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ABSTRACT

Context. Describing how the properties of the interstellar medium are combined across various size scales is crucial for understanding
star formation scaling laws and connecting Galactic and extragalactic data of molecular clouds.
Aims. We describe how the statistical structure of the clouds and its connection to star formation changes from sub-parsec to kiloparsec
scales in a complete region within the Milky Way disk.
Methods. We built a census of molecular clouds within 2 kpc from the Sun using data from the literature. We examined the dust-based
column density probability distributions (N-PDFs) of the clouds and their relation to star formation as traced by young stellar objects
(YSOs). We then examined our survey region from the outside, within apertures of varying sizes, and describe how the N-PDFs and
their relation to star formation changes with the size scale.
Results. We present a census of the molecular clouds within 2 kpc distance, including 72 clouds and YSO counts for 44 of them. The
N-PDFs of the clouds are not well described by any single simple model; use of any single model may bias the interpretation of the N-
PDFs. The top-heaviness of the N-PDFs correlates with star formation activity, and the correlation changes with Galactic environment
(spiral- and inter-arm regions). We find that the density contrast of clouds may be more intimately linked to star formation than the
dense gas mass fraction. The aperture-averaged N-PDFs vary with the size scale and are more top-heavy for larger apertures. The
top-heaviness of the aperture N-PDFs correlates with star formation activity up to roughly 0.5 kpc, depending on the environment.
Our results suggest that the relations between cloud structure and star formation are environment specific and best captured by relative
quantities (e.g. the density contrast). Finally, we show that the density structures of individual clouds give rise to a kiloparsec-scale
Kennicutt-Schmidt relation as a combination of sampling effects and blending of different galactic environments.

Key words. ISM: clouds – ISM: structure – Galaxy: solar neighborhood – Galaxy: local insterstellar matter – Galaxies: ISM –
Galaxies: star formation

1. Introduction

Star formation rates, efficiencies, and timescales are linked to
the complex distribution and energetics of gas in galaxies. This
complex distribution manifests itself over a wide range of size
scales, from galaxy scales down to sub-parsec (sub-pc) scales.
Studies of external galaxies can probe the distribution of gas at
galactic scales (kiloparsec; kpc), and today, even down to the in-
dividual molecular clouds (tens of pc; e.g. the PHANGS survey:
Hughes et al. 2013; Leroy et al. 2016; Sun et al. 2018, 2020;
Leroy et al. 2021, see also Faesi et al. 2018). In the Large Mag-
ellanic Cloud, the internal structure has even been studied down
to sub-pc scales (Sawada et al. 2018). Except for these few ex-
ceptions, the sub-pc internal structure of molecular clouds can
only be studied for the clouds in our own galaxy, through dust
emission, dust extinction and molecular line data (e.g. Goldsmith
et al. 2008; Kainulainen et al. 2009; Lada et al. 2010; Heiderman
et al. 2010; Schneider et al. 2013; Kainulainen et al. 2014; Stutz
& Kainulainen 2015; Lane et al. 2016; Pety et al. 2017). It is
therefore difficult to reconcile how the properties of gas at galac-
tic (kpc) scales connect with those within clouds (sub-pc). At the
heart of this problem is the behaviour of the density structure and
gas energetics as a function of spatial scale, which gives rise to
canonical relations such as the Kennicutt-Schmidt (KS) relation
(Kennicutt 1998; Schmidt 1959). Decoding the information car-

ried by the scale-dependence holds one key to understanding the
regulation of star formation in galaxies (e.g. Elmegreen 2002;
Kravtsov 2003; Kruijssen & Longmore 2014; Leroy et al. 2016).

In order to study the scale dependence of the gas distribution,
we need a tool to describe the distribution. One simple tool for
the purpose is provided by the column density probability distri-
bution functions (N-PDFs). The N-PDFs can be tied to analyti-
cal theories of star formation because their shape depends on the
physical processes in the clouds and on their evolution (reviewed
in Hennebelle & Falgarone 2012; Padoan et al. 2014, see also
e.g. Burkhart & Mocz 2019). Simulations of molecular clouds
that are dominated by supersonic turbulence and are not sig-
nificantly affected by gravity predict log-normal N-PDFs, while
self-gravitating gas is expected to have N-PDFs with power-law
shapes at high densities (Federrath & Klessen 2013; see also e.g.
Klessen et al. 2000; Federrath et al. 2008; Ballesteros-Paredes
et al. 2009; Kritsuk et al. 2011). These are crucial aspects in the
theory of star formation and highlight the utility of N-PDFs as a
tool for quantifying the internal structure of clouds and relate it
to star formation.

N-PDFs have so far mostly been studied using small sam-
ples or individual clouds in the solar neighbourhood (Kainu-
lainen et al. 2009, 2014; Schneider et al. 2013; Alves de Oliveira
et al. 2014; Lombardi et al. 2015), through various approaches
of probing gas farther in the galactic disk (Kainulainen & Tan
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Fig. 1. Illustration of the survey area from a bird’s eye perspective, and
of the two ways in which we analysed our cloud sample. The picture
shows the molecular cloud sample (filled red circles; the size of the
circles scales with the physical size of the clouds; see also Fig. 3). The
empty white circles represent apertures of various sizes. Background
image credit: NASA/JPL-Caltech/R. Hurt (SSC/Caltech).

2013; Abreu-Vicente et al. 2015; Csengeri et al. 2016), or by
covering large portions of external galaxy disks (Hughes et al.
2013). The most common shape of N-PDFs within the Milky
Way is debated. Previous works have established a habit of de-
scribing them with log-normal functions, power laws, or a com-
bination of the two (e.g. Kainulainen et al. 2009; Schneider et al.
2013; Kainulainen et al. 2013). Some studies have argued that all
N-PDFs are power laws (i.e. Lombardi et al. 2015), while oth-
ers argued that when field selection is tightly constrained to the
cold molecular zone, N-PDFs are best described by log-normals
(Brunt 2015). Outside the Milky Way, Hughes et al. (2013) re-
ported that the CO N-PDFs of kpc regions of M51, M33 and
the LMC are best described by log-normals. Extragalactic stud-
ies cover entire galaxies (several kpc), while Galactic studies so
far only cover an area of some hundred pc; only the solar neigh-
bourhood closer than ∼250 pc has been studied in a complete
manner so far (Kainulainen et al. 2009, 2014). As a result, it is
not yet possible to understand the connection between the statis-
tics describing the internal cloud structure and those describing
the galactic-scale gas distribution. To tie them together, an over-
lap in the scales between the Galactic and extragalactic works is
needed.

In this work, we aim to bridge part of the gap between Galac-
tic and extragalactic observations of molecular cloud structure
and star formation. We use sub-pc resolution observations avail-
able for nearby molecular clouds to describe the internal struc-
ture of the dense interstellar medium (ISM) from the sub-pc to
kpc scales. To do this, we assembled a census that is as com-
plete as possible of the molecular clouds in a portion of our own
Galaxy. This portion is a 2 kpc radius circle of the Milky Way
disk, centred on the Sun. This is the first time that the molec-
ular cloud density structure and star formation in such a large
region of the Milky Way has been studied in a complete manner.
The range of spatial scales probed by our survey significantly
overlaps with ISM studies of the nearby galaxies. In addition, it
probes the sub-pc scales that are not accessible outside the Milky

Way. This enables us to describe how the statistical structure of
dense ISM and its connection to star formation changes with size
scale. This represents a step forward in understanding what sub-
structure might be present within the beam or resolution element
of extragalactic observations and how this substructure connects
with the larger-scale statistics of the galaxy gas reservoirs.

2. Data and methods

Our goal is to analyse the column density statistics and star for-
mation rates of molecular clouds in a complete volume of our
2 kpc survey area. For this, we need 1) to compile a census of
molecular clouds that is as complete as possible, and 2) obtain
column density and star formation data for these clouds from
literature. After it was collected, the sample of clouds was ex-
amined in two different ways. First we studied the sample as in-
dividual clouds, and then from a bird’s-eye perspective through
apertures of various sizes (illustrated in Fig. 1).

To achieve this, we gather a sample of clouds (Sect. 2.1) and
search for star formation metrics for them (Sect. 2.2). Then we
obtain column density maps covering the clouds (Sect. 2.3) and
use them to derive N-PDFs (Sect. 2.4). These N-PDFs are fitted
(Sect. 2.5) and analysed individually. After this, we use our cen-
sus to simulate a face-on view of the Galactic disk (Sect. 2.6).

2.1. Molecular cloud sample

The sample of molecular clouds was compiled by searching the
literature surveys of extinction and CO in the Galaxy. We aimed
to include all major molecular structures (M & 104 M�) within 2
kpc from the Sun. We also included the lower-mass clouds found
in literature. Our search procedure consisted of three steps. First,
we included all clouds that we were able to identify in the Dame
et al. (2001) CO survey of the Milky Way. This survey is a com-
posite of 37 separate regions that are described and numbered
in Table 1 of their paper, and many of these regions appear as
clouds in our sample. We chose to include as clouds those re-
gions that were coherent in position and velocity at a distance <
2 kpc.

Second, we added sightlines from Zucker et al. (2020, 2019),
who inferred distances and extinction for a large sample of
nearby molecular clouds using stellar photometric data and Gaia
DR2 parallax measurements. Many of these sightlines point to-
wards small cores or Hii regions. In these cases, we included
the dense structure surrounding the sightline into our cloud and
adopted the naming of Zucker et al. (2020) for the entire struc-
ture. When sightlines were close together with similar distances,
we combined them into one cloud. In these cases, we chose
the name of the dominating structure in mass or combined the
names.

As a third step, we compared our cloud sample to recent 3D
dust maps by Rezaei Kh. et al. (2018), Lallement et al. (2018,
2019), and Green et al. (2019) to search for further missing
clouds. For the most part, our sample covers the same structures
as seen in the 3D dust maps. However, for two structures promi-
nent in Green et al. (2019), we were unable to find a correspond-
ing cloud in our sample, even though the structures were coher-
ent in extinction and CO emission. We therefore added them to
our sample. These were the Cygnus-West cloud and the Split.
The Split was discovered and named by Lallement et al. (2019).

With this procedure, we assembled a sample of 72 clouds.
For this sample, we obtained dust-based column density maps
and distances. We adopted the newly derived distances from
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Fig. 2. Census of the 72 molecular clouds within 2 kpc from us shown in Galactic coordinates, superimposed on the NICEST extinction map of
the Milky Way from Juvela & Montillaud (2016).
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Fig. 3. Molecular cloud sample of the survey area seen from a bird’s eye
perspective. The figure is centred on the Sun, and the Galactic centre is
at (0,0). The colour corresponds to the molecular mass of the cloud,
and the size corresponds to the physical size of the cloud. Clouds with
a maximum extinction below 3 mag are marked in grey. The thin grey
circles are spaced by 0.4 kpc and are examples of what solar centred
apertures would contain. The angles marked with l mark the Galactic
longitude.

Zucker et al. (2020) for all the clouds for which they are avail-
able (80% of the sample), and for the remaining clouds, we used
the most recent distance estimate in the literature. The location
of the molecular clouds in Galactic coordinates is shown in Fig.
2, and Table 1 lists the cloud names, their properties, and refer-
ences. The location of the clouds is shown in Fig. 3 in a face-on
view.

2.2. Star formation measures

We searched the literature for studies of young stellar objects
(YSOs) in the clouds and found YSO counts for 44 of our 72
clouds. Most of the YSO counts come from dedicated observa-
tions in the near- and mid-infrared (NIR and MIR, see references
in Table 1). We note that the YSO data set is not homogeneous;
the mass completeness is higher for nearby clouds than for the
more distant ones. We discuss this issue and its possible effects
in Sect. 4.5. With the YSO counts in hand, we computed the star

formation rate (SFR) as

SFR =
MYSOs

tYSO
=

NYSOs · 0.5M�
2 · 106 yr

, (1)

where NYSOs is the number of YSOs in the cloud, 0.5M� is the
mean mass of YSOs (Chabrier 2003), and tYSO = 2 ·106 yr is the
mean lifetime of YSOs. We note that the mean mass of YSOs
may vary between star-forming regions, and the lifetime is un-
certain by a factor of 2 (Padoan et al. 2014). The star formation
efficiency (SFE) is computed as

SFE =
MYSOs

MYSOs + MAV>1mag
, (2)

where MAV>1mag is the mass of the cloud above 1 mag. Gas is
expected to be molecular above 1-3 mag (Heyer & Dame 2015),
and we here used the lower limit to include as much gas as pos-
sible.

2.3. Column density maps

We obtained column density maps for the clouds in our sam-
ple mostly from the literature. For the majority of the clouds,
we exploited column density maps based on dust extinction, and
therefore used AV as the basic unit in our analyses. When nec-
essary, we used the conversion between gas column density and
extinction from Güver & Özel (2009),

NH [cm−2] = (2.21 ± 0.09) × 1021AV [mag]. (3)

The masses were computed from the extinction maps by
multiplying each pixel value reaching an extinction of 3 mag
with the conversion factor and the physical size of the pixel
(MAV>3mag = ΣiAV(pi[AV > 3mag]) · tan(∆l) · tan(∆b)· distance2·

conversion). We chose the limit of 3 mag to be above the limit of
the last closed contour for most clouds. In practice, three differ-
ent types of column density maps were used to cover the clouds
in our sample. This was done to use the best maps available for
each individual cloud.

