. It was specifically designed to identify an unbiased sample of
dense, high-mass clumps that includes examples of all embedded
evolutionary stages in the formation of massive stars. This survey
has identified ~10000 clumps distributed across the inner Galactic
plane (Contreras et al. 2013; Csengeri et al. 2014; Urquhart et al.
2014b); these clumps have sizes of ~0.5 pc and masses ~500 M,
(Urquhart et al. 2018).

The area covered by this survey comprises [¢] < 60° with |b| <
1.5° and 280° < £ < 300° with b between —2° and 1°. The shifted
latitude was necessary to account for the warp in the Galactic disc in
the outer Galaxy extension (see the light grey shaded region shown
in Fig. 1). In this work, we focus on the central part of the Galactic
plane covered by both ATLASGAL and SEDIGISM (i.e. 300° < ¢
< 18°; see the dark shaded region shown in Fig. 1).

A crucial part of investigating the Galactic distribution and
physical properties of dense, high-mass clumps is determining their
distances. The most reliable distances are those determined from
maser parallax measurements (e.g. Reid et al. 2019); however, these
are only readily available for approximately 200 regions (all with
declinations >—40°), and although distance measurements are im-
proving (particularly with respect to maser parallax measurements)
it will be a long time before these will be available for a large
fraction of the 10000 sources in the ATLASGAL Compact Source
Catalogue (CSC; Contreras et al. 2013; Urquhart et al. 2014b). Stellar
parallax measurements from the Gaia mission (Gaia Collaboration
2018) are becoming more widely available (e.g. Zucker et al. 2019),
but these are primarily for regions of low extinction, and cannot
be used to obtain distances to deeply embedded protostars located
at large distances in the dusty Galactic plane that are identified
by ATLASGAL. We have therefore resorted to using kinematic
distances for sources for which a more reliable distance measurement
is not currently available.

We presented velocities and kinematic distances for ~8000 clumps
located outside the Galactic centre region (i.e. |[£| > 5°) in Urquhart
et al. (2018) based on the rotation curve of Reid et al. (2014).
The radial velocities of molecular clumps can be measured from
line observations (e.g. CO, NHj;, CS, etc.), and these are readily
available for many of the ATLASGAL clumps. We have used
Galactic plane surveys such as the GRS (Jackson et al. 2006), the
Mopra CO Survey of the Southern Galactic Plane (Burton et al. 2013;
Braiding et al. 2015), ThrUMMS, (Barnes et al. 2015), COHRS
(Dempsey, Thomas & Currie 2013), and CHIMPS (Rigby et al.
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Figure 1. Schematic showing the loci of the spiral arms according to the
model by Taylor & Cordes (1993) and updated by Cordes (2004), with an
additional bisymmetric pair of arm segments added to represent the 3 kpc
arms. The light grey shaded area is the region covered by the ATLASGAL
survey while the darker grey area indicates the region of the plane covered
by the SEDIGISM survey. The star indicates the position of the Sun and the
numbers identify the Galactic quadrants. The bar feature is merely illustrative
and does not play a role in our analysis.

2016, 2019) as well as large targeted observational programmes
towards selected samples such as MALT90 (Jackson et al. 2013),
RMS (Urquhart et al. 2007, 2008, 2011, 2014a), and BGPS (Dunham
etal. 2011a; Schlingman et al. 2011; Shirley et al. 2013). These have
been augmented by dedicated ATLASGAL follow-up observations
including NH; (Wienen et al. 2012, 2018), SiO (2-1) (Csengeri
et al. 2016b), radio recombination lines (Kim et al. 2017, 2018),
and an unbiased 3-mm chemical survey between 85.2 and 93.4 GHz
(Urquhart et al. 2019). Comparisons between the distances estimated
by other survey teams and the ATLASGAL-determined distances
find agreement of ~80 per cent (see Urquhart et al. 2018 for more
details).

The previous works had excluded the central part of the Galaxy
because at the time there had been no high-resolution <1 ar-
cmin molecular line surveys or targeted studies that sufficiently
resolved the complex source distributions. The recently completed
SEDIGISM survey (Schuller et al. 2017) provides the means to
extend the analysis of the ATLASGAL catalogue to the innermost
part of the Galactic plane and determine distances and physical
properties for a significant number of the ~2000 ATLASGAL
sources currently without a distance. The vast majority of these are
located towards the Galactic Centre (i.e. [£]| < 5°).

2.2 SEDIGISM survey

The SEDIGISM survey (Schuller et al. 2017 — hereafter Paper I)
utilized the 12-m Atacama Pathfinder Experiment (APEX; Giisten
et al. 2006) submillimetre telescope between 2013 and 2015 to
observe the J =2 — 1 transitions of the '3CO and C'3O isotopologues
and 10 other significant molecular tracers, including shock tracers
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(such as SiO and SO) and dense gas tracers (H,CO, CH;OH,
CH;CN).

The observations used the Swedish Heterodyne Facility Instru-
ment (SHFI; Vassilev et al. 2008) paired with a backend utilizing
two wide-band Fast Fourier Transform Spectrometers (XFFTS; Klein
et al. 2012). Each spectrometer produced a 2.5 GHz bandwidth with
32768 channels, yielding a velocity resolution of ~ 0.1kms™' at
the central frequency of the observations (219 GHz). The bands
were configured to overlap by 500 MHz, producing a net 4 GHz
IF bandwidth.

The survey area covers a 1° wide (in latitude) band over the
southern Galactic plane (—60° < ¢ < +18°, |b| < 0.5°) with a
28-arcsec full width at half-maximum (FWHM) beam. We divided
this region into 0.5 x 0.5 deg2 fields, each of which was covered
twice with orthogonal on-the-fly mapping. We used a 2-arcmins~!
scanning speed to yield a ~0.34sbeam™! integration time. When
combined, these two mapping passes allow us to reach a main-beam
brightness 1o rms noise of 0.8 K at 0.25kms™' spectral resolution
in typical weather conditions (maximum precipitable water vapour
of 3 mm).

A number of transitions are covered by the SEDIGISM survey, but
the brightest are the '*CO and C'80 (J = 2-1) rotational transitions.
The '*CO (2-1) transition requires a higher critical density than the
13CO (1-0) transition, and is less optically thick than the '2CO and
13CO (1-0) transitions. It is therefore a more reliable tracer of dense
gas than the lower excitation isotopologues, and is less affected by
self-absorption and confusion due to blending of low-density clouds
along the line of sight than lines from the much more abundant '>?CO
isotopologue.

