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A B S T R A C T 

We have used data from the Outer Galaxy High-Resolution Surv e y (OGHReS) to refine the v elocities, distances, and physical 
properties of a large sample of 3584 clumps detected in far-infrared/submillimetre emission in the Hi-GAL surv e y located in 

the � = 250 

◦–280 

◦ region of the Galactic plane. Using 

12 CO and 

13 CO spectra, we have determined reliable velocities to 3412 

clumps (95 per cent of the sample). In comparison to the velocities from the Hi-GAL catalogue, we find good agreement for 
80 per cent of the sample (within 5 km s −1 ). Using the higher resolution and sensitivity of OGHReS has allowed us to correct 
the velocity for 632 clumps and provide velocities for 687 clumps for which no velocity had been previously allocated. The 
velocities are used with a rotation curve to refine the distances to the clumps and to calculate the clumps’ properties using a 
distance-dependent gas-to-dust ratio. We have determined reliable physical parameters for 3200 outer Galaxy dense clumps 
( ∼90 per cent of the Hi-GAL sources in the region). We find a trend of decreasing luminosity-to-mass ratio with increasing 

Galactocentric distance, suggesting the star formation efficiency is lower in the outer Galaxy or that it is resulting in more lower 
mass stars than in the inner Galaxy. We also find a similar surface density for protostellar clumps located in the inner and outer 
Galaxy, revealing that the surface density requirements for star formation are the same across the Galactic disc. 

Key words: stars: formation – stars: protostars – ISM: molecules – Galaxy: structure – infrared: stars. 
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 I N T RO D U C T I O N  

tar formation is a fundamental process in astrophysics that deter-
ines the structure of galaxies and drives their evolution (Kennicutt

005 ). Star formation rates are found to be very different in different
inds of galaxies; they are lower in irregular and dwarf galaxies than
n spiral galaxies (Kennicutt & Evans 2012 ). Star formation rates
re also found to vary significantly within galaxies due to different
nvironmental factors (e.g. density , metallicity , location). If we are to
nderstand the processes that drive galaxy evolution, it is crucial to
etermine the role played by environmental effects in the formation
nd evolution of molecular clouds, and how these, in turn, affect star
ormation. To do this, we need to study the properties of molecular
louds o v er a large range of environments. 
 E-mail: J.S.Urquhart@kent.ac.uk 

e
 

i  

H  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
We are unable to study star formation in sufficient detail in
xternal galaxies due to limited physical resolution (e.g. > 30 pc;
eroy et al. 2021 ). The Milky Way, ho we ver, presents a wide range
f environments that are analogous to those found in other types
f galaxies. In the extreme environment of the Galactic Centre
Galactocentric distance R gc < 2 kpc) conditions are similar to those
ound in starburst galaxies (e.g. high UV-radiation flux, density,
urbulence, and cosmic ray flux), while the conditions found in the
nner disc (2 kpc < R gc < 8.15 kpc), are similar to those in nearby
piral galaxies (Kennicutt & Evans 2012 ). The low-density and low-
etallicity environment found in the outer Galaxy ( R gc > 8.15 kpc;
 ́epine et al. 2011 ) are similar to what is found in irregular and dwarf
alaxies, such as in our nearest-neighbour galaxies in the Magellanic
ystem (Sewiło et al. 2019 ), and also comparable to the interstellar
nvironments found at high redshift (Kruijssen & Longmore 2013 ). 

Many systematic studies of molecular clouds have focused on the
nner Galaxy where most of the molecular gas is located [e.g. CO
eterodyne Inner Milky Way Plane Surv e y (CHIMPS: Rigby et al.
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Schematic showing the loci of the spiral arms according to the 
model of Taylor & Cordes ( 1993 ) and updated by Cordes ( 2004 ), with an 
additional bisymmetric pair of arm segments added to represent the 3 kpc 
arms. The grey shaded region indicates the coverage of the OGHReS survey 
while the darker grey shaded region shows the longitude coverage of the 
region studied in this work (see text for details). The star shows the position 
of the Sun and the Roman numerals identify the Galactic quadrants. The light 
blue oval feature located towards the centre of the diagram shows the position 
and orientation of the Galactic bar. 
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emission-free channels and a 3 σ threshold is used to search for 

1 All velocities are measured with respect to the local standard of rest (LSR). 
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016 ); Structure, Excitation and Dynamics of the Inner Galactic 
nterstellar Medium (SEDIGISM: Schuller et al. 2017 , 2021 ); and the
alactic Ring Surv e y (GRS: Jackson et al. 2006 )]. Detailed analysis
f these data have quantified the structure, distribution, and properties 
f molecular clouds located in the inner Galaxy (e.g. Roman-Duval 
t al. 2010 ; Rigby et al. 2019 ; Duarte-Cabral et al. 2021 ; Colombo
t al. 2022 ). The outer Galaxy provides a unique opportunity to
tudy the connection between the spiral arms, molecular gas, and star
ormation under conditions that are very different from those found at 
maller Galactocentric radii, namely lower H I density (Kalberla & 

edes 2008 ), less intense UV-radiation fields (Mathis, Mezger & 

anagia 1983 ), smaller cosmic ray fluxes (e.g. Bloemen et al. 1984 ),
ower metallicity (e.g. Rudolph et al. 1997 ), and higher gas-to-dust
atio (Giannetti et al. 2017 ). It is also where kinematics allow the
rms and molecular material to be more reliably matched, unlike the 
ignificant o v erlap in v elocity of spiral arm se gments located in the
nner Galaxy. 

The Outer Galaxy High-Resolution Surv e y (OGHReS) is a sys-
ematic high-resolution (i.e. θFWHM 

≈ 30 arcsec) surv e y of the 
outhern outer Galactic plane in 12 CO (2–1) and 13 CO (2–1), mapping 
00 deg 2 between 180 ◦ < � < 280 ◦ and 1 ◦ in b using the Atacama
athfinder Experiment 12-m submillimeter telescope (APEX; G ̈usten 
t al. 2006 ). A detailed description of the surv e y and data processing
ill be presented in a forthcoming paper (K ̈onig et al., in prepara-

ion). This surv e y pro vides a 16-fold increase in angular resolution
ompared to the only other unbiased CO surv e y of this region (i.e.
y Dame, Hartmann & Thaddeus 2001 ). It will produce a detailed
ensus of thousands of molecular clouds and filaments (Colombo 
t al. 2021 ) and identify any significant spurs and/or connecting 
ridges present in this part of the Galaxy. 
In this paper, we use data from a region of the survey for which the

bservations and data processing have been completed and the final 
ata products are considered to be of science quality: 250 ◦ < � <

80 ◦ and −2 ◦ < b < −1 ◦. In Fig. 1 , we show the full co v erage of the
alactic plane by OGHReS (grey shading) and the region covered 

n this work (dark grey shading). We will use these data to check the
elocities and distances assigned to the Hi-GAL clumps located in 
his part of the Galaxy (M ̀ege et al. 2021 ), and refine their physical
roperties (Elia et al. 2021 ). This step is crucial for understanding
o w dif ferent environmental conditions affect star formation, not just
n the Milky Way but also in nearby galaxies. 