For most clouds in our sample, we used extinction maps de-
rived using the NICEST near-infrared dust extinction mapping
technique (Lombardi 2009) and data from 2MASS (Skrutskie
et al. 2006). For most nearby clouds within ∼0.7 kpc distance,
these maps are available from our earlier works (Kainulainen
et al. 2009, 2014; Kainulainen & Federrath 2017; Bieging et al.
2018). New maps were adopted for clouds for which those stud-
ies provide no data, either by applying NICEST or by cropping a
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Fig. 4. Three of the molecular clouds in our sample, seen in extinction and in CO position and velocity. CO is taken from Dame et al. (2001)
survey, and the extinction is adopted from Kainulainen et al. (2009, 2014) for RCrA and from Juvela & Montillaud (2016) for S140 and Cyg-West.
Extinction maps for all the clouds are shown in Fig. B.1-B.4.

map from Juvela & Montillaud (2016) (wich also uses NICEST).
Juvela & Montillaud (2016) used a background colour determi-
nation that is well suited for automated full-sky work and no
dedicated foreground star removal process; in case of some indi-
vidual clouds, we considered that adjustments in these result in
more accurate maps, and we therefore used our own implemen-

tation of NICEST for these clouds. In summary, the dominant
set of column density maps (66 out of 72) consists of NICEST
extinction maps for all clouds for which we found it reasonable
to use these data.

For four clouds, no adequate dust extinction maps were avail-
able (NGC6334, M16, M17, and M20), and we instead used col-
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umn density maps based on dust emission derived from Her-
schel data by Marsh et al. (2015, 2017) using the PPMAP tech-
nique. We did not use extinction maps for these clouds because
the clouds are in the Galactic plane, and the standard extinc-
tion mapping techniques perform very poorly because of fore-
ground stars and the diffuse dust component along the line of
sight. The PPMAP data describe the total column density derived
from the Herschel data. We performed a subtraction of a dif-
fuse component from the data. The estimate for the diffuse com-
ponent was derived by choosing relatively cloud-free columns
from the column density data over the entire PPMAP data cov-
erage, creating smoothed vertical profiles for these columns, and
then performing a spline-interpolation in the horizontal direction
between these columns. The resulting diffuse dust component
varies roughly between a few to ∼15 mag between the Galactic
latitudes of b = [−1,+1].

For Cartwheel and Cygnus, we used the extinction maps de-
rived in Appendix A. These clouds are close to the Galactic
plane, but are unfortunately not covered by the Herschel data.
Our new extinction maps for these clouds implement a method
to account for foreground stars and diffuse dust component, but
we acknowledge that their quality is poorer than the extinction
maps of the nearby clouds for which NICEST maps are avail-
able.

It is important to recognise that different column density
mapping techniques differ in how they treat the extinction or
emission contribution from the diffuse dust component in the
Galactic plane. The reliability of the techniques can therefore
vary significantly in different regions of the sky. For example,
NICEST is highly reliable at high Galactic latitudes, but fails for
distant clouds in the plane because of foreground sources and
overlap of dust structures. In our approach, we tried to alleviate
these problems by using the maps that were most suitable for
each region, even if this meant that our data set was composed
of maps derived with different techniques. Using different tech-
niques should be a smaller problem than using clearly erroneous
maps for some regions. We also note that currently, no single
technique or data is available that could be used reliably in all
conditions of our survey area. We argue that the use of several
types of column density maps should not affect our conclusions,
which are based on trends present in the full sample of clouds.

The column density maps of three clouds are shown as ex-
amples together with CO maps from Dame et al. (2001) in Fig.
4, while a thumbnail collection of all column density maps is
shown in Figs. B.1–B.4. The coverage of the fields was chosen
by eye based on previous studies of the clouds. The choice of
the field may affect the shape of the low column density part
of the N-PDFs and hence their physical interpretation (Kainu-
lainen & Tan 2013; Alves et al. 2017; Lombardi et al. 2015;
Körtgen et al. 2019; Chen et al. 2018). In this work, we focus
on the high column density part of the N-PDF that is more in-
timately linked to star formation. How much diffuse material is
included in the clouds, and thereby the shape of the N-PDF at
very low column densities, is therefore not of high importance
here. We also note that our extinction maps inherently have dif-
ferent physical resolutions for different clouds. The resolution
varies from about 2.5′ for the nearby clouds to about 30′′-2.5′
for the distant clouds in the Galactic plane. This causes a dif-
ference in physical resolution between a factor of a few to ten.
However, resolution studies in the context of N-PDFs have found
that resolution does not strongly affect the high-column density
characteristics of the N-PDFs (Schneider et al. 2015), provided
that the N-PDF is still sampled reasonably. In Appendix D we

show that degrading the resolution is unlikely to alter the results
of this work significantly.

We caution that it is difficult to assign distances to all indi-
vidual structures in the column density maps. It is possible that
some fields contain gas components at different distances. How-
ever, based on examination of CO data from Dame et al. (2001)
(see Fig. 4), the fields we chose are relatively coherent structures
in velocity as well. We therefore conclude that while some in-
dividual fields may be affected by multiple gas components, our
analysis, which is based on a large sample of clouds, should not
be significantly affected by these effects.

2.4. Column density PDFs

We used the column density maps to compute N-PDFs of the
clouds by counting the pixels in intervals of log AV. The N-PDFs
were computed as

P(a ≤ log AV ≤ b) =
Σi pi[a ≤ log AV ≤ b]

Σi pi

1
∆(log AV)

. (4)

Here, P(a ≤ log AV ≤ b) is the probability density of a pixel hav-
ing an extinction AV between a and b, pi is the number of pixels,
and pi[a ≤ AV ≤ b] is the number of the pixels with extinction
in the bin interval. We used bins between log(AV) = 0.6 − 2.3,
with a bin size ∆(log AV) = 0.0085. The Herschel-based column
density maps reach values higher than 100 mag, but due to the
high uncertainties at these densities and because the extinction-
based maps do not reach these densities, we assigned these pix-
els a magnitude of 100 mag for the mass calculation and ig-
nored these pixels in the N-PDFs. Examples of the derived N-
PDFs are shown in Fig. 5, and all the N-PDFs are shown in
Figs. C.1-C.4. The errors on the N-PDFs were calculated as

σy =
d f (Npix)

dNpix
σNpix =

√
Npix

Σ(Npix)·log(Npix) .

2.5. Quantification of the N-PDF shapes

The observed N-PDFs show a variety of shapes (as shown in
Fig. 5 and Figs. C.1-C.4). It is not possible to use one model
to describe all of them. Therefore we adopted three models to
quantify the N-PDF shapes; we describe them below.

1. The log-normal function (hereafter, LN model)

P(AV) =
a

σ
√

2πAV
exp

(
−(ln(AV) − µ)2

2σ2

)
. (5)

In this model, σ is the standard deviation of the LN func-
tion, a is the amplitude, and µ is the mean of the logarithmic
extinction (the location of the peak of the N-PDF of logarith-
mic AV, i.e. P(log AV)). The fitting was made with the Python
package LMFIT (Newville et al. 2014). The free parameters
in this fit were a, σ, and µ.

2. The power law (hereafter, PL model),

P(log(AV)) = α log(AV) + β. (6)

The slope of the power law is denoted by α, and β is the inter-
cept. The power-law fitting was made with the Python Scipy
package linregress (Virtanen et al. 2020). This was also
used to determine the fitting parameters and the significance
of parameter correlations below.
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Fig. 5. Examples of the N-PDFs of individual clouds. Those used in the analysis are shown in dark grey, and the column density map used is
noted in the legend: N for NICEST (all of these). The blue, red, and yellow lines show the fits of PL, LN, and LN+PL models, respectively. The
transition point of the LN+PL model is shown with a vertical dotted yellow line. All fits were performed above the extinction at the last closed
contour, which is marked with the vertical grey line. The residuals of the fitted models are shown below the N-PDFs, and the best-fit model is
noted in the legend.

3. A piecewise combination of LN and PL functions (hereafter,
LN+PL model),

P(AV) =


a

σ
√

2πAV
exp

(
−(ln(AV)−µ)2

2σ2

)
if AV ≤ x0(

AV
x0

)α
· a
σ
√

2πx0
exp

(
−(ln(x0)−µ)2

2σ2

)
if AV > x0.

This is a combination of the two previous models, with a
transition point x0 from log-normal at low column density to
power law at high column density. The intercept of the PL
part is determined from the LN part. The fit was performed
using scipy optimize brute (Virtanen et al. 2020), and
then the output was used as an initial guess for LMFIT

(Newville et al. 2014). Thirty grid points were used in each
dimension of the brute-force fit. The brute-force optimisa-
tion was used as a first step because LMFIT was unsuccess-
ful with this high number of fitting parameters (a, σ, µ, x0,
and α).

All fits were made from the extinction value at the last closed
contour. The last closed contour was determined by eye. In all
models, the weight of the data was given as one over the square
of the standard error (statistical weighting). Which shape fit the
N-PDF of each cloud best was decided by individual examina-
tion of the χ2 values and the residual distribution. The fit with
the lowest χ2 value and the highest normality, linearity, and ho-
moscedasticity of the residuals was chosen as the best fit for
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each cloud. Fig. 5 shows all the models fit to Serpens, OrionA,
and MonR2. The best-fit model for each is noted in the legend,
and the distribution of residuals is shown below the N-PDFs.
MonR2 is an example where the PL and LN+PL both fit the data
quite well, but the LN+PL model was chosen due to the more
normally distributed residuals and a slightly lower χ2 value. For
some N-PDFs, the residuals were clearly not normally, linearly,
and homogeneously distributed for any of the models, and none
of the models were chosen. The N-PDF was then marked with a
questionmark.

2.6. Bird’s eye view

With our sample of clouds and their N-PDFs in hand, we had
a census of the molecular clouds and their density structure in
a well-defined region of the Milky Way. This enabled us to per-
form an experiment in which we viewed this region from a bird’s
eye perspective. To our knowledge, this is the first time that this
has been done. The goal is to understand how the column den-
sity statistics would appear when viewed from outside the Milky
Way at lower resolution. This experiment is the first step in try-
ing to understand how the true N-PDFs of clouds, observed at
sub-pc resolution, combine to yield the column density statistics
at much coarser resolution. The setup is illustrated in Fig. 1.

The fundamental assumption we made in the experiment is
that the N-PDFs of the clouds are similar when viewed from
“above”, that is, from the face-on perspective of the Milky
Way, to what we observe from our location within the Milky
Way. While this may be unlikely for individual clouds (e.g.
Ballesteros-Paredes et al. 2011; Chira et al. 2016), we hypoth-
esise that in a large sample such as ours, projection effects can-
cel out and the trends found by viewing the N-PDFs from within
the disk remain when they are viewed from the face-on perspec-
tive. Under this hypothesis, we used the N-PDFs derived for the
clouds as proxies of their N-PDFs when viewed from the face-
on perspective. Some simulation studies indicate that molecular
clouds might be flattened in the plane of the disk in which they
reside (e.g. Benincasa et al. 2013; Kruijssen et al. 2019), but as
we are not aware of any conclusive or quantitative studies on this
in the solar neighbourhood, our assumption seems a reasonable
premise to conduct an experiment.

The aperture N-PDFs were derived in a similar way as for the
individual clouds for apertures of various sizes. In this deriva-
tion, the cloud coordinates (l, b, distance)→(x,y) alone deter-
mine whether the entire N-PDF of a cloud is included in the
aperture, that is, the clouds were considered point sources. The
N-PDFs of individual clouds within the apertures were weighted
by the areas of the clouds and summed,

P(log AV)aperture =
Σclouds(Acloud · P(log AV)cloud)

ΣcloudsAcloud
. (7)

Here Acloud = Apix · Npix is the area of each cloud, and
P(log AV)cloud is the N-PDF of that cloud.

We constructed maps of aperture properties for which we
sampled the entire 2 kpc radius survey area. This was performed
for apertures of radius 1, 0.5, and 0.25 kpc to study the depen-
dence the aperture-averaged N-PDFs on the location and scale.
The apertures were moved with Nyquist sampling intervals, as
illustrated for R = 0.5 kpc apertures in Fig. 6. For each aper-
ture position, we computed aperture N-PDFs from the N-PDFs
of the clouds within. To illustrate the link to the scales probed
in extragalactic works, we note that the aperture sizes we used
correspond to angular resolutions of 25 − 6′′ at the distance of

6.57.07.58.08.59.09.510.010.5

X [kpc]
−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

Y 
[k
pc

]

l=45l=135

l=225 l=315

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

R
G
al
 [k

pc
]

Fig. 6. Coverage for apertures of R = 0.5 kpc, moved with Nyquist
sampling across our survey area. The clouds are shown in black, and
the colours of the apertures correspond to Galactic radius (see colour
bar).

M51 (8.4 Mpc), comparable to Leroy et al. (2017), for example.
We also examined our full 2 kpc aperture, which is centred on
Sun. We note that our experiment is different from extragalac-
tic observations in two important ways. Firstly, the apertures in
this study only contain the cloud-like high-density component
of the molecular ISM; extragalactic studies detect all emission
from within the observed areas, regardless of whether it orig-
inates from cloud-like structures or diffuse gas. Secondly, the
aperture N-PDFs in this work contain small-scale structure that
is inaccessible in extragalactic studies; thus, the dynamic ranges
of the N-PDFs between this work and extragalactic works are not
the same. The aperture N-PDFs are therefore not directly com-
parable to extragalactic N-PDFs. We emphasise that our goal in
this paper is not to perform this comparison; we used our ex-
periment to study the variety of the aperture N-PDFs and their
dependence on the scale and galactic environment in the Milky
Way.

3. Results

The main results of our work are the currently most complete
sample of molecular clouds within a distance of 2 kpc (Sect. 3.1),
the description of the N-PDFs of these clouds and their relation
to star formation (Sect. 3.2), and the column density characteris-
tics of the aperture N-PDFs and their relation to star formation,
as seen from a bird’s eye perspective (Sect. 3.3).