The *CO and C'®0 data are available in the form of 2° x 1°
FITS cubes with a velocity range of £200 kms~'. These are centred
on each integer value of Galactic longitude. These fits cubes are
calibrated to the main beam temperature scale (7y,,) and so have
already been corrected for the APEX telescope beam efficiency
(efr = 0.75"). These fits cubes are available from the SEDIGISM
project website.?

A detailed description of the whole survey and a discussion of
the data quality and products are given in Schuller et al. accepted
(hereafter PaperIl). This overview paper is complemented by a
catalogue of GMCs (Duarte-Cabral et al. accepted. — hereafter
Paper III) produced by applying the SCIMES algorithm (v.0.3.2)?
(originally described in Colombo et al. 2015 with improvements
detailed in Colombo et al. 2019). This GMC catalogue consists
of 10663 clouds and provides their physical parameters, such as
distances, masses, sizes, velocity dispersions, virial parameters, and
surface densities. We use many of these parameters in Section 4.

3 3CO AND C'*0 ANALYSIS

3.1 Extraction and fitting

There are 5754 clumps in the ATLASGAL CSC (Contreras et al.
2013; Urquhart et al. 2014b) that are located inside the region of
the Galactic plane covered by SEDIGISM. We extracted spectra for
the '3CO and C'30 (2-1) transitions towards all of these positions
by integrating the emission within a 30 arcsec aperture centred on
the peak 870 um dust emission. Inspection of the extracted '3CO

Uhttp://www.apex-telescope.org/telescope/efficiency/index.php
Zhttp://sedigism.mpifr-bonn.mpg.de/
3https:/github.com/Astroua/SCIMES
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Figure 2. Distribution of rms noise values determined from the emission
free regions of the C'80 (2—1) spectra smoothed to a velocity resolution of
1kms~!. The bin size is 0.05K.

Table 1. Fitted Gaussian parameters to CO spectra extracted towards
ATLASGAL clumps.

CSC name Transition Tib Vlsr FWHM
(K) (kms™') (kms™!)
AGAL300.504—00.176 3co 10.75 + 0.11 851 £ 0.03 4.48 £ 0.10
Bco 464 + 0.12 2726 + 0.07 3.84 £ 0.19
80 1.64 + 0.12 851 £ 020 4.02 + 0.58
AGAL300.7484-00.097 Bco 20.74 + 0.14 —36.98 + 0.01 2.32 + 0.02
c*o 532 4+ 0.16 —36.86 £+ 0.03 1.64 + 0.07
AGAL301.136—00.226 Bco 26.18 + 0.10 —39.62 + 0.02 5.92 + 0.06
c*o 847 £ 0.11 —39.61 + 0.04 4.67 £ 0.14
AGAL301.279—-00.224 Bco 7.28 + 0.13 —37.73 £ 0.03 275 + 0.08
c*o 278 4+ 0.17 —37.54 £ 0.05 1.56 + 0.12

Note. Only a small portion of the data are provided here, the full table will be available in
electronic form at the CDS.

data revealed that approximately 10 percent (606) of the spectra
are affected by poor baselines and/or very broad emission features
(>30kms™'; all of the latter are found towards the Galactic Centre).
We have excluded these from our analysis as they are unlikely to
provide any reliable information for the clumps.

The spectral profiles towards the remaining 5148 clumps were
Hanning smoothed, reducing the velocity resolution to 1 kms~! but
improving the signal-to-noise ratio (SNR) by a factorof 2 (6 = 0.4 K;
see Fig. 2 for distribution). The individual spectral components were
automatically fitted assuming a Gaussian profile. The noise was esti-
mated from emission-free regions of the spectrum. We then identified
the strongest peak within the £200km s~ velocity range: this was
fitted, the Gaussian parameters were noted, and the fitted profile
was subtracted from the spectrum. The next strongest peak was then
identified, fitted, and subtracted; this process was repeated until no
peaks above 30 remained. A minimum threshold of 10 per cent of
the strongest component was employed to avoid overcomplicating
the analysis by taking data on very weak clouds that are very unlikely
to be associated with the dense clumps identified in ATLASGAL.
No attempt was made to separate the different components of
strongly blended emission or cases exhibiting self-absorption by
simultaneously fitting multiple Gaussians. This simplification has
the consequence of producing slightly larger uncertainties in a small
number of cases.

In total, 13117 *CO and 5593 C!80 components are detected
towards 5148 clumps. The fitted line parameters are given in Table 1.
We present a few examples of the spectra obtained in Fig. 3.

DGF and SFE across the Galactic disc 3053

AGAL355.789-00.257  SEDIGISM CO (2-1)

n X 3
10k ; .
L i i
< !
= 5r ! 1
£ 1
L 2 g
0 WM
i i l
60 40 20 0
Vign (kms™)
AGAL355.616+00.151 SEDIGISM CO (2-1)
10F T ' ' =
ol i
6 — —
9 L 4
= 4Ar 7]
F o2
0k
-2
-100 -50 0
Vi (kms™)

AGAL342.901-00.081  SEDIGISM CO (2-1)

Vi (kms™)

Figure 3. Examples of the '3CO (black line) and C'30 (grey) spectra
extracted towards three dense clumps identified from the ATLASGAL survey;
the former is offset by 2 K from zero intensity. The results of the automatic
Gaussian fitting are overlaid in red and blue and the velocity assigned to the
clump is indicated by the green vertical dash—dotted line.

3.2 Velocity determination

Given that all of the ATLASGAL sources are located in the inner
Galactic plane and that a significant fraction are located towards the
Galactic Centre, where the majority of molecular gas in the Galaxy
resides, it is not surprising that multiple molecular components are
found along the majority of sightlines to the ATLASGAL clumps.
A single component is detected in only ~25 per cent of cases (see
top panel of Fig. 3). Fortunately, in many of the multiple-detection
cases there is one very strong peak that can be safely assumed to be
the component associated with the dust emission (see middle panel
of Fig. 3). In these cases, the component with the largest integrated
line intensity was allocated to the clump provided it is at least twice
the integrated intensity compared to the next-strongest component.
Moreover, the detection of the C'30 line yields a clump’s velocity
unambiguously.