 REFINING  T H E  H I - G A L  C ATA L O G U E  

he region discussed in this paper has been mapped in the continuum
t far-infrared and submillimetre wavelengths by Herschel as part 
f the Hi-GAL le gac y surv e y (Molinari et al. 2010 ). A catalogue
f ∼150 000 sources co v ering the whole of the Galactic disc has
een produced (Elia et al. 2021 ). This catalogue is divided into high
eliability and low reliability catalogues that consist of 94 604 and 
5 619 clumps, respectively. The high-resolution spectroscopic data 
o w av ailable from OGHReS are ideally suited to complementing 
hat surv e y. Using the kinematic information provided by the CO
pectra, we are able to determine the velocities and distances of a
arge number of clumps, many for the first time, as well as to refine
he velocities and distances for many of the Hi-GAL sources where 
 value had been determined. 

There are 3584 Hi-GAL clumps located within the OGHReS 

egion, 2073 of which are flagged as being highly reliable and 1511
onsidered to be lower reliability. The main difference between these 
wo reliability types is that those identified with high-reliability have 
roperties calculated through a spectral energy distribution (SED) fit 
o the four Hi-GAL flux bands between 160 and 500 μm, while those
dentified with low reliability have properties calculated through a fit 
o only three Hi-GAL flux bands in the same wavelength range, and
onsequently are considered to be less well constrained (Elia et al.
021 ). 
The Hi-GAL catalogue distinguishes between three different 

volutionary stages of clumps: unbound, bound, and protostellar (see 
lia et al. 2021 for more details and caveats). The distinction between
ound and unbound is determined using Larson’s third law ( M ( r ) =
60 M � ( r /pc) 1.9 ) as a threshold; clumps abo v e this threshold are
onsidered bound while clumps below it are considered unbound. 
he distinction between starless (bound and unbound) clumps and 
rotostellar clumps is based on the presence or absence of a 70-
m counterpart; clumps with a 70- μm counterpart are classified as
rotostellar. 

.1 Velocity determination 

e extracted 12 CO and 13 CO (2–1) spectra towards all 3584 clumps
o v ered by both Hi-GAL and OGHReS. To increase the signal-to-
oise ratio, we summed up the emission o v er the beam (i.e. the
losest nine pix els, giv en the pix el size of 9.5 × 9.5 arcsec 2 ). The
pectra co v er a v elocity range from −50 to 150 km s −1 and have
 velocity resolution of 0.25 km s −1 . 1 Subsequently, a fifth-order
olynomial function is fitted to the emission-free channels to correct 
or variations in the spectral baseline. 

The noise is determined from the standard deviation of the 
MNRAS 528, 4746–4759 (2024) 
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Figure 2. CO (2–1) line emission towards selected Hi-GAL clumps. The vertical dashed line shows the velocity allocated by the Hi-GAL team (Elia et al. 2021 , 
M ̀ege et al. 2021 ) and the thick vertical line shows the velocity allocated from the OGHReS data in this paper (see text for details). 
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mission in the spectra. Peaks abo v e this threshold are identified
sing the find peaks function and fitted simultaneously using
he curve fit function (both functions are part of the PYTHON

CIPY package (Virtanen et al. 2020 ). All the fits are visually
hecked to ensure that their results are reliable and optimized where
ecessary (primarily need for blended emission components). To
 v oid contamination from noise spikes, we require that emission
o v ers at least three contiguous 0.25-km s −1 channels. Furthermore,
o a v oid complicating the analysis, we e xclude an y components
hose integrated intensity is less than 10 per cent of the strongest

omponent, as these are deemed to be insignificant. With this step,
e make the simplifying assumption that the Hi-GAL clump is a
istinct object at a single velocity and that their high density means
NRAS 528, 4746–4759 (2024) 
hat it is more likely to be associated with the most intense CO
eak. 

In total, we have identified 7102 12 CO spectral components
owards 3481 Hi-GAL clumps and 3009 13 CO spectral components
owards 2584 Hi-GAL clumps. There are 104 clumps towards which
o emission has been detected. In the following analysis we prioritize
he use of the 13 CO emission in allocating velocities to clumps, as
t is more likely be associated with high-column-density sources,
nd is less affected by blending and self-absorption than the more
bundant 12 CO emission, which is nearly al w ays optically thick. A
ingle 13 CO component is detected towards 2181 clumps, allowing
 velocity to be attributed unambiguously (see the upper panels of
ig. 2 ). There are 846 clumps that are not detected in 13 CO but
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Figure 3. Integrated emission maps for HIGALBM258.7353 −1.8977 for the two approximately equal 12 CO components detected at different velocities that 
make assignment of a velocity from the spectra alone unreliable (see lower right panel of Fig. 2 ). The beam size is shown as a filled circle in the lower left 
corner and the position of the Hi-GAL source is indicated by the open circle. The velocity of the peak component about which the emission is integrated is 
giv en abo v e each map. The coincidence of the Hi-GAL sources with compact molecular gas at ∼60 km s −1 allows us to allocate this velocity to the source with 
a high degree of confidence. 
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re detected in 12 CO. Of these, there are 411 that are associated
ith a single 12 CO emission peak; also allowing a velocity to be

ttributed unambiguously. Two or more 13 CO and 12 CO components 
re detected towards the remaining 785 clumps. Assigning velocities 
o these clumps requires additional steps, which are outlined below: 

(i) If all significant components in a given spectrum are close 
ogether in velocity, such that the standard deviation of the velocities 
s less than 5 km s −1 , then the component with the highest intensity
s assigned to the clump (see the middle panels of Fig. 2 ). The
ncertainty due to streaming motions is of order ±7 km s −1 (Reid
t al. 2014 ) and this will dominate the uncertainty in the distance
easurement. This criterion allows a velocity to be assigned to 257 

lumps using the 13 CO data and 152 clumps using the 12 CO data. 
(ii) If the strongest component in a spectrum has an integrated 

ntensity that is a factor of more than 2 times higher than that of the
ext strongest component in the same spectrum, then the velocity of
he strongest component is assigned to the clump (see e.g. lower left
anel of Fig. 2 ). This criterion allows a velocity to be assigned to
 further 30 clumps using the 13 CO data and 107 clumps using the
2 CO data. 

(iii) The remaining 343 clumps have two or more components 
f roughly equal intensity (within a factor of 2) with significantly 
ifferent velocities. To resolve the velocity ambiguity in these 
ases we created 5 × 5-arcmin 2 integrated maps of the strongest 
omponents and selected the velocity component for which the peak 
f the emission most closely correlates with the position of the Hi-
AL clump (cf. Urquhart et al. 2021 ). To illustrate this method,
e show in Fig. 3 the 12 CO integrated emission maps towards 

he Hi-GAL clump HIGALBM258.7353 −1.8977. The spectrum for 
his clump shows two approximately equal intensity peaks at 11.1 
nd 60.3 km s −1 (see lower right panel of Fig. 2 ). Emission in the
ntegrated maps clearly fa v ours the component at 60.3 km s −1 that
s coincident and position and morphologically correlated with the 
i-GAL clump. In this case, the component detected at 11.1 km s −1 
s likely to be associated with local diffuse gas. This method has been
uccessful in allocating velocities for a further 274 clumps. 