3.1. Highly complete sample of molecular clouds in the solar
neighbourhood

The first result of this work is a collection of what we consider
to be the most complete sample to date of the main molecular
clouds or complexes within 2 kpc from the Sun, amounting to 72
clouds or regions. The names, coordinates, masses, YSO counts,
and references to the relevant literature information are given in
Table 1. The column density maps of the clouds are shown in
Figs. B.1-B.4.

As for completeness, the sample is unlikely to miss clouds
larger than ∼ 104 M� that contain a significant fraction of molec-
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ular gas, or clouds that have more than ∼ 100 YSOs. These
clouds would be easily detectable in our survey area. At dis-
tances closer than some 1 kpc, the mass completeness limit is
lower, probably closer to 103 M�. Insight into the completeness
of the sample can be gained by considering its total mass against
the mass recovered by CO surveys. The average CO profile of the
Milky Way indicates a CO-derived molecular gas surface density
value of Σmol ≈ 1.5 M� pc−2 at the radius of the Sun (Kennicutt
& Evans 2012; Nakanishi & Sofue 2006). When this value is
used, the total molecular mass within a 2 kpc radius circle from
the Sun is 1.9 ·107 M�. The total mass of our cloud sample above
3 mag is 8.8 · 106 M�, about 47% of this. The limit of 3 mag
corresponds to the region in which we expect all the gas to be
molecular (Heyer & Dame 2015). Molecular gas is also present
at lower extinctions, however. If we instead choose a threshold
of 1 mag (i.e. Pety et al. 2017), the total mass is 1.5 · 107 M�,
81% of the estimate from the average CO profile.

It is interesting to place our cloud sample in the context of
extragalactic works, even knowing that the data are not directly
comparable (cf. Sect. 2.6). This helps understanding what our
sample represents. Compared to molecular clouds identified in
M51 by Colombo et al. (2014), our density of clouds is far lower.
Colombo et al. (2014) quoted a completeness limit of 3.6 · 105

M� and a density of 19 clouds/kpc2 in inter-arm regions, while
above the same mass limit, we only have about 0.5 clouds/kpc2

(our total cloud density is 6 clouds/kpc2). It is difficult to ascer-
tain the origin of this difference, which might be either observa-
tional or physical. Significant observational differences exist in
the sensitivity to large structures of relatively low-column den-
sity between our data and Colombo et al. (2014). CO-emitting
gas might be detected as large complexes in M51 but might
be invisible to us if they do not contain significant amounts of
high column density gas. The mean inter-arm surface density of
the clouds in Colombo et al. (2014) is 34 M�/pc2, while within
our survey area, we did not detect any clouds with low surface
densities like this (the mean surface density of our clouds is 88
M�/pc2). If these CO clouds exist in our survey region but do not
have high extinction signatures, we would probably not include
them. Finally, the difference can also be physical: Colombo et
al. studied the inner (Rgal ∼ 0 − 4 kpc) region of M51, while our
survey area is 6-10 kpc from the centre of the Milky Way. In this
region, M51 is considerably more molecule rich than the solar
neighbourhood (Schinnerer et al. 2013), and the molecular gas
fraction is higher.

Another approach to completeness can be taken by consider-
ing CO clouds that were previously identified in the survey area
of the Milky Way. Miville-Deschênes et al. (2017) identified CO
clouds from the entire Milky Way; the total mass of clouds in
their catalogue within 2 kpc from the Sun is 8.4 · 106 M�. The
total mass of our sample above 3 mag is 105% of this, and above
1 mag, it is 184%. Given the associated uncertainties, the total
mass we derive is similar to that derived from CO clouds. More
qualitatively, the clouds in our sample correspond relatively well
to the recent 3D dust maps of the local Galactic neighbourhood
by Lallement et al. (2018, 2019) and Green et al. (2019), for in-
stance.

That the total mass of the sample is 47%–81% of the estimate
from the average CO profile can likely be understood, in addition
to the large uncertainties, by considering that a large fraction of
CO emission originates not from massive cloud-like structures,
but from the more diffuse, extended gas component (cf. Roman-
Duval et al. 2016) or from smaller clouds (cf. Miville-Deschênes
et al. 2017). This might also be part of the reason for the discrep-
ancy between clouds identified in M51 and underlines the fact

that our dust based data best trace the high column density com-
ponent of the molecular gas, which is organised into relatively
massive clouds.

3.2. Individual clouds

We first used our sample to study the properties of individual
molecular clouds. Specifically, we analysed the shape of their
N-PDFs and their relation to the Galactic location of the clouds
and the star formation rates as measured by the YSO content.

3.2.1. Variety of molecular cloud N-PDFs

Our census enables us to describe the variety of a large set of N-
PDFs in our survey region. As individual examples, we show the
N-PDFs of four clouds in Fig. 5, while the full collection of N-
PDFs can be found in Figs. C.1-C.4. The N-PDFs show a variety
of shapes, some resembling a functional form such as a power
law well (e.g. Orion A), and some not (e.g. Serpens). They show
a variety of the relative amount of dense gas, that is, top-heavy
and bottom-heavy N-PDFs (e.g. Draco vs. MonocerosR2).

Most of the N-PDFs can be fitted reasonably well with one or
several, of the models we adopted (LN, PL, and LN+PL). To de-
scribe the degree to which these forms are present in the sample,
we assigned the best-fitting model for each cloud. However, we
immediately note that some clouds can be fitted almost equally
well with two models. Our goal in choosing one best fit for each
N-PDF is to obtain a first-look understanding of the occurrence
of the different shapes. The left panel of Fig. 7 shows the fraction
of clouds that are best fit with each model. The LN+PL model
was found best for 46% of the clouds, while 30% of the clouds
are best fit by the LN model. Ten percent of the clouds were best
fit with the PL model. The frequency distributions of all fit pa-
rameters are shown in Fig. 8, and the fit parameters for all clouds
are listed in Table 2. A significant minority, 14%, was not ade-
quately fit by any of the three models. Four clouds did not reach
an extinction of 3 mag; we did not attempt to fit these clouds
because only very little molecular gas is present. They appeared
log-normal or Gaussian, likely dominated by the uncertainty of
the extinction data (the PDF of the error kernel).

Even though most clouds are reasonably well fitted with one
of the adopted simple models, two important points hamper their
usefulness. First, a significant fraction of the total gas mass may
be in N-PDFs that are poorly fitted by any of the models. To
illustrate this, the right panel of Fig. 7 shows the mass frac-
tion fitted with each model, indicating that ∼64 % of all gas is
in N-PDFs poorly fit by any of the three models. This result is
driven by the massive clouds in the Galactic plane, dominated by
Cygnus. The insets in Fig. 7 show the same pie diagrams only
for clouds with RGal > 7.5 kpc. By setting this limit, we removed
the clouds that are located in the vicinity of the Sagittarius spi-
ral arm, where the properties of N-PDFs possibly change (Sect.
3.2.3). For clouds outside the spiral arm environment, the frac-
tion of unfitted clouds is smaller, but still over half of the mass
falls in this category. Second, the occurrence of the three models
in the sample is not uniform. For example, the PL model pro-
vides the best fit only to relatively top-heavy N-PDFs, whereas
more bottom-heavy N-PDFs tend to be better described by the
LN+PL model. As noted above, the most massive clouds tend to
have complex N-PDFs. This implies that analysing any sample
of N-PDFs using only one model framework may lead to biases
in the ability of that model to describe the sample.
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3.2.2. Empirical description of the N-PDF shapes

These problems related to the use of simple models mean that
it is beneficial to also describe the N-PDFs empirically, without
any assumptions for the underlying model. For this purpose, we
present two measures to quantify the N-PDF shapes, aimed at
describing the relative amount of dense gas in the clouds, or their
top-heaviness. The first measure is the dense gas mass fraction,
fDG, the ratio of the mass of gas found at column densities higher
than Adense

V = 8 mag and the mass found above Aall
V = 1 mag,

fDG =

∫ ∞
AV=8 AVP(AV) dAV∫ ∞
AV=1 AVP(AV) dAV

. (8)

Adense
V refers to high column density (dense) gas and Aall

V to all
gas (acknowledging that using any threshold always means that
some of the gas is not accounted for). This measure is commonly
used in the literature to describe the dense gas mass fraction (e.g.
Lada et al. 2012; Kainulainen et al. 2013; Evans et al. 2014). The
frequency distribution of the resulting dense gas mass fractions
is shown in Fig. 9. It peaks at values of about a few percent. For
a biased sample of nearby clouds, a value of 〈 fDG〉 = 0.1 ± 0.06
has been reported (Lada et al. 2010, 2012); for the same sample,
we derive 〈 fDG〉 = 0.07 ± 0.05 using our data, indicating general

agreement. These arithmetic means are naturally dominated by
the high fDG values. Most clouds have lower dense gas fractions
than the arithmetic mean. Furthermore, most of the mass in the
clouds in the solar environment is in clouds with lower fDG; we
find a mass-weighted mean of 〈 fDG〉 = 0.03 for our clouds.

The dense gas mass fraction fDG uses absolute column den-
sity values to define what dense gas is. Depending on the pur-
pose, it may be advantageous to consider a relative measure of
the dense gas fraction instead. To do this, we defined as the sec-
ond measure of the N-PDF shapes the density contrast, ∆AV, as
the column density contrast between the peak of the N-PDF and
the column density above which the densest 5% of the cloud
mass resides. Formally, the ∆AV is defined with the help of the
column density A′V,∫ ∞

A′V
AVP(AV) dAV∫ ∞

peak AVP(AV) dAV
= 0.05, (9)

where ‘peak’ refers to the most common AV value (maximum
mode) of the N-PDF above the last closed contour. Then, the
density contrast is computed as

∆AV = log
A′V

Apeak
V

. (10)
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Fig. 9. Frequency distribution of dense gas measures for the individual
clouds. All clouds are shown in light blue, and clouds with RGal > 7.5
kpc are overplotted in darker blue. Top: Dense gas mass fraction, fDG.
Bottom: Density contrast, ∆AV (see Sect. 3.2.2 in text).

The frequency distribution of the resulting density contrasts is
shown in Fig. 9. It shows that most clouds have low density con-
trasts; the distribution declines roughly linearly with increasing
density contrast (the density contrast is a logarithmic quantity).
We employ both the dense gas mass fraction and the density con-
trast further in Sect. 3.2.4 to examine the relation of the cloud
N-PDF shapes and star formation activity.

3.2.3. Galactic distribution of the N-PDF shapes

We now examine the N-PDFs of individual clouds in the con-
text of the galactic environment. Our 2 kpc radius survey region
extends over potentially differing galactic environments. While
the solar neighbourhood is generally considered to be located
in a less prominent part of the main spiral structure, the major
Sagittarius spiral arm enters the 2 kpc aperture at the side of the
Galactic centre (see Fig. 1). It is interesting to consider whether
the differences we see in the N-PDFs correlate with these envi-
ronments.

The N-PDFs of a few individual clouds stand out from
our sample. They have wide distributions, peak at high extinc-

tion, and reach high column densities. Those that stand out are
Cygnus, M16, M17, M20, Cartwheel, and NGC6334. These
clouds are all located in the direction of the Galactic centre and
the Sagittarius spiral arm. Cartwheel and Cygnus are the only
clouds that have extinction maps as derived in Appendix A, and
M16, M17, M20, and NGC6334 are the only ones that use the
PPMAP dust emission map from Marsh et al. (2015). The dif-
ferent column density maps may be part of the explanation for
the differences in the N-PDFs of these clouds. To determine this,
we derived N-PDFs for these clouds using the extinction map
of Juvela & Montillaud (2016) for comparison (Figs. C.1-C.4),
although this map has serious issues in the Galactic plane due
to foreground contamination and is not entirely suitable for the
clouds there. This comparison shows that many of the N-PDFs
have similar shapes as the Herschel-based ones, but an offset in
AV. The offset is likely due to the different treatment of the back-
ground in the methods. For many clouds, the shape differs as
well, however; this is especially true for the clouds in the Galac-
tic plane and towards the Galactic centre. Even though the N-
PDFs of the six spiral arm clouds derived from the Juvela &
Montillaud (2016) data look different, they also peak at high ex-
tinction. This indicates that while the exact N-PDF shape may
depend on the data that are used, this does not hold in the same
way for the average values such as the mean extinction. Overall,
the comparisons suggest that the N-PDFs of spiral arm clouds
show differences to non-spiral arm clouds also when only dust-
extinction-based data are used (acknowledging that the reliabil-
ity of this is hard to quantify because of the known problems in
the extinction map).

It is possible that the high mean column densities of these
six clouds capture at least in part a real underlying trend. We
studied the mean surface densities and the dense gas measures
of these clouds as a function of the galactocentric radius (Fig.
10). We find that there is a possible correlation; the clouds closer
to the Galactic centre have higher mean column or surface den-
sities (p-value: 10−9, R-value: −0.66) and higher dense gas frac-
tions (p-value: 10−6, R-value: −0.62), but no correlation is seen
for ∆AV (p-value: 0.8). The R and p values here and in further
correlation tests were computed using the Python Scipy package
linregress, which uses the Wald test (Virtanen et al. 2020).