In other cases where the integrated intensities towards a particular
clump are similar (i.e. within a factor of 2), we have produced
integrated 3CO maps of 5 arcmin x 5 arcmin regions centred on the
peak dust emission (see lower panel of Fig. 3 for an example). These
maps have been visually compared to the position and morphology of
the dust emission, and the velocity of the integrated map that has the
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Figure4. Example of how integrated emission maps can be used to determine
the most likely velocity component. The two maps above correspond to the
two velocity components seen towards AGAL342.901—-00.081 (see lower
panel of Fig. 3); the upper panel shows the integrated emission for the
~—86km s~! component while the lower panel shows the integrated emission
at ~3.5kms~!. The contours show the distribution of the ATLASGAL
870 um emission. The emission at ~3.5km s7lis strong, compact, and
correlated with the position of the ATLASGAL source and therefore is
considered to be the most likely component. The SEDIGISM beam size
is shown in the lower left corner of each map.

best morphological correlation is assigned to the clump. An example
of this is shown in Fig. 4 where the integrated maps are presented
for the two components seen towards the AGAL342.901—00.081
(see lower panel of Fig. 3). It is clear from these maps that the
velocity component at 3.5kms™! is compact and is coincident with
the position of the ATLASGAL clump, and we have assigned this
velocity to the clump.

We have been able to assign a reliable velocity to 4998 clumps by
selecting the strongest components and by examining the morphol-
ogy of the CO emission with respect to the dust emission. This results
in 97 per cent of the sample with useful extracted velocity data, of
which 1108 velocities are newly assigned. The assigned velocities
and CO-derived parameters are given in Table 2 for all 4998 clumps
with reliable velocities.

InFig. 5, we present a histogram comparing the velocities obtained
from our analysis of the SEDIGISM data with the previously assigned
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velocities (i.e. as described in Urquhart et al. 2018). This plot
shows the agreement between the two sets of independently assigned
velocities, but also reveals that the velocities disagree by more
than 3kms~! for 269 sources, corresponding to ~8 per cent of the
sample.* A more detailed investigation shows that the vast majority of
these velocity disagreements were previously assigned using lower
angular resolution '*CO (1-0) from the Mopra CO Survey of the
Southern Galactic Plane (Burton et al. 2013; Braiding et al. 2015)
or ThrUMMS (Barnes et al. 2015). In these cases, we consider the
velocities assigned using the integrated '*CO (2-1) emission maps
to be more reliable than using a single spectral profile, and so have
adopted SEDIGISM velocities for these sources. We will use these
new velocities to recalculate the distances for these 269 clumps and
re-evaluate their cluster associations (these results will be presented
in a subsequent paper).

Wherever possible, we adopt the velocities determined from
SEDIGISM data for the rest of the clumps (3621), as this then
provides a consistent set of molecular line fit parameters for a
large fraction of the CSC catalogue and will allow for a more
robust statistical analysis. The difference in the radial velocities is
relatively modest (i.e. <3kms™") and so will not significantly affect
the kinematic ambiguity distance solution, the kinematic distance, or
the clustering results presented in Urquhart et al. (2018) and so we
make no changes to any of the physical properties of these clumps
presented in that paper.

4 STAR-FORMING PROPERTIES OF HOST
GMCS

In total, there are 5754 ATLASGAL clumps located in the
SEDIGISM region and we have been able to allocate reliable
velocities to 4998 clumps. We have used the positions and velocities
of these clumps to match them to their parental GMCs as described in
Paper 111 (see also Section 2.2). This has resulted in matching 4824 of
the clumps with reliable velocities with 1709 GMCs, corresponding
to 97 percent of dense clumps. The names and properties of the
matched clouds are given in Table 3.

We note that only a small proportion of GMCs identified in
the SEDIGISM data are associated with dense gas as traced by
ATLASGAL (~11 per cent, increasing to ~17 per cent in the disc).>
Although the fraction of clouds with ATLASGAL counterparts is
relatively small, they do make up approximately half of the total
GMC mass.® The physical properties of the GMCs associated with
dense clumps, and high-mass star formation tracers, were compared
in Paper III together with the rest of the GMC population, and were
found to be significantly more massive, physically larger in size, have
higher velocity dispersion and surface densities; clouds associated
with clumps had larger values and those associated with high-mass
star-forming tracers had even higher values (see fig. 8 of Paper III for
distributions of the different populations).

In the rest of this section, we look at the Galactic distribution of
this sample of dense clumps and their host GMCs, and investigate
whether their proximity to the spiral arms has any affect on their

4The choice of what value constitutes a significant difference is somewhat
arbitrary. Here, we have used a threshold difference value of three times the
velocity resolution of the smoothed SEDIGISM data, which is 1 km g1
SWe consider clouds located |¢] > 10° to be located in the disc for this
analysis.

®In the ¢ = 300°-350° region there are 6352 GMCs with a total mass of
1074 Mg. Of these, 1044 are associated with an ATLASGAL clump and
these GMCs have a combined mass of 107! Mg.
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Table 2. Assigned velocities and derived physical parameters for the ATLASGAL clumps. The clumps’ SFEs are taken directly from Urquhart et al.

(2018).
CSC name Transition Vlgr 13CO(Tmb) CISO(Tmb) FWHMis SFEcjump Ry GMC name
(km s7) (K) (K) (km s™1) (Lool/Mctump) (kpc)

AGAL341.126—00.347 Bco —41.4 14.6 8.0 432 8.68 507  SDG344.92940.3022
AGAL340.392—00.431 Bco —459 4.4 1.7 5.02 0.94 494  SDG343.133—0.4493
AGAL340.311—00.436 Bco —48.1 5.5 3.1 431 0.52 485  SDG343.133—0.4493
AGAL341.131-00.421 B3co —35.0 3.6 1.4 431 0.56 539  SDG344.257—0.3774
AGAL340.349—00.434 Bco —47.9 3.9 15 6.31 0.48 486  SDG343.133—0.4493
AGAL339.176—00.391 Bco —373 11.4 5.4 3.11 13.84 545  SDG341.016—0.1252
AGAL339.403—00.414 Bco —39.1 45 1.9 3.37 1.19 534  SDG341.016—0.1252
AGAL340.304—00.376 Bco —51.6 7.2 4.1 4.17 1.00 471  SDG343.133—0.4493
AGAL340.269—00.416 B3co —49.1 5.6 23 372 0.65 481  SDG343.133—0.4493
AGAL339.886—00.421 B3co —44.8 35 0.9 1.38 0.23 5.04  SDG342.36440.0084

Note. Only a small portion of the data are provided here: the full table will be available in electronic form at the CDS.
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Figure 5. Histogram of the differences between previously assigned veloc-
ities (Urquhart et al. 2018) and the velocities obtained from analysis of the
SEDIGISM data discussed in this paper. The red curve shows the Gaussian
fit to the distribution, which has a FWHM of 1.1 km s~. The bin size is
0.2kms™".

Table 3. Properties of matched SEDIGISM GMCs.