In total, we have determined reliable velocities for 3412 Hi-GAL 

lumps in the studied region (corresponding to 95 per cent of the
ample). In Table 1 , we provide the fitted velocities, intensities, and
ine widths of the 12 CO and 13 CO emission associated with the Hi-
AL clumps. We have been unable to allocate a reliable velocity to
9 clumps for which multiple CO components have been detected 
nd report 104 non-detections. In Fig. 4 , we show the 250- μm flux
istribution of the complete sample and the CO non-detections. This 
hows that the non-detections are some of the weakest in the sample.

.2 Comparison with velocities assigned to Hi-GAL clumps 

s can be seen from the velocities shown in Fig. 2 there are
ome significant differences in the velocities allocated here (i.e. 
ection 2.1 ) and by the Hi-GAL team (M ̀ege et al. 2021 ). In
ig. 5 , we show the differences in the velocities for the 2725 clumps

hat measurements are available in both catalogues. 
Differences of < 5 km s −1 are easily accounted for by the lower

esolution of the surv e y data used by the Hi-GAL team to assign
elocities. Differences of more than 5 km s −1 , ho we ver, are likely to
e due to the presence of multiple velocity components detected in the
ow-resolution spectra and the incorrect choice of velocity previously 
ssigned to the clumps. Agreement is found for 2093 clumps (i.e.
ithin 5 km s −1 ), corresponding to 78 per cent of the entire sample.
he agreement for high- and low-reliability sources is 76 per cent

1232/1612) and 77 per cent (861/1113), respectively. The large 
umber of clumps where the velocities disagree (632) is somewhat 
urprising given that M ̀ege et al. ( 2021 ) used a similar methodology
o assign velocities, including looking for morphological agreement 
n cases where multiple components were detected. 

We investigated these differences by first checking our calibration 
teps and by comparing the integrated emission in � b and �v with
MNRAS 528, 4746–4759 (2024) 
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Table 1. Fitted line parameters extracted from the OGHReS 12 CO and 13 CO spectra. 

12 CO (2–1) 13 CO (2–1) 
Hi-GAL Rms V LSR T mb σ Rms V LSR T mb σ

name (K) (km s −1 ) (K) (km s −1 ) (K) (km s −1 ) (K) (km s −1 ) 

HIGALBM250.8892 −1.5245 0.20 51.1 4.8 0.5 0.21 51.2 1.9 0.3 
HIGALBM251.1729 −1.9826 0.25 55.4 6.0 0.9 0.25 55.3 2.1 0.5 
HIGALBM251.1801 −1.9766 0.21 55.5 9.2 0.7 0.22 55.5 2.0 0.5 
HIGALBM251.1919 −1.9733 0.22 55.6 20.6 0.8 0.23 55.5 6.7 0.5 
HIGALBM251.1931 −1.9758 0.22 55.6 23.7 0.8 0.23 55.5 7.4 0.6 
HIGALBM251.7806 −1.0337 0.19 45.0 4.4 0.5 0.19 45.1 1.7 0.4 
HIGALBM251.8034 −1.0768 0.22 44.9 5.4 0.5 0.21 44.9 2.1 0.2 
HIGALBM251.8671 −1.8202 0.21 49.6 1.8 0.3 0.18 
HIGALBM251.8908 −1.0908 0.24 44.9 4.1 1.0 0.26 45.2 1.8 0.5 
HIGALBM251.9016 −1.0808 0.23 44.9 4.5 0.9 0.23 45.0 1.6 0.6 

Note. Only a small portion of the data is provided here. The full table is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr 
(130.79.125.5) or via http:// cdsweb.u-strasbg.fr/ cgi-bin/ qcat?J/ MNRAS/ . 

Figure 4. Hi-GAL 250- μm flux distribution for all clumps in the OGHReS 
region studied here. The bin size used is 0.2 dex. 
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Figure 5. Comparison of the velocities reported by Hi-GAL and the 
velocities determined in this paper from fits to the OGHReS spectra. The 
circles show the high and low reliability sources and the diagonal line shows 
the line of equality. The velocities are considered to be in agreement if they 
are within 5 km s −1 ; agreement for the low and high reliability clumps is 
∼80 per cent. 
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he maps of Dame, Hartmann & Thaddeus ( 2001 ) but these checks
id not reveal any issues with our data. The next step was to look at
ifferences in the CO data used to assign velocities by the two studies.
he Hi-GAL team used data from the NANTEN 

12 CO (1–0) surv e y
n this part of the Galaxy, which has a spectral resolution of 1 km s −1 

nd angular resolution of ∼156 arcsec; ho we ver, a grid spacing of
 arcmin was used for | b | < 5 ◦ and so this surv e y is undersampled.
GHReS therefore has significantly impro v ed angular and spectral

esolutions compared to the NANTEN surv e y. In addition, OGHReS
ses a higher J CO transition and is more sensitive to denser gas than
s traced by CO (1–0). 

The NANTEN data are not publicly available and so making a
irect comparison between the spectra used by the Hi-GAL team with
he spectra we have is not possible, ho we ver, we can compare high-
esolution OGHReS spectra with low-resolution OGHReS spectra
xtracted using a 4-arcmin beam to simulate the emission seen
n the NANTEN data. In Fig. 6 , we show some examples of the
igh- and low-resolution OGHReS spectra. The upper panel shows
 similar profile, indicating that the emission in the low-resolution
pectrum is emitted from a similar region to the high-resolution
pectrum. Ho we ver, the lo w-resolution spectra sho wn in the middle
nd lower panels of Fig. 6 are very different from the high-resolution
pectra, revealing strong emission features at velocities that have
o significant emission in the high-resolution spectra. The low-
esolution spectra tend to have more components, reflecting the more
NRAS 528, 4746–4759 (2024) 
omplex CO emission structure present within a 4-arcmin beam.
urthermore, the emission from the compact clumps detected by Hi-
AL is affected by beam dilution and emission from more diffuse
as becomes more prominent. 