The trend of higher surface density and fDG of clouds to-
wards the galactic centre could be directly linked to the galac-
tocentric profile of molecular cloud surface density in the Milky
Way. This was studied by Miville-Deschênes et al. (2017), for
example, who found a gradient in annulus-averaged surface den-
sities of CO clouds at RGal &5 kpc (see their Fig. 9, also shown
here in the top panel of Fig. 10). A similar gradient is seen in the
surface densities of clouds based on CO and 13CO data of the
Galactic ring survey (GRS), but with a clearly different calibra-
tion of masses (Roman-Duval et al. 2010, also shown in Fig. 10).
Using higher transition 13CO (3-2) data on a coverage similar to
the GRS, Rigby et al. (2019) found a slight increase in the mean
density with decreasing galactocentric radius. The gradient we
see in the surface densities of our clouds is roughly consistent
with the gradients of these works. It therefore seems possible
that our dust-based data reflect the same correlation, as opposed
to being dominantly hampered by mapping or confusion issues.

3.2.4. Cloud N-PDFs and star formation

Figure 11 shows N-PDFs of all the clouds outside the spiral arm
environment for which we have YSO information, colour-coded
with the number of YSOs in the cloud (proxy for the SFR). The
figure indicates that the clouds that have more YSOs occupy a
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Fig. 10. Dense gas measures of clouds as a function of galactocentric ra-
dius (blue circles). Clouds with RGal < 7.5 kpc are shown in lighter blue,
and size corresponds to the cloud area. Top: Mean surface density of the
individual clouds as a function of the galactocentric radius. The green
crosses show the data points from Miville-Deschênes et al. (2017), and
the red diamonds shows the data from Roman-Duval et al. (2010). Mid-
dle: Dense gas mass fraction, fDG, as a function of the galactocentric
radius. Bottom: Density contrast, ∆AV, as a function of the galactocen-
tric radius.

different region of the N-PDFs compared to those with fewer
YSOs. This originates from the correlation between the amount
of dense gas and the SFR of the clouds: clouds with higher
star formation rates tend to have more top-heavy N-PDFs. This
correlation has commonly been reported in previous studies of
smaller samples (e.g. Kainulainen et al. 2009; Schneider et al.

2013; Lombardi et al. 2015). We emphasise here that this corre-
lation seems to be driven by the changes in the relative amount of
dense gas. We demonstrate this by shifting the N-PDFs by their
logarithmic peak value, hence examining their relative shapes.
These shifted N-PDFs are shown in the second panel of Fig. 11,
where the colour scale is the mean SFRs of the clouds whose N-
PDFs go through the given pixel. The figure indicates a clear cor-
relation between the relative N-PDF shape and SFR: the clouds
with more top-heavy N-PDFs have higher SFRs. The same is
seen in SFE: clouds with top-heavy N-PDFs have higher SFEs
(third panel Fig. 11). These results strengthen the picture that
both SFR and SFE are sensitive to how exactly the gas is dis-
tributed in the clouds.

Ideally, it would be desirable to link the star formation ac-
tivities of the clouds to the parameters of the models used to
quantify the N-PDF shapes (LN, PL, and LN+PL). However,
this is difficult because only relatively few clouds fitted by each
model have YSO information. The LN+PL model is the best-
fitting model for most clouds, but no significant correlations are
detected between the model parameters and the star formation
rate. Quantifying the N-PDF shapes with the simple models is
further complicated by the fact that the best-fit model depends
on the SFR of the cloud. The PL model is the best fit only for
clouds that have relatively high SFRs, while the LN+PL model
can be the best model for clouds over a wide range of SFRs. As
a result of these issues, it is not straightforward to use the model
parameters as a simple, generally applicable proxy of the cloud
SFR.

We also quantified the link between the N-PDF shapes and
star formation using the empirical model-independent dense gas
measures (dense gas mass fraction, fDG, and density contrast,
∆AV; see Sect. 3.2.1). Figure 12 shows the relations between
SFE and these measures. The relation between SFE and fDG is
characterised by the concentration of clouds roughly along a re-
lation that has a power-law slope of ∼1.5; this relation has been
claimed by previous studies and hypothesised to be fundamen-
tally linked to the ability of clouds to form stars (e.g. Lada et al.
2012). This relation breaks down when clouds with RGal < 7.5
kpc are included (in the spiral-arm environment; see Fig. 12).
This suggests that the relation between the dense gas and star
formation is specific for a given galactic environment.

The relation between SFE and ∆AV establishes a correlation
between star formation and the relative amount of dense gas, or
top-heaviness of the N-PDF, in our sample (Fig. 12, right panel).
While the scatter in the relation is high, the correlation is mod-
erate (R = 0.42) and significant (p-value = 0.019; 31 clouds). A
fit of a line, SFE ∝ 10a∆AV , to the clouds with RGal < 7.5 kpc
yields the slope of 1.7 ± 0.4. When all clouds are included, the
correlation remains, but with a lower intercept.

3.3. Bird’s eye view

We now place ourselves in the position of an observer outside
the Milky Way, viewing our survey area through apertures of
various sizes (see Sect. 2.6). In this setup, we study the shapes
of the N-PDFs within the apertures, the dependence of the shapes
on the scales they are measured and on the Galactic environment,
and the relation between the aperture N-PDFs and star formation
activity. We use apertures with radius 0.25-2 kpc.

Article number, page 11 of 36



A&A proofs: manuscript no. output

−0.5 0.0 0.5 1.0 1.5 2.0
Log Av

−5

−4

−3

−2

Lo
g 
N
-P
D
F

1.0

1.5

2.0

2.5

3.0

3.5
log nYSOs

Fig. 11. N-PDFs of the individual clouds with RGal > 7.5 kpc for which the SFR is known. Left: N-PDFs colour-coded with the SFR. Centre:
Peak-matched N-PDFs with background colour-coding that shows the mean SFR of the N-PDFs at a given location. Right: The same for the SFE.
The black lines denote a power law with slope -2.

Fig. 12. Relation of SFE and the dense gas measures of individual clouds. Light blue shows clouds with RGal < 7.5 kpc kpc. The symbol size
corresponds to the cloud area > 3mag. Left: Using the dense gas mass fraction, fDG, measured using two column density thresholds, Adense

V = 8 mag
and Aall

V = 1 mag. The line shows a fit with a = 0.6 ± 0.2, similar to the relation found previously for nearby molecular clouds (e.g. Kainulainen
et al. 2014). Right: Using the relative density contrast, ∆AV. The line shows the fit of SFE ∝ 10a∆AV with a = 1.7 ± 0.4.

3.3.1. Variety of aperture N-PDFs

Aperture N-PDFs were derived for the entire survey area, with
aperture radii of 0.25-2 kpc (as described in Sect. 2.6). Table
3 lists the derived properties within the apertures separately for
the entire survey area and the area at galactocentric radius larger
than 7.5 kpc (i.e. the region unrelated to the spiral arm envi-
ronment). To illustrate the aperture N-PDFs, Fig. 13 shows as a
special case the N-PDFs centred on the Sun. The shapes of the
aperture N-PDFs decay roughly in a power-law manner above a
few magnitudes of AV. Even though single power-law models do
not result in statistically acceptable fits of the N-PDFs, we used
them to obtain a rough quantification of the shapes. The result-
ing slopes span the range α ≈ [−2.7,−3.4] (steeper slopes for
smaller apertures, see Table 3). Generally, the aperture N-PDFs
are relatively top-heavy compared to the spectrum of individual
cloud N-PDFs because the active star-forming clouds dominate
the gas content within the apertures by mass; the mass of the gas
with low star formation activity is low.

The slopes of the aperture N-PDFs become flatter with in-
creasing aperture size. This is also seen in the empirical values
fDG and ∆AV that have higher values for larger apertures. This
trend is present even when only clouds at galactocentric radii
larger than 7.5 kpc are considered (i.e. the solar inter-arm envi-
ronment). It is also present even when we only fit power laws
from the highest values of the last closed contour (5 mag). This
suggests a scale dependence of the N-PDF shapes. This scale
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Fig. 13. Aperture N-PDFs of apertures centred on the Sun, with radii
between 0.25-2 kpc.

dependence probably arises because larger apertures are more
likely to contain a larger variety of clouds, including massive
clouds with very flat N-PDFs. The trend is even stronger when
all apertures are considered, that is, when those are included that
contain clouds in the spiral-arm environment. However, in this
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Table 3. Properties of the aperture N-PDFs.

R Na MAV>3 mag αb Σc SFR SFR
A

d SFE fDG ∆AV

kpc 106 M� M� pc−2 103M� Myr−1 103M� Myr−1kpc−2 % %
2.00e 1 8.8 -1.9 0.7 9.7 0.8 0.13 23 1.45
1.00 13 6 ± 2 -2.7 ± 0.2 1.2 ± 0.3 7 ± 2 2.1 ± 0.6 0.10 ± 0.02 17 ± 5 0.84 ± 0.09
0.50 49 1.8 ± 0.4 -3.1 ± 0.2 1.5 ± 0.4 2.2 ± 0.6 2.8 ± 0.8 0.08 ± 0.02 12 ± 3 0.58 ± 0.05
0.25 213 0.38 ± 0.08 -3.3 ± 0.2 1.1 ± 0.3 0.4 ± 0.1 2.1 ± 0.7 0.04 ± 0.01 5 ± 1 0.27 ± 0.02

Apertures with RGal > 7.5 kpc
1.00 11 6 ± 2 -2.9 ± 0.2 1.1 ± 0.3 7 ± 2 2.3 ± 2.4 0.10 ± 0.02 12 ± 4 0.8 ± 0.1
0.50 42 1.8 ± 0.5 -3.3 ± 0.2 1.3 ± 0.4 2 ± 5 3.0 ± 0.9 0.09 ± 0.02 8 ± 2 0.55 ± 0.05
0.25 176 0.36 ± 0.08 -3.4 ± 0.1 1.0 ± 4.6 0.4 ± 0.2 2.2 ± 0.8 0.05 ± 0.01 3 ± 1 0.27 ± 0.02

Notes.
(a) Number of apertures considered. (b) Slope of the power-law fit. (c) Mean surface density within the apertures (total cloud mass divided by
aperture area). (d) A is the area of the aperture. (e) This is our full survey area, therefore there is only one aperture, and no standard deviation is
given.
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Fig. 14. N-PDFs of R = 0.5 kpc apertures. Left: N-PDFs of R = 0.5 kpc apertures covering the whole survey region, and right: only apertures with
centre at RGal = 8 − 9 kpc. The colour-coding is the same as in Fig. 6.

case, it seems clear that the deviant N-PDFs of massive clouds in
the spiral-arm area contribute to the top-heaviness of the aperture
N-PDFs; if these N-PDFs are strongly affected by confusion, the
strength of the trend is over-estimated by our data.

The aperture N-PDFs of a given size show significant vari-
ance. N-PDFs of R=0.5 kpc apertures are shown in Fig. 14, re-
vealing significant variation in the N-PDFs at this scale, and
a possible dependence on galactic environment. The apertures
closer to the Galactic centre reach higher column densities than
those farther away. The right panel of Fig. 14 shows only the N-
PDFs of apertures with RGal = 8-9 kpc, which likely represents
the galactic environment of the solar neighbourhood. A signifi-
cant beam-to-beam variation is seen within this environment as
well. This variety is also seen in the standard deviations in Table
3.

3.3.2. Aperture N-PDFs and Galactic environment

We already saw in the previous section that aperture N-PDFs
may depend on the Galactic environment. Here, we further de-
scribe how the properties within the apertures vary across the
survey area. Specifically, we investigate the variation of the mean
extinction, power-law slopes, fDG, and ∆AV within the apertures.
The maps of these metrics are shown in Fig. 15. The metrics

clearly change for apertures closer to the Galactic centre. This is
again caused by the group of clouds with high amounts of high
column density gas. The maps in Fig. 15 also indicate that the
variance of the parameters decrease at large scales. Together, the
results shown in Figs. 14 and 15 reveal significant differences
among the apertures across the survey area.

3.3.3. Aperture N-PDFs and star formation

Next, we studied the relation between star formation and the
shape of the aperture N-PDFs. To describe the SFE data, Fig.
16 shows maps of SFE and its variance in the apertures over the
survey area. We again see a larger variance for the smaller aper-
tures. The maps show that SFE is very high for a few pixels. In
addition, the SFE might be a little higher in the solar neighbour-
hood than in the remaining field. The star formation efficiencies
of our clouds and apertures are likely underestimated especially
between 1-2 kpc due to inhomogeneous YSO data, but this does
not strongly affect the aperture-averaged values (see Sect. 4.5
and Fig. E.1).

In the case of individual clouds, the dense gas fraction (in
clouds with RGal > 7.5 kpc) and the density contrast correlated
with SFE (Fig. 12). Analogously, Fig. 17 shows the relation be-
tween SFE and the dense gas measures for the apertures. We find
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Fig. 15. N-PDF characteristics within the local Galactic environment (< 2 kpc distance). From top to bottom, the rows show the maps of mean
extinction; N-PDF slope α (of the PL model); dense gas fraction fDG; and density contrast ∆AV. The columns show the data for the apertures with
R = 1 kpc (left), R = 0.5 kpc (middle), and R = 0.25 kpc (right). The pixels correspond to Nyquist beams covering the sample, as in Fig. 14.

correlations for the apertures of radius 0.25 kpc ( fDG p-value:
0.01, R-value: 0.3. ∆AV p-value: 0.02, R-value: 0.3). When we
only use the apertures with RGal > 8 kpc, the correlations are
stronger (lower p and higher R), and the same is true when we
correct the number of YSOs in the clouds farther than 1 kpc for
incompleteness (Sect. 4.5). Thus, it seems that the relation be-
tween dense gas and SF is also present in the aperture data, at
least up to ∼0.5 kpc.