GMC name FWHM Rge DGFgpe SFEgmc
(km 571) (kpc) (EMC]ump/Mng) (ZLclump/Mgmc)
SDG348.053+0.2462 1.5 7.96 0.25 1.20
SDG348.894—0.1875 1.8 9.56 0.14 7.83
SDG349.776+-0.0208 1.6 2.04 0.35 0.03
SDG348.420+0.1106 0.7 2.24 0.64 0.13
SDG349.240+4-0.0293 3.0 233 0.24 1.61
SDG348.443+4-0.1729 1.1 2.53 0.33 0.25
SDG349.108+0.0988 2.7 2.71 0.24 7.53
SDG348.591+40.1546 1.0 2.69 0.67 0.57
SDG349.805+40.0426 1.2 2.53 0.29 1.00
SDG348.844+0.1346 23 292 0.33 0.37

Note. Only a small portion of the data are provided here: the full table will be available
in electronic form at the CDS.

star-forming properties. For clarity, when we mention clumps we will
always be referring to ATLASGAL sources, and when we mention
clouds or GMCs we will always be referring to the SEDIGISM
catalogue sources.

4.1 Galactic distribution and association with spiral arms

We show in Fig. 6 the full distribution of ATLASGAL clumps
that have an assigned velocity from the work presented both here
and in Urquhart et al. (2018). This plot shows the longitudes and
velocities for 8948 ATLASGAL CSC clumps of the 9817 located in
the range 300° < ¢ < 60°, which corresponds to 91 per cent of the
catalogue. Two-thirds of the sources without an associated velocity
are located within 3° of the Galactic Centre, and their spectral profiles
are too confused to extract a reliable velocity measurement. Source
confusion is compounded by the uncertainty of the rotation curve
towards the central region of the Galaxy, and so resulting kinematic
distances would be highly uncertain. The remaining third are among
the weakest sources in the ATLASGAL CSC, and so there is a chance
they are spurious. Our velocity information is therefore likely to be
as complete as obtained. Fig. 6 also shows the loci of the four main
spiral arms and the near/far 3-kpc arms. The x and y positions of these
arms have been taken from the model of Taylor & Cordes (1993)
as updated by Cordes (2004), and have been converted to ¢ and
VLsr using a three-component rotation curve (bulge + disc + dark
halo) tailored to the data of Eilers et al. (2019) and using the Reid
et al. (2019) values for Solar position and velocity (8.15kpc and
236kms™') and assuming pure circular rotation (as described in
Paper II). The choice of rotation curve and spiral arm model do not
make a significant difference to the spiral arm tracks on the £ — v map,
as the differences in velocity are generally smaller than the streaming
motions (this will be discussed in detail in a future publication i.e.
Colombo et al., in preparation).

We can compare the distribution of the individual clumps with
the loci of the spiral arms to look for trends in their physical and
star-forming properties. In Fig. 7, we show the velocity difference
between the clumps and the nearest spiral arm in £ — v space for
sources located beyond 10° of longitude from the Galactic Centre.
The upper panel shows the distribution of all clumps (red) and the
SEDIGISM GMC catalogue (blue). In both cases, these curves show
a steeply rising gradient at velocity offsets less than 10kms™!,
revealing that both clumps and clouds are tightly correlated with
the spiral arms. We note that the clumps are more tightly correlated
with the arms than the clouds (the KS-test gives a p-value <0.003),
suggesting that clouds associated with dense clumps are more likely
to be associated with the spiral arms.

The spiral-arm loci are derived from pulsar dispersion measure-
ments and are independent of gas: the strong correlation between the
molecular gas and the location of the arms is then quite significant.
If we assume that all sources located within £10kms~! of a spiral-
arm locus are associated with an arm, we find that 65 per cent of the

MNRAS 500, 3050-3063 (2021)
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Figure 6. Galactic longitude-velocity distribution of all ATLASGAL sources located between 300° < £ < 60° for which we have been able to assign a velocity.
The grey-scale image shows the distribution of molecular gas as traced by the integrated '>CO (1-0) emission for comparison (Dame, Hartmann & Thaddeus
2001). The red circles mark the positions of clumps where the velocity has been drawn from Urquhart et al. (2018), while the yellow circles mark the positions of
clumps where a velocity has been determined from the work presented in this paper. The location of the spiral arms is shown as curved solid lines (colours are as
given in Fig. 1). The positions of the four main spiral and local arms have been taken from the model of Taylor & Cordes (1993) and updated by Cordes (2004).

clumps and 61 percent of clouds are so associated. We looked for
differences in the velocity distribution between clumps associated
with high-mass star formation tracers and the rest of the matched
clouds with high-reliability matches, but found no significant differ-
ence from the complete clump and cloud populations.

The lower panel of Fig. 7 illustrates the velocity offset distribution
for all clouds and those associated with dense clumps (grey and
red histograms, respectively). Although we find the clumps are
slightly more tightly correlated with the spiral arms, we do not find a
significant difference in the distributions of these clouds associated
with clumps with those that are unassociated with clumps (p-
value = 0.034), and so any difference between these two subsamples
is likely to be quiet subtle. The strong peak of the clouds at zero offset
reveals a tight correlation between the ¢ — v distribution of clouds and
the loci of the Taylor & Cordes (1993) model of the spiral arms. We
have performed the same analysis using the rotation curve of Brand &
Blitz (1993) to determine the loci of the spiral arms, but found no
significant difference between the distribution of the clouds with
respect to the spiral arms. This distribution extends out to a velocity
of ~30km s~', and a Gaussian fit to the full cloud catalogue shown
in the lower panel of Fig. 7 gives o of ~9km s~'. This is similar
to the velocity dispersion of clouds from the velocity expected for
circular rotation reported by Brand & Blitz (1993) (12.8 km s™h
and streaming due to the motion of clouds through the spiral arms
(~7-10km s~'; Burton 1971; Stark & Brand 1989; Reid et al. 2009).

4.2 Dense gas fraction

In this and the following subsection, we will restrict our analysis to
clouds associated with dense gas that are located between £ = 300°
and 350° in order to exclude the Galactic Centre region, where the
spiral-arm loci are extremely poorly constrained. We also exclude
clouds and their associated clumps that are truncated at the edges
of the survey region (|b| & 0.5°) as source properties there are less
reliable. This reduces the cloud sample from 1695 associated with
an ATLASGAL clump to 936.

Urquhart et al. (2018) determined the clump masses and lumi-
nosities for all ATLASGAL clumps for which aperture photometry
could be reliably extracted. We use these parameters together

MNRAS 500, 3050-3063 (2021)

with the associations between clumps and their host GMCs pro-
vided by PaperllI to calculate the dense gas fraction (DGFyy =
> Miump/Mgme) and the instantaneous star formation efficiency (i.e.
SFEgme = > Leiump/Mgme). These two parameters, as defined, are
independent of heliocentric distance. The distances of clumps and
the GMCs have been determined using different rotation curves and
velocities so distances of matched objects can be different (£0.5 kpc).
We can eliminate this by first dividing the catalogue masses and
luminosities by the catalogue distance squared to obtain cloud and
clump properties per kpc? before taking the ratios of clump and cloud
values (i.e. all normalized to 1 kpc).