The spectra shown in Fig. 6 demonstrate the impact that the
ngular resolution has on the number and strength of emission
omponents and explains why there can be differences in the
elocities allocated here and those allocated by the Hi-GAL team.
o e v aluate the impact of the impro v ed resolution and tracer, we
ave looked at the correlation of the velocities for clumps where
GHReS only detects a single CO component (i.e. where there

s no ambiguity in the source velocity). Of the clumps where the
elocities disagree, we have detected only a single CO component
owards 374 clumps and blended components towards a further 59
lumps (i.e. all components within 5 km s −1 of each other) and so

http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/
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Figure 6. 12 CO (2–1) line emission towards selected Hi-GAL clumps. The 
low-resolution spectra have been produced by integrating the emission within 
a 2 arcmin radius of the Hi-GAL clump to simulate the emission seen in the 
NANTEN surv e y. The high-resolution spectra is the native OGHReS used to 
determine the velocity in this study. All of the spectra have been normalized 
to the highest intensity component in each spectra. The vertical dashed line 
shows the velocity allocated by the Hi-GAL team (M ̀ege et al. 2021 ) and the 
thick vertical line shows the velocity allocated from the OGHReS data in this 
paper. 
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here is no ambiguity in our velocity allocation; this corresponds to 
70 per cent of the disagreements. We have used integrated 12 CO
aps to allocate a velocity to another 187 sources and so are confident 

n these allocations. The remaining 12 sources have been assigned 
he velocity of the strongest component, as it was more than twice the
ntensity of any other components detected; these velocity allocations 
re the least certain. These checks confirm that the OGHReS velocity 
llocations are reliable for approximately 98 per cent of the sample
620/632) where we have found disagreements with the Hi-GAL 

elocities. 
The impro v ed resolution and sensitivity of the OGHReS surv e y

ata provide reliable velocities to 3412 Hi-GAL clumps, including 
orrected velocities to 632 clumps and velocities for a further 687 Hi-
AL clumps where a velocity has not previously been determined. 
e have therefore adopted these velocities for the whole Hi-GAL 

ample of clumps. The Hi-GAL catalogue pro vides v elocities to 97
lumps, which are not allocated a velocity from the OGHReS data,
ither due to no CO emission components being detected (51 objects)
r detection of multiple components and where a reliable velocity 
annot be identified. Since we are unable to confirm the Hi-GAL
elocities independently, we do not include them in the analysis that
ollows. 

.3 Galactic distribution 

n Fig. 7 , we show the longitude-velocity distribution of all Hi-
AL clumps in the OGHReS longitude range investigated in this 
aper. The distribution of dense compact clumps traced by Hi-GAL 

irrors that of the more diffuse molecular gas. There is a reasonable
orrelation between the dense clumps and the local and Perseus 
rms. These are also, ho we ver, a significant number of clumps
ocated between these two arms. The majority of these interarm 

lumps are associated with filamentary structures, many of them spur 
ike, as identified by Colombo et al. ( 2021 ) using the full OGHReS
ata. 
We also note that there is almost no correlation between the dense

lumps and the loci of the Outer arm. A significant number of clumps
re located in the interarm region between the Perseus and Outer arm.
his population, ho we ver, falls of f to wards the Outer arm with only

wo clumps being in its vicinity. The Outer arm is known to dip below
 = −2 ◦ in this part of the Galaxy due to the warp (Nagayama et al.
011 ), which is not co v ered by OGHReS. 

.4 Kinematic distances 

y combining these radial velocities with a Galactic rotation curve, 
e can determine kinematic distances and Galactocentric distances 

or the clumps. The distances in the Hi-GAL catalogue were 
etermined by M ̀ege et al. ( 2021 ) using the rotation curve of Russeil
t al. ( 2017 ; R 0 = 8.34 kpc, θ0 = 240 km s −1 ). To be consistent
ith the previous OGHReS paper (i.e. Colombo et al. 2021 ) and

he SEDIGISM surv e y (Duarte-Cabral et al. 2021 ; Schuller et al.
021 ), ho we ver, we use the Brand & Blitz ( 1993 ) rotation curve
 R 0 = 8.15 kpc and θ0 = 240 km s −1 ; see Colombo et al. 2021 for
iscussion of these parameters). One significant advantage of using 
 rotation curve to assign distances in the outer Galaxy is that there
s no kinematic distance ambiguity, which affects all sources located 
ithin the solar circle (i.e. R gc < 8.15 kpc) and so the distances

re more reliable. This provides heliocentric and Galactocentric 
istances to 3200 clumps. 
In Fig. 8 , we compare the distances obtained from the two different

otation curves using the velocities derived by Hi-GAL and OGHReS 

ata for the same sources. In this plot, we indicate clumps where
he velocities agree within 5 km s −1 and those that differ by more
han 5 km s −1 with different colours to emphasize the impact on the
erived distances. This plot reveals a very strong agreement between 
he distances using the two curves for those where the velocities are
n good agreement and, hence, that the choice of rotation model is
ot crucial to this work. 
MNRAS 528, 4746–4759 (2024) 
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Figure 7. Inte grated 12 CO longitude-v elocity map of a 30 square degree contiguous region of OGHReS (249.5 ◦ ≤ � ≤ 280.5 ◦; grey-scale). The position and 
updated velocities of the Hi-GAL clumps are shown as filled red circles. The Perseus and Outer arm models are shown in cyan and red, respectively, and are 
taken from Reid et al. ( 2014 ). The local arm is also shown as a yellow band. The emission has been inte grated o v er one degree in latitude (i.e. −2 ◦ ≤ b ≤ −1 ◦). 

Figure 8. Comparison of the heliocentric distances determined from the Hi- 
GAL surv e y and the OGHReS where the v elocities hav e been assigned by the 
two surv e ys and the assigned distances are kinematic in nature. The diagonal 
line shows the line of equality. 
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In the left panels of Fig. 9 , we show the velocity and the
eliocentric and Galactocentric distributions of the Hi-GAL sources
erived from the velocities determined in the previous section. All
hree distributions have a similar profile with a strong peak at
o w v alues and tw o weak er peak at higher values. The strongest
eak is associated with the local arm with the weaker structures
ssociated with the sources in the interarm region and the Perseus
rm (cf. Fig. 7 ). In the right panels of Fig. 9 , we show the
orresponding cumulative distribution plots of both the refined
alues determined in this section with the OGHReS data and those
NRAS 528, 4746–4759 (2024) 

d  
eported in the Hi-GAL catalogue (Elia et al. 2021 ). These plots
eveal that the updated values are significantly different and this
ifference is confirmed by a Kolmogoro v–Smirno v test ( p -values
0.0013). 

.5 Physical properties 

e have used the updated and more complete set of distances to re-
alculate the distance-dependent physical properties of the Hi-GAL
lumps (i.e. luminosity, mass, and radius) and to revisit some of the
omparisons presented in Elia et al. ( 2021 ). The Hi-GAL team uses a
as-to-dust ratio of 100 for all sources. While this approach is likely
o be reasonable for the inner part of the Galactic disc, it is unlikely to
rovide reliable masses and surface density measurements over the
hole disc. When updating the physical parameters to take account
f the new distances, we have also taken the opportunity to include
he variation in the gas-to-dust ratio γ as a function of Galactocentric
istance (Giannetti et al. 2017 ): 

og ( γ ) = 

(
0 . 087 

[+ 0 . 045 
−0 . 025 

] ± 0 . 007 
)
R gc + 

(
1 . 44 

[+ 0 . 21 
−0 . 45 

] ± 0 . 03 
)
, (1) 

here R gc is the Galactocentric distance in kpc. The systematic
ncertainties are given in the square brackets. This prescription gives
 value of γ between 130 and 145 at the distance of the Sun, which
s in very good agreement with the local value of 136 (see Giannetti
t al. 2017 for a detailed discussion). Although the luminosity-to-
ass ratio and surface density are distance independent quantities,

hey are affected by the gas-to-dust variations and so we also update
hese accordingly. Although Elia et al. ( 2021 ) used a constant
as-to-dust ratio, they did speculate on the impact that using a
ariation in this ratio may have and so incorporating it here is a
ogical progression of their work. In Table 2 , we provide the updated
alues for the Hi-GAL clumps. 

