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ABSTRACT

Probability distribution functions of the total hydrogen column density (N-PDFs) are a valuable tool for distinguishing between the
various processes (turbulence, gravity, radiative feedback, magnetic fields) governing the morphological and dynamical structure of
the interstellar medium. We present N-PDFs of 29 Galactic regions obtained from Herschel imaging at high angular resolution (18”),
covering diffuse and quiescent clouds, and those showing low-, intermediate-, and high-mass star formation (SF), and characterize the
cloud structure using the A-variance tool. The N-PDFs show a large variety of morphologies. They are all double-log-normal at low
column densities, and display one or two power law tails (PLTs) at higher column densities. For diffuse, quiescent, and low-mass SF
clouds, we propose that the two log-normals arise from the atomic and molecular phase, respectively. For massive clouds, we suggest
that the first log-normal is built up by turbulently mixed H, and the second one by compressed (via stellar feedback) molecular gas.
Nearly all clouds have two PLTs with slopes consistent with self-gravity, where the second one can be flatter or steeper than the first
one. A flatter PLT could be caused by stellar feedback or other physical processes that slow down collapse and reduce the flow of
mass toward higher densities. The steeper slope could arise if the magnetic field is oriented perpendicular to the LOS column density
distribution. The first deviation point (DP), where the N-PDF turns from log-normal into a PLT, shows a clustering around values of
a visual extinction of Ay (DP1) ~2-5. The second DP, which defines the break between the two PLTs, varies strongly. In contrast, the
width of the N-PDFs is the most stable parameter, with values of o between ~0.5 and 0.6. Using the A-variance tool, we observe that
the Ay value, where the slope changes between the first and second PLT, increases with the characteristic size scale in the A-variance
spectrum. We conclude that at low column densities, atomic and molecular gas is turbulently mixed, while at high column densities, the
gas is fully molecular and dominated by self-gravity. The best fitting model N-PDFs of molecular clouds is thus one with log-normal
low column density distributions, followed by one or two PLTs.

Key words. methods: statistical — ISM: clouds — dust, extinction — ISM: general — evolution — ISM: structure

1. Introduction star formation process (e.g., Padoan et al. 1997, 2002; Vazquez-

Semadeni & Garcia 2001; Hennebelle & Chabrier 2008, 2009;
Important tools for characterizing molecular clouds are probabil-  Federrath & Klessen 2012; Burkhart 2018). Numerical simula-
ity distribution functions of density (o-PDF) and column density  tions that include or exclude particular physical processes (such
(N-PDF) because they can be directly linked to theories of the as solenoidally or compressively driven turbulence, radiative
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feedback, gravity, and magnetic fields) show that the shape of the
N-PDF strongly depends on the dominant process and the evo-
lutionary state of the cloud. For example, the N-PDF is purely
log-normal if the cloud structure is governed only by isothermal
supersonic turbulence and develops a power law tail (PLT) under
self-gravity (e.g., Klessen 2000; Vazquez-Semadeni & Garcia
2001; Dib & Burkert 2005; Kritsuk et al. 2011; Collins et al.
2012; Girichidis et al. 2014; Ward et al. 2014; Burkhart et al.
2015a; Veltchev et al. 2016, 2019; Mocz et al. 2017; Auddy et al.
2018; Kortgen et al. 2019; Krumholz & McKee 2020; Jaupart
& Chabrier 2020; Donkov et al. 2021). The slope of the PLT
changes during the evolution of the cloud and can depend on
the 2D projection (Ballesteros-Paredes et al. 2011; Cho et al.
2011; Federrath & Klessen 2013; Burkhart 2018). In addition,
Schneider et al. (2015¢) report the detection of two PLTs in
massive star-forming regions where the second PLT in the high-
column-density regime, characterizing small spatial scales (sub-
parsec to a few parsec), is flatter than the first one. They argue
that this is caused by a physical process that slows down collapse
and reduces the flow of mass toward higher densities. Possi-
ble processes are rotation of collapsing cores, which introduces
an angular momentum barrier (Khullar et al. 2021), increasing
optical depth and weaker cooling, magnetic fields, geometrical
effects, and protostellar feedback. Though such a flatter PLT was
first found in a simulation presented by Kritsuk et al. (2011), it
is only recently that there are theoretical explanations for this
phenomenon (Jaupart & Chabrier 2020; Donkov et al. 2021).
Jaupart & Chabrier (2020) develop an analytical theory of the
density PDF and attribute the second PLT to free-fall collapse
of a dense region in a cloud. Donkov et al. (2021) propose that
the thermodynamic state of the gas changes from isothermal on
large scales to polytropic with an exponent larger than 1 on the
sub-parsec proto-stellar core scale. In the hydrodynamics mod-
els of Khullar et al. (2021), the second PLT appears only at much
higher densities and small (sub-parsec) scales, and corresponds
to rotationally supported material, for example a disc.

Numerical simulations of supersonic, isothermal turbulence
have demonstrated that the variance of logarithmic density fluc-
tuations, expressed by the width of the density PDF, o, in a
compressible, turbulent medium correlates with the RMS sonic
Mach number, M, and the type of forcing of the turbulence. The
forcing can be parameterized by the so-called forcing parameter
b, which encodes the relative amount of stirring versus compres-
sion in the turbulence, with 0'[2) = In(1 + b>M?), (Federrath et al.
2008). This variance—Mach relation also holds for column den-
sities seen in isothermal simulations (Burkhart et al. 2012) and
hydrodynamic models without self-gravity (Beattie et al. 2019).
Molina et al. (2012) extended this expression by including the
ratio between thermal and magnetic energies, expressed as B,
and obtained o7 = In(1 + (B> M? Binag/(1 + Brnag)))-

In recent years, observations using extinction maps (e.g.,
Lombardi et al. 2008; Kainulainen et al. 2009; Froebrich et al.
2010; Spilker et al. 2021) or Herschel column density maps
(e.g., Schneider et al. 2012, 2013, 2015a; Russeil et al. 2013;
Alves de Oliveira et al. 2014; Tremblin et al. 2014; Stutz &
Kainulainen 2015; Benedettini et al. 2015) started to test the
theoretical predictions. The interpretation of the observed N-
PDF shapes, however, varies strongly. For example, while Butler
et al. (2014) propose that N-PDFs of extinction maps of infrared
dark clouds (IRDCs) are best fitted by log-normal distributions,
Schneider et al. (2015b) find a pure power law distribution for
the same clouds. Moreover, Brunt (2015), studying low-mass
clouds, advocate that the PLT is a part of a log-normal N-PDF
arising from the cold, molecular part of the cloud. Gravity as the
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dominant process behind forming PLTs in star-forming regions is
suggested by the observational studies of Froebrich et al. (2010)
and Schneider et al. (2013, 2015a). In contrast, Kainulainen et al.
(2011) propose that pressure due to different phases in the inter-
stellar medium gives rise to the PLT. Tremblin et al. (2014), on
the other hand, argue that the N-PDF of clouds closely associated
with Hn regions can show a more complex shape with several
bumps and PLTs due to radiative feedback effects that cause
compression of local gas into shells and pillars. More recently,
Planck polarization observations at 353 GHz have been used to
identify that the relative orientations between the column den-
sity structure and the magnetic field orientation are also related
to the PLTs (Soler 2019).

It is not only the nature of the high column density part of the
N-PDF that is strongly debated, but also that of the low column
density range. While the observational studies mentioned above
mostly find a log-normal distribution for star-forming and non-
star-forming clouds for low column densities, Alves et al. (2017)
claim that there is no observational evidence for log-normal N-
PDFs of molecular clouds but that they are well described by
power laws. Various authors (Schneider et al. 2015a; Ossenkopf
et al. 2016; Chen et al. 2018; Kortgen et al. 2019), however,
discuss the impact of observational limitations such as noise,
line-of-sight (LOS) effects, and incompleteness on the N-PDF
but show that there are efficient methods to correct for noise
and contamination. They conclude that a log-normal and PLT
part of the N-PDF is the best-fitting model for star-forming
clouds.

These rather different views raise the need for a statistical
approach to understand N-PDFs, covering diffuse and quiescent
regions to high-mass regions. We thus started a series of papers,
of which the first one (Paper I, Schneider et al. 2015a) inves-
tigates how line-of-sight contamination affects N-PDFs. The
second one (Paper II, Schneider et al. 2015b) studies N-PDFs
of massive IRDCs and shows by using complementary molecu-
lar line data that the power law distribution of the N-PDF can be
explained by local and global infall of gas. And finally, the third
study, Paper III (Schneider et al. 2016), discusses the problems
of N-PDFs constructed from molecular line observations.

The objective of this paper is to present N-PDFs for a sig-
nificant number of molecular clouds with varying SF activity,
using dust column density maps derived from Herschel imag-
ing only. Though there are methods that combine data from
Herschel, extinction maps and Planck data (e.g., Lombardi et al.
2014; Butler et al. 2014; Zari et al. 2016; Abreu-Vicente et al.
2017; Pokhrel et al. 2020), we prefer to employ only Herschel
maps at 18” angular resolution, in particular because we do
not study the extended cloud environment. Such analyses would
involve Planck and extinction maps, and we do not want to intro-
duce systematic effects by using several data sets that require
a cross-calibration and could introduce a bias. The high angu-
lar resolution of our maps enables us to better resolve the high
column density part of the N-PDF that is constituted by molec-
ular clumps and cores on a parsec and sub-parsec scale. We
study the variation of the N-PDF shapes for diffuse, quiescent,
low-, intermediate-, and high-mass SF regions. We also estab-
lish a well-defined data set of molecular cloud parameters that
can be used for further studies such as linking the density struc-
ture with the dynamics of the gas, the SF rate and efficiency,
the magnetic field and the core mass function. Our main goals
are:

— Quantifying the average column density, total mass, and LOS
confusion for Galactic molecular clouds;
— Providing the characteristics of the N-PDF such as PLT
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slope(s), widths of the log-normal part(s), the first deviation
point (DP1) from the log-normal to PLT distribution and the
second deviation point (DP2) from the first PLT to the second
for this set of molecular clouds;

— Investigating how cloud morphology (for instance filamentary
vs. spherical) and stellar feedback (such as expanding H 11 region
bubbles) influences the N-PDF shape;

— Calculating the A-variance spectrum (Ossenkopf et al. 2008a)
to characterize the structural variation in the column density
map;

— Assessing if there are (column) density thresholds that signify
a change in the dominant physical process or chemistry, such as
the transition from turbulence to gravity or the transition from
atomic to molecular hydrogen.

The current paper is organized the following way: Sect. 2
briefly describes how we derived the Herschel column den-
sity maps (Sect. 2.1), chose the sample of molecular clouds
(Sect. 2.2), estimated LOS confusion (Sect. 2.3), and determined
the N-PDFs and the A-variance (Sect. 2.4). Section 3 presents the
column density maps and the resulting cloud parameters (den-
sity, mass, etc.), the N-PDFs, and the A-variance of the observed
clouds. Section 4 assesses the value of N-PDFs as an analysis
tool and describes what they tell us about the column density
structure of molecular clouds. Section 5 summarizes the main
findings of this paper.

2. Observations and data analysis
2.1. Column density maps from Herschel

For this study, we use the cloud sample from Herschel key pro-
grams, the Herschel Gould Belt survey (HGBS, André et al.
2010) and the Herschel imaging survey of OB Young Stellar
objects (HOBYS, Motte et al. 2010), as well as data from open
time programs such as the Herschel Infrared GALactic plane
survey (Hi-GAL, Molinari et al. 2010) and individual PI pro-
grams. Most of the column density maps' used in this paper were
already published (see references in Table 1 for Herschel imag-
ing observations for each region), either at an angular resolution
of 18" or 36”.

All column density maps were determined from a pixel-to-
pixel graybody fit to the red wavelength of PACS (Poglitsch
et al. 2010) at 160 um (13.5” angular resolution) and all SPIRE
(Griffin et al. 2010) wavelengths (250 um, 350 pum, 500 um at
18.2",24.9”, and 36.3"” resolution, respectively). For the SPIRE
data reduction, we used the HIPE pipeline (versions 10-13),
including the destriper task for SPIRE, and HIPE and scanamor-
phos (Roussel 2013) for PACS. The SPIRE maps were calibrated
for extended emission. All maps have an absolute flux calibra-
tion, either by using offset values determined as described in
Bernard et al. (2010) for the sources of the Gould Belt and
HOBYS program, or using the ZEROPOINTCORRECTION task
in HIPE for SPIRE and IRAS maps for PACS for the remain-
ing clouds. For the SED fit, we fixed the specific dust opacity
per unit mass (dust+gas) approximated by the power law «, =
0.1 (v/1000 GHz)’s cm? g~! with 84 = 2, and left the dust tem-
perature and column density as free parameters (see Hill et al.
2011; Russeil et al. 2013; Roy et al. 2013, for details). The pro-
cedure underpinning how high angular resolution maps were
obtained is described in detail in Appendix A of Palmeirim
et al. (2013). The concept is to employ a multiscale decompo-
sition of the flux maps and assume a constant LOS temperature.