The clump masses and cloud masses have been calculated using
different dust opacity values. The ATLASGAL survey uses an
opacity of 1.85cm?g~! at vy = 350GHz (Schuller et al. 2009
and references therein) while the SEDIGISM survey uses a CO-H,
conversion (CO X factor ~1.08 = 0.19 x 10> cm™? (Kkms~")™!;
see Paper] for details) that is derived from the dust opacity used
by the Hi-GAL column density maps (Elia et al. 2013; Schisano
et al. 2020; kg = 0.1cm” g~ at vy = 1200 GHz; Hildebrand 1983).
Following the reference of Elia et al. (2013), the opacity is assumed
to scale as

v\?#
Ky = Ko (V—O) . (1

If we use the values used by Elia et al. (2013) stated above and set
v = 350GHz and 8 = 1.75, we obtain a value of k350 .m = 8.5 x
1073 cm? g~ for the dust opacity at the ATLASGAL frequency. The
difference in the dust results in a discrepancy of a factor of 1.61
in the masses and to compensate for this we have multiplied the
ATLASGAL clump masses by this factor. We also need to apply
this factor to the 50 column densities threshold for the ATLASGAL
survey ~7.5 x 10?! cm~2 at 20 K (Schuller et al. 2009), which is now
~1.5 x 10% cm~2. The column density sensitivity of SEDIGISM is
~0.95 x 10?! cm™2, assuming a 50 noise of 3.5 K, channel width
of 0.25kms™!, and the mean CO X factor. The material traced by
ATLASGAL has column densities approximately 15 times larger
than the GMCs identified by SEDIGISM.

In Fig. 8, we show the distribution of the DGF with respect to the
velocity offset between the clouds and their nearest spiral arms. We
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Figure 7. The upper panel shows the cumulative distribution of the absolute
velocity separations of all ATLASGAL clumps (red curve) and SEDIGISM
GMC:s (blue curve) from their nearest spiral-arm locus in £ — v space. The
lower panel shows the frequency distribution of velocity differences of all
GMC:s (grey) and those associated with dense gas (red).

note that there is a large scatter in the values of the DGF (dex = 0.4)
and this results in approximately 20 per cent of the clouds having a
DGEF value above 1. Values of the DGF above unity are somewhat
unexpected and might suggest the presence of an observational
bias such as line-of-sight projection effects that might result in
the dust continuum emission being systematically pushed to higher
values. However, the spatial filtering of the large-scale dust emission
that occurs as part of the data reduction effectively removes any
contribution from large-scale diffuse emission and the overall number
of dense clumps means that the chance of multiple clumps lying
along the same line-of-sight is negligible. An alternative explanation
for these high values for the DGF is the large uncertainties in the
parameters that go into the calculation of the clump and cloud masses
(i.e. CO X-factor and dust opacity). These values are only reliable
to a factor of a few and taking the ratio of these masses can magnify
the uncertainties and result in the large spread seen in Fig. 8. To
illustrate this, let us consider the combined uncertainty in the ratio
if the masses of the clumps are reliable to a factor of 2; adding the
fractional uncertainties together in quadrature, we find that the total
uncertainty is a factor of 2.5 or dex of 0.45, which is similar to what
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Figure 8. Distribution of the GMC DGF determined by summing the masses
of all embedded clumps and dividing by the GMC mass. The upper panel
shows the distribution of the whole GMC sample (grey histogram) while the
red histogram shows the distribution of clouds located within 10kms~! of a
spiral arm. The lower panel shows the distribution of DGF of each cloud as
a function of velocity offset from their nearest spiral arms. The dashed blue
line shows the results of a linear least-squares fit to the log;o[DGF] and the
velocity offset; this has a slope of (—1.8 4= 0.97) x 1073, which is essentially
flat. The bin size used in the upper panel is 0.25 dex. The blue curve is the
result of a lognormal fit to the distribution of the whole GMC sample.

is observed here and in the studies by Rigby et al. (2019) and Eden
etal. (2012, 2013).

The uncertainties in the CO X-factor and dust opacity, which are
thought to be constrained to within a factor of a few, will affect the
masses of each population in a similar way, and so when combined
they may lead to systematic shifts in the DGF up or down by a factor
of a few, while variations in these values from cloud to cloud will also
contribute to the spread in the distribution. Studies of the DGF have
reported a range of mean values from 0.05 from a combination of
ATLASGAL and PLANCK data (Csengeri et al. 2016a) to 0.7 using
different density thresholds on GRS data (Dib et al. 2012) and so the
choice of tracers and thresholds also plays a role. The absolute value
of the DGF is therefore unlikely to be particularly reliable, however,
trends in the distribution will be more robust.

The upper panel of Fig. 8 shows the distribution of the DGF for all
clouds associated with an ATLASGAL source (grey histogram) and
the same sample of clouds that are within 10kms™" of a spiral arm

MNRAS 500, 3050-3063 (2021)
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Table 4. Summary of physical properties of the whole population of clumps
and the four evolutionary subsamples identified. In Col.(2), we give the
number of clouds in each subsample, in Cols. (3-5) we give the mean values,
the error in the mean, and the standard deviation, in Cols. (6-8) we give the
median and minimum and maximum values of the samples.

Parameter # X ﬁ o Xmed  Xmin  Xmax
All
Log[DGF] 936 —045 001 045 —-045 —-2.11 1.30
Log[SFE GMC] 936 —0.27 0.02 0.75 —-0.21 —258 194
Log[SFE CSC] 2829 0.27 0.01 0.80 0.27 —=2.09 2.72
Visr< 10km 57!
Log[DGF] 513 —047 002 047 —-048 —2.11 1.30
Log[SFE GMC] 513 —0.32 003 079 —0.26 —2.58 194
Log[SFE CSC] 1685 0.30 0.02 0.82 030 —-2.09 2.72

(red histogram). It is clear from this plot that there is no significant
difference between these two populations (a KS-test gives a p-value
0f 0.06, which is a bit less than 2¢). This is consistent with the results
reported by Dib et al. (2012) and Eden et al. (2012, 2013); these will
be discussed in detail in Section 5.