Updating the distances, masses, and sizes also affects the classifi-
ation of the clumps. This is because mass is proportional to distance
quared but size is proportional to distance, i.e. mass increases faster
ith distance than the radius and consequently nearby clumps that

ppear to be unbound can become bound if found to be a farther
way. In the vast majority of cases where we have modified the
istance given in the Hi-GAL catalogue, it has resulted in an increase
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Figure 9. Velocity and distance distributions based on the OGHReS and Hi-GAL surv e ys. The left panels show histograms of updated velocity, heliocentric, 
and Galactocentric distance distributions. The right panels show the corresponding cumulative distribution functions of the Hi-GAL measurements and the 
updated values reported here. The p -values for the results of the Kolmogoro v–Smirno v tests on the two sets of measurements are given in the lower right corner. 

i
t  

i  

u  

t
c
c  

a
a

o  

p  

p

3

E  

i  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4746/7492808 by guest on 11 M
arch 2024
n the distance determined. In addition to the changes in distance, 
he change in the gas-to-dust ratio also results in higher masses
n the outer Galaxy, which also works to change the status from
nbound to bound for many clumps. In Fig. 10 , we show how
he changes to the physical parameters impact the classification of 
lumps unbound to bound. These changes result in 739 unbound 
lumps being reclassified (415 to bound and 324 to unclassified as
 distance is not available) and two bound clumps being reclassified 
s being unbound. This reduces the unbound population by a factor 
f 2. The change of distance does not affect the protostellar clump
opulation, as these are classified by their association with a 70- μm
oint source. 

 GALACTI C  T R E N D S  REVISITED  

lia et al. ( 2021 ) used the Hi-GAL high-reliability catalogue to
nvestigate trends in the Galactic distribution of the clump mass, lu-

inosity , surface density , and luminosity-to-mass ratio and reported 
MNRAS 528, 4746–4759 (2024) 
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Table 2. Updated Hi-GAL clump parameters. The distances have been determined from the OGHReS velocities determined here and the gas-to-dust ratio ( γ ) 
from Giannetti et al. ( 2017 ). The rest of the properties have been scaled from those given in the Hi-GAL catalogue using the updated distances and gas-to-dust 
ratios. The integers given in the Evolution type column correspond to unbound = 0, starless = 1, and protostellar = 2. 

Hi-GAL Reliability Evolution V LSR Distance R gc γ Diameter Log[ M clump ] � gas Log[ L bol ] Log[ L / M ] 
name type (km s −1 ) (kpc) (kpc) (pc) (M �) (g cm 

−2 ) (L �) (L �/M �) 

HIGALBM250.6483-1.9895 high 1 57.4 5.1 10.9 245.5 0.34 1.994 0.228 0 .602 − 1 .391 
HIGALBM250.6871-1.1550 high 1 13.3 1.3 8.7 156.1 0.14 1.459 0.375 − 0 .235 − 1 .694 
HIGALBM250.8094-1.9433 high 0 49.7 4.4 10.4 223.0 0.66 1.668 0.028 0 .478 − 1 .189 
HIGALBM250.8631-1.6673 high 2 80.1 7.3 12.6 343.7 0.33 1.564 0.108 1 .873 0 .309 
HIGALBM251.0410-1.0367 high 1 9.8 1.0 8.5 151.8 0.12 1.705 0.904 − 0 .009 − 1 .714 
HIGALBM251.1581-1.9913 high 1 56.8 5.0 10.9 242.6 0.51 2.388 0.243 1 .255 − 1 .133 
HIGALBM251.1729-1.9826 high 2 55.3 4.9 10.8 238.2 0.69 2.697 0.275 2 .010 − 0 .687 
HIGALBM251.1801-1.9766 high 2 55.5 4.9 10.8 238.7 0.95 2.939 0.258 2 .739 − 0 .200 
HIGALBM251.1919-1.9733 high 2 55.5 4.9 10.8 239.2 0.90 2.821 0.220 3 .267 0 .445 
HIGALBM251.1931-1.9758 high 1 55.5 4.9 10.8 239.2 0.43 3.263 2.640 1 .577 − 1 .685 

Note. Only a small portion of the data is provided here. The full table is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr 
(130.79.125.5) or via http:// cdsweb.u-strasbg.fr/ cgi-bin/ qcat?J/ MNRAS/ . 
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ignificant differences between the inner and outer Galaxy. Given the
mpro v ements we have made with respect to completeness and the
eliability of the clump velocities, distances, and distance-dependent
hysical parameters, it is useful to revisit their analysis to evaluate
he impact these updated values may have on their conclusions. It
s important, ho we ver, to bear in mind that the data presented here
epresent a relatively small fraction of the Hi-GAL outer Galaxy
ample (i.e. between � = 250 ◦ and 280 ◦). 

An issue with all flux-limited surv e ys is that the sensitivity to
ass and luminosity decreases with distance. In Fig. 11 , we show

he mass and luminosity distributions as a function of heliocentric
istance of inner-Galaxy Hi-GAL (grey-filled circles) and outer-
alaxy Hi-GAL clumps (red-filled circles), as updated here. This

learly demonstrates the impact of the Hi-GAL flux sensitivity on
hese two parameters. We also note that the distribution of clumps
s a function of distance for the inner- and outer-Galaxy samples
re significantly different, with those in the inner Galaxy being more
venly distributed while the outer Galaxy sources are more localized
etween 1–2, 5–7, and ∼9 kpc. To minimize the distance bias, and
ifferences in the distributions, when comparing the properties of the
nner and outer Galaxy samples we define a distance limited sample
f clumps between 5 and 7 kpc. 
In Table 3 , we present the median values for clump mass,

uminosity , surface density , and luminosity-to-mass ratio for the
hree different clump evolutionary stages defined by Elia et al.
 2021 ). These are split into inner- and outer-Galaxy samples and
nly include clumps in the high-reliability catalogue with a distance. 2 

hen comparing the inner- and outer-Galaxy samples, we have also
pplied the modified gas-to-dust ratio to the inner Galaxy clumps.
e further separate these into three different distance samples. In the

pper part of the table we include the whole inner- and outer-Galaxy
ample to facilitate comparison with the values provided by Elia et al.
 2021 ). The masses and luminosities are a factor of 4 and 10 times
igher in the inner Galaxy than in the outer Galaxy. In the middle
ection of Table 3 , we show the values for the sample of clumps
ithin 8.15 kpc of the Sun. Restricting the sample to the near side of

he Galaxy results in a more similar distribution in clump mass (the
NRAS 528, 4746–4759 (2024) 