1 See http://gouldbelt-herschel.cea.fr/archives for
HGBS data.

The final map at 18" resolution is constructed from the differ-
ence maps of the convolved SPIRE maps (at 500 pm, 350 pm,
and 250 um) and the temperature information from the color
temperature derived from the 160 pm to 250 um ratio.

The Draco region has very weak emission so that we used the
classical fitting technique (SED fit to 160 pm to 500 pm) to deter-
mine column density maps at 36" resolution to obtain the best
signal-to-noise ratios. In addition, data points at each wavelength
were weighted with a calibration uncertainty of 10% and 20% for
SPIRE and PACS, respectively. For the star-forming and quies-
cent molecular clouds, we used a value of 3.4x 10725 cm™2/H
for the coefficient «,, which is in the range of typical values
(Ossenkopf & Henning 1994) from 1.75 x 10723 cm~2/H for com-
pact grains in diffuse interstellar clouds to 5.0 x 10~ cm™2/H
for fluffy grains with ice mantles in dense molecular cores. For
Draco, we expect rather diffuse cloud conditions without much
ice accretion or dust coagulation. Based on Planck observations,
Juvela et al. (2015) derived «, =2.16 x 107 c¢cm~2/H for such
regions, following the standard interstellar reddening behavior,
so we use this value for Draco. For the diffuse cloud Draco,
which is mostly atomic, we calculated the total hydrogen col-
umn density using N =Ayx1.87 x 10 cm™?mag™" (Bohlin
et al. 1978). For all other clouds, which are mostly molecular,
we transformed H, column density into visual extinction, using
the conversion formula N(H,) = Ayx0.94 x 10?! cm™2 mag™"'.

The uncertainty in the Herschel column density maps arise
from the uncertainty in the assumed form of the opacity law,
including variations of dust content and dust properties across
the clouds and possible temperature gradients along the LOS.
The total uncertainty is estimated to be around ~30-50% (see
above and, e.g., Russeil et al. 2013, for a discussion). By com-
paring an extinction map and the Herschel column density map
of Rosette, Cambrésy et al. (2013) argued that the optical depth
from dust emission close to heating sources like massive clusters
might be overestimated. Their extinction map, however, suffers
from saturation at values above Ay ~ 20 (only 2MASS) and
~35 (2MASS combined with other near-IR or mid-IR data),
respectively. This limitation makes the study of very dense
regions such as the centers of high-mass SF clouds impossible
using extinction maps. The multi-temperature column density
mapping procedure PPMAP (Marsh et al. 2016b) produces dif-
ferential column density maps, using Herschel flux maps, in a
number of temperature intervals. The PPMAP method, however,
includes the 70 pwm data in the SED fit in addition to the 160-
500 um wavelength data, but the 70 pm is mostly tracing hot
dust from cloud surfaces and not the cool bulk of the atomic
and molecular gas in which we are interested.

Apart from the overall uncertainty of the column density
maps, there is observational noise in the maps, arising from
the SPIRE and PACS instrumental noise. We estimate the noise
level in the final column density maps, using the full N-PDF
for regions that are hardly affected by LOS-contamination and
that are sufficiently extended. As was shown in Ossenkopf et al.
(2016), noise produces excess in the low column density part
of the N-PDF and increases the width of the log-normal part.
When the noise amplitude is less than 40% of the peak col-
umn density, the excess in the N-PDF at low column densities
is linear. As we see later (Sect. 3.2), the N-PDFs with the high-
est dynamical range at low column densities indeed show this
linear tail. These N-PDFs go down to values below an Ay of
0.1 (e.g., Chamaeleon I-III, Lupus I, Musca, Polaris, Draco). We
perform a fit including an error tail, a log-normal part, and poss-
bile PLTs, following Ossenkopf et al. (2016) and described in the
next section, and derive as extreme values an error level of Ay of
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Table 1. Overview of the molecular cloud sample, ordered by cloud type and name.

Cloud @ 2000 072000 Distance Geometry References
(h:m:S) (o:/://) (kpC)

High-mass SF regions

Cygnus North  20:37:54  41:44:57 1.40 Ridge + filaments =~ Hennemann et al. (2012); Schneider et al. (2016)

Cygnus South  20:35:08  39:41:50 1.40 Filaments + pillars ~ Schneider et al. (2016)

Ml16 18:19:40 —13:47:34 2.00 Filaments + pillars ~ Hill et al. (2012); Tremblin et al. (2013, 2014)

M17 18:18:36  —16:34:39 2.20 Clumps This paper

NGC 6334 17:20:58  -35:51:45 1.35 Massive ridge Russeil et al. (2013); Tiegé et al. (2017)

NGC 6357 17:25:06  —34:25:57 1.75 Dispersed clumps  Russeil et al. (2019)

NGC 7538 23:14:02  61:26:48 2.80 Evolved bubble Fallscheer et al. (2013)

Rosette 06:33:32  04:15:23 1.46¢ H 11 bubble/ Motte et al. (2010); Hennemann et al. (2010)

Ridge Schneider et al. (2010); DiFrancesco et al. (2010)

Schneider et al. (2012); Cambrésy et al. (2013)
Tremblin et al. (2013, 2014)

Vela C 09:00:37 —43:56:50 0.70 Ridge Hill et al. (2011); Giannini et al. (2012)
Minier et al. (2013); Tremblin et al. (2014)

Intermediate-mass SF regions

Aquila 18:29:43  —02:46:49  0.436° Bipolar filament Konyves et al. (2010, 2015); André et al. (2010)
Bontemps et al. (2010a,b); Schneider et al. (2013)

Mon R2 06:06:45 -06:17:01 0.862 Hub-filament Didelon et al. (2015); Pokhrel et al. (2016)
Rayner et al. (2017)

Mon OB1 06:32:00  10:30:00 0.80 Massive clump This paper

NGC 2264 06:40:24  (09:25:52 0.719¢ Ridge + filaments ~ Nony et al. (2021)

Orion B 05:48:54  00:48:08 0.40 Filaments Schneider et al. (2013); Konyves et al. (2020)

Serpens 18:34:59  00:00:00 0.436" filaments+clumps  Roccatagliata et al. (2015); Fiorellino et al. (2021)

Low-mass SF regions

Cham I 10:55:42  -77:07:31 0.192¢ Ridge Alves de Oliveira et al. (2014)

Cham II 12:38:45  —78:29:35 0.198¢ Clumps Alves de Oliveira et al. (2014)

1C5146 21:48:48  47:29:16 0.813% Filament Arzoumanian et al. (2011); Roy et al. (2015)

Lupus I 15:41:03  —34:05:34 0.182 Filaments + clumps  Rygl et al. (2013); Benedettini et al. (2015, 2018)

Lupus I 16:10:03  -39:04:40 0.162¢ Filaments + clumps  Rygl et al. (2013); Benedettini et al. (2015, 2018)

Lupus VI 16:04:36  —42:04:24 0.204 Filament + clumps  Rygl et al. (2013); Benedettini et al. (2015, 2018)

Perseus 03:35:41  31:31:56 0.235% Filament + clumps  Sadavoy et al. (2012, 2014)
Pezzuto et al. (2012, 2021)

Pipe 17:23:08 -26:24:07 0.145 Filament + clumps  Peretto et al. (2012); Roy et al. (2014, 2015)

pOph 16:27:31  —24:12:40  0.140° Clumps Roy et al. (2014); Ladjelate et al. (2020)

Taurus 04:21:00 27:46:45 0.14 Filaments Kirk et al. (2013); Marsh et al. (2014, 2016a)
Palmeirim et al. (2013)

Quiescent regions

Cham IIT 12:38:45 -78:29:35 0.16 Clumps Alves de Oliveira et al. (2014)

Musca 12:27:36  —71:38:53 0.15 Filament Cox et al. (2016); Bonne et al. (2020)

Polaris 01:50:35  88:21:10 0.489¢ Network filaments =~ Menshchikov et al. (2010); Schneider et al. (2013)
Miville-Deschenes et al. (2010)
Ward-Thompson et al. (2010); André et al. (2010)

Diffuse/atomic regions

Draco 16:47:57  61:45:16 0.60 Clumps Miville-Deschenes et al. (2017), This paper

Notes. The coordinates specify the center of the Herschel maps. The distances are the ones used in the Herschel papers that are listed in the last
column. Updated distances by recent Gaia or maser parallax publications are available for a some sources. (a) Yan et al. (2019). (b) Ortiz et al.
(2018). We note that a carefully selected sample of Gaia eDR3 stars yield a distance of 502 pc (Comeron et al. 2022). (c) Dzib et al. (2018). (d)
Apellaniz et al. (2019). Zucker et al. (2020) present a large overview on distances.

~0.02 for Draco and ~0.1 for Polaris. Because all sources were
observed in the same way (scanning speed, instrumental setup,
etc.), we assume to first order that all maps, including those of

the star-forming clouds, have a similar low noise level.
If there is too much LOS-confusion or the maps are not
extended enough to cover areas without cloud emission, the
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noise cannot be estimated this way. We thus take the maximum
noise level for Polaris (Ay = 0.1) as a standard value for all maps
of star-forming clouds and conclude that the observational noise
is low enough to resolve a major fraction of the low column den-
sity part with Ay< 1 of the N-PDF, at least for the low-mass
and quiescent clouds. It should be noted that noise also shifts the
peak of the N-PDF toward higher column densities (Ossenkopf
et al. 2016).

2.2. The molecular cloud sample

A total of 29 cloud complexes were selected for our study, and
their coordinates and distances are listed in Table 1, together
with references for Herschel publications. For the distances, we
use values from the literature and update with recent results
from Gaia. A large overview on distance estimates based on
a combination of stellar photometric data with GaiaDR2 par-
allax measurement is given in Zucker et al. (2020). However,
they give multiple distance estimates across a single cloud with
sometimes large differences, so that we prefer to keep the typical
values from the literature. For the N-PDFs shape, the accurate
distances are not relevant, they only play a role in the mass deter-
mination. Complementary to other N-PDF studies (Kainulainen
et al. 2009; Froebrich et al. 2010; Lombardi et al. 2008; Alves
et al. 2017), we include more distant and massive clouds that
form intermediate- to high-mass stars, and quiescent clouds with
apparently no SF, and employ only Herschel data.

Generally, throughout the paper, we use the following
nomenclature (Bergin & Tafalla 2007, e.g.): Low-mass regions
are molecular clouds with a mass of 103-10* M, and a size of
up to a few tens of parsecs that typically form stars of low mass
(examples are Taurus or Perseus). High-mass regions are giant
molecular clouds (GMCs) with a mass of 10°—10° M, a size
of up to a ~100 pc, and observational signatures of high-mass
SF and cluster formation (such as Cygnus). GMCs in addition
sometimes contain regions defined as ridges (Schneider et al.
2010; Hennemann et al. 2012; Nguyen-Luong et al. 2011, 2013;
Didelon et al. 2015; Motte et al. 2018) that are massive, gravita-
tionally unstable filamentary structures of high column density
(typically Ny, > 10?* cm~2) with high-mass SF. Some clouds fall
in between these categories as they have masses in the range of
10*-10° My, and form mainly low- and intermediate-mass stars
but also some high-mass stars (such as Orion B). For simplicity,
we classify these as intermediate-mass regions. Quiescent clouds
are those that show very little SF activity (no or only very few
protostars or prestellar cores. Finally, diffuse clouds are mostly
atomic.