The mean value for the DGF is 0.35, which is considered to be
an upper limit. This is in excellent agreement with the mean value
determined from the ratio of ATLASGAL masses to CHIMPS clouds
reported by Rigby et al. (2019). It is useful, at this point, to remember
that only 11-17 per cent of GMCs identified in SEDIGISM (Paper I1I)
are associated with an ATLASGAL clump. We can obtain an estimate
for the global DGF by considering the total mass of clumps and
GMCs located between 300° and 350° in longitude, yielding a value
of 0.16. This is also likely to be an upper limit as the extraction
algorithms used to identify coherent structures in the data cubes are
only able to allocate approximately two-thirds of the 3CO emission
to clouds (e.g. Rathborne et al. 2009; Barnes et al. 2016). The global
DGF s therefore significantly lower than the upper limit derived here.
It is also interesting to note that the overall shape of the distribution
is lognormal distribution (the blue curve overplotted on Fig. 8 shows
the result of a lognormal fit to the full sample: a KS-test gives a
p-value of 0.59 indicating there is no significant difference between
distribution of the data and a lognormal distribution). This could
indicate that variations in the DGF from cloud to cloud are the result
of a collection of essentially random processes (Eden et al. 2015),
the effects of which are multiplicative and in this case the extreme
sources would not be abnormal. The statistical properties of the DGF
are given in Table 4.

The lower panel of Fig. 8 shows the DGF distribution as a function
of offset from the nearest spiral arm: this plot reveals there is no
enhancement of dense gas in clouds with respect to their proximity
to the spiral arms. A linear least-squares fit to the data returns a slope
that is very close to zero (—1.8 £ 0.97 x 1073), confirming there is
no significant correlation between these two parameters (see dashed
blue line on the lower panel of Fig. 8).

The lack of any enhancement of the DGF with proximity to the
spiral arms is also consistent with the results of Csengeri et al.
(2016a), who calculated the fraction of emission from dense gas
by comparing the emission detected in the ATLASGAL survey
to the total dust emission detected by the Planck space mission
(~5 percent). They also refer to this as a DGF, but it is averaged
over the whole line of sight and includes a contribution from diffuse
material not associated with the star formation process. This therefore
represents a lower limit, and so is similar to the global DGF referred
to above.

MNRAS 500, 3050-3063 (2021)
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Figure 9. As Fig. 8 but for the SFE. The dashed blue line shows the results
of a linear least-squares fit to the log;o[SFE] and the velocity offset; this has
a slope of 6.9 x 107> 4 1.7 x 1073, which is essentially flat. The bin size
used in the upper panel is 0.25 dex.

4.3 Star formation efficiency

Fig. 9 shows the results of our SFE calculation (i.e. SFEg,. =
ZLclump/Mgmc) for the matched clumps and clouds located between
£ =300° and 350°. In considering that X:Lcmmp/Mgmc is proportional
to the SFE, we are implicitly assuming that the initial mass function
(IMF) is universal and completely sampled. The universality of the
IMEF, or lack of it, is still highly debated, with some groups finding
evidence of IMF variations in the MW (e.g. Dib, Schmeja & Hony
2017) and others arguing for a universal IMF (Bastian, Covey &
Meyer 2010). The results of Dib et al. (2017) suggest that the slope
at the high mass in the MW may have a standard deviation of ~0.6
(i.e. IMFs with a slope as shallow as 0.7, and as steep as 2 around
the Salpeter value of 1.35 can be found in the Milky Way), which
is corroborated by other studies on smaller samples of clusters in
the MW and M31 (e.g. Dib 2014; Weisz et al. 2015). How much
variations in the IMF, stochastic or intrinsic, are affecting our own
observations remains unclear, and is presently difficult to fold in our
interpretation of the (L/M) ratio. Therefore, we make the assumption
that the IMF is universal, as a working hypothesis.

The upper panel of Fig. 9 shows the SFE distribution of all clouds
(grey) and the subsample located within 10kms™" of a spiral arm.
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Figure 10. As Fig. 8 but for the ATLASGAL clump SFE. The dashed blue
line shows the results of a linear least-square fit to the Log1o[SFEciump] and
the velocity offset; this has a slope of (9.1 + 1.5) x 10~#, which is essentially
flat. The bin size used in the upper panel is 0.25 dex.

The distributions of these two populations are very similar to each
other, and a KS-test confirms that they are not significantly different
(p-value of 0.79). The lower panel of Fig. 9 shows the SFE as a
function of velocity offset of the clouds from their nearest spiral
arm. This plot shows no evidence for any significant change in the
SFEgp as the velocity difference increases between the GMC and
the spiral arms. A linear least-squares fit to the velocity offset and
logo[SFE] has zero gradient (6.9 x 107> 4 1.7 x 1073; see blue
dashed line on the lower panel of Fig. 9), indicating that there is no
correlation between these two parameters. From this we can conclude
that there is no dependence of the SFE on a cloud’s proximity to a
spiral arm.

For completeness, we also provide plots of the SFE within
individual ATLASGAL clumps (as calculated in Urquhart et al. 2018)
in Fig. 10. The distribution of the clump SFE is well modelled by
a lognormal distribution (the lognormal fit to the data is shown by
the blue curve overplotted on Fig. 10; a KS-test gives a p-value of
0.97 indicating there is no significant difference between the them)
and its mean value is approximately an order of magnitude larger
than the GMC SFE but the fraction associated with the spiral arms
is approximately the same and has a similar distribution with respect
to the spiral arms.
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Figure 11. Distribution of GMCs as a function of Galactocentric distance.
The distribution of the whole sample is shown in grey, those located within
10kms™! ofa spiral arm, are shown in blue. The clouds associated with dense
gas are shown in green and the population of these clouds that are within the
10kms™! of a spiral arm are shown in red. The bin size used is 0.5 kpc.

The statistical properties of the SFE for both the clumps and GMCs
are given in Table 4.

4.4 DGF and SFE as a function of Galactocentric distance

We have used the radial velocities obtained from the CO analysis
in combination with the rotation curve of Eilers et al. (2019)
and the Reid et al. (2019) values for Solar position and velocity
(8.15kpc and 236 km s~!, respectively) to calculate the distances to
the ATLASGAL clumps. Distances determined for clouds located
within the Solar circle in this way are not unique, suffering from the
kinematic distance ambiguity (KDA). The two positions that give rise
to the KDA are positioned equidistant about a tangent location, and
additional data are required resolve the ambiguity. The DGF and SFE,
however, are distance-independent quantities, and as we are primarily
interested in the distribution with respect to the Galactic Centre, we
do not need to resolve the KDAs, as both positions are equidistant
from the Centre. We can therefore investigate the distribution of
a range of distance-independent parameters with respect to their
position in the Galactic disc. The Galactocentric distance for each
cloud is given in Col. 4 of Table 3.