 This is slightly different to Elia et al. ( 2021 ), as they used a statistical method 
or determining whether a source without a distance was in the inner or outer 
alaxy. The inclusion of these sources, ho we ver, has a significant impact on 

he median values determined and represents a potential bias we prefer to 
 v oid. 

s  

s  

t  

t  

c  

s  
ifference in the unbound, bound, and protostellar clumps masses
re within a factor of 3, 2, and 1.5, respectively) in the inner and
uter Galaxy and the difference in luminosities is reduced to a factor
f two. 
In the lower section of Table 3 , we give the values for the distance-

imited sample. The values themselves are somewhat arbitrary as they
epend on the distance range used, but the comparison should be a
eliable guide to the difference between the physical properties of
nner - and outer -Galaxy clumps. We find that the masses in the inner
nd outer Galaxy are similar (within ∼20 per cent), with the inner-
alaxy clumps being a little more massive, and the luminosity of

nner-Galaxy clumps being a factor of 2–3 more luminous. The large
ifferences in the clump masses and luminosities in the inner and
uter Galaxy seen when compiling values from the whole sample
re therefore the result of observational biases. 

The median masses of the unbound clumps are significantly lower
han those of sources in the other two evolutionary stages. The

asses of bound and protostellar clumps are broadly similar to each
ther in both the inner and outer Galaxy. With respect to the median
uminosities, we find that starless clumps (unbound and bound) are
imilar within a factor of two, as one might e xpect, giv en that their
uminosity represents thermal emission from the dense gas, but there
s a sharp increase for the protostellar clumps (factor of ∼10). 

Looking at the L / M -ratio we find it to be a factor of 2–3 higher in
he inner Galaxy than in the outer Galaxy for all three evolutionary
tages. There is a clear jump in the L / M -ratio between the prestellar
bound) and protostellar clumps in both the inner and outer Galaxy,
s one would expect. The L / M -ratio for the unbound clumps are up
o 5 times larger than for the bound clumps. The unbound clumps,
o we ver, are either pressure confined or transient and their luminosity
s likely to be dominated by the interstellar radiation field, which is
ble to penetrate more deeply than for bound clumps. Their higher
edian L / M -ratios are probably a result of these environmental

actors, and strictly speaking, it only makes sense to consider the L / M -
atio and corresponding evolutionary tracks for gravitationally bound
lumps (see also Elia et al. 2021 for a more detailed discussion). 

Comparing the surface density values for the three evolutionary
amples for both the inner and outer Galaxy, we find that they show a
imilar trend of increasing median value with evolution. Comparing
he v alues deri ved for the e volutionary samples, we again find them
o be similar for the inner or outer Galaxy. This similarity is in
ontrast to the trend reported by Elia et al. ( 2021 ) who found the
urface densities for each evolutionary stage were lower in the outer

http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/
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Figure 10. Distinguishing between bound and unbound clumps. The diag- 
onal line shows Larson’s third law (i.e. M ( r ) = 460 M � ( r /pc) 1.9 ), which 
is used to distinguish between bound and unbound clumps; clumps abo v e 
this threshold are considered bound while clumps below it are considered 
unbound. The upper panel shows the classification of clumps in the OGHReS 
region using the masses and sizes given in the Hi-GAL catalogue (Elia et al. 
2021 ). The lower panel shows the impact on the Hi-GAL classification with 
the recalculated masses and sizes in this paper. All unbound clumps located 
abo v e the mass-size threshold have been reclassified as bound. 
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alaxy compared to clumps in the inner Galaxy. They did note that
he decrease in the surface density as a function of Galactocentric 
istance was similar to that of the gas-to-dust ratio gradient reported 
y Giannetti et al. ( 2017 ) and so, it is not surprising that having
pplied this correction we now find similar values for the surface 
ensity of clumps across the disc. 
In Fig. 12 , we show how the parameters for the protostellar clumps

hange as a function of Galactocentric distance. In the top two 
anels of this figure we present the clump luminosities and masses.
oth of these distributions show a minimum towards ∼8 kpc. That 
alactocentric distance corresponds to the location of the solar circle, 

or which we have the best sensitivity to mass and luminosity, i.e.
 lower bound set by completeness (as shown in Fig. 11 ). To aid
ith the comparison of these two parameters in the inner and outer
alaxy, we include the mean and standard deviation determined 

rom the lognormal distribution of clumps within 1 kpc wide bins
etween Galactocentric distances of 2 and 14 kpc. It is clear from the
pper left panel of Fig. 12 that the luminosity is lower in the outer
alaxy, which confirms the difference in mean values for the inner

nd outer Galaxy samples reported in Table 3 . The clump masses
re broadly similar across the disc except for the first bin in the
uter Galaxy, which is noticeably lower than the corresponding bin 
n the inner Galaxy (i.e. the 7.15–8.15 kpc bin). This outer Galaxy
in is dominated by local clumps, which also suppresses the median
ass measurement for the outer Galaxy given in Table 3 . We note

hat this is also true for the luminosity distrib ution b ut this does not
ignificantly affect the median value given in Table 3 . 

The lack of correlation between clump mass and Galactocentric 
istance is a little surprising, given the difference in cloud mass
etween the inner and outer Galaxy reported by Brand & Wouterloot
 1995 ). They found that between Galactocentric distances of 3 and
0 kpc the mass of molecular clouds decreased by approximately 
 factor of 100, and that, even between the solar circle and Galac-
ocentric distances of ∼20 kpc, the cloud masses decrease by an
rder of magnitude. An important distinction between their work 
nd ours is that here we are focusing on star-forming clumps and
o perhaps the conditions for star formation are the same across the
isc (as discussed later in this section) but this does not preclude
he structure and mass distribution of molecular clouds themselves 
eing very different. If this is the case, we might expect the number of
louds hosting dense, star-forming clumps to decrease as a function 
f Galactocentric distance. Exploring that hypothesis, ho we ver, is 
eyond the scope of this work but will be investigated in a future paper
hen the complete OGHReS cloud catalogue becomes available. 
In the lower left panel of Fig. 12 , we show the L / M -ratio, which also

eveals a decreasing trend with increasing Galactocentric distance. 
his decline is confirmed by a linear fit to the data (dashed line)

hat clearly shows the trend extends over the whole disc. This trend
ay indicate that clumps in the outer Galaxy are producing smaller

lusters and/or lower mass stars than the higher mass star-forming 
lumps found in the inner Galaxy. Indeed, the decrease in the L / M -
atio is opposite to the result reported by Elia et al. ( 2021 ), where
hey found a modest increase in the outer Galaxy for the protostellar
lumps. This change in the L / M -ratio between the two studies is
lmost entirely due to the difference in the gas-to-dust ratio, which
ncreases the value of the denominator (mass) at larger Galactocentric 
istances. 
This trend of decreasing L / M -ratio as a function of Galactocentric

istance is supported by Djordjevic et al. ( 2019 ) who used a
ombination of ATLASGAL clumps (Schuller et al. 2009 , Urquhart 
t al. 2014 ) and the SCUBA-2a.m.bitious Sky Survey (SASSy; 
hompson et al. 2007 ) to investigate the properties of embedded H II