4. Discussion

This section is structured as follows. We first discuss the indi-
vidual N-PDFs (Sect. 4.1) and the aperture N-PDFs (Sect. 4.2).
Then follows a discussion of the Kennicutt-Schmidt (KS) rela-
tion (Sect. 4.3). Finally, we discuss the caveats and limitations of
this study through investigating the difference of the N-PDFs in
the Sagittarius spiral arm (Sect. 4.4) and the inhomogeneity of
our YSO data (Sect. 4.5).
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Fig. 16. Maps of SFE (top) and SFE variance (bottom) for apertures with R = 1 kpc (left), R = 0.5 kpc (middle), and R = 0.25 kpc (right).

Fig. 17. Relation between the aperture averaged SFE and dense gas
measures. Empty symbols are apertures with RGal < 8 kpc. For the aper-
tures with RGal > 8 kpc, a significant correlation is seen for the apertures
of R = 0.25 and R = 0.5 kpc ( fDG) and for apertures of R = 0.25 (∆AV).

4.1. Individual cloud N-PDFs: New census within 2 kpc

This study is the first effort to address the full spectrum of molec-
ular cloud N-PDFs within a distance of 2 kpc from the Sun.

Qualitatively, the range of N-PDF shapes we detect is similar
to that in the earlier studies of smaller samples. For example,
the most bottom-heavy N-PDFs in our sample resemble those
commonly seen in studies of nearby clouds (e.g. Lombardi et al.
2006; Kainulainen et al. 2009; Froebrich & Rowles 2010). Sim-
ilarly, the most top-heavy N-PDFs resemble those of infrared
dark clouds or other relatively massive clouds (e.g. Kainulainen
& Tan 2013; Butler et al. 2014; Abreu-Vicente et al. 2015;
Schneider et al. 2016). Our work expands on the topic by de-
scribing the complete spectrum of N-PDFs. We find sugges-
tive evidence on the dependence of the N-PDFs on galactic en-
vironment. Previous works showed varying conclusions about
this matter; some results point towards a constant mean col-
umn density and the dense gas statistics independent of it (e.g.
Battisti & Heyer 2014), while some claim evidence of a depen-
dence on galactic environment (e.g. Sawada et al. 2012; Miville-
Deschênes et al. 2017). However, the techniques and approaches
employed by these works are vastly different, and specifically,
none employed N-PDFs as we do. It is therefore unclear how
comparable the results are overall, and the question seems to re-
main open.

Previous works have established a habit of describing N-
PDFs with the help of log-normal functions, power laws, or the
combinations of the two. However, we have shown that only a
fraction of the entire gas content is in clouds that are quantita-
tively well described by any one of the commonly adopted func-
tional forms. Moreover, significant amount of the gas is in clouds
with more complex N-PDFs than the simple shapes; the system-
atic deviations from the simple forms cannot be understood in
terms of statistical fluctuations. A possible explanation is that
molecular clouds have varying internal conditions and/or pro-
cesses that affect different regions within. The total N-PDF of a
cloud is then an agglomerate of the N-PDFs of these physically
differing regions (e.g. in terms of density and Mach number; cf.
Elmegreen 2011). Not least, this result urges for caution about
confirmation bias when cloud structure is analysed with the help
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of N-PDFs; using simple models may be attractive due to the
connection to physical processes, but the N-PDFs at the scale of
individual clouds may only rarely agree with them. It is unclear
how well parameters derived from averaging over the different
local PDFs reflect the physical state of the gas.

Our census enables us to firmly confirm the correlation be-
tween the top-heaviness of the N-PDFs and star formation ac-
tivities of individual clouds in the solar galactic environment
with a complete sample (detected earlier by e.g. Kainulainen
et al. 2009; Lada et al. 2010; Schneider et al. 2013; Kainulainen
et al. 2014). Because most clouds are not very well described
by simple functional forms (as explained above), the relation is
best recovered by the empirically determined dense gas fraction
measures. We showed that a relative dense gas measure, such as
our ∆AV, is beneficial over an absolute measure to capture the
trend (see Fig. 12). For a rough interpretation of ∆AV, we pro-
vide the range of ∆AV also in terms of the average power-law
slope of the N-PDF. If we assume the power-law shape for the
N-PDF, a simple transform exists: αcalc = log (0.05)/∆AV − 2.
Thus, the range of ∆AV = [0.15, 1.79] transforms to the range
of αcalc = [−11,−2.7]. This reflects an average slope over the N-
PDF; some of the N-PDFs show high column density parts that
are well described by flatter power laws reaching α ≈-2 (cf. Fig.
11).

4.2. Aperture N-PDFs: Relation to extragalactic works

We now discuss our aperture N-PDFs in the context of extra-
galactic works. Our apertures with radii of 0.25-1 kpc corre-
spond for example to angular resolutions of 25 − 6′′ at the dis-
tance of M51 (8.4 Mpc), or to distances of 2.3-9.4 Mpc observed
at 22′′ resolution (i.e. CO(J = 1 − 0) with the IRAM-30m tele-
scope). It is important to emphasise that our aperture N-PDFs
(and other aperture-averaged properties) are composed of dust-
traced, relatively high column density gas that is organised in
cloud-like structures. This makes our data and approach different
from typical extragalactic works in two important ways. First,
our apertures do not trace the total molecular gas content that
may include a significant fraction of diffuse molecular gas not
located in cloud-like structures (e.g. Roman-Duval et al. 2016).
Extragalactic works that employ molecular line emission as a
gas tracer are sensitive to all line-emitting gas, regardless of
whether it is organised in diffuse gas or cloud-like structures.
While this issue is somewhat alleviated in the case of the most
high-resolution works (resolution of some dozen pc), it is not
overcome: it is a matter of debate where most of the molecular
line emission of the usual gas tracers originate even when the
parsec or tens-of-parsec scales of individual molecular clouds
are studied (e.g. Pety et al. 2017). Thus, our aperture N-PDFs
describe the dense strongly concentrated gas that is more inti-
mately connected to the star formation sites rather than the gas
traced by extragalactic works.

Second, the range of column densities traced by molecular
line observations is more limited than that traced by dust. Con-
sequently, extragalactic works usually do not measure the shape
of the column density distribution through N-PDFs. Instead, they
commonly measure the top-heaviness of the gas distribution us-
ing a dense gas fraction constructed from observations of two
molecular species (e.g. Gallagher et al. 2018). To zeroth order,
this definition is analogous to our definition of fDG, that is, it
represents the ratio of masses above two density thresholds (de-
fined by the critical densities of the molecules). However, it is
unclear where most of the emission of the molecules originates

and how well, and with what calibration, line ratios trace dense
gas fraction.

When these differences are acknowledged, one-to-one com-
parisons with extragalactic data are not possible. Rather, we
place our results in the context of those works as a first step
to start understanding similarities and differences between the
results. The most relevant extragalactic works to compare with
are the recent interferometric observations of nearby galaxies.
In particular, Hughes et al. (2013) studied the N-PDFs of 100 pc
scale CO data in different environments of the M51 galaxy. They
found that the distributions change with galactic environment.
The N-PDFs of the inner regions of M51 tend to be wider, and
gas in inter-arm regions tends to have lower characteristic den-
sities than gas within spiral arms. Qualitatively (and acknowl-
edging the aforementioned caveats), these results imply more
top-heavy N-PDFs and higher dense gas mass fraction in arm
regions than in inter-arm regions. Overall, several recent works
have studied the relation of dense gas fraction and gas surface
density in nearby galaxies (e.g. Sun et al. 2020, 2018; Hughes
et al. 2013; Querejeta et al. 2019; Gallagher et al. 2018; Leroy
et al. 2017). In general, these works find a correlation between
dense gas fraction and gas surface density, regardless of whether
they consider clouds identified from data or integrated proper-
ties within apertures and environments. Again qualitatively, this
trend is analogous to the fact that we detect higher mean surface
densities and dense gas fractions ( fDG) in the spiral arm environ-
ment than in the solar inter-arm environment.

Several relevant models that considered the relation between
molecular cloud properties, star formation, physical scale, and
galactic environment exist (e.g. Elmegreen 2018; Meidt et al.
2020, and those more generally reviewed in Padoan et al. 2014).
Our results in the Milky Way open a door to testing these models
with a large sample of data. Furthermore, the suggestive similar-
ities in the results between our work and extragalactic studies
make it interesting to link these results together with the mod-
els. This requires a close reconciliation of the correspondence
between the details of the data and model parameters. This is be-
yond the current paper and an important avenue for future works.

4.3. Kennicutt-Schmidt relation

We next discuss the interpretation of our aperture experiment in
the context of the Kennicutt-Schmidt (KS) relation. This rela-
tion has been extensively studied in extragalactic works (see e.g.
Kennicutt & Evans 2012, for a review) and in the solar neigh-
bourhood clouds up to distances of some ∼ 0.5 kpc (e.g. Heider-
man et al. 2010; Gutermuth et al. 2011; Lada et al. 2013; Evans
et al. 2014; Pokhrel et al. 2020). Many of these Galactic works
have employed data similar to our study: extinction map data to
trace gas surface density, and YSO counts to trace the star forma-
tion content of the clouds. To place our results in the context of
these works, we show in Fig. 18 the Kennicutt-Schmidt relation
of our cloud and aperture sample. The cloud sample spans only
a small range of mean surface densities above the chosen thresh-
old level (3 mag ≈50 M� pc−2), similarly to what earlier works
have found. There is no correlation in the cloud-to-cloud data in
the solar neighbourhood; this key result has been derived earlier
for a smaller sample by Lada et al. (2013, see also Evans et al.
2014). Our sample extends somewhat out of the Galactic envi-
ronment of the solar neighbourhood. The few clouds that may be
associated with the spiral arm towards the Galactic centre have
considerably higher mean gas surface densities than the clouds
in the solar neighbourhood (see Sect. 3.2.3 and Fig. 10). A study
comprising a higher number of more distant clouds would be
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Fig. 18. Kennicutt-Schmidt relation for apertures of radius 1 kpc (yel-
low circles), 0.5kpc (orange pentagons), 0.25kpc (red triangles), and the
individual clouds (blue circles, size corresponds to cloud area). The er-
ror bars show the standard deviation of the x-axis (gas surface density)
of the apertures.

needed to determine whether these clouds, when analysed to-
gether with the solar neighbourhood clouds, would give rise to a
correlation in the KS plane.

Figure 18 also shows the KS relation for the apertures in our
bird’s eye experiment. The data span a wider range of column
densities than the cloud-to-cloud data. We emphasise again that
the aperture experiment is not directly comparable to extragalac-
tic studies, mostly because of the lack of a diffuse molecular
component. The wide span in column density originates mostly
from the fact that the number density of clouds in the survey
area is relatively small, and hence, the scatter in the number of
clouds per beam is high. The apertures with only few clouds
have very low mean gas surface density, stretching the range to-
wards low surface densities. Importantly, the range of mean sur-
face density decreases with increasing aperture size, as shown in
the inset lines showing standard deviations. The range of mean
surface densities is also slightly affected by the relation between
the mean surface density and Galactocentric radius. We demon-
strate this in Fig. 19, which shows how the KS relation moves
towards higher mean column densities with decreasing Galac-
tocentric radius. The figure also indicates higher star formation
rates for apertures with RGal = 8 − 9 kpc, which we discuss in
Sect. 4.5.

These trends together help us understand the emergence of
the KS relation in our aperture data as a combination of two
effects. On the one hand, the near-constant mean surface densi-
ties of individual clouds cause a wide range of aperture-averaged
mean column densities. If the clouds are spatially randomly dis-
tributed, the range is expected to decrease as an inverse square
root of the aperture size, following from the central limit the-
orem. On the other hand, the mixture of galactic environments
further increases the range of mean surface densities. Together,
these effects give rise to a correlation in the KS plot, and hence,
to the KS relation in our data. It would be interesting to further
study the information about the sub-structure of the cloud distri-
bution encoded in the relation and its scatter.

Fig. 19. Kennicutt-Schmidt relation for apertures of radius 1 (circles),
0.5 (pentagons), and 0.25 kpc (triangles), colour-coded according to
Galactic radius (as in Fig. 14).

4.4. N-PDFs towards the Sagittarius spiral arm

Our results suggest that clouds and apertures towards the Galac-
tic centre and Sagittarius spiral arm may have higher mean ex-
tinctions and column densities, higher dense gas fractions, and
shallower N-PDFs than those closer to the Sun (Figs. 10, 14, and
15). These results are to a high degree driven by the N-PDFs of
six clouds: M16, M17, M20, NGC6334, Cartwheel, and Cygnus.
These are all massive clouds in the Galactic plane. Here we in-
vestigate whether these differences are indeed caused by the spi-
ral arm galactic environment in which they reside, or if other ex-
planations for the different N-PDFs of these clouds present them-
selves. The possibility that the different column density maps
cause the difference was discussed in Sect. 3.2.3.

Two factors that might contribute to the high column density
of the six spiral-arm clouds are confusion and incompleteness.
The clouds are located in the plane of the Galaxy, where ma-
terial that is not related to the clouds might be included in their
N-PDFs, making the extinction higher (confusion). It is also pos-
sible that the location of the clouds in the Galactic plane have
caused us to exclude the lower column density part of the clouds
(the N-PDFs are incomplete). Accounting for incompleteness
and confusion could alter the N-PDFs of the large clouds so that
they appear to be more like the other N-PDFs in our sample.
However, incompleteness mainly affects the low-AV part of the
N-PDF, and confusion is not likely either to dominate the shape
of the N-PDFs at high-AV. The possibility of incomplete N-PDFs
is explored below.