2.3. Line-of-sight contamination

Column density maps from Herschel can be affected by LOS
confusion, in particular in the Galactic plane and along spiral
arms. Unrelated dust emission from LOS clouds can add to the
observed flux in the different wavelength ranges and thus the
column density determined from Herschel can be overestimated.
In Paper I, we studied in detail the influence of such confusion
on the maps and the N-PDFs and introduced a simple correc-
tion method to determine the typical background and foreground
contribution from the maps in regions outside the bulk emission
of the target. This approach was then further investigated and
justified in Ossenkopf et al. (2016). Summarizing, it was shown
that contamination by foreground and background emission can
be safely removed as a constant screen if the contaminating N-
PDF is log-normal (see Sect. 2.4.1 for the nomenclature), and

its width 07 ciouq 18 narrow, typically <0.5 07 ciouq, OF the column
density of the contaminant is sufficiently small. We thus applied
the same method as in Paper I and measured the contamination
from a rectangular polygon placed out of the molecular cloud
close to the map borders. We used the procedure developed in
Ossenkopf et al. (2016) to obtain a separate N-PDF from these
pixels within the polygon and derived the peak value and width
of the contaminating N-PDF. Appendix A (Figs. A.1 and A.2)
shows an example of this method applied to the Aquila cloud. For
all maps used here, the peak of this N-PDF corresponds within
10% to the values obtained from averaging the pixels in the rect-
angular regions. The widths of the contaminating N-PDFs 07, cont
are small and vary between o cone = 0.05 and o cone = 0.19 s0
that the ratio 0 cont/0ycloud Varies between 0.09 and 0.42. The
ratio between the contamination column density and cloud peak
column density Neont/Npeak 1S mostly below 1, the smallest value
is 0.41, only three maps have a value of around 3. From Figs. A.3
and A.4, we see that even if the column density ratio Neont/ Npeak
is high, the ratio of the contaminating and cloud N-PDF widths
O y.cont/ Ty cloud 18 always so small that we can conclude that the
LOS correction by removing a constant screen is indeed a valid
method for our clouds. The values determined in this way are
listed in Table 2. It is important to note that LOS contam-
ination of several log-normal N-PDFs does not create multi-
ple peaks but instead broadens and shifts the column density
distribution.

Massive clouds that are not too distant and more isolated,
such as Rosette, have a low contamination level (Ay ~4) while
other GMCs such as M16 have a high level of Ay ~ 8. Extreme
cases are IRDCs that are far away (typically more than several
kpc) because the IRDC is an intrinsic part of the larger-scale
molecular cloud. NGC6334 is problematic because there is no
consistent concensus on the amount of contamination as dis-
cussed in Russeil et al. (2013). From molecular line data and
the Herschel image, we derive a value of around Ay =6, while
Froebrich et al. (2010) deduce a higher extinction (between
Ay =7 and 14). The reason for this discrepancy is probably
a strong spatial variation of the contamination due to several
clouds along the LOS. Therefore, the derived parameters for
mass and the N-PDF for NGC6334 should be treated with
care. For the Cygnus X North and South regions, we indepen-
dently determined the average extinction of the “Cygnus Rift”,
a feature lying in front of Cygnus at distances <1 kpc, to be
Ay ~5 (Schneider et al. 2007). We thus use this value as an
approximation for the contamination.

“Over-correction” LOS-contamination can also lead to unre-
alistic features in the N-PDF for high-mass SF clouds but still
provides more reliable estimates for average column densities
and masses and the slope of the PLT than using values with-
out any correction. Intermediate-mass clouds such as Aquila,
Vela, and MonOBI are also affected by LOS-contamination. The
absolute values of the contamination are low, typically around
an Ay of 2, and the width of the contaminating N-PDF is small.
Low-mass regions show not much LOS confusion with values of
AV <2.

All LOS-values derived from the dust maps are upper lim-
its because the Herschel maps are not always extended enough
so that the cloud borders (if something like a “border” exists)
are sufficiently covered. Accordingly, the polygons may still be
placed in areas of extended cloud emission. On the other hand,
one must stay close to the cloud area because a more remote
polygon would not trace the same LOS, thereby risking to cali-
brate our correction methods on contaminants that do not affect
our column density maps.
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Table 2. Global molecular cloud parameters from Herschel column density and temperature maps, ordered by cloud type and name.

Cloud LOS (N(Hy)) A R (n) M
Dust Av> 1 Av> 1 Av> 1
(mag) (10*'em™)  (pc?)  (pc) (em™)  (10° My)
(1) ) 3 “4) (5 (6)
High-mass SF regions
Cygnus North 5.0 5.06 3417 33.0 24.9 324.46
Cygnus South 5.0 5.47 3731 34.5 25.7 383.45
M16 7.8 4.18 1057 18.3 36.9 87.12
M17 6.6 9.99 2478 28.1 5717 483.76
NGC 6334 8.7 13.98 882 16.8 135.1 238.60
NGC 6357 4.2 722 1004 17.9 65.4 145.14
NGC 7538 3.3 4.22 1524  22.0 31.0 130.39
Rosette 1.1 4.10 881 16.8 39.7 70.64
Vela C 2.0 6.85 450 12.0 92.7 58.00
Intermediate-mass SF regions
Aquila 2.5 2.74 445 11.9 373 25.94
Mon R2 1.6 2.00 82 5.1 63.3 4.60
Mon OB1 2.2 2.31 59 4.4 86.1 4.87
NGC 2264 1.6 2.60 169 73 57.5 11.12
Orion B 0.9 2.06 683 14.8 22.7 29.69
Serpens 1.6 1.46 266 10.8 21.9 14.15
Low-mass SF regions
Cham I 0.25 1.07 18 2.4 72.5 0.767
Cham II 0.23 1.00 12 2.0 82.2 0.507
IC5146 0.37 1.07 121 6.2 28.0 5.03
Lupus I 0.17 0.82 6.6 1.4 91.7 0.364
Lupus III 0.44 1.16 5.0 1.3 148.9 0.180
Lupus VI 0.46 1.00 73 1.5 106.0 0.398
Perseus 0.66 1.62 174 7.4 353 4.350
Pipe 0.59 1.72 40 3.6 77.8 1.452
pOph 1.25 1.57 26 2.9 89.0 1.244
Taurus 0.4 1.73 97 5.5 50.7 4.03
Quiescent regions
Cham III 0.16 0.81 9.4 1.7 75.4 0.317
Musca 0.37 0.75 3.2 1.0 121.2 0.110
Polaris 0.31 1.73 11.3 1.9 31.9 1.208
Diffuse/atomic regions
Draco®@ 0.60 1500 219 4.4 8.04

Notes. (1) Line-of-sight contamination in visual extinction determined from polygons in the Herschel dust column density map. (2) Average H,
column density of the cloud above a visual extinction of Ay > 1. (3) Cloud area in square-parsec above a visual extinction of Ay > 1. (4) Equivalent
radius R in parsec from area with R = (area/m)%3. (5) Average density 7 in cm™ above a visual extinction of Ay > 1. The density is calculated by
n(H,) = N(H,)/(2 R) with the equivalent radius R of the cloud. (6) Mass (M o N(H,) 7 R*> with N(H,) =0.94 x 10>! Ay cm™? mag™") of the complex
determined above Ay = 1. @Values for area, mass, density, etc. are given for a visual extinction of Ay > 0.

2.4. Statistical analysis tools

2.4.1. Probability distribution functions of column density
(N-PDFs)

Probability distribution functions (PDFs) form the basis for mod-
ern theories of SF (Dib et al. 2007; Hennebelle & Chabrier
2008, 2009; Federrath & Klessen 2012; Padoan et al. 2014;
Burkhart 2018; Burkhart & Mocz 2019), and are frequently
used as an analysis tool for simulations and observations. We
determine the PDFs expressed in column density N or visual
extinction Ay (we note that N oc Ay) and call it N-PDF, following
Myers (2015). The probability of finding gas within a range

A165, page 6 of 52

[Av, Ay +dAvy] is given by the surface-weighted N-PDF of the
extinction with fI:VerAV pa,(Al)dA;, where p4 (Ay) corresponds
to the PDF of the extinction. We define
Ay

, (D
(Av)

as the natural logarithm of the visual extinction Ay divided by
the mean extinction (Ay). The quantity p,(n) then corresponds
to the probability distribution function of 1, and by definition
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In Paper I, we showed that a binsize of 0.1 in 7 provides the best
compromise between resolving small features in the N-PDF and
avoiding low-number pixel statistics. We tested four methods to
characterize the N-PDF and derive its characteristic properties.
In the following, we briefly summarize the methods, but we only
use the values derived with method 4 for the paper.

All methods except method 3 fit a log-normal function at the
low column density range with

1
exp
19 o2
2no;
where o7, is the dispersion and y is the mean logarithmic column
density. For the high column density range, a single or several

PLTs are fitted. There are, however, subtle differences in these
methods:

[_ (n—u)z]d ,

2
20’,7

ppdn = 3)

Method 1. used in Paper I performs several fits on a grid of
parameters for 7 and p and then calculates the positive and neg-
ative residuals. Then, the range of log-normality is determined
under the premise that the difference between the model and p,
is less than three times the statistical noise in p, and we derive
the width and peak of the log-normal part of the N-PDF. We then
perform a linear regression fit to determine the slope(s) s of the
PLT(s). The slope values that are fitted start at the deviation point
(DP) where the log-normal N-PDF turns into one or two power
law distribution(s) and stop where the power law is no longer
well defined (at high column densities) due to a low-number
pixel statistics caused by resolution effects.

Method 2.  follows Ossenkopf et al. (2016) and fits an error
slope at very low column densities, followed by a log-normal
distribution and a single PLT at high column densities. This
method includes numerical error weighting and map size errors.
We tested a large parameter space and obtained the most reliable
results for a 10% map size error.

Method 3. the adapted BPIfit (Veltchev et al. 2019), calcu-
lates the slope of a power law part of an arbitrary distribution,
without any assumption about the functional form of other parts
of this distribution and constant binning. The slope and the
DP are then derived simultaneously as averaged values as the
number of bins is varied. The method was elaborated further
for detection of a second PLT (Marinkova et al. 2021) — this
technique was also used to get the results in this paper.

Method 4. fits models that are a combination of: error
slopes at low column densities (E), log-normals (L), pairs of
log-normals (LL), power laws (P) and double power laws (PP).
In total 8 models are considered: ELP, ELLP, EL2P, ELL2P,
LP, LLP, L2P, LL2P. The number of parameters for each model
ranges from 4 to 11. Error slopes contribute two parameters: the
n below which the error slope is fit, and the error slope itself. The
log-normal contributes two parameters: the log-normal mean
value and its width. Pairs of log-normals contribute five param-
eters: a mean and width for each log-normal and the ratio of
amplitudes of the two log-normals. Each power law contributes
two parameters: the n value above which the power law is fit,
and the power law slope. The fitting of each model is done
using a Monte-Carlo Markov chain (MCMC?) to determine the

2 Python library emcee, https://emcee.readthedocs.io/en/
stable/

maximum likelihood parameters of each model. The MCMC is
performed using 500 walkers, each with 100 000 steps. Visual
inspection of the walker’s paths reveal that this is sufficient to
sample to likelihood distribution and find the maximum.

To determine the best fitting model out of the eight models
considered, we use the Bayesian Information Criterion (BIC):

BIC(k) = kIn(n) — 2 In(L) 4)

where 7 is the number of data points in the N-PDF, k is number
of model parameters, and £ is the maximum likelihood found
via the MCMC. The model with the minimum BIC is consid-
ered the best fitting model. Further, we use the BIC-weights to
illustrate the evidence of one model over another. If the best-
fitting model’s BIC-weight is greater than 10 times the weight of
the next most likely model (an evidence ratio of greater than 10),
we consider it to firmly be the best model; otherwise, we cannot
exclude the second best-fitting model entirely. The BIC and BIC-
weights of each model for each cloud considered can be found in
Appendix B.

2.4.2. A-variance

The A-variance (Stutzki et al. 1998; Ossenkopf et al. 2008a,b) is
amethod to quantify the relative amount of structural variation in
a 2D map as a function of the size scale. It measures the amount
of structure on a given scale L in a map S, which is a 2D scalar
function for our column density maps, by filtering the map with
a spherically symmetric wavelet Oy :

oa(L) = {(S ® OL) )xys

where (...}, is the ensemble average over coordinates x and y in
the column density map, and ® is the convolution operator. The
A-variance probes the variation of the intensity S over a length
L (called “lag”) and thus measures the amount of structural vari-
ation on that scale. We use as a filter function the “Mexican hat
filter” with an annulus-to-core-diameter ratio of about 1.5 since
it provides the best results for a clear detection of pronounced
scales (Ossenkopf et al. 2008a,b). Weighting the image with
the inverse noise function (1/07,s) allows us to distinguish vari-
able noise from real small-scale structure (Bensch et al. 2001).
Our Herschel column density maps, however, have such a high
dynamic range and very low noise level that there is no need to
include a noise map.