egions identified from their radio continuum emission (e.g. Urquhart 
t al. 2007 , 2009 , 2013b ; Purcell et al. 2013 ). The y inv estigated
he L / M -ratio and the total Lyman photon flux luminosity-to-mass
atio and found a decrease in both of these ratios as a function
f Galactocentric distance. The decrease in the Lyman photon flux 
ndicates that there is less high-mass star formation per unit volume
aking place in the outer Galaxy. This finding is consistent with the
esults of an earlier study by Brand & Wouterloot ( 1991 ) that was
ased on analysis of the infrared properties of molecular clouds. 
The L / M -ratio is often used as a proxy for the instantaneous star

ormation efficiency (Molinari et al. 2008 ; Urquhart et al. 2013a ).
n this context, the decreasing value we find can be interpreted as
vidence of a steady decrease in the star formation efficiency in the
MNRAS 528, 4746–4759 (2024) 
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Figure 11. Distribution of clump mass and bolometric luminosity as a function of heliocentric distance are shown in the left and right panels, respectively. The 
Hi-GAL sources located within the inner Galaxy are shown in grey and the clump located in the OGHReS region are shown in red. The blue curves illustrate 
the impact of Hi-GAL flux sensitivity on the clump mass and luminosity detection limit as a function of distance (values are arbitrary). 

Table 3. Median values for physical parameters for the high-reliability Hi-GAL catalogue (Elia et al. 2021 ), subdivided by evolutionary class and inner/outer 
Galaxy location. 

Inner Galaxy Outer Galaxy 
Unbound Bound Protostellar Unbound Bound Protostellar 

All 
M clump [M �] 27.7 226 218 6.35 51.7 77.7 
L bol [L �] 33.5 56.3 553 2.60 4.36 89.1 
L bol /M clump [ L �/ M �] 1.17 0.25 2.76 0.42 0.08 1.35 
� [g cm 

−2 ] 0.03 0.14 0.22 0.03 0.13 0.23 

D < 8.15 kpc 

M clump [M �] 16.7 109 94.6 6.26 47.6 72.8 
L bol [L �] 20.5 24.9 189 2.37 3.94 86.4 
L bol /M clump [ L �/ M �] 1.05 0.22 2.46 0.40 0.08 1.42 
� [g cm 

−2 ] 0.03 0.15 0.26 0.03 0.13 0.23 

5 kpc < D < 7 kpc 

M clump [M �] 55.9 279 264 58.3 311 208 
L bol [L �] 47.6 66.2 561 22.7 20.5 277 
L bol /M clump [ L �/ M �] 0.80 0.23 2.53 0.40 0.07 1.45 
� [g cm 

−2 ] 0.03 0.13 0.22 0.03 0.16 0.20 
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uter Galaxy. Another measure of efficiency is the star formation
raction (SFF), which Ragan et al. ( 2016 ) defined as the ratio of
i-GAL 70- μm-bright clumps to the whole population of Hi-GAL

lumps. Those authors reported a decrease in the SFF as a function of
alactocentric distance o v er the inner part of the disc (i.e. 3–8 kpc),
hich is consistent with our findings. Elia et al. ( 2021 ) explored

he SFF out to larger Galactocentric distances (see upper left panel
f their fig. 28) and find it increases sharply outside of the solar
ircle. Their count, ho we ver, includes clumps seen on the other side
f the inner disc, which are likely to include a larger fraction of
rotostellar objects, and so this nominal increase should be treated
ith caution. We have attempted to investigate whether the decrease

n SFF continues in the OGHReS region but the sample is too small
o draw any useful conclusions. 

In the lower right panel of Fig. 12 we show the surface densities
s a function of Galactocentric distance. We previously found no
NRAS 528, 4746–4759 (2024) 
ignificant difference between the surface densities for sources in the
hree evolutionary stages in the inner and outer Galaxy (see Table
 ) and this plot clearly shows that the mean surface density is very
imilar across the whole Galaxy, ho we ver, we note that it varies
 v er three orders of magnitude. The linear fit to the data between
 and 14 kpc reveals a very shallow increasing slope that is very
lose to zero when taking into account the uncertainty. In Fig. 13 ,
e present the cumulative distribution for the inner and outer Galaxy
rotostellar clump populations. This figure robustly demonstrates
he correlation between the two populations once the variation in
he gas-to-dust ratio has been taken into account. The p -value is
.52, which confirms the surface densities of inner and outer Galaxy
rotostellar clumps are statistically indistinguishable from each
ther. 
This study focuses on a relatively small part of the outer Galaxy

nd so we need to be careful when drawing general conclusions.
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Figure 12. Physical parameters of Hi-GAL protostellar clumps as a function of Galactocentric distance. The clump properties have been updated with a 
gas-to-dust ratio relationship determined by Giannetti et al. ( 2017 ) and the distances of the outer Galaxy clumps in the OGHReS region have been updated with 
the results presented in this work. The red circles and error bars shown in the upper panels are the lognormal mean and standard deviation calculated from the 
clumps within each 1 kpc wide bins between 2 and 14 kpc. The dashed magenta line plotted in the lower panels shows the results of linear least-squares fits to 
the plotted data and the fit parameters are given in the respective insets. The fits have been made to all data with Galactocentric distances larger than 3 kpc and 
Galactic longitudes between 5 ◦ and 355 ◦ in order to exclude sources towards the Galactic Centre region where distances are not considered to be reliable. 
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o we ver, a similar conclusion was put forward by Benedettini et al.
 2021 ) from a study of dense clumps in the inner Galaxy (i.e. GRS,
ackson et al. 2006 and SEDIGISM surv e y Schuller et al. 2017 ,
021 ) with the outer Galaxy [i.e. the Forgotten Quadrant Survey 
FQS; Benedettini et al. 2020 )]. 3 They found the clump mass surface
ensity to be very similar for the SEDIGISM and the FQS between
 and 16 kpc in Galactocentic distance. They report that the GRS
louds have a slightly higher mass surface density but suggested that 
o be the result of cloud crowding in the inner Galactic plane. The
RS has a slightly larger beam than SEDIGISM (46 arcsec compared 

o 30 arcsec) and used the 13 CO (1–0) transition that is more easily
xcited and whose emission is subsequently more extended than the 
3 CO (2–1) used by SEDIGISM. The results of these two studies
 The FQS co v ers � = 220 ◦–240 ◦ and b = 0 ◦ to −2.5 ◦ with 12 CO and 13 CO 

1–0) and so is very complementary to the region presented in this paper. 

c  

o  

a  

m  
ead us to conclude that the clump surface density is similar across
he Galaxy. 