If the N-PDFs of the clouds in the Galactic plane are incom-
plete, the increased mean extinctions and surface densities we
see towards the Galactic centre would result from the inability
of our column density maps to appropriately cover the low col-
umn density parts of massive clouds in the Galactic plane. For
example, the aperture N-PDF with the size of 2 kpc is strongly
affected by clouds with peaks in N-PDFs at about 10-20 mag.
This might be dominantly caused by observational limitations,
and the N-PDF may exclude an amount of gas. While we can-
not exclude this possibility, we can study whether missing the
low column density parts of the clouds appears to sensible. To
do this, we performed a simple calculation in which we hypoth-
esise that the N-PDFs of the clouds with high mean AV in fact
continue in a power-law-like fashion until the AV of unity; our
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observational data have missed this gas due to the confusion in
the Galactic plane. As a result, the aperture N-PDF with size of
2 kpc continues as a steeper power law until the AV of unity. The
total mass added in this experiment is about 2.5·106M�, which is
∼ 28% of the total mass in the aperture. Thus, it seems entirely
possible that the extinction maps have missed this component.
It is possible that the apparently shallower low-AV part of the
aperture N-PDFs is affected by the missing mass, but missing
this component would not strongly affect the shape of the re-
maining aperture N-PDFs. It is possible, however, that the mean
surface density of clouds and apertures towards the Galactic cen-
tre would be slightly altered if this missing component were in-
cluded. It is difficult to establish how strong this effect is exactly.
Hence, our results regarding the relation between values such as
mean column density and galactic environment remain sugges-
tive. However, the high column density parts of the N-PDFs are
not affected by these issues, and the results regarding the slopes
of N-PDFs, for example, are firmer.

We therefore argue that the N-PDFs of these clouds are in-
deed somewhat different from the other clouds in the sample, and
that some of this difference is attributed to the cloud locations,
which are closer to the Galactic centre and the Sagittarius spiral
arm. Because these clouds are among the most massive in our
sample, they dominate the aperture N-PDFs. Fig. 7 showed that
the fraction of N-PDFs that did not fit any of our functional forms
decreased substantially when we excluded the spiral arm clouds.
These massive clouds might better be described as cloud com-
plexes with more complex N-PDFs as a result than the simple
functional forms. These types of clouds might be the ones mostly
seen in external galaxies, and conclusions about the star forma-
tion from extragalactic works would then be based on these types
of clouds. It is therefore important to understand the difference
between these clouds and smaller clouds.

4.5. Inhomogeneous YSO data

There is considerable uncertainty in the YSO counts, and hence
in the star formation rates, of the clouds. Dedicated observa-
tions exploiting NIR and MIR data can reach a mass complete-
ness of about 0.1 M� in clouds closer than some ∼1 kpc (e.g.
Pokhrel et al. 2020). We exploit just these data, therefore this
is the mass completeness for most nearby clouds in our sample.
At greater distances, and especially between 1-2 kpc, the studies
from which we adopted the YSO counts are not homogeneously
calibrated against each other and can have relatively large sys-
tematic differences between them. Moreover, several clouds at
these distances do not have YSO censuses from dedicated NIR
or MIR data, and we do not report YSO counts for them; we
found YSO information for 44 of the 72 clouds. To the first de-
gree, the mass sensitivity decreases with distance squared. A
rough estimate therefore is that on average, the mass sensitiv-
ity of the YSO data for our farthest clouds (2 kpc) is a factor of
some ∼4 lower than for the most nearby clouds. However, the
shape of the system initial mass function (IMF) likely flattens at
low masses (Chabrier 2003), meaning that loss of mass sensitiv-
ity does not translate directly into a similar loss in the number
of sources. We can approximately estimate the effect of this on
the YSO count censuses by examining the integral over the IMF
above a distance-dependent mass sensitivity limit, Mlim. If we
adopt a conservative mass sensitivity limit of 0.2 M� at 1 kpc,
and hence 0.8 M� at 2 kpc, we find that that at 2 kpc distance,
we would detect roughly 30% of the YSOs detected in nearby
clouds. This means that the star formation rates and efficiencies

may be systematically lower by a factor of roughly three at the
farthest clouds of our sample compared to the nearest ones.

We therefore performed a test to determine how increasing
the number of YSOs at far distances affects our results. We in-
creased the number linearly from 1 − 2kpc so that we reached a
factor of three at 2kpc. The result that more star-forming clouds
have more top-heavy N-PDFs (Sect. 3.2.4 and Fig. 12) is likely
not significantly affected by the YSO incompleteness because
the correlations remain when only clouds closer than 1.2 kpc are
considered (see Fig. E.3). The YSO incompleteness does affect
the aperture SFRs and SFEs, however. The effects are shown
in Appendix E. Only a small change is seen in the SFE maps
(Fig.E.1) because the mass exceeds the number of YSOs for
most of the far clouds. The correlation between star formation
properties and dense gas measures in Fig. 12 was seen for aper-
tures of R = 0.25 kpc, and the correlation is stronger when the
YSO numbers are adjusted for incompleteness (Fig. E.2). Our re-
sults on aperture SFE therefore appear to hold with the adjusted
number of YSOs, and the correlation between dense gas proper-
ties and aperture SFE is clearer after the adjustment. We cannot
adjust the number of YSOs for the clouds without YSO infor-
mation, however, and this is difficult to correct for. We therefore
caution that there might still be some bias in our data towards
lower SFR and SFE of distant clouds and apertures.

5. Conclusions

We performed a study of the column density distributions of a
complete sample of major molecular clouds within 2 kpc dis-
tance from the Sun. We employed dust extinction and dust emis-
sion data and YSO counts from the literature. We studied the
column density distributions of the clouds individually, enabling
us to quantify the full spectrum of molecular cloud N-PDFs and
their relation with star formation. We also performed an exper-
iment in which we simulated the column density distributions
as they would be viewed from outside the Milky Way, within
apertures of radius 0.25-2 kpc. The experiment enabled us to
determine links between unresolved and resolved properties of
the density distributions, and from there, start developing a link
between Galactic resolved observations of molecular clouds and
extragalactic unresolved observations. Our main results and con-
clusions are listed below.

1. We present a census of molecular clouds within 2 kpc dis-
tance by collecting all large structures prominent in CO
and/or dust extinction. The census consists of 72 objects,
for 44 of which we find YSO count information in the lit-
erature (see Table 1). The data set represents the most com-
plete study to date of molecular cloud structures in the local
Galactic environment. Within the uncertainties, our sample
recovers the mass of CO traced clouds in the survey area,
indicating high completeness.

2. We describe the spectrum of molecular cloud N-PDF shapes
within 2 kpc of the Sun. The N-PDFs show a broad spectrum
of shapes and are generally poorly described by any single
simple model (LN, PL, or LN+PL, see Sect. 3.2.1). Further-
more, using any single model to study a cloud population
can lead to biases in how the N-PDF shapes are recovered.
Most of the clouds are best fit with the LN+PL model, but
a significant amount of the mass is in clouds whose N-PDFs
are poorly described by any of the forms. This mass is dom-
inated by the large clouds towards the Sagittarius spiral arm.
When these are excluded, ∼ 26% of the mass is in clouds
with LN+PL shapes. The most top-heavy N-PDFs decrease
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at high column densities roughly with a power-law slope of
-2.

3. We describe the relationship between the N-PDF shapes and
star formation in our sample. For the clouds with RGal > 7.5
kpc, the top-heaviness of the N-PDFs correlates with SFR
and SFE. This correlation is present in both the dense gas
mass fraction computed using two column density thresholds
( fDG) and the relative density contrast of the clouds (∆AV,
see Sect. 3.2.4). However, the correlation between SFE and
fDG breaks down when different galactic environments are
considered together. This suggests that density contrast may
be more fundamentally linked to star formation than fDG.

4. We find indications of a dependence on Galactic environ-
ment for the N-PDF shapes and dense gas measures. The
clouds and apertures associated with smaller galactic radii
(likely associated with the Sagittarius spiral arm) have higher
mean column densities and are in relative terms more top-
heavy N-PDFs than those outside it. While this conclusion
is susceptible to uncertainties related to mapping the column
density of clouds in the Galactic plane, we find the evidence
suggestive.

5. Our aperture N-PDF experiment describes how the internal
cloud N-PDFs give rise to averaged low-resolution N-PDFs.
The aperture N-PDFs are in general more shallow and top-
heavy than those of the individual clouds because they are
dominated by the gas in the massive star-forming clouds. A
scale dependence on the shape and variance of the aperture
N-PDFs is seen: larger apertures give rise to more shallow
and top-heavy density distributions. We also describe the de-
crease in variance of the aperture properties with scale.

6. We approximately quantify the shapes of aperture N-PDFs
using power-law functions. For our entire R = 2 kpc sur-
vey area, we obtain the relation P(AV) ∝ A−1.9

V . If we only
consider the Galactic environment of the Sun, and/or de-
crease the aperture size, the slope of the relation becomes
steeper. For apertures with R = 0.25 kpc, the relation is
P(AV) ∝ A−3.3

V .
7. Analogously to individual clouds, we find a correlation be-

tween the SFE and the shape of aperture N-PDFs for aper-
tures with R = 0.25 kpc, at least in the solar environment
(RGal > 8 kpc). The relation is not seen for apertures with
R = 0.5 or R = 1 kpc, suggesting a possible break-down of
the relation around that scale.

8. We show how a Kennicutt-Schmidt-like relation emerges
from the data of individual clouds in our aperture experi-
ment. It emerges as a combination of two effects: the num-
ber of clouds that have a narrow range of mean column den-
sities varies strongly within the apertures, causing a wide
range of aperture-averaged column densities. This range is
further widened by the effect of Galactic environment; in
other words, simultaneously analysing apertures from differ-
ent environments contributes to the emergence of the rela-
tion. While this result arises from a dust-based analysis of
cloud-like structures, it remains to be studied how exactly
it applies to CO-based data before direct comparisons with
extragalactic works can be attempted.

Our work takes important steps towards using our own
galaxy, and the detailed information of its ISM, as a point of
comparison to understand information decoded in extragalactic
scaling and star formation relations. While several issues remain
to be considered before a direct comparison is possible (e.g. the
role of diffuse gas, use of different tracers, or completeness is-
sues), our first results demonstrate the feasibility and advantage

of this. In the continuation of this work, we aim at developing
the approach to this direction and integrating velocity informa-
tion into the analysis. This will enable us to examine scaling
relations that include kinematic information, such as Larson’s
relations, and take yet another step towards connecting Galactic
and extragalactic studies of the topic.
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Appendix A: Dust extinction maps of Cygnus and
Cartwheel

Two major clouds in our sample have no available column den-
sity maps: Cygnus and Cartwheel. The Herschel PPMAP-based
maps would ideally be adapted for these clouds, together with
other Galactic plane clouds for which no extinction-based maps
are available. However, both Cygnus and Cartwheel extend over
a considerably wider latitude range than what is covered by the
Herschel HiGal survey; using these data would make the fields
prohibitively incomplete. To include these clouds in our analy-
ses, we derived new extinction-based column density maps for
them. We employed an adaptation of the colour-excess mapping
technique presented in Kainulainen et al. (2011). In short, this
technique is based on the NICER technique (Lombardi & Alves
2001), with modifications that make the technique better appli-
cable to clouds in the Galactic plane where a large fraction of
stars are located between the observer and the cloud. We refer
to Kainulainen et al. (2011) for the full description of the tech-
nique. We applied this mapping technique to Cygnus and Carth-
wheel. For Cygnus, we used the technique in conjunction with
near-infrared JHK data from the UKIDSS Galactic plane sur-
vey (Lucas et al. 2008; Lawrence et al. 2007), specifically, the
data release DR11PLUS. For Cartwheel, we used near-infrared
JHK data from the VISTA/VVV survey (Minniti et al. 2010) and
specifically the photometric data published by Zhang & Kain-
ulainen (2019). The resulting maps are presented with all other
clouds in Appendix B. In general, they recover the column den-
sity structure of the two clouds between about AV = 1 − 25
mag. While the extinction maps reveal the general structure of
the clouds well, they do contain some artefacts caused by im-
perfect foreground star removal and the high column density re-
gions where no or very few stars are detected. We note that while
extinction mapping may not be optimal for the Galactic plane re-
gions, currently, no higher-fidelity data are available that would
cover the wide areas spanned by the clouds.
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Appendix B: Extinction maps of all clouds
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Fig. B.1. Extinction maps of the clouds within 2kpc from us (Figs. B.1-B.4).
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Fig. B.2. Extinction maps of all clouds, continued.
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Fig. B.3. Extinction maps of all clouds, continued.
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Fig. B.4. Extinction maps of all clouds, continued. M17 and M20 are marked with stars as their colour bar extends to higher extinctions than the
other clouds, to 18 mag instead of 8.

Article number, page 25 of 36



A&A proofs: manuscript no. output

Appendix C: N-PDFs of all clouds
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Fig. C.1. N-PDFs of all clouds (Figs. C.1-C.4). The N-PDF used in the analysis is shown in dark grey. The extinction map used is noted in the
legend, N for NICEST, pp for PPMAP by Marsh et al. (2015), and A for the extinction maps derived in Appendix A. For the N-PDFs not derived
from NICEST maps, the N-PDF derived from Juvela & Montillaud (2016) is shown in light grey for comparison. The blue, red, and yellow lines
show the fits of PL, LN, and LN+PL models, respectively. The transition point of the LN+PL model is shown with a vertical dotted yellow line.
All fits were made above the extinction at the last closed contour, which is marked with the vertical grey line. The residuals of the fitted models
are shown below the N-PDFs, and the best-fit shape is noted in the legend. The N-PDFs are ordered according to distance, as in Table 1.
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Fig. C.2. N-PDFs of all clouds, continued.
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Fig. C.3. N-PDFs of all clouds, continued.
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Fig. C.4. N-PDFs of all clouds, continued.
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Appendix D: Resolution study

Here, we study the effect of resolution on our column density maps and N-PDFs. Because the difference in distance between the
clouds is a factor of ∼ 10, the physical resolution can also be different by a similar factor. However, we note that this is the maximum
resolution difference; some of the distant clouds, for example all those with Herschel-based data, have a resolution similar to nearby
clouds (nearby clouds at 200 pc away have a resolution of about 150′′, while clouds 2 kpc away with Herschel data have the
resolution of 12′′, yielding a similar physical resolution). Thus, the resolution issue is relevant only for a subset of clouds.