The A-variance and power spectra are closely linked. For
any 2D image with a power spectrum P(k) o |k|™, in which
k is the spatial frequency, the 2D A-variance is related to the
lag by a power law with o3 o« 72 for 0 < B < 6. Practically,
we determine the slope a of the A-variance (see below) and
derive thus 8 = a + 2. B-values range typically between 2 and
3 where numbers at the lower end indicate more structure on
smaller scales and accordingly, high values imply more structure
on large scales. For many regions, the A-variance spectrum does
not follow a single power law distribution but shows typically
two peaks. We thus always start our fit at the resolution limit,
defined by the beam size of 18", until the first peak or turnover
point in the spectrum to obtain a slope value for this first part and
thus ;. We perform a second fit, deriving 3,, only in cases where
there is a another visible power law behavior in the A-variance
spectrum with another peak and turnover point. For the column
density maps discussed here, the values of 5; and £3,, as well as
the peak and turnover point in parsec, are given in Table 4.

On the smallest scales, the A-variance spectrum is lim-
ited by the beam size and radiometric noise and on the largest
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Table 3. Parameters from the N-PDFs study from Herschel column density maps, ordered by cloud type and name.

Cloud Model AV,pkl AV,ka o O DP1 DP2 S1 S$2
(mag) (mag) (mag) (mag)

(1) 6) (3) @) (5) (©) %) (8) ©)
High-mass SF regions
Cygnus N ELL2P 2.63 2.76 0.52 1.04 18.5 79.7 -1.83 -1.40
Cygnus S  ELL2P 1.39 3.46 0.29 0.52 15.2 37.5 -2.37 -2.66
Mil6 ELLP 3.17 3.55 0.33 0.79 8.1 - 247 -
M17 ELL2P 4.63 12.85 0.79 0.47 37.2 87.5 -2.67 -1.70
NGC 6334 ELL2P 4.90 14.95 0.81 0.37 28.1 68.3 -2.18 -1.55
NGC 6357 ELL2P 2.717 9.88 0.74 0.45 26.4 45.5 -2.57 =3.11
NGC 7538 ELL2P 1.75 3.13 0.33 0.74 9.0 18.5 -1.44 -2.00
Rosette ELL2P 3.03 9.09 0.63 0.49 17.3 35.9 -1.95 -3.82
Vela C ELL2P 4.64 3.80 0.25 1.13 33.8 65.5 -3.68 —4.59
mean 32+1.2 71+44 052+021 0.67+026 21.5+9.8 54.8+22.5 -235+0.60 -2.60=+1.08
median 3.0 3.8 0.52 0.52 18.5 55.5 -2.37 -2.33
Intermediate-mass SF regions
Aquila ELL2P 1.42 2.77 0.57 0.35 4.6 19.1 -2.10 -2.38
Mon R2 ELL2P 0.84 1.71 0.36 0.52 3.1 14.6 -1.79 -1.15
Mon OB1 ELL2P 0.21 1.75 0.49 0.90 4.8 10.9 -1.03 -3.48
NGC 2264 ELL2P 1.64 1.62 0.47 1.07 6.2 16.2 -2.00 -1.27
Orion B ELL2P 1.53 1.66 0.10 0.46 3.6 433 -1.99 -3.64
Serpens ELL2P 0.66 1.43 0.67 0.53 5.1 30.1 -1.76 -2.00
mean 1.1+0.5 1.8+04 044+0.18 0.64+0.26 4.6+1.0 224=+111 -1.77+0.35 -2.32+0.97
median 1.1 1.68 0.47 0.52 4.7 17.7 -1.88 -2.19
Low-mass SF regions
Cham I EL2P 0.47 - 0.85 - 2.35 6.0 -0.90 -3.57
Cham II ELL2P 0.54 0.72 0.43 1.06 2.7 26.9 -2.36 -4.27
IC5146 ELL2P 0.71 0.82 0.37 0.79 34 9.6 -1.47 -2.76
Lupus I ELL2P 0.44 0.63 0.29 0.76 1.6 4.4 -1.39 -2.77
Lupus Il ELL2P 0.91 0.93 0.36 0.84 4.8 5.9 -3.49 241
Lupus IV ELL2P 0.72 1.12 0.24 0.40 2.1 9.5 -2.14 -2.88
Perseus L2P 1.04 - 0.35 - 1.4 39 -1.55 -2.03
Pipe ELL2P 0.99 1.92 0.29 0.34 52 134 -2.91 -1.72
pOph LL2P 0.32 1.04 0.26 0.48 23 16.2 -1.27 -2.37
Taurus LL2P 0.64 1.51 0.28 0.51 2.7 18.8 -2.27 —4.40
mean 0.7+0.2 1.1+04 037+017 0.65+024 29+12 11.5+70 -2.00+0.77 -2.92+0.85
median 0.7 0.99 0.32 0.64 2.5 9.5 -1.85 -2.76
Quiescent regions
Cham III  ELL2P 0.53 0.64 0.43 0.80 35 12.1 -3.83 -2.02
Musca LL2P 0.45 0.70 0.23 0.20 0.9 4.1 -1.73 -5.05
Polaris ELL2P 0.45 0.62 0.38 0.61 2.35 34 —4.08 -2.34
mean 048+0.04 0.65+0.03 035+0.08 054+025 23+11 6.6+40 -321+105 -3.14+136
median 0.45 0.64 0.38 0.61 2.35 4.1 -3.83 -2.34
Diffuse/atomic regions
Draco LL 0.13 0.40 0.32 0.34 - - - -

Notes. (1) Best fitting model. E = low column density error slope, L = log-normal, P = power law tail. (2,3) Peaks of log-normal parts of the
N-PDF in Ay. (4,5) Widths of log-normal parts of the N-PDF in units of 7. (6) Deviation point in Ay where the N-PDF changes from log-normal
into a PLT. (7) Deviation point in Ay for the change in slope from a first to a second PLT. (8,9) Slopes of PLTs.

scales, it can be limited by the map size. The error bars system of right ascension and declination (J2000), and slightly
shown in the lower right panels in Appendix C are from the cut the edges to obtain clean borders. Due to these rotations,
Poisson statistics of each bin. The A-variance performs much we display the column density maps only using offsets from
faster on rectangular maps without empty regions. Therefore, the central position (Table 1) in arcmin. The calculation of
we rotated the maps, which were observed in the coordinate the A-variance spectrum and the fit are performed in IDL,
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Table 4. Parameters from the A-variance study from Herschel column
density maps, ordered by cloud type and name.

Cloud Bi P1 B2 P2
(po) (pc)
(1 @) 3) “)
High-mass SF regions
Cygnus N 2.51 0.59 - -
Cygnus S 217 1.42 - -
Mil6 2.17 2.62 - -
M17 2.22 2.57 - -
NGC 6334 2.41 1.10 - -
NGC 6357 2.02 2.53 - -
NGC 7538 2.93 2.10 - -
Rosette 2.42 4.76 - -
Vela C 2.30 1.83 - -
mean 235+0.25 217+1.13 -
median 2.30 2.10 - -
Intermediate-mass SF regions
Aquila 2.28 0.32 2.62 3.90
Mon R2 2.20 0.37 3.04 1.37
Mon OB1 3.38 0.76 2.50 4.36
NGC 2264 2.80 0.98 - -
Orion B 2.18 1.39 2.36 4.90
Serpens 2.36 0.79 - -
mean 2.53+043 092+0.50 2.63+0.25 3.63+2.35
median 2.32 0.79 2.56 4.13
Low-mass SF regions
Cham I 2.95 0.21 2.78 2.61
Cham IT 2.64 0.61 2.90 2.56
IC5146 2.50 0.68 - -
Lupus I 2.77 0.11 245 0.82
Lupus III 3.10 0.08 2.66 1.18
Lupus IV 2.99 0.79 2.63 6.53
Perseus 2.13 2.45 - -
Pipe 3.04 0.25 - -
pOph 217 0.17 2.62 1.39
Taurus 3.30 0.30 - -
mean 2.76+£0.37 0.55+0.67 2.67+0.14 2.51+1091
median 2.86 0.28 2.64 1.96
Quiescent regions
Cham III 2.73 0.45 - -
Musca 342 0.11 2.55 0.89
Polaris 2.40 0.15 - -
mean 2.85+0.42 0.24+0.15 2.55 0.89
median 2.73 0.15 2.55 0.89
Diffuse/atomic regions
Draco 2.27 5.95 - -

Notes. Columns (1,3): exponents 1 (3,), derived from the A-variance
calculation. Columns (2,4): first and second peak or turnover point in
the A-variance spectrum in parsec.

using widget-based routines introduced in Ossenkopf et al.
(2008a)°.

3 https://hera.phl.uni-koeln.de/~ossk/Myself/
deltavariance.html

3. Results and analysis
3.1. Molecular cloud parameters

In Figs. C.1-C.29, we show the column density maps of each
cloud — expressed in visual extinction — together with its respec-
tive N-PDF and A-variance spectrum. Table 2 gives cloud
parameters such as average column density (N(H,)), as well as
mass (M) above Ay =1 and mean density n. Table 3 displays
the properties of the N-PDF (peak, width, DPs from log-normal
to PLT and PLT to PLT, and the slopes of the PLTs) and the 8-
values of the A-variance. For a better comparison to other studies
(Lada et al. 2010), we use the common threshold of Ay = 1 for the
mass determination for all clouds except Draco, which is a dif-
fuse region with a very low overall column density and we do
not apply any threshold.

The masses given in Table 2 justify the classification of
the clouds into the categories of high-, intermediate-, and low-
mass. The high-mass clouds cover a range between ~7 x 10* M,
(Rosette) up to ~5x 10° My (M17) and the intermediate-mass
ones cover a range between ~5 X 10> M, (MonR2, MonOB1)
and ~6 x 10* M, (Vela C), respectively. The low-mass clouds
comprise rather different types of cloud. For example, the small
Lupus regions have only a few hundred M, and show little
SF activity while Taurus and Perseus are extended (more than
100 pc?) and more massive (~5x 103 M,). Because only low-
mass stars are forming in the latter clouds, we classify them in
the low-mass cloud category. The diffuse and quiescent clouds
have low masses, except for Draco, which is a very extended
region (around 1500pc?). We do not compare our values of
molecular cloud parameters to the ones published elsewhere (see
Table 1) because we applied a LOS-correction and thus derive
possibly lower values for certain clouds, and we determine the
cloud parameters above Ay = 1.

3.2. N-PDFs of molecular clouds
3.2.1. Shapes of the N-PDFs

Though N-PDFs from Herschel studies have been already pre-
sented in various previous publications, we show all N-PDFs
from the cloud sample in this paper to present a homogeneous
data set. We exclude all bins with low probability (~1074~1077)
at the high column density range for fitting because otherwise,
the fit would suffer from low pixel number statistics. We note
that the maps are sampled on a finer grid (typically 4”") while the
angular resolution is 18" (36" for Draco). The gridding, how-
ever, has no significant influence on the N-PDF, as was shown
in Appendix A in Paper I, but it can lead to some bumps in
the N-PDF at high column densities. Some N-PDFs exhibit a
sharp drop at the very last high column density bins, which is
a resolution effect. For the regions where we correct for LOS
contamination, we show in Appendix C the original N-PDF (in
blue) and the corrected N-PDF (in black), of which the latter is
used for determination of the N-PDF parameters. In Appendix D,
we display the N-PDF with the best fitting model and the resid-
uals. The LOS-correction leads to a pronounced tail in the
low-column density range (Schneider et al. 2015a; Ossenkopf
et al. 2016). For clarity of display, we cut all other N-PDFs at the
Ay =0.1 level, which we consider to be approximately the noise
level (see Sect. 2.1).

For a first overview, Fig. 1 shows all N-PDFs for each cloud
type in one figure. The shapes of the N-PDFs are very complex
and do not reflect the perfect examples of N-PDFs often found
from simulations, typically a simple log-normal part and a PLT.
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Fig. 1. N-PDFs of all clouds ordered by cloud type, from high-mass and intermediate mass SF regions (top panels) to low-mass and quiescent
regions (bottom panels). Each panel shows the N-PDFs for clouds in different colors. The column density is expressed in visual extinction (upper
x-axis) and in i (lower x-axis). Error bars are calculated using Poisson statistics. For better visibility, we reduced the error bars by a factor of 2 (see
figures in Appendix C for plots with the full error bars). We note that recently, a more sophisticated method was proposed by Jaupart & Chabrier
(2022) to derive the statistical error bars of PDFs employing the autocovariance function.