We show the distribution of all SEDIGISM GMC:s (grey) and those
located within 10kms™' of a spiral arm (blue) in Fig. 11. While
the overall distribution is relatively featureless, the latter is more
structured, showing two strong peaks at Galactocentric distances of
~4 and ~5.75 kpc. The closer can be directly traced back via the £v-
diagram to the near side of the Norma arm, and the further to the near
side of the Scutum and far side of the Norma arms (but predominately
the Scutum arm), respectively. Fig. 11 shows the distribution of all
clouds associated with dense clumps (green) and those associated
with both dense gas and a spiral arm (red). The clouds associated with
both dense gas and spiral arms also show peaks at ~4 and ~5.75 kpc
and, importantly, these peaks incorporate nearly all clouds associated
with dense gas in these distance bins (i.e. nearly all of the clouds in
these bins can be attributed to the arms).

We show the DGF and SFE as a function of Galactocentric distance
in the upper and lower panels of Fig. 12, respectively. The shaded
vertical regions indicate the peaks seen in Fig. 11 that are associated
with the Norma and Scutum arms, and this is where we would expect

MNRAS 500, 3050-3063 (2021)
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Figure 12. Distribution of the GMC DGF and SFE as a function of distance
from the Galactic Centre. The vertical shaded areas on both plots correspond
to regions in Galactocentric radius where the cloud population is dominated
by the near sides of the Norma and Scutum arms (4 and 5.75 kpc, respectively).
The green circles indicate the average value calculated for each 0.5 kpc.

to see increases if these spiral arms were playing a role in enhancing
these parameters. The distribution of the DGF is relatively flat across
the disc and there is no evidence of any significant enhancements
that might be attributable to spiral arms.

The distribution of the SFE measurements is a little more compli-
cated, as there appears to be a positive correlation with increasing
distance from the Galactic Centre. There is significantly more
scatter in these measurements and there may be a bias towards
clouds associated with more luminous star formation with increasing
distance. If we ignore clouds outside of the solar circle (i.e. Ry >
8.15kpc) then the distribution in the inner disc looks relatively flat
and again there is no evidence for significant localized increases in
the SFE towards either the Norma or Scutum spiral arms.

As previously mentioned, Dib et al. (2012) calculated the SFE and
DGEF for the GRS region (¢ = 18°—55.7°; Jackson et al. 2006) and
reported similarly flat distributions. Since the SEDIGISM survey was
designed to complement the longitude coverage of the GRS and taken
together, we can conclude that there are no significant variations in
the DGF or SFE across the whole of the inner part of the Galactic
disc.

MNRAS 500, 3050-3063 (2021)

5 DISCUSSION

5.1 Comparison with previous results

The analysis presented in the previous section has failed to find
any enhancement of the SFE or DGF with respect to a cloud’s
proximity to its nearest spiral arm. We do see significant amounts
of cloud-to-cloud variation in these parameters, indicating that the
clouds themselves have a wide range of physical and star formation
properties and that local initial conditions (i.e. local to the cloud
formation site and scale) can have a significant impact on how
efficiently dense clumps can be formed in individual GMCs. While
our analysis has focused on the properties of GMCs located in the
fourth Galactic quadrant, there has been a significant number of
complementary studies that have focused on clouds located in the
first quadrant that we can take in context with our results to obtain a
more global view.

Our failure to find any enhancement in the SFE in the vicinity of
the spiral arms is supported by studies by Moore et al. (2012) and Dib
et al. (2012), both of which conducted similar analysis by matching
up massive young stellar objects (MYSOs) and compact H II regions
identified by the Red MSX Source (RMS) survey (Lumsden et al.
2013; Urquhart et al. 2014a) with clouds identified by the GRS
(for descriptions of the survey, and the cloud catalogue and cloud
parameters see Jackson et al. 2006, Rathborne et al. 2009, Roman-
Duval et al. 2009, 2010, respectively).

Moore et al. (2012) identified two peaks in the Lrms/Mcgrs ratio
at Galactocentric distances of 6 and 8 kpc, which correspond to the
Sagittarius and Perseus spiral arms. These two peaks are dominated
by the W49 and W51 star-forming complexes (two of the most
extreme star-forming complexes in the Galactic disc; Urquhart
et al. 2018) and when the contribution from these two regions was
removed, the Lrms/Mgrs Was found to be similar for both the arm
and interarm regions. Dib et al. (2012) also looked at the SFE as a
function of distance from the spiral arms and found no significant
correlation. We note that a study that specfically focused on the
Outer Galaxy reported lower SFE (Djordjevic et al. 2019), which
might indicated a change oin the SFE utside the co-rotation radius.
and this needs to be investigated in more detail.

Eden et al. (2012, 2013) conducted a similar analysis using
the molecular clouds extracted and parametrized from the GRS
and the dense clumps identified by the Bolocam Galactic Plane
Survey (BGPS; survey and catalogue description can be found in
Rosolowsky et al. 2010; Aguirre et al. 2011; Ginsburg et al. 2013,
while distances and physical properties can be found in Dunham
et al. 2011b; Shirley et al. 2013). They refer to their parameter as the
clump formation efficiency (CFE), but this is calculated in essentially
the same way and so is consistent with our DGF. Eden et al. report
a CFE of 14.9 + 4.8 and 16.3 & 7.5 per cent for the spiral arm and
interarm regions respectively, and conclude that there is no significant
difference between these regions. This is similar to the DGF we have
determined from our data (~16 percent when taking into account
the whole GMC population) and fully consistent with our findings.

The work by Eden et al. (2012, 2013) and Moore et al. (2012)
used different tracers to map the molecular clouds and dense gas
and to measure the luminosities, and focused on structures located
in the first Galactic quadrant. As a result, their analyses provide an
excellent complement to the analysis presented in this paper. Our
work extends their analysis into the fourth Galactic quadrant and,
when combined, both studies cover a substantial fraction of the inner
Galactic disc where the vast majority of '>CO (1-0)-traced molecular
gas in the Galaxy resides (i.e. ~85 per cent within the Solar circle;
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Miville-Deschénes, Murray & Lee 2017). As such, we may conclude
that there is no evidence that the spiral arms play a significant role
in enhancing either the efficiency of converting molecular gas into
dense clumps where star formation is known to be taking place, or
the efficiency with which the GMCs are forming stars.