The similarity of the surface density for protostellar clumps 
ndicates that the threshold for star formation across the disc is
lso likely to be similar. The lower L / M -ratio seen in the outer
alaxy, ho we ver, indicates that either the clumps there are producing

ewer stars or that they are producing relatively more lower mass
tars, i.e. star formation is either less efficient or the initial mass
unction (IMF) has a steeper slope in the outer Galaxy. A study
y Wouterloot et al. ( 1995 ) using infrared luminosities from IRAS
easured the slope of the IMF in the outer Galaxy and found it to

e indeed steeper than in the solar neighbourhood. Furthermore, a 
omparative study by Brand et al. ( 2001 ) of a number of star-forming
omple x es in the far outer Galaxy found that, in the clumps in the
uter -Galaxy clouds studied, gra vity is the dominant force down to
 lower mass than in local clouds. This may lead to the formation of
ore low-mass stars in the outer Galaxy than locally, which could
MNRAS 528, 4746–4759 (2024) 
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M

Figure 13. Cumulative distribution of the surface density of the inner- 
and outer-Galaxy protostellar clumps populations. The inner-Galaxy sample 
includes all protostellar clumps located within the disc (i.e. 3 kpc < R gc < 

8 . 15 kpc ) while the outer-Galaxy sample includes all protostellar clumps 
located within the OGHReS region discussed here, where a distance has been 
determined and that lie outside the solar circle (i.e. R gc > 8 . 15 kpc ). 
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xplain the steeper IMF reported in the outer Galaxy (Brand et al.
001 ). 
Despite the similarity of the average surface density and mass

f star-forming clumps in the inner and outer Galaxy, there is still a
ignificant difference in the star formation properties. This difference
ight be related to the higher temperatures found in the outer Galaxy

Elia et al. 2021 ), the lower metallicity (e.g. Rudolph et al. 1997 ),
he diffuse Galactic interstellar radiation field (e.g. Bloemen 1985 ),
r a combination or all three. Investigating the differences in the star
ormation in the inner and outer Galaxy is beyond the scope of this
aper but is one of the main aims of OGHReS and will be explored
n subsequent papers. 

 SUMMARY  A N D  C O N C L U S I O N S  

e have used data from OGHReS, which is a new outer-Galaxy
olecular-line surv e y, to refine the v elocities, distances, and physical

roperties assigned to a large sample of dense clumps identified by
he Hi-GAL surv e y (Molinari et al. 2010 ; Elia et al. 2021 ) located in
he � = 250 ◦–280 ◦ and −2 ◦ < b < −1 ◦ re gion. We hav e e xtracted
2 CO (2–1) and 13 CO (2–1) spectra towards 3584 clumps and
etermined the velocities of clumps along each line of sight. In cases
here multiple components are detected towards a clump, making it
ifficult to assign a velocity unambiguously from the spectra alone,
e created integrated emission maps of the different components

nd selected the velocity for which the CO-traced gas distribution
est matches the position and morphology of the Hi-GAL
lump. 

We have been able to allocate a reliable velocity for 3412 clumps
95 per cent of the sample). Comparing these with the velocities
iven in the Hi-GAL catalogue (Elia et al. 2021 ), we find good
greement for ∼80 per cent of the sample (within 5 km s −1 ). We
av e inv estigated the reasons for the disagreements and have found
hat the lower angular resolution molecular-line data used previously
o allocate velocities in the outer Galaxy by the Hi-GAL team (M ̀ege
t al. 2021 ) is likely to have led to incorrect velocities being allocated.
e consider velocities determined by the higher resolution and

ensitivity OGHReS data used here to be more reliable and therefore
se these to calculate distances and update the physical properties of
he Hi-GAL clumps accordingly. 
NRAS 528, 4746–4759 (2024) 
Our main findings are: 

(i) We have corrected the velocity for 632 clumps and provided
elocities for 687 clumps to which no velocity had previously
een allocated. We discard molecular-line velocities assigned by
he Hi-GAL team towards a further 97, of which 51 are non-
etections in OGHReS and 69 are found to have multiple com-
onents for which we have been unable to determine a reliable
elocity. 

(ii) The new distances have been used in combination with a
arying gas-to-dust ratio to produce an updated version of the Hi-
AL catalogue of dense clumps with reliable physical parameters.
eliable distances and physical properties are no w av ailable for 3200
uter Galaxy clumps ( ∼90 per cent of the Hi-GAL catalogue in this
art of the Galaxy). This work represents a significant impro v ement.
(iii) Changes to the distances and masses in the outer Galaxy have

esulted in the status of a 739 unbound clumps being changed (415 to
ound and 324 to unclassified as a reliable distance is not available)
nd two clumps being reclassified from bound to unbound. This has
educed the unbound population of clumps by a factor of two in the
egion studied. 

(iv) Comparing the updated physical parameters for the Hi-GAL
lumps in the inner and outer Galaxy, we find a clear trend for a
ecreasing luminosity-to-mass ratio with Galactocentric distance,
ith clumps in the outer Galaxy on average a factor of 2 lower.
his trend suggests either that the star formation efficiency is
ignificantly lower in the outer Galaxy or that a higher fraction
f lower mass stars are being formed compared to the inner
alaxy. 
(v) We find that the surface density and mass of protostellar clumps

s similar on average across the whole Galaxy indicating that the
onditions required for star formation in clumps is also similar. 

This work demonstrates the utility of the OGHReS surv e y data
nd the impro v ement that its sensitivity and resolution has provided
 v er what was previously available. Furthermore, given that this
ubsample represents only a third of the full co v erage of the surv e y, it
s already clear that it will have a lasting impact on our understanding
f star formation in the outer Galaxy. 

C K N OW L E D G E M E N T S  

e thank the referee for their positive and timely response and
or their comments and suggestions that have helped impro v e the
larity and readability of this work. AK acknowledges support
rom the Polish National Agency for Academic Exchange grant
o. BPN/BEK/2021/1/00319/DEC/1. MF acknowledges support
rom the Polish National Science Centre via the grant UMO-
022/47/D/ST9/00419. This research made use of ASTROPY , 4 a
ommunity-developed core PYTHON package for Astronomy (As-
ropy Collaboration 2013 , 2018 ), NUMPY (Harris et al. 2020 ), 5 

CIPY (Virtanen et al. 2020 ), 6 and MATPLOTLIB (Hunter 2007 ). 7 This
ocument was prepared using the Overleaf web application, which
an be found at www.overleaf.com . This research has made use of
he VizieR catalogue, operated at CDS, Strasbourg, France. The full
ersion of Tables 1 and 2 are only available in electronic form at the
DS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via
ttp:// cdsweb.u-strasbg.fr/ cgi-bin/ qcat?J/MNRAS/ . 

file:www.overleaf.com
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/
https://www.astropy.org
https://numpy.org
https://www.scipy.org
https://matplotlib.org/


OGHReS-HiGAL outer galaxy clumps 4759 

D

T  

/
h

R

A
A
B
B
B
B
B
B  

B
B  

C
C
C  

 

D
D  

D
E
G
G  

H
H
J
K
K  

 

K

K
L
L
M
M
M  

M
N  

P
R  

R
R
R
R  

R  

R  

S  

S
S
S
T
T
U  

U
U
U
U
U
V
W  

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4746/7492808 
ATA  AVAILABILITY  
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