Moreover, we note that the classification in log-normal parts and
PLTs is only a simple analytic expression which tries to approx-
imate the N-PDF shape. In reality, N-PDFs are probably many
overlapping log-normals and PLTs, describing different areas
and physical processes with deviations from log-normal due to
intermittency in the turbulent fields (Federrath et al. 2010). The
maps are so large with sufficient resolution that the underlying
complexity is evident in the plots and the errors so small that
it is clear that the models are only approximate. Nevertheless,
we will try to limit the possible models and give explanations
for the shapes that are physically motivated. We first order
the N-PDF shapes by increasing complexity: Single/double log-
normal: the diffuse region Draco; Single log-normal and double
PLT with error slope: Cham I; Double log-normal and double
PLT without error slope: Musca, Pipe, pOph, Taurus; Double
log-normal and double PLT with error slope and [s;| > |s3|:
Cygnus North, M17, Mon R2, NGC 2264, NGC 6334, Cham III,
Lupus II1, Polaris, Pipe; Double log-normal and double PLT with
error slope and |s1| < |sy|: Aquila, Cygnus South, Mon OBI,
NGC 6357, NGC 7538, Vela C, Cham II, IC5146, Lupus I,
Lupus IV, Orion B, pOph, Serpens, Taurus.

The combination of two log-normal and two PLTs is the
most frequent one. We confirm the detection of a flatter second
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PLT than the first one (|s{| > |s2|) for Mon R2 and NGC 6334
(Schneider et al. 2015c), and find more examples (see above),
for all cloud types. Furthermore, a new class of N-PDFs was
detected where the second PLT is steeper than the first one (|s;| <
|s2]), and this category contains clouds with low-, intermediate-
, and high mass. There is thus no striking correlation between
cloud type and slope(s) of the PLTs. In particular the second,
flatter PLT is not limited to massive clouds but also occurs in
low-mass and quiescent clouds.

For all N-PDFs, the best fitting model is the one that contains
two log-normal distributions for the lower column density range.
We propose two possible explanations, depending on cloud type:
in quiescent clouds and regions of low-mass SF, the two log-
normal parts may represent the N-PDFs of atomic hydrogen
(lowest column density range) and molecular hydrogen*. For
massive and intermediate mass clouds, we suggest that both
peaks arise from the fully molecular gas and that the peak or
bump at higher column densities is caused by stellar feedback
when gas is compressed by expanding H n-region or stellar wind.
We come back to this point in the next section.

4 We recall that all column density maps obtained from Herschel dust
observations contain hydrogen in atomic and molecular form.
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3.2.2. N-PDFs of high-mass star forming clouds

Figures 1, C.1-C.9 and D.1-D.4 display the LOS-contamination
corrected column density maps and N-PDFs of massive clouds.
For all clouds except of M16, the best fitting model was the one
of two log-normals and two PLTs.

Log-normal distribution(s). The peaks of the first and
second log-normal are at Ay =3.0 and Ay =3.8 (median val-
ues), respectively, and the corresponding widths are oy =0, =
0.52. A double peak or a broadening of the N-PDF (see also
Sect. 3.2.3) is frequently observed in regions with stellar feed-
back. For Rosette, NGC6334, and M16, we confirm with our
high-resolution maps what was found using Herschel low-
resolution maps (Schneider et al. 2012; Russeil et al. 2013;
Tremblin et al. 2014). In addition, these types of N-PDFs were
reported for W3 (Rivera-Ingraham et al. 2013), RCW36, and
RCW120 (Tremblin et al. 2014). The second, higher column den-
sity peak is interpreted as a gas layer compressed by an expand-
ing Hu-region (Schneider et al. 2012; Tremblin et al. 2014).
As shown in hydrodynamic simulations including radiation
(Tremblin et al. 2012a,b, 2014), the presence of a double-peak
in the N-PDF depends on the turbulent state of the cloud, it is
only visible at low Mach numbers and when the cloud is domi-
nated by ionized-gas pressure. Therefore, the double-peak is not
a general feature of regions with stellar feedback.

Power law tail(s). From the nine clouds in our sample, only
one (M16) shows a single PLT, all others have two PLTs from
which three sources have a flatter second slope and five a steeper
one. The LOS correction has a strong influence on the first slope,
making it flatter than in the original N-PDF (see Figs. C.1-
C.9), but has nearly no impact on the second PLT. The resulting
slope(s) of the PLT(s) vary between —1.4 and —3.7 for the first
PLT, with a median of —2.37, and between —1.4 and —4.6 for the
second PLT, with a median of —2.33. The higher statistics com-
pared to Schneider et al. (2015¢) shows that there is no systematic
trend for high-mass SF regions that the second PLT is flatter
than the first one. Both PLT slopes are thus consistent with that
anticipated for the gravitational collapse of an isothermal spher-
ical density (p) distribution of equivalent radius R (Larson 1969;
Penston 1969; Shu 1977; Whitworth & Summers 1985; Foster
&Chevalier 1993) with p oc ¥~ and @ = 2. The exponent o and
the slope s are linked via @=(-2/s)+ 1 (Federrath & Klessen
2013; Girichidis et al. 2014; Veltchev et al. 2019).

Deviation point(s) and structure. The DP from the log-
normal part to the first PLT (DP1) and the DP from the first to the
second PLT (DP2) show a very large spread, with Ay(DP1) ~ 8—
37 and Ay(DP2) ~ 19-88, respectively. The high value of DP1 is
partly due to the fact that the LOS correction may still underes-
timate the emission along the LOS and that the maps are not
extended enough. The regions characterized by high column
densities (above DP2) are outlined in the plots of Appendix C
with a black contour. Interestingly, there is a direct link to the
A-variance spectra that are shown in the lower right panels of
Appendix C, including the values of the S-exponent(s). First,
we observe that the largest variation in structure occurs at small
scales because the exponent ) is small, typically between 2.0
and 2.5, with a median of 2.3 (Table 3). Second, the extent of the
area defined in the column density map by the contour at DP2
corresponds approximately to the peak or turnover point of the
A-variance spectrum. For example, DP2 for M17 lies at Ay =88
and the northern clump outlined in the column density map by

the black contour at that value has a linear scale of ~2-3 pc and
the peak of the A-variance spectrum lies at 2.57 pc (Table 3). On
the other hand, the prominent peak in the A-variance spectrum
for NGC7538 (8; = 2.93) occurs at ~2-3 pc, which translates
into a physical size of the structure® of 1.2—1.8 pc. This charac-
teristic size can either be caused by the dominating bubble in
this source (at offset 15/,10” in Fig. C.7) or by the high-density
clumps in the southeast of the map. Summarizing, the A-variance
thus points toward a scenario where the structure in massive
clouds is dominated by sub-parsec scale clumps and not long
filaments or ridges (Dib et al. 2020). From the column density
maps, it is obvious that these clumps are located inside the most
massive regions, preferentially where several filaments merge
(Myers 2011; Schneider et al. 2012).

3.2.3. N-PDFs of intermediate-mass star forming clouds

The N-PDFs for intermediate-mass SF regions (Figs. 1, C.10—
C.15 and D.5-D.7) show a very complex shape (in particular
MonOBl1, Vela, and NGC2264), similar to that of high-mass SF
clouds.

Log-normal distribution(s). The peaks of the first and sec-
ond log-normal are at Ay =1.10 and Ay = 1.68 (median values),
respectively, and the corresponding widths are o =0.47 and
02 =0.52. The N-PDFs of Mon OB1 and NGC2264 are broader
than the others, which can be explained by external compression.
As shown in Schneider et al. (2013), and conforming with numer-
ical models (Tremblin et al. 2012a,b), external compression
mainly due to radiative effects caused by close-by H 1 -regions
leads to a broadening of the N-PDF. Observationally, this influ-
ence becomes also obvious in cuts of column density profiles
(Peretto et al. 2012; Schneider et al. 2013; Tremblin et al. 2013).

Power law tail(s). All clouds in the sample have two PLTs
from which only two regions (MonR2, NGC2264) have a flat-
ter second slope. For the first PLT, typical values for the slope
scatter around —2 (the median is s; =—1.88). For the second
PLT, the variation is large, the median of all sources is s, =
—2.19. These values are again consistent with what is expected
for gravitational collapse.

Deviation point(s) and structure. The first DP shows a
small scatter with a median of 4.7, while DP2 varies more, with
a median of 17.7.

There seems to be no clear correlation between cloud mor-
phology and N-PDF shape. The two sources with the clearest
flatter second PLT are MonR2 with a dominant hub-filament
geometry and NGC2264 with a dominant ridge structure. And
the two sources with a steeper second PLT are MonOB1, which
is basically a large clump, and Vela C, which has also a domi-
nant ridge structure. The morphology for the areas constituting
the densest gas (above DP2), however, is always clumpy, over
scales from sub-parsec sizes up to a few parsecs.

The A-variance spectra are more complex than those for
high-mass SF regions. We typically observe an increase in
structure until a first peak (or turnover into a flat spectrum)
around 0.3pc to l.4pc (Table 3) with a median value of
B1=2.32, followed by a second increase of the spectrum with

5 As explained in Arshakian & Ossenkopf (2016) and Ossenkopf-
Okada & Stepanov (2019), the peak in the A-variance spectrum occurs
at 1.7 x FWHM size of the structure.
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a median $, =2.56 and a peak around 4 pc. Similar to high-
mass SF regions, small 8 values indicate the largest structure
variation on small scales. These are then possibly the sub-
parsec- to parsec-scale dense clumps, filaments and cores that are
embedded in the molecular cloud. The question arises how the
A-variance spectrum now links to the N-PDF. One correlation
is seen in MonR2. The dense, central clump, in which a whole
cluster is forming, has a size scale of around 1-2 pc (Fig. C.11),
which is also the size derived from the peak in MonR2’s
A-variance spectrum (peak at ~2 pc, corresponding to a size of
1.2 pc). The N-PDF, on the other hand, shows a slope change
(from a steep into a flat PLT) at an Ay around 15. This level of
emission corresponds in the column density map (left panel in
Fig. C.11) exactly to the central clump, visible where the color
changes from green to yellow. Another good example is Mon
OBI1 (Fig. C.12), where the N-PDF PLT slope change occurs
at Ay ~ 10, which corresponds to regions with a size scale of
around 1 pc.

3.2.4. N-PDFs of low-mass regions

The N-PDFs of low-mass star-forming regions are displayed in
Figs. 1, C.16-C.25 and D.8-D.12. There are some clouds that
have N-PDFs with a well-defined shape, defined by a rather clear
log-normal part at lower column densities and a PLT at higher
column densities (IC5146, Lupus III, Lupus 1V, Perseus, pOph,
Taurus). Others, however, exhibit N-PDFs with a bumpier shape
(Cham I, Cham II, Cham III, Lupus I, Pipe).

Log-normal distribution(s). All clouds except of Perseus
are best fitted with two log-normals of which the first one has
values between Ay =0.3 and 1 for the first peak (the median is
Ay =0.7) and the second one a median Ay of ~1. The widths
of the log-normals are o; =0.32 and 0,2 =0.64. In contrast to
high-mass SF regions, where the two log-normals can both be
attributed to purely molecular gas and the second bump to the
effect of stellar feedback, we are here in a regime where there
can be a contribution from atomic hydrogen (Mandal et al. 2022).
The peak of the first log-normal N-PDF always lies below Ay = 1
(in most of the cases significantly lower, only Perseus and Pipe
have a value of Ay i ~1). The Hi-to-H, transition depends on
many parameters such as the external radiation field, the density,
and turbulence, and is predicted to happen between Ay ~ 0.1—
0.4 (Rollig et al. 2007; Glover et al. 2010; Wolfire et al. 2010;
Bialey et al. 2017; Bisbas et al. 2019). The extinction when CO
arises from a fully molecular phase (“CO-bright H,”) is around
Ay ~ 1 (Rollig et al. 2007; Visser et al. 2009; Sternberg et al.
2014). We emphasize that these A, values given in the literature
are local values, expressed as A, sp (Seifried et al. 2020). The
observational visual extinction is derived by averaging along the
LOS dubbed as A, ,p, and is a factor of a few larger (see dis-
cussion in Seifried et al. (2020). Considering this fact, it is thus
reasonable that the peak of the first log-normal part of the N-PDF
arises from the atomic gas. Reducing the observational median
Ay op of 0.7 and 0.45 for low-mass and quiescent regions, respec-
tively, by a factor of three for example, would imply a A, 3p of
0.23 and 0.15, which is well in the range of the Hi-to-H, transi-
tion. In Sect. 3.2.6, we discuss the N-PDFs of Draco that shows
only two log-normal parts of the N-PDF, where we present addi-
tional evidence for our proposition. But the low-mass clouds we
present here can be in an early evolutionary state and the atomic
envelope (Imara & Burkhart 2016) may be more prominent. The
atomic and the molecular gas then have both log-normal N-PDFs
(caused by turbulent mixing) that overlap (Mandal et al. 2022).
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Power law tail(s). All clouds are again fitted with two
PLTs, but interestingly, the majority (8 out of 10) have a steeper
second PLT compared to the first one. The median value for the
first PLT is s; =—1.85 and for the second PLT s, =-2.76. This
is a new feature in N-PDFs and discovered most likely thanks
to the higher angular resolution of the maps. While the first PLT
slope is consistent with that expected for gravitational collapse at
early stages (Larson 1969; Penston 1969; Shu 1977; Whitworth
& Summers 1985; Federrath & Klessen 2013; Girichidis et al.
2014), it is unclear what could cause the steeper second PLT. It
can be related to magnetic fields, which we discuss in more detail
in Sect. 4.