These results are further supported by a recent study by Ragan
etal. (2016, 2018) which looked at the star formation fraction (SFF),
defined as the ratio of the number of Hi-GAL clumps associated with
a 70-um counterpart divided by the total number of HIGAL clumps
in a fixed area across the whole inner Galactic disc (—71° < £ <
67°). The 70 wm counterpart is used as an indicator of embedded star
formation (Dunham et al. 2008; Ragan et al. 2012; Elia et al. 2017).
That study found no significant enhancements in the prevalence of
star formation as measured by the SFF across the disc, which is
consistent with the lack of variation in the SFE,,.. These results
are also consistent with the relatively flat SFE profiles seen on kpc
scales between the centre and discs in the vast majority of nearby
galaxies (e.g. Utomo et al. 2017) and the simulations of spiral galaxies
presented by Kim, Kim & Ostriker (2020) who found that, although
90 per cent of the star formation is localized to spiral arms, the overall
enhancement in the arms is less than a factor of two compared to the
innerarm regions.

5.2 Role of the spiral arms

Observations of nearby spiral galaxies clearly show that there are
enhancements in the surface density of star formation activity in the
spiral arms (e.g. M51, Hughes et al. 2013). Our analysis of the £v-
distribution of the GMCs and spiral-arm loci has revealed that the
molecular gas in the Milky Way is tightly correlated with the spiral
arms. Rigby etal. (2019) has reported increases in velocity dispersion
and the virial parameter in CHIMPS clumps associated with spiral
arms. Additionally, peaks in the clump and cloud distributions as a
function of Galactocentric distance can be attributed to specific spiral
arms in both the first and fourth quadrants (this paper and Moore
et al. 2012; Eden et al. 2013; Urquhart et al. 2018). These locations
have also been linked to peaks in the star formation activity (Urquhart
et al. 2014a) and this is consistent with observations of nearby spiral
galaxies, where the arms are seen to be both rich in dense molecular
gas and in star formation (e.g. Helfer et al. 2003; Hughes et al.
2013). For all of these observations, however, neither this study nor
similar studies reported in the literature have found any significant
enhancements in the DGF or SFE attributable to the spiral structure.

This leads us to conclude that the arms are principally collecting
material together via orbit crowding but there is no evidence that they
are playing a role in enhancing the star formation within molecular
clouds. The increase in the star formation density found in the vicinity
of spiral arms (e.g. Moore et al. 2012; Urquhart et al. 2014a) is likely
to be the result of source crowding and not the result of any direct
influence of the spiral arms themselves. This conclusion is supported
by a recent study by Pettitt, Ragan & Smith (2020) that looked at
star-forming regions in simulations of barred and armed Milky Way
analogues, comparing them to the measurements from the Hi-GAL
survey. They found only minor increases in star formation activity
as a function of radius for the more Milky Way-like configurations
(four-armed and barred discs). Their study looked at the Galaxy as a
whole rather than just a single quadrant, so it is possible that radial
signatures may appear more washed out in the disc averaging.

As a further component, in a recent study of the atomic gas in the
northern Milky Way with the H1/OH/recombination line survey of
the Milky Way (THOR; Beuther et al. 2016), Wang et al. (2020) found
that the ratio of molecular to atomic gas changes by approximately
a factor of six from the spiral arm to the interarm regions. Taken
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together, the picture that emerges from all of these studies is one in
which the spiral arms do indeed play an important role in collecting
gas, converting it from atomic to molecular gas, and forming GMCs
(Koda et al. 2016), but the subsequent star formation processes
depend more on local effects, and mainly internal conditions, that
may be the result of a combination of random processes.

6 SUMMARY AND CONCLUSIONS

We have used the first full data release from the SEDIGISM CO
survey of the Galactic mid-plane between 300° < ¢ < 18° (Paper 1I)
to extract CO and C'*0 (J = 2-1) line spectra towards dense
clumps drawn from the ATLASGAL compact source catalogue
(CSC; Contreras et al. 2013; Urquhart et al. 2014b) located in the
same longitude range. These have been fitted with Gaussian profiles
to obtain velocities, FWHM, and peak intensities. The most ap-
propriate velocity component and corresponding physical properties
are assigned to each ATLASGAL clump, where ‘appropriate’ is
determined as one that is at a minimum a factor of two brighter than
other components if multiple components are detected, or from a
visual comparison between the morphologies of the CO emission and
the dust emission. Useful spectra have been extracted towards 5148
clumps, and a reliable velocity has been assigned to 4998 clumps.
This adds 1108 clumps for which a velocity was not previously
available, and corrects velocities for a further 269 sources. We
have used a catalogue of GMCs that have been matched to the
ATLASGAL clumps (Paper III) to identify the parental molecular
clouds for the dense clumps located in the fourth quadrant and
determine their star-forming properties. Only a small fraction of
GMCs are associated with dense gas (11 percent) and these tend to
be the more massive and larger GMCs. We have calculated the dense
gas fraction (DGFgp. = ZMClump/Mgmc) and the instantaneous star
formation efficiency (SFEgme = > Letump/Mgme) for the host GMCs
by summing up the mass and luminosities of the embedded clumps
(determined by Urquhart et al. 2018) and dividing this by the GMC’s
mass (Paper III). We use these distance-independent quantities to
look for variations with proximity to spiral arms that might provide
some insight into their role in the star formation process. We have
been able to put limits on the range of global DGF at 5-16 per cent.

Our analysis of the velocity differences between GMCs and their
nearest spiral arm has revealed that the vast majority are located
within 20km s~ of a spiral arm. The velocity offset distribution is
strongly peaked at 0 km s~! but decreases smoothly out to 20 kms ™",
indicating that the spiral arms are not particularly well defined in
velocity. This may indicate that the spiral structure of the Milky
Way is more flocculent than Grand Design. We also looked at the
variations in these quantities as a function of their proximity in
velocity to the spiral-arm loci and at specific Galactocentric distances
where we expect the population to be dominated by the Norma and
Scutum spiral arms.

Neither of these two methods has found evidence of a significant
increase in either the DGF or SFE with respect to a cloud’s proximity
to a spiral arm. These results are consistent with the results of
similar independent studies focusing on clouds located in the first
quadrant of the Galaxy and, combined, provide strong evidence that
the spiral arms do not enhance either the formation of dense gas in
molecular clouds or the SFE. Although our analysis has not found
any evidence for large-scale influence in the DGFgp. and SFEgy,,
we have noted the presence of significant cloud-to-cloud variations
in these parameters. We have attributed these small-scale variations
to differences in the environmental conditions indicating that the star
formation conditions within individual clouds can vary a great deal.
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The spiral arms are important for collecting material and for
converting H1 to H, but play little part in the subsequent formation
of dense clumps or their collapse into stars. The increase in star
formation normally found towards the spiral arms is therefore likely
to be the result of source crowding within the arms and not due to
any direct influence from the arms themselves.
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