To examine this, we degraded the resolution of one of the nearby clouds (Taurus) by a factor of ten to see
how this would affect the shape of the derived N-PDF. To degrade the resolution, we used the Python package
scipy.interpolate.RegularGridInterpolator. Figure D.1 shows the column density map of Taurus at the two different
resolutions and the N-PDFs derived from these maps. It appears that the shape of the N-PDF is relatively well preserved with the
lower resolution, but some information in the high-density part of the N-PDF is lost at low resolution due to poorer sampling. This
loss of the high-density part can affect the derived mass and relative dense gas measures for the clouds.
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Fig. D.1. Column density maps of Taurus and resulting N-PDFs. Left: Original column density map. Middle: Degraded by a factor of 10. Right:
N-PDFs computed from the maps. The original N-PDF is shown in black, and the degraded N-PDF is shown in magenta.

To study the effect of resolution differences on our full sample, we degraded all clouds to the lowest resolution in our sample.
The cloud with the lowest resolution is Maddalena, with a physical resolution of 0.824 pc. Most clouds have similar masses and
dense gas measures when degraded; a few clouds have significantly different values. The effect of the degraded resolution on the
dense gas measures is shown in Fig. D.2, which shows that the behaviour with respect to the galactocentric radius is preserved for the
degraded resolution. Figure D.3 shows N-PDFs for solar centred apertures before and after degrading. The shape is relatively well
preserved here as well, except for the truncation of the highest-density part. Table D.1 shows the effects of degrading the resolution
on the full sample of apertures covering the survey area. The degraded apertures appear to have slightly more mass, shallower
slopes, and higher dense gas fractions than the original apertures, but the numbers generally agree within the errors. Hence only
minor differences are seen, and we can conclude that the varying resolution of the column density maps of the clouds in this study
does not significantly affect the results.

Fig. D.2. Relation between dense gas measures and galactocentric radius. The original data points for the clouds with native resolution are shown
in blue (same as Fig. 10), and the same clouds with degraded resolution are shown in magenta.
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Fig. D.3. Solar centred apertures with native resolution (left) and with all cloud maps degraded to a resolution of 0.824 pc (right).

Table D.1. Properties of the aperture N-PDFs. The top of the table is the same as Table 3, and the bottom shows the same quantities when all
clouds are degraded to a resolution of 0.824 pc.

R Na MAV>3 mag αb Σc SFR SFR
A

d SFE fDG ∆AV

kpc 106 M� M� pc−2 103M� Myr−1 103M� Myr−1kpc−2 % %
2.00e 1 8.8 -1.9 0.7 9.7 0.8 0.13 23 1.45
1.00 13 6 ± 2 -2.7 ± 0.2 1.2 ± 0.3 7 ± 2 2.2 ± 0.6 0.10 ± 0.02 17 ± 5 0.84 ± 0.09
0.50 49 1.8 ± 0.4 -3.1 ± 0.2 1.5 ± 0.4 2.2 ± 0.6 2.8 ± 0.8 0.08 ± 0.02 12 ± 3 0.58 ± 0.05
0.25 213 0.38 ± 0.08 -3.3 ± 0.2 1.1 ± 0.3 0.4 ± 0.1 2.1 ± 0.7 0.04 ± 0.01 5 ± 1 0.27 ± 0.02

Apertures with RGal > 7.5 kpc
1.00 11 6 ± 2 -2.9 ± 0.2 1.1 ± 0.3 7 ± 2 2 ± 2 0.10 ± 0.02 12 ± 4 0.8 ± 0.1
0.50 42 1.8 ± 0.5 -3.3 ± 0.2 1.3 ± 0.4 2 ± 5 3.0 ± 0.9 0.09 ± 0.02 8 ± 2 0.55 ± 0.05
0.25 176 0.36 ± 0.08 -3.4 ± 0.1 1 ± 5 0.4 ± 0.2 2.3 ± 0.8 0.05 ± 0.01 3 ± 1 0.27 ± 0.02

All apertures, now with all clouds at same resolution.
1.00 13 8 ± 2 -2.4 ± 0.2 1.7 ± 0.4 7 ± 2 2.2 ± 0.6 0.09 ± 0.02 22 ± 7 0.9 ± 0.1
0.50 49 2.2 ± 0.5 -2.9 ± 0.2 1.9 ± 0.5 2.2 ± 0.6 2.8 ± 0.8 0.08 ± 0.02 13 ± 3 0.58 ± 0.05
0.25 213 0.47 ± 0.09 -3.0 ± 0.2 1.6 ± 0.4 0.4 ± 0.1 2.1 ± 0.7 0.04 ± 0.01 5 ± 1 0.26 ± 0.02

Apertures with RGal > 7.5 kpc, now with all clouds at same resolution.
1.00 11 6 ± 2 -2.6 ± 0.2 1.3 ± 0.4 7 ± 2 2 ± 2 0.10 ± 0.02 15 ± 6 0.78 ± 0.09
0.50 42 1.8 ± 0.5 -3.1 ± 0.2 1.4 ± 0.4 2 ± 5 3.0 ± 0.9 0.09 ± 0.02 8 ± 2 0.55 ± 0.05
0.25 176 0.36 ± 0.09 -3.1 ± 0.1 1 ± 5 0.4 ± 0.2 2.3 ± 0.8 0.05 ± 0.01 3 ± 1 0.26 ± 0.02

Notes.
(a) Number of apertures considered. (b) Slope of the linear fit. (c) Mean surface density within the apertures (total cloud mass divided by aperture
area). (d) A is the area of the aperture. (e) This is our full survey area. Therefore there is only one aperture, and no standard deviation is given.
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Appendix E: YSO completeness

Here we investigate the effect of adjusting for YSO completeness on our results. We increased the number of YSOs linearly for
clouds between 1 – 2 kpc, reaching a factor of three increase at 2 kpc. Figure E.1 shows maps of SFE and SFE variance before and
after adjustment. The adjusted maps show higher values for some pixels, while others seem unaffected by the adjustment. Overall,
the adjustment does not significantly change our results. Table E.1 compares the star formation properties of the apertures with
adjusted and unadjusted numbers of YSOs at far distances. It shows an increase of star formation rate in the full survey area from
19 to 27 ·103 M� Myr−1, and star formation efficiency from 0.2 to 0.3%. The result that larger apertures are less efficient at forming
stars (lower SFE and SFR/A) also holds true with the adjustment, however. Figure E.2 shows SFE versus dense gas measures for
the apertures in our sample, again comparing adjusted and original versions. The correlation is significant for fDG versus SFE for
apertures of R = 0.5 and 0.25 kpc if the number of YSOs is adjusted, while no correlation is seen for the original apertures.

Fig. E.1. Maps of SFE (two left panels) and SFE variance (two right panels). Left: original. Right: Adjusted. Apertures with R = 1 kpc (top),
R = 0.5 kpc (middle), and R = 0.25 kpc (bottom).

Table E.1. Star formation properties of the aperture N-PDFs. Left: Original. Right: Adjusted.

R SFR SFR
A

* SFE
kpc 103M� Myr−1 103M� Myr−1kpc−2 %

2.00** 10 0.8 0.13
1.00 6.8 ± 1.9 2.1 ± 0.6 0.10 ± 0.02
0.50 2.2 ± 0.6 2.8 ± 0.8 0.08 ± 0.02
0.25 2.1 ± 0.1 2.1 ± 0.7 0.04 ± 0.01

Apertures with RGal > 7.5 kpc
1.00 7.2 ± 2.2 2.3 ± 2.4 0.10 ± 0.02
0.50 2.4 ± 4.8 3.0 ± 0.9 0.09 ± 0.02
0.25 0.4 ± 0.2 2.2 ± 0.8 0.05 ± 0.01

SFR SFR
A

* SFE
103M� Myr−1 103M� Myr−1kpc−2 %

13 1 0.33
9.2 ± 2.7 2.9 ± 0.9 0.14 ± 0.03
3.0 ± 0.9 3.8 ± 1.1 0.11 ± 0.02
0.6 ± 0.2 2.8 ± 1.0 0.05 ± 0.01

NYSOs adjusted, RGal > 7.5 kpc
9.5 ± 3.2 3.0 ± 3.4 0.13 ± 0.03
3.1 ± 6.7 4.0 ± 1.3 0.11 ± 0.02
0.6 ± 0.2 3.0 ± 1.1 0.05 ± 0.01

Notes.
(*) A is the area of the aperture. (**) This is our full survey area. Therefore there is only one aperture, and no standard deviation is given.
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Fig. E.2. Relation between aperture averaged SFE and dense gas measures. Left: Original. Right: Adjusted. Empty symbols show apertures with
RGal < 8 kpc. Correlations are significant for apertures of R = 0.25 kpc for fDG vs. SFE (p-value: 0.0004, R-value: 0.5), and for ∆AV vs. SFE
(p-value: 0.01, R-value: 0.3). Thus we obtain correlations for the same apertures with and without the YSO adjustment, but with lower p-values
and higher R-values for the adjusted case.

Fig. E.3. Relation between SFE and the dense gas measures of individual clouds. Light blue shows clouds with a distance > 1.2 kpc. The symbol
size corresponds to the cloud area > 3mag. Left: Dense gas mass fraction, fDG, versus SFE. The line shows a fit with a = 0.6 ± 0.2, similar to the
relation found previously for nearby molecular clouds (e.g. Kainulainen et al. 2014). Right: Relative density contrast, ∆AV, versus SFE. The line
shows the fit of SFE ∝ 10a∆AV with a = 1.6 ± 0.4.
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Table 1. Clouds in our sample, with some of their properties and references.

Name Dist Massa YSOs SFE l b fDG ∆AV Extb

[pc] 103[M�] log [◦] [◦] log
MBM161 802 0.01 02 [168,174] [−40,−34] 0.26 N
LDN1343 1004 0.11 53 −2.41 [3,7] [34,38] −1.46 0.86 N
Taurus3 1305 3.28 4406 −1.57 [165,177] [−21,−11] −0.94 1.06 N
Aquila-South7 1355 [28.75,40.50] [−20.25,−12.25] 0.42 N
Ophiuchus7 1395 5.05 3518 −2.07 [−12,11] [8,26] −1.21 0.97 N
RCrA7 1555 0.43 539 −1.74 [−2,4] [−24.25,−16.25] −0.90 1.32 N
Chamaeleon7 1615 1.56 1119 −2.26 [290,310] [−22,−6] −1.55 0.81 N
Pipe3 1805 16.0 2110 −3.35 [−5,7] [2,8] −1.68 0.28 N
Coalsack7 1875 1.19 511 −2.98 [299,304] [−3.5,1.0] −2.53 0.35 N
Lupus3 1975 2.31 1409 −2.36 [−28,−15] [4,20] −1.57 0.83 N
Hercules7 2235 0.08 [41,49] [6,11] −2.74 0.49 N
Camelopardalis7 2355 0.04 15012 −2.30 [140.64,155.07] [14.62,25.88] 0.33 N
Aquila7 2545 18.0 4038 −2.64 [12,35] [6,14] −2.60 0.42 N
Pegasus-West7 2585 0.02 [89,96] [−32.62,−29.12] 0.38 N
LBN906–175 2605 0.02 [−159,−155] [−32.6,−29.2] 0.42 N
MBM1213 27514 0.72 814 −3.28 [157,163] [−37,−32] −2.54 0.59 N
Perseus3 2765 7.31 4528 −2.20 [152,162] [−29,−12] −1.41 0.84 N
L13335 2835 0.23 515 −3.23 [125.5,132.5] [13.0,16.5] 0.51 N
Pegasus-East7 2925 0.12 [100,107] [−33.25,−25.25] 0.33 N
UrsaMajor7 3305 0.90 −4.26 [138.94,150.91] [32.88,42.25] 0.32 N
Polaris7 3435 0.19 [117,128] [20,38] 0.28 N
L12655 3445 0.05 [116.5,119.5] [−5.5 ,−2.5] 0.55 N
CephFlare3 3465 5.26 11816 −3.21 [97.0,116.5] [7,25] −2.14 0.46 N
LBN968–CB285 3475 0.20 [−157.5,−150.5] [−29.0,−22.3] 0.59 N
GumNeb7 34817 0.59 2117 −3.32 [260,273] [−14,−4] −2.98 0.38 N
Spider5 3695 0.01 [132.5,137.5] [37.5,42.5] 0.41 N
LamOri7 3995 7.60 50018 −2.64 [190,200] [−18,−7] −2.15 0.46 N
Gemini7 40019 [198,202] [9.12,14.38] 0.28 N
LBN9915 4085 [−147,−145] [−30,−28] 0.32 N
OrionB3 4335 22.4 5448 −2.52 [200,210] [−17 ,−4] −1.19 0.93 N
OrionA3 4385 40.0 23948 −1.89 [204,219] [−22,−17] −0.84 1.04 N
California3 4665 18.1 17020 −3.00 [152,168] [−11,−2] −1.70 0.71 N
Draco5 4815 [87.5,92.5] [35.5,40.5] 0.38 N
Serpens3 4905 97.7 2229 −3.06 [25,33] [1,6] −0.73 0.68 N
Lacerta7 5045 0.19 [94.25,107.50] [−20.12,−9.12] 0.29 N
CygOB721 5615 95.8 3022 −3.94 [90.5,95.5] [1.5,6.5] −1.57 0.38 N
Circinus5 6755 22.9 4723 −3.70 [−48,−39] [−8,−2] −1.98 0.49 N
CepheusOB3b24 70025 36.4 21888 −1.88 [106,112] [0,4] −1.66 0.46 N
Norma5 7215 152 [−22,−19] [−0.3,3.5] −0.87 0.33 N
L1307–355 7415 12.9 [123.2,131.4] [0.8,6.5] 0.54 N
MonocerosR226 7675 31.3 9318 −2.73 [211,224] [−16,−6] −1.65 0.71 N
MonOB17 7715 27.6 68027 −2.52 [196,207] [−0.5,3.5] −1.32 0.87 N
IC514628 7925 4.98 13029 −2.46 [92,96] [−7,−3] −1.50 1.03 N
CephOB424 85024 29.8 1230 −4.31 [116.5,122.5] [1,7] −1.62 0.65 N
Vela5 8665 431 5531 −4.48 [−98,−85] [−4,5] −2.10 0.62 N
AFGL49032 90032 65.0 3198 −2.86 [140,144] [0,3] −1.59 0.41 N
L1340–555 9035 20.3 [128.4,135.4] [7.0,12.6] -3.35 0.62 N
S14033 91024 20.6 5318 −2.29 [106,108] [4.0,6.5] −2.12 0.49 N