Deviation point(s) and structure. The DPI1 is overall at
lower values (median Ay(DP1) =2.5) but there is a large scatter
in the values between 1.4 and 5.2.

There are interesting differences in the shapes of the A-
variance spectra. Nearly all sources (the best example, however,
is Perseus) show little variation in structure (flat spectrum)
between ~0.3 pc and 1 pc. Below ~0.3-0.5 pc (the first peak, P1
in the A-variance spectrum, see Table 3), there is the largest
structural variation where the median of the exponent S is
2.86. Most of the sources show an increase in the A-variance
spectrum after the flat range with a second peak typically at
1-3pc (only Lupus IV shows a peak at 6.5pc). The median
of the exponent 3, is 2.64. We observe a similar correlation
between the slope change of the N-PDF at DP2 and the struc-
tural change visible in the A-variance spectrum (at scale P1) as
was detected for high-mass and intermediate-mass SF regions.
We, however, do not distinguish here between a change into a
flatter or steeper PLT. In the clouds Cham I, Cham II, Pipe, Tau-
rus, the extent of the higher density regions with a flatter or
steeper PLT outlined by the black contour in the column den-
sity map corresponds approximately to the first characteristic
scale (P1) in the A-variance spectrum. The values of P1, how-
ever, are not always the same and there is a trend that clouds
with higher DP2 show smaller values for P1. For example for
Cham I, Ay(DP2)=6.0 and P1=0.21 pc while for Cham II,
Ay(DP2)=26.9 and P1=0.61 pc. We come back to this point in
the next section. In some sources (IC5146, Lupus I, Perseus),
there is no clear correlation between DP2 and P1, or it is less
obvious (pOph). There is another trend that the sources with the
flattest A-variance spectra (such as Perseus) have the best defined
single PLT. This behavior is consistent with numerical exper-
iments where small-scale fluctuations increase as the medium
becomes full of shock compressed high-density clumps and fil-
amentary structures, which shape the high-density end of the
N-PDF.

3.2.5. N-PDFs of quiescent regions

The sample we have for quiescent clouds that are not actively
forming stars is small (Fig. 1). Only three clouds are included,
namely Cham III (Figs. C.26 and D.13), Musca (Figs. C.27 and
D.14), and Polaris (Figs. C.28 and D.13). All sources are fitted
with two log-normals and two PLTs.

Log-normal distribution(s). The two log-normals fitted for
quiescent clouds both have their peak at low column densi-
ties (median Ay =0.45 and Ay =0.64, respectively) so that we
here also attribute the first log-normal to a mostly atomic gas
distribution and second one to a mostly molecular one.
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Power law tail(s), deviation point)s) and structure. The
full Polaris region has a first PLT with a steep slope (s;=
—4.08) and a second flatter one (s, =-2.34) though Schneider
et al. (2013) noted that the N-PDFs of quiescent subregions
in Polaris are better described by a single log-normal part.
If the log-normality is caused by turbulence, then there is a
direct link to the structure, which should show a self-similar
behavior (Stutzki et al. 1998; Schneider et al. 2011). Indeed,
the A-variance spectrum of Polaris displays such a self-similar
behavior over more than an order of magnitude in size between
0.02pc and 0.6 pc. We come back to the slopes of the PLTs in
Sect. 4.

Musca displays a rather unusual N-PDF compared to other
quiescent or low-mass clouds because it shows two PLTs that
separate at Ay(DP2) ~4. This Ay is approximately that defined
by Cox et al. (2016) as the “high-density filament crest” of
Musca, in contrast to the lower density surrounding filamen-
tary structures called “striations” (Palmeirim et al. 2013). This
change in behavior also becomes obvious in the column den-
sity map, shown in Fig. C.27, where the crest stands out
as a prominent skeleton (red areas) within the whole Musca
cloud.

The A-variance spectrum of Musca shows a characteristic
first scale (P1) at around 0.1 pc, which is even smaller than the
width of the crest. Interestingly, the Ay =4 contour, where the
slope change occurs, outlines clumps of ~0.1 pc size. In any
case, the slope change of the PLT from a value s; =-1.7 into
a much steeper one of s, =—5.0 when entering the crest indi-
cates a change of the dominant process governing the column
density distribution. While the first slope is consistent with self-
gravity, the much steeper second slope could be explained with
the influence of the magnetic field. Observationally, Soler (2019)
showed that slopes of the N-PDF are steepest in regions where
the magnetic field B and the column density distribution are
close to perpendicular. This configuration is the case for Musca,
as it was shown in Cox et al. (2016). Auddy et al. (2019) argue
that clouds with a strong magnetic field with a subcritical mass-
to-flux ratio and small amplitude initial perturbations develop a
steep PLT in the PDF. They reason that gravitationally driven
ambipolar diffusion leads to shallower core density profiles than
in a hydrodynamic collapse.

3.2.6. N-PDFs of a diffuse region

With the Draco region (Mebold et al. 1985; Herbstmeier et al.
1993; Miville-Deschenes et al. 2017), we include an example of
a diffuse cloud that is probably only at the verge of becoming
molecular and does not show star-forming activity. Draco is an
intermediate velocity cloud (IVC, velocity around —20 kms™!)
that most likely originates from a Galactic fountain process in
which disk material is lifted above the plane and falls back
to the disk at high velocities (Lenz et al. 2015 and references
therein), or infall of extragalactic gas. Figure C.29 shows the
column density map, the 250 um Herschel map, the N-PDF and
the A-variance spectrum for this regions. We include here the
250 um map and derive the A-variance spectrum from this map
because of the higher angular resolution of 18” (the column
density map is at 36”). In addition, we display in Fig. 2 the
N-PDF again, this time together with the Ny;-PDF from atomic
hydrogen®.

6 For constructing the Ny;-PDF, we use the all-sky H1 data from the
Effelsberg-Bonn H1 survey (EBHIS; Winkel et al. 2016) at an angu-
lar resolution of ~10’. We assume that the HT line is optically thin
(Herbstmeier et al. 1993), and calculate the H1 column density Ny
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Fig. 2. N-PDF of the Draco region. The black histogram shows the
N-PDF obtained from Herschel data and the blue line its analytic
description. The red line is the result from fitting two log-normal PDFs
and considering the noise contribution that leads to a linear behavior
at low column densities (Ossenkopf et al. 2016). The green histogram
displays the Ny;-PDF of the H1 data and the continuous line a single
log-normal fit. The fitted peak positions of the PDFs and the widths (o
in units of n=In(N/{N))) are given in the panel. Error bars are based on
Poisson statistics. The left y-axis gives the probability density for the
Herschel map and the right y-axis for the H1 map.

We show in Fig. 2 the N-PDF of the pixel distribution over
a wide column density range covering the noise and the log-
normal parts (and potentially PLTs). The N-PDF shows a tail
at very low column densities, followed by a more complex shape
for column densities above ~10%° cm™2. The best model fitting
the distribution is the ELL one, two log-normals and an error
PLT. The model fit is shown as a blue line and the two indi-
vidual log-normal parts of the N-PDF as red dashed lines. The
dust N-PDF parts have widths of o-=0.32 and 0.34, maxima at
Avy(peak)=0.13 and 0.40 (N = 2.4 and 7.5 X 10%° cm™2), respec-
tively. The location where the two N-PDF parts have the same
contribution is at Ay =0.33 (N = 6.2 x 10*°cm™?).

The Nyi-PDF determined from the Hr1 data is shown as
a green histogram in Fig. 2. A log-normal fit (green line) is
the simplest approach with only three parameters. Indeed, log-
normal shapes for Ngr-PDFs were obtained for other H1 obser-
vations (Berkhuijsen & Fletcher 2008; Burkhart et al. 2015b;
Imara & Burkhart 2016). For Draco’s log-normal fit, the peak
is found at Ay (peakyy) = 0.13 and the width is oy =0.25. Given
the low angular resolution of the H1 map, however, we may
blur small-scale structure in the H1 distribution and thus pos-
sibly underestimate the width of the Ny-PDF. We assume that
the Ny;-PDF consists mostly of CNM (cold neutral medium) gas
and not WNM (warm neutral medium), similar to observations
reported by Burkhart et al. (2015b) and Stanimirovic et al. (2014).
The peak of the Ny-PDF at Ay(peaky;)=0.13 corresponds
remarkably well to the left log-normal low column density
Herschel dust N-PDF so that the most simple and straightfor-
ward explanation is that this feature reflects cold H1 gas, i.e., the
atomic CNM phase. The transition between the two log-normals
occurs at N ~ 6.2 x 102%cm™2 (Ay ~ 0.33), and the peak of
the second N-PDF is at N ~ 7.5 x 10?° cm™2 (Ay =0.40) and

using Ny; (cm™2)=1.82 x 10'® W(HI) with the line integrated intensity
WHI) in (K kms™).
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has no counterpart in the Ny;-PDF. We thus attribute this sec-
ond feature as arising mostly from the molecular H, phase. The
transition between H1 to H, around an Ay of 0.33 is consistent
with typical values found for IVCs and diffuse clouds (Federman
et al. 1979; Reach et al. 1994; Lagache et al. 1998; Lockman &
Condon 2005; Gillmon et al. 2006; Rohser al. 2014). Further-
more, PDR models (Rollig et al. 2007) and cloud simulations
including radiative transfer (Glover et al. 2010; Bisbas et al.
2019) determine the transition to be around Ay =0.3, but can
be slightly higher (Wolfire et al. 2010), depending on incident
UV field and density. Integrating over the N-PDF, we determine
that 89% of mass is in low-column density gas and 11% at high
column densities. Given that the absolute values for the column
density are below ~10?' cm™2, and thus well below the limit of
significant CO formation (Lee et al. 1996; Visser et al. 2009),
we suspect that a significant part of the H, N-PDF is made up
out of CO-dark gas. For further details, see the summaries given
in Klessen & Glover (2016), Clark et al. (2012) and Smith et al.
(2016) for numerical simulations.

Summarizing, this is the first time that such purely bimodal
log-normal dust N-PDFs without a high column density PLT are
observed. In particular, the higher column density log-normal
part of the Draco dust N-PDF is well resolved and sampled, and
attributed to CO-bright and CO-dark H,. This finding is con-
sistent with current analytic theories of SF as both clouds are
in a very early stage of their evolution where turbulence domi-
nates over self-gravity, so that a high column density PLT is not
expected.

4. Discussion
4.1. General remarks

Probability distribution functions derived from visual extinction
maps and Herschel column density maps are useful tools for
the analysis of the density structure of a molecular cloud but
they have their drawbacks. Extinction maps are affected by LOS-
confusion, limited angular resolution that leads to small number
statistics in the high-density pixel regime, and limited map sen-
sitivity. In addition, the absolute scale depends on the conversion
factor Ay into N(H,), which can be controversial. A completely
different approach to obtain column density maps is to perform
pixel-to-pixel SED-fitting to the FIR-data from Herschel. Other
errors are introduced with these maps (opacity, assumption of
isothermal dust distribution, etc.), but the cut-off in the high
column density regime is much higher (up to a few hundred
Ay), also because the angular resolution is much higher. The
Planck all-sky survey also provides the ability to obtain column
density maps by SED fits, but the angular resolution is much
lower (around 5’). Combining Herschel and Planck dust emis-
sion observations (e.g., Lombardi et al. 2014; Zari et al. 2016;
Abreu-Vicente et al. 2017) is a way to cover larger cloud areas,
but does not solve the angular resolution limitation of Planck.
In any case, correcting for LOS confusion, as we have done
in this study, is an important improvement because it affects N-
PDF parameters such as width and PLTs. Without the correction
these parameters show a larger spread, as shown in many other
studies (the widths become narrower and the slopes steeper).

4.2. Discussion of N-PDFs parameters

In the following, we discuss the properties of the N-PDF param-
eters alone and their possible correlation for which we plot
and discuss in Appendix E key parameters such as width of
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log-normal, PLT slopes etc. against the mass. This is a purely
qualitative comparison since our sample is still too small to
perform a more quantitative analysis.

The width of the log-normal part of the N-PDF.  Differ-
ent physical processes are responsible for shaping the N-PDF
(Nordlund & Padoan 1999; Federrath et al. 2008, 2010). As
shown in the simulations presented in Federrath et al. (2008,
2010); Federrath & Klessen (2012); Molina et al. (2012), the
width and the peak position of density and column density
PDFs depend on the Mach-number, the forcing (compressive
or solenoidal driving), and the ratio between thermal and mag-
netic energy. For example, compressive modes cause a broader
log-normal part of the N-PDF with the peak shifted to lower
densities.

In our study, we mostly fit two log-normals to the low-
column density range, and we attribute the first one for high-, and
intermediate SF regions to turbulently mixed molecular gas, and
the second one to compression by stellar feedback. Indeed, o7 is
broader compared to o, in clouds exposed to external compres-
sion from expanding H n-regions and stellar winds (CygnusX N
and S, M16, NGC7538, Vela, Orion B, Mon OB1, NGC2264).
On the other hand, it is not obvious why the massive GMCs M 17,
Rosette, and NGC6334, which are strongly exposed to radiative
feedback, have a narrower second log-normal N-PDF. However,
as shown in Tremblin et al. (2014), a double-peak or gener-
ally “bumpiness” in the N-PDF is only visible when the Mach
number is low and the cloud is dominated by ionized-gas pres-
sure. There, the case of Rosette is well modeled with a Mach 2
turbulent cloud with ionization.

For low-mass and quiescent regions, o-;; of the N-PDF, we
attribute to turbulently mixed H1 gas, is clearly lower with a
mean of 0.32 and 0.38 with respect to more massive regions. o
has high values, 0.64 and 0.61, respectively, and characterizes the
width of turbulently mixed molecular gas and corresponds in our
interpretation to o, of intermediate and high-mass SF regions.

The deviation point(s) of the N-PDF. Our sample of
clouds of different masses shows that there is no common value
for DP1, but a trend that the group of quiescent, low-mass
and intermediate mass clouds has values between Ay (DP1)=2-
5. High-mass clouds have a median value of Ay(DP1)~ 18.5,
which can partly be attributed to the LOS-contamination correc-
tion that may not be perfect. The question now is whether these
values reflect a change in the dominant physical process within
these cloud types or a threshold in (column) density for core- or
star-formation. While Kainulainen et al. (2011) explained their
rather constant Ay(DP1)-value of 2—4 as due to a phase transi-
tion between lower-density interclump gas and pressure-confined
clumps, Froebrich et al. (2010) proposed that there is a universal
threshold of Ay =6+ 1.5 where gravity dominates over turbu-
lence. If gravity starts to play a significant role during molecular
cloud formation, an increasing fraction of gas will be above a cer-
tain threshold of column density/extinction and form stars. Such
extinction thresholds were identified by Lombardi et al. (2008)
for Ophiuchus or Roman-Zuniga et al. (2010) for the Pipe neb-
ula. Furthermore, Heiderman et al. (2010) claim to have found
a “star-formation threshold” around Ay ~ 8 (corresponding to a
surface density of ~130 Mg pc™2) that was defined as a steep
increase of the SF rate surface density Xgpr over gas surface den-
sity Xgus. Studies using Herschel or other continuum data do not
give a common picture. For regions such as Aquila (André et al.
2014; Konyves et al. 2015), Orion B (Konyves et al. 2020), and
Taurus (Marsh et al. 2016a), the majority of pre- and protostellar
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cores is found in gravitationally collapsing filaments above an
Ay threshold of around 6-7. On the other hand, in regions with
low overall column density like the Lupus clouds (Benedettini
et al. 2018), prestellar cores are detected above a background of
only Ay =2. Pokhrel et al. (2020) studied the relation between
the stellar mass surface density and the mass surface density of a
subsample of our clouds and deduce that there is no gas column
density threshold for SF. Summarizing, we conclude that each of
these studies has its own biases and no clear threshold value for
the formation of self-gravitating cores has emerged.

The circumstance that different values of the threshold are
reported in these studies and in the N-PDFs are an indication
that the SF column density threshold, if it exists, might depend
on the local properties of the host cloud such as the strength of its
magnetic field, the local radiation field, and its nonthermal veloc-
ity dispersion. These properties control the mechanisms that can
provide support against gravitational collapse, such as the mag-
netic pressure mediated by collisions between neutrals and ions
and the turbulent motions that supply nonthermal pressure sup-
port (Klessen & Glover 2016). Recently, Jaupart & Chabrier
(2020) showed in their analytic formalism that the threshold den-
sity (accordingly also the column density DP1) evolves with time
on the same timescale as the global, average properties of the
cloud and is thus not constant.

The fact that we nevertheless observed a clustering of DP1
around Ay (DP1) ~2-5 could be due a chemical transition. For
a given UV radiation field, there is a minimum column density
necessary to self-shield CO and to maintain significant molec-
ular abundances. This transition occurs typically at Ay =1.5 if
we take into account the effect that the typical Ay that a cloud
element experiences toward the external radiation field is lower
by a factor of 3 relative to the total column an observer sees
(Glover et al. 2010). Alternatively, it may represent a change of
the dust properties for cold material leading to ice mantles and
dust grain growth as the gas temperature at Ay =4-5 falls below
some condensation threshold.

Concerning high-mass SF, Krumholz & McKee (2008) pro-
posed on the basis of theoretical considerations a threshold of
1 gem™ (equivalent to an Ay of ~300), for high-mass stars to
form. Observationally, no clear picture emerges. Our study of
N-PDFs does not reveal a characteristic value of the second devi-
ation point (DP2) of Ay =300. Instead, there is a large variation
of Ay(DP2) for different regions (Table 3 and Appendix E).

Power law tail slopes. The overall median slope values for
the first and second PLT are s; =-2.125 and s, =-2.34, respec-
tively, which correspond to an exponent a; = 1.94 and a, = 1.85,
for an isothermal spherical density (p) distribution of equivalent
radius R with p o« R™® (see Sect. 3.2.2). The gravitational col-
lapse of an isothermal sphere has been studied for a long while
(Larson 1969; Penston 1969; Shu 1977; Whitworth & Summers
1985), and though all models start with different initial condi-
tions, they arrive at the same @ =2 for early stages and a=1.5
after a singularity forms at the center of the sphere. It is thus
possible that the PLTs then stem only from local core collapse.
However, in most of the clouds, this explanation is unlikely
because cores constitute only a small mass fraction of the total
gas mass (e.g., 15% of dense gas in Aquila, André et al. (2014)).
In addition, there are clear observational signatures for gravita-
tional collapse on much larger scales, for example as observed
in the DR2I ridge (Schneider et al. 2010), the Serpens fila-
ment (Kirk et al. 2013), W33A (Galvan-Madrid et al. 2010), and
IRDCs (Paper II). Gravitational fragmentation of dense filaments
into prestellar cores, possibly fed by accretion via filaments

oriented orthogonal to the main filament, called ‘“striations”
(Palmeirim et al. 2013), is proposed as the main process to form
solar-type protostars (André et al. 2014). Mass accretion by larger
subfilaments is considered further as an important process to
build up the large mass reservoir to form massive star(s). Obser-
vational examples are found in Schneider et al. (2010, 2012);
Galvan-Madrid et al. (2010); Nguyen-Luong et al. (2011); Hen-
nemann et al. (2012); Kirk et al. (2013); Peretto et al. (2014);
Motte et al. (2018), simulations in Heitsch et al. (2001); Smith
et al. (2011, 2013). The PLT of the N-PDF is thus not only due to
local core collapse, but can also arise from the aforementioned
processes. We thus interpret the PLTs as due to gas that is con-
trolled by gravity on all scales (global collapse and accretion,
core collapse).

Special attention is devoted to the second PLT, which can
be steeper or flatter than the first PLT. One would expect that
a second flatter PLT appears after the first PLT has developed
and was explained by thermodynamic effects, radiative feed-
back, or small-scale convergent flows (Schneider et al. 2015c¢).
It is also possible that a flatter second PLT can have different
reasons, depending on cloud type. For massive, evolved GMCs,
Tremblin et al. (2014) put forward stellar feedback as an expla-
nation because they show that the PLT of the N-PDF becomes
flatter going from the cloud center toward the interaction zone
between an H 11 region and the cloud. This shift in slope implies
that compression of gas takes place and that self-gravity then
takes over in the densest regions to form cores and finally stars.
Federrath & Klessen (2013) showed in their models how the
whole slope of the N-PDF flattens with increasing star-formation
efficiency and more stellar feedback. Recently, two other the-
oretical explanations were given for the occurrence of a flatter
second PLT in less evolved molecular cloud without stellar feed-
back. Jaupart & Chabrier (2020) developed an analytical theory
of a nonstationary density PDF including gravity with a first
PLT with slope s; < —4, which reaches an asymptotic value of
s> < —2 in freefall collapsing regions. These values fit very well
to the observed slopes of the quiescent regions Cham III and
Polaris (Table 3), but not with the Musca filament. However, the
highest density part (above Ay ~ 10) of the N-PDF of Musca is
not well resolved due to limited angular resolution and may hide
a flatter PLT. In this case, there would indeed be a succession of
a steep PLT and a flatter one. Donkov et al. (2021) on the other
hand discuss a model in which cores of an averaged representa-
tive of a whole class of molecular clouds are considered. They
propose that the thermodynamic state of the gas (only turbulence
and gravity included) changes from isothermal on large scales to
a polytropic equation of state of the gas p o p' with pressure p
and density p and an exponent I larger than 1 on the sub-parsec
proto-stellar core scale. A density profile p(r) oc ¥” with p=-3
and an exponent I'=4/3 then produces a flatter second PLT.

As a counterpoint, there are also N-PDFs with a steeper sec-
ond PLT from all cloud types, for instance Rosette for high-mass
clouds, Mon OB1 for intermediate-mass clouds, and Taurus
for low-mass clouds. It is unclear what physical cause may be
behind such behavior. Observationally, resolution effects may
also play a role, but we emphasize that we excluded all pixels
at the highest-column density range (typically above Ay =100
for massive/intermediate mass SF regions and Ay =30 for low-
mass and quiescent regions) so that we can be sure about the
significance of a second flatter or steeper PLT. There is also
a link between the extinction value, Ay(DP2), where the slope
turn occurs, and the A-variance, suggesting that there is indeed a
change in the column density structure or the dominant physical
process. In addition, for most of the clouds the second steeper
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PLT is well pronounced and not a small feature (see Vela C
in Fig. C.9). A possible explanation for a steeper PLT is the
magnetic field orientation. Soler (2019) investigated the relative
orientation between the magnetic field B projected onto the plane
of sky derived from polarized thermal emission of dust observed
by Planck, and the distribution of dust column density, obtained
from Herschel’, for a number of nearby low-mass and quiescent
molecular clouds. They derived that the slope of the N-PDF is
steepest in clouds or regions within a cloud where the magnetic
field and the column density distribution are close to perpen-
dicular. We note, however, that such a correlation had not yet
been observed in simulations (Seifried et al. 2020). In the study
of Soler, the PLT fit was restricted to a single slope, without
the more detailed distinction into one or two PLTs we perform
here. Nevertheless, we find that the steeper, high-column den-
sity PLTs seen from N-PDFs in the low-mass SF or quiescent
regions Chaml, Chamll, IC5146, LupusI, Orion B, Perseus, Tau-
rus, and Musca indeed correlates with the presence of a magnetic
field that is oriented perpendicular to the higher column den-
sity regions (see Soler 2019 for magnetic field observations in
these clouds). For the intermediate- and high-mass SF regions
that show a second steeper PLT (Rosette, Mon OB1, Vela), there
are no high angular resolution maps available. The Rosette cloud
was studied in Planck Collaboration Int. XXXIV (2016) and
Fig. 3 in that paper shows that the high column density regions
are partly aligned with the magnetic field and partly perpendic-
ular. Given the limited sample, we thus only tentatively propose
that the second steeper PLT for some cloud regions is a result of
magnetic field orientation.