1 LaRosa et al. (1999) 2 Pingel et al. (2013) 3 Kainulainen et al. (2009) 4 Mattila et al. (1979) 5 Zucker et al. (2020) 6 Rebull et al.
(2011) 7 Dame et al. (2001) 8 Pokhrel et al. (2020) 9 Dunham et al. (2015) 10 Lada et al. (2010) 11 Kato et al. (1999) 12 Straižys
& Kazlauskas (2010) 13 Hobbs et al. (1988) 14 Luhman (2001) 15 Obayashi et al. (1998) 16 Heiderman et al. (2010) 17 Yep & White
(2020) 18 Koenig et al. (2015) 19 Li et al. (2015) 20 Lada et al. (2017) 21 Dobashi et al. (2019) 22 Rice et al. (2012) 23 Mikami &
Ogura (1994) 24 Yonekura et al. (1997) 25 Allen et al. (2012) 26 Carpenter & Hodapp (2008) 27 Rapson et al. (2014) 28 Lada et al.
(1994) 29 Johnstone et al. (2017) 30 Yang et al. (1990) 31 Liseau et al. (1992) 32 Masiunas et al. (2012) 33 Bally et al. (2002)
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Table 1. Continued.

Name Dist Massa YSOs SFE l b fDG ∆AV Extb

[pc] 103[M�] log [◦] [◦] log
IC13965 9415 13.8 [97.5,102.5] [0.5,5.5] 0.36 N
L1293–13065 9775 6.42 [119,128] [−4.0,0.5] −2.53 0.65 N
Split34 100034 1610 [36,43] [−4,4] −0.28 0.20 N
Ara35 10645 274 [−25,−22] [−3.5,−0.3] -2.00 0.32 N
Cygnus7 12145 2280 213878 −2.27 [73,87] [−4,5] −0.56 0.68 A
S14736 122036 0.08 [178,182] [−3.5,−1.0] 0.30 N
Lagoon5 12205 246 320037 −2.20 [6,8] [−3.5,−1] −0.49 0.28 N
M205 12345 334 3338 −4.14 [6,8] [−1,1] −0.03 0.42 pp
Rosette39 12615 80.3 53039 −2.80 [204,210] [−4.0,−0.5] −1.47 0.75 N
CMaOB15 12625 18.9 34040 −2.74 [−138,−133] [−3.5,1.8] 0.67 N
NGC23625 13175 2.28 [−122.5,−117.5] [−7.5,−2.5] 0.83 N
L2915 13485 238 1041 −4.88 [11.0,14.1] [−5.5,−1.5] −1.08 0.62 N
GGD45 13495 3.14 [181.5,185.0] [−6.5,−1.5] 0.41 N
NGC66045 13525 441 [16.5,20.0] [1.8,4.0] 3.00 0.30 N
M175 15095 227 48842 −2.67 [13.5,16.0] [−1,0] −0.05 0.97 pp
S23543 156043 19.1 23044 −3.00 [171,175] [1,4] 0.70 N
IC4435 15935 0.98 [186.5,191.5] [2.5,7.5] 0.75 N
W3-W4-W55 16475 62.6 [132.5,137.5] [−1.5,3.5] 0.57 N
NGC633445 170045 258 16346 −3.13 [−11,−8] [−1,2] −0.08 1.12 pp
M1647 17315 234 110148 −2.27 [15.0,18.5] [0,2] −0.15 0.96 pp
Cartwheel49 180049 142 15050 −2.92 [344.5,146.0] [0.7,2.2] −0.61 0.16 A
Cyg-West34 180034 788 [68,73] [−4,4] 0.45 N
GemOB17 18655 309 23051 −3.73 [187,196] [−4.0,2.1] −1.93 0.51 N
Maddalena52 18885 13.0 7052 −3.41 [−146,−140] [−5,1] −2.12 0.48 N

Notes.
(a) The masses are computed from the column density maps, from pixels reaching an extinction of AV > 3 mag.
(b) The column density map used is noted in the last column, N for the NICEST extinction maps, A for the extinction maps derived in Appendix
A, and pp for the PPMAP emission maps from Marsh et al. (2015).

Table 2. Clouds in our sample, with their best-fit parameters.

Name Shapea AV limitb Fit parameters χ2

MBM16 LN 0.6 σ= 0.38 ± 0.01 34.53
LDN134 LN+PL 0.5 σ= 0.38 ± 0.01, α=-3.06 ± 0.09, x0 = 1.21 4.89
Taurus LN+PL 1.5 σ= 0.75 ± 0.03, α=-1.87 ± 0.07, x0 = 3.89 1.57
Aquila-South –
Ophiuchus PL 1.5 α=-2.33 ± 0.02 4.10
RCrA LN+PL 1.0 σ= 0.42 ± 0.03, α=-2.10 ± 0.09, x0 = 1.65 2.26
Chamaeleon LN+PL 1.5 σ= 0.36 ± 0.02, α=-2.20 ± 0.03, x0 = 2.02 1.55
Pipe LN+PL 2.5 σ= 0.22 ± 0.00, α=-8.24 ± 0.57, x0 = 6.12 13.33
Coalsack ? 2.5
Lupus LN+PL 1.0 σ= 0.81 ± 0.05, α=-4.05 ± 0.16, x0 = 2.33 7.51
Hercules LN+PL 0.8 σ= 0.58 ± 0.05, α=-4.79 ± 0.30, x0 = 1.47 2.45
Camelopardalis LN 1.8 σ= 0.22 ± 0.01 5.59
Aquila LN 3.0 σ= 0.52 ± 0.04 6.61
Pegasus-West LN+PL 1.4 σ= 0.47 ± 0.09, α=-8.65 ± 2.90, x0 = 2.28 0.96
LBN906-17 LN+PL 0.5 σ= 0.44 ± 0.01, α=-8.06 ± 3.38, x0 = 1.46 6.18
MBM12 LN+PL 0.5 σ= 0.53 ± 0.01, α=-3.07 ± 0.07, x0 = 1.30 1.51
Perseus PL 1.5 α=-2.44 ± 0.03 5.28
L1333 LN+PL 0.5 σ= 0.57 ± 0.02, α=-3.33 ± 0.09, x0 = 1.21 1.10
Pegasus-East LN 1.4 σ= 0.29 ± 0.01 1.87
UrsaMajor LN 2.5 σ= 0.25 ± 0.06 2.64
Polaris LN 1.5 σ= 0.29 ± 0.01 2.51

34 Green et al. (2019) 35 Arnal et al. (2003) 36 Chen et al. (2017) 37 Strasbuger et al. (2020) 38 Tapia et al. (2018) 39 Cambrésy
et al. (2013) 40 Sewiło et al. (2019) 41 Molina-Lera et al. (2016) 42 Povich & Whitney (2010) 43 Burns et al. (2015) 44 Dewangan &
Anandarao (2011) 45 Munoz et al. (2007) 46 Russeil et al. (2010) 47 Nishimura et al. (2017) 48 Linsky et al. (2007) 49 López et al.
(2011) 50 Figueira et al. (2019) 51 Koenig et al. (2011) 52 Megeath et al. (2009)
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Table 2. Continued.

Name Shapea AV limitb Fit parameters χ2

L1265 LN 0.3 σ= 0.59 ± 0.02 5.68
CephFlare LN+PL 1.5 σ= 0.35 ± 0.01, α=-3.90 ± 0.28, x0 = 2.75 5.16
LBN968-CB28 LN+PL 0.5 σ= 0.48 ± 0.02, α=-4.90 ± 0.25, x0 = 0.98 11.40
GumNeb LN+PL 1.5 σ= 0.28 ± 0.02, α=-5.78 ± 0.09, x0 = 1.92 2.58
Spider LN+PL 0.2 σ= 0.59 ± 0.02, α=-4.68 ± 0.28, x0 = 1.18 1.77
LamOri LN+PL 1.5 σ= 0.34 ± 0.01, α=-4.86 ± 0.08, x0 = 2.26 5.17
Gemini –
LBN991 – 0.5
OrionB PL 1.5 α=-2.33 ± 0.02 3.30
OrionA PL 1.5 α=-1.84 ± 0.02 4.33
California LN+PL 1.5 σ= 0.55 ± 0.02, α=-3.11 ± 0.12, x0 = 3.01 1.02
Draco –
Serpens LN+PL 1.5 σ= 0.55 ± 0.01, α=-2.75 ± 0.17, x0 = 6.21 2.44
Lacerta LN+PL 1.1 σ= 0.35 ± 0.06, α=-7.05 ± 0.32, x0 = 1.46 5.16
CygOB7 ? 1.5
Circinus LN+PL 0.6 σ= 0.26 ± 0.01, α=-3.62 ± 0.16, x0 = 2.33 5.77
CepheusOB3b LN+PL 1.5 σ= 0.37 ± 0.02, α=-2.93 ± 0.06, x0 = 2.66 1.80
Norma LN 2.0 σ= 0.47 ± 0.03 22.13
L1307-35 LN+PL 0.5 σ= 0.46 ± 0.01, α=-2.97 ± 0.08, x0 = 1.48 3.84
MonocerosR2 LN+PL 1.5 σ= 0.42 ± 0.01, α=-2.77 ± 0.10, x0 = 2.63 1.24
MonOB1 PL 1.5 α=-2.24 ± 0.02 1.30
IC5146 PL 1.5 α=-2.07 ± 0.07 1.69
CephOB4 LN+PL 1.5 σ= 0.62 ± 0.10, α=-3.14 ± 0.07, x0 = 2.30 1.31
Vela LN+PL 1.0 σ= 0.92 ± 0.03, α=-4.23 ± 0.28, x0 = 4.48 12.16
AFGL490 LN+PL 1.5 σ= 0.97 ± 0.41, α=-3.59 ± 0.11, x0 = 3.47 1.78
L1340-55 LN+PL 0.5 σ= 0.41 ± 0.00, α=-2.40 ± 0.07, x0 = 1.52 6.15
S140 LN 0.6 σ= 0.44 ± 0.01 9.27
IC1396 LN 0.6 σ= 0.38 ± 0.00 6.91
L1293-1306 LN 0.3 σ= 0.66 ± 0.01 2.44
Split ? 2.0
Ara LN 1.5 σ= 0.53 ± 0.02 13.64
Cygnus ? 3.0
S147 LN 0.5 σ= 0.33 ± 0.01 1.69
Lagoon ? 2.0
M20 ? 3.0
Rosette PL 1.5 α=-2.23 ± 0.06 7.37
CMaOB1 LN+PL 0.4 σ= 0.87 ± 0.02, α=-3.10 ± 0.58, x0 = 2.87 2.28
NGC2362 LN+PL 0.2 σ= 0.59 ± 0.07, α=-1.97 ± 0.10, x0 = 0.81 1.24
L291 LN 1.5 σ= 0.75 ± 0.08 15.22
GGD4 LN 0.4 σ= 0.59 ± 0.02 13.08
NGC6604 ? 2.0
M17 ? 2.5
S235 LN 0.5 σ= 0.65 ± 0.02 2.31
IC443 LN 0.3 σ= 0.91 ± 0.05 3.78
W3-W4-W5 LN 0.5 σ= 0.62 ± 0.01 4.17
NGC6334 ? 5.0
M16 LN 5.0 σ= 0.85 ± 0.01 48.70
Cartwheel ? 1.5
Cyg-West LN 1.0 σ= 0.53 ± 0.01 22.13
GemOB1 LN+PL 1.5 σ= 0.40 ± 0.01, α=-4.50 ± 0.17, x0 = 3.00 3.54
Maddalena LN+PL 1.0 σ= 0.34 ± 0.01, α=-3.67 ± 1.30, x0 = 2.56 1.51

Notes.
(a) The best-fit shape for each cloud. ’LN’ denotes log-normal, ’PL’ power law, and ’LN+PL’ a combination. Clouds that did not reach 2 mag were
not fitted, and are marked with a long dash. Clouds that were not well fitted by any model are marked with a questionmark.
(b) The limit of the last closed contour. The fits were performed above this limit.
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