Numerical simulations show different density and column
density PDF shapes, depending on evolutionary stage, but a
steeper PLT is normally only found when the simulation reaches
its resolution limit. Since we mostly find PLTs (first or second)
with a slope around -2 that indicates that high-density gas in
all clouds is collapsing in free-fall. The remaining variations in
slope values are then most likely caused by processes that are
only partly considered in simulations and analytic descriptions
such as stellar feedback or magnetic fields.

4.3. Tracing the HI-to-H> transition with N-PDFs

Alves et al. (2017) argued that the log-normal portion of N-
PDFs (typically Ay < 1) cannot be safely traced if the map is
not complete, which means that the last closed contour must
be sufficiently low and above the noise of the map to represent
the PDF. Ossenkopf et al. (2016); Chen et al. (2018); Kortgen
et al. (2019) investigated this problem in more detail and con-
cur that observational limitations such as noise, LOS effects,
and incompleteness can have an impact on the N-PDF. Paper [
and Ossenkopf et al. (2016), however, showed that there are effi-
cient methods to correct for noise and contamination, and Chen
et al. (2018); Kortgen et al. (2019) deduced that a model with a
log-normal part and a PLT for the N-PDF gives the best fitting
model for star-forming clouds.

As outlined in Sect. 3.2.6, we find for Draco a double log-
normal dust N-PDF, attributed to the atomic and to the molecular
CNM, respectively, both turbulently mixed. The higher-column
density molecular part of the Draco N-PDF can be fitted
by a log-normal distribution between N ~3—4 x 10?° cm~2 and
N ~2 % 10%! cm™2, which is well above the noise level of around
0.03 x 10*' cm™? (Ay ~0.016). The data points constituting the

7 The column density maps were obtained by cross-correlating
Herschel and Planck data and have an angular resolution of 36”
(Abreu-Vicente et al. 2017).

A165, page 16 of 52

molecular part of the N-PDF (Fig. 2) are defined by pixels com-
prising larger clumps and filaments (green and red colors in
Fig. C.29, size scale 1-6 pc), or from very small-scale structures,
molecular gas that is intimately mixed with the lower column
density material lower or at the resolution limit. A distribution of
resolved small clumps was identified by Miville-Deschenes et al.
(2017) in their Herschel Draco study. They determined the clump
size to be ~0.1-0.2 pc with an average density of ~10° cm™3. Our
observations thus support a scenario that is put forward by many
authors (e.g., Heitsch et al. 2005; Hartmann et al. 2001; Glover &
Mac Low 2007, Valdivia et al. 2016; Seifried et al. 2017) in which
H; rapidly forms in dense clumps and then diffuses into lower
density gas. We speculate that these small clumps may consti-
tute the major reservoir of CO-dark gas because they are already
molecular but not yet realistically detectable in CO (Pringle et al.
2001; Koyama & Inutsuka 2000; Smith et al. 2014).

In general, while it is possible to construct a last closed con-
tour for the extended structures in the column density map, the
turbulent nature of the gas naturally prevents the construction
of a clearly defined closed contour for the small-scale struc-
tures. Kortgen et al. (2019) arrived at the same conclusion using
magneto-hydrodynamic simulations of colliding H1 flows with
and without self-gravity and investigated in detail the issue of
the last closed contour in a turbulent environment. They point
out that “in a fully turbulent medium, there will essentially be
no closed contour anymore for a sufficiently low column-density
threshold because this is just natural for a turbulent medium”.

Obviously, to perform reliable studies of N-PDFs in molecu-
lar clouds, the total area studied should be sufficiently large and
the map should have a high dynamic range to sample the N-PDF
well, conforming to what is stated by Schneider et al. (2015a);
Ossenkopf et al. (2016); Alves et al. (2017); Chen et al. (2018).
In contrast to Alves et al. (2017), however, we propose that we
have found in Draco an observational example of a cloud whose
N-PDFs indeed shows a log-normal part for the low column den-
sity molecular range, similar to what is seen in early time steps of
simulations or analytic descriptions of molecular cloud forma-
tion (Vazquez-Semadeni 1994; Ballesteros-Paredes et al. 2011;
Collins et al. 2012; Federrath & Klessen 2012, 2013; Kortgen
et al. 2019; Jaupart & Chabrier 2020). This log-normal part of
the N-PDF is thus consistent with analytic models of star for-
mation that are based upon a log-normal (column)-density PDF
of turbulent gas (Padoan et al. 2002; Hennebelle & Chabrier
2008, 2009; Elmegreen 2011; Donkov et al. 2012; Parravano
et al. 2012; Hopkins 2012; Federrath & Klessen 2012). Later in
the cloud’s evolution, an additional PLT develops (Klessen 2000;
Ballesteros-Paredes et al. 2011; Kritsuk et al. 2011; Federrath &
Klessen 2013; Valdivia et al. 2016), which is mostly attributed to
self-gravity (Kritsuk et al. 2011; Girichidis et al. 2014; Jaupart &
Chabrier 2020).

For Draco, we propose that we found an observational exam-
ple of a non-biased log-normal N-PDF with an atomic and
molecular part, the question is now to which extent this finding
applies to more evolved clouds. Burkhart et al. (2017) suggest
that the log-normal part of N-PDFs of star-forming regions can
be attributed to H1 and the PLT tail to H,, and developed an
analytic model for determining the transition point between log-
normal and components. The model is based on the typical
coincidence of a common density threshold for H, formation
and the onset of gravitational instability. For a high-latitude
cloud such as Draco, however, this scenario does not apply
as we observe molecular gas, even CO, but no signatures of
gravitationally bound structures.
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For star-forming clouds, the H1 contribution mostly stems
from extended H1 envelopes around the molecular cloud (Motte
et al. 2014; Imara & Burkhart 2016; Kabanovic et al. 2022) and
most of the H; is either already locked in larger, dense clumps
and filaments that are dominated by self-gravity or is still in very
small structures - like in Draco - mixed with the CNM, but with
a low volume and mass filling factor. This picture would be con-
sistent with simulations (e.g., Ballesteros-Paredes et al. 1999;
Ward et al. 2014) where the log-normal N-PDF part is always
present, also after the development of a tail. All N-PDFs in qui-
escent and low-mass SF regions are fit by a double-log-normal
plus PLTs, and the peak of the first log-normal is always lower
than A, 3p < 1, and thus indicates the transitional Ay for H, for-
mation. We thus suggest that we may observe in these N-PDFs
the distinct contributions of H1 and H,. This finding is similar
to the one already put forward by Burkhart et al. (2015b, 2017);
Imara & Burkhart (2016); Chen et al. (2018) where the authors
found that the log-normal part of the N-PDF is built up by both
H1 and H,, while the PLT is composed of molecular material
that is self-gravitating.

5. Summary

We present dust column density maps derived from Herschel
imaging for 29 Galactic cloud complexes, covering diffuse gas
regions and quiescent (mostly non-star-forming) clouds as well
as low-, intermediate-, and high-mass star-forming clouds. The
maps have an angular resolution of 18” and are presented in
visual extinction Ay. Line-of-sight contamination is considered
for high-mass and intermediate-mass clouds by subtracting a
constant value. From these maps, we then determined column
density probability distribution functions (N-PDFs). Different
methods for fitting a log-normal and power law tails (PLTs) to
the N-PDF are discussed. In addition, we investigate the cloud
structure using the A-variance and discuss the spectrum and its
exponent . The characteristic properties of the N-PDFs are pre-
sented and explored as a function of cloud type. Summarizing
our main results, we find:

— The shapes of the N-PDFs are complex, but can generally
be described with two log-normal low-column density parts
and one or two PLTs. Massive clouds such as Cygnus North,
M17, NGC6334, MonR2, and NGC2264 often show a sec-
ond PLT that is flatter than the first one, confirming an earlier
study of Schneider et al. (2015c). Two low-mass SF regions
(Pipe and Lupus III) also show this behavior. The reason
for this accumulation of high (column) density is unclear
but may be related to radiative feedback effects. A steeper
second PLT is found for clouds of all masses (e.g. Vela C,
Rosette, Taurus, Musca) and is thus not an intrinsic fea-
ture of a certain cloud type. Its origin is also unclear but
may be related to the magnetic field orientation, as proposed
by Soler (2019). He found steeper PLTs in regions where
the magnetic field is oriented perpendicular to the column
density distribution, similar to what we anticipate in our
study.

— The first deviation point between log-normal and PLT
(DP1) is not constant, but varies between Ay(DP1)~1 and
Ay(DP1) ~ 18.5 with a clustering around Ayv(DP1)~2-5.
We thus do not find a correlation between the DP1 and
the proposed threshold of Ay =8 (~130 M, pc~2) in nearby
clouds (Heiderman et al. 2010; Lada et al. 2010; André et al.
2014) above which dense cores and YSOs are found. More-
over, the value of Ay(DP1) ~ 2-5 could signify the minimum
column density necessary to self-shield H, and CO to build

and maintain significant molecular abundances. The change

of dust properties may also play a role since ice mantles

and particles are expected to grow as the gas temperature
at Ay =4-5 falls below some condensation threshold.

— The diffuse cloud Draco has a well-resolved and sam-
pled N-PDF with two log-normal distributions peaking at
Ay (peak)=0.13 and 0.40, respectively. We interpret the low
column density part as arising from the cold neutral medium
and the higher column density part originating mostly from
H,. The H1-to-H,; transition is defined where the two log-
normal dust N-PDFs have equal contributions and takes
place at Ay ~0.33 (N ~ 6.2 x 10%° cm™2). This is the first time
that such a bimodal log-normal dust N-PDF without a high
column density PLT is observed. We also find that all qui-
escent and low-mass SF regions show a double-log-normal
part at low column densities and propose that we observe
the N-PDFs of the atomic and molecular gas. This finding
is consistent with current analytic theories of star formation,
where a log-normal density PDF is a key feature. It chal-
lenges the proposal of Alves et al. (2017) that all clouds,
including non-star-forming ones, have N-PDFs described by
a PLT.

— Most of the A-variance spectra of the observed clouds show
two peaks. As a result, we fitted the power law exponent of
the A-variance in two intervals and derived from that the
exponent 8. 8; was determined starting at the resolution limit
until the first peak and 3, until the second peak. We find that
B decreases with increasing cloud mass, while 3, is rather
constant for all cloud types. For high- and intermediate mass
clouds, the largest structural variation happens on small
scales, B is typically between 2.0 and 2.5 with a median
value of 2.3. Low-mass and quiescent clouds are dominated
by structural variations on larger scales, the median of 3,
is 2.86 and 2.73, respectively. There is an intriguing cor-
relation between the A-variance spectrum and the N-PDF.
The first characteristic size scale detected in the A-variance
spectrum (P1) depends on the cloud type and the second
deviation point (DP2) of the N-PDF. Quiescent and low-
mass SF clouds have P1 values below 0.6 pc, which signify
filament widths and clumps. Intermediate- and high-mass SF
regions are dominated by structures around 1 pc, possibly the
typical size of cluster-forming clumps. This structural varia-
tion is correlated with the column density structure, because
the value where the slope of the first PLT changes into a
flatter or steeper one (DP2) increases with P1.

The final interpretation from this study is that atomic and
molecular gas are turbulently mixed at low column densities
while the high column density part of the N-PDF is constituted
by molecular gas, dominated by self-gravity. The model of log-
normal distributions at low column densities followed by one or
two PLTs is thus the best description for molecular clouds. The
gas mass reservoir above an extinction value Ay ~ 4-5 is strongly
affected by self-gravity, and indeed may be globally contracting
in most clouds (whether massive or not). A clear separation in
the N-PDF between global (such as filament) collapse, and local
core collapse (and other effects like radiative feedback) awaits
further studies that make the link between the core population
(pre- and protostellar) and the N-PDF.

The characteristic parameters of the N-PDF (deviation point
from log-normal, power law tails, existence of a double-peak)
depend on environmental properties and allow a distinction to be
made between cloud type (quiescent, low-, high-mass SF cloud).
Comparing to simulations, we find the best correspondence to
the observed N-PDFs in the case of large-scale turbulence with
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gravity, consistent with the analysis of the velocity structure of
observed clouds.
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