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Abstract Molecular clouds are a fundamental ingredient of galaxies: they are the

channels that transform the diffuse gas into stars. The detailed process of how they
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do it is not completely understood. We review the current knowledge of molecular

clouds and their substructure from scales ∼ 1 kpc down to the filament and core

scale. We first review the mechanisms of cloud formation from the warm diffuse

interstellar medium down to the cold and dense molecular clouds, the process of

molecule formation and the role of the thermal and gravitational instabilities. We

also discuss the main physical mechanisms through which clouds gather their mass,

and note that all of them may have a role at various stages of the process. In order

to understand the dynamics of clouds we then give a critical review of the widely

used virial theorem, and its relation to the measurable properties of molecular clouds.

Since these properties are the tools we have for understanding the dynamical state

of clouds, we critically analyse them.We finally discuss the ubiquitous filamentary

structure of molecular clouds and its connection to prestellar cores and star formation.

Keywords ISM: kinematics and dynamics · Stars: formation · ISM: magnetic fields ·
ISM: clouds

1 Introduction

Since molecular clouds (MCs) are the sites where stars are born, the study of star

formation necessarily passes through an understanding on the formation, dynamics,

structure and evolution of molecular clouds. They are called molecular because they

match the physical conditions for molecule formation: they are the densest, darkest

and coldest regions of the interstellar medium.

MCs have temperatures ∼ 10–20 K, and span a range of sizes between ∼ 1 and

∼ 200 pc (e.g., Miville-Deschênes et al., 2017). Inside them, smaller and denser

structures are found at every level of the hierarchy, down to the resolution limit of the

telescopes, a fact that has been interpreted as a fractal nature of MCs (Scalo, 1990;

Falgarone et al., 1991, 2009). They are typically catalogued by size and mass (see

e.g., Stahler and Palla, 2005) as: (i) giant molecular clouds (GMCs), the biggest

clouds, with masses above 105 M�, and sizes & 30 pc, and up to 100−200 pc, (ii)

MCs, with masses of several 102 to some 104 M� and sizes of about 10− 20 pc,

(iii) clumps, with masses between several 10− 102 M� and sizes between few and

some pc, and (IV) cores, with masses below few 10 M� and sizes of 0.1 pc or less

(Blitz, 1993; Heyer and Dame, 2015). They are nested in a hierarchical structure:

while MCs and GMCs are embedded in a warmer (T ∼ 8000 K) atomic medium,

clumps are nested inside MCs, and cores within the clumps. They exhibit a highly

filamentary structure, and the hierarchy is such that smaller, denser structures always

occupy a very small fraction of their parent structures’ volume.

Although our understanding of MCs is continuously improving, still many ques-

tions remain open. Among them are the detailed process by which they are formed,

what defines their inner structure, the role of filaments and cores in their evolution,

the role of the different physical processes (turbulence, magnetic fields, galactic dy-

namics, etc.) in their dynamics, the meaning of the scaling relations between their

mass or their internal velocity dispersion and their size In the present paper we sum-

marize the current state of our knowledge about MCs.
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1.1 Connection between galactic scales and MC scales

The arrival of facilities capable of carrying out spectroscopy of the molecular and

ionised interstellar medium (e.g. ALMA, MUSE) has not only brought about a rev-

olution in terms of resolving large samples of Galactic MCs into protostellar cores,

but has made a similar step change in terms of resolving large numbers of external

galaxies into MCs and HII regions (e.g. Kreckel et al., 2018; Sun et al., 2018; Utomo

et al., 2018). The resulting spatial dynamic range unlocks the interface between MC

scales and those of the host galaxy, which in turn enables studies of:

1. how MC properties change as a function of their large-scale environment (e.g.

Sun et al., 2018, 2020; Schruba et al., 2019),

2. how MCs are affected by galactic dynamics (e.g. Meidt et al., 2013, 2018, 2019;

Jeffreson and Kruijssen, 2018),

3. how MCs combine to constitute the galaxy-scale star formation relation between

the gas mass (surface density) and the star formation rate (surface density) (e.g.

Kennicutt and Evans, 2012; Kruijssen et al., 2018),

4. how stellar feedback from the young stellar populations born in MCs affects the

chemistry and energetics of the host galaxy (e.g. Kreckel et al., 2019; McLeod

et al., 2019b),

5. how the evolutionary lifecycle of MCs that connects all of the above stages de-

pends on the galactic environment (e.g. Chevance et al., 2020a).

The latter of these questions warrants a separate discussion and is treated more ex-

tensively in Section 1.2 below, and in Chevance et al. (2020b). We now first briefly

summarise the (environmental dependence of) instantaneous statistical properties of

MCs and how they constitute the star-forming properties of galaxies.

Firstly, observations show and theory predicts that MC properties depend on the

galactic environment. This specifically concerns their surface and volume densities

(e.g. Sun et al., 2018), turbulent pressure and velocity dispersion (e.g. Heyer et al.,

2009; Field et al., 2011; Shetty et al., 2012; Kruijssen and Longmore, 2013), and

virial parameter (e.g. Sun et al., 2018; Schruba et al., 2019), as well as their char-

acteristic and maximum mass scales (e.g. Hughes et al., 2013; Reina-Campos and

Kruijssen, 2017). Observations show and models predict that these quantities are

also correlated: MC densities, velocity dispersions, masses, star formation rate, and

cluster formation efficiency typically increase with the gas pressure in the galactic

midplane (e.g. Vazquez-Semadeni, 1994; Krumholz and McKee, 2005; Elmegreen,

2008; Padoan and Nordlund, 2011; Kruijssen, 2012; Adamo et al., 2015).

In part, the environmental dependence of MC properties reflects a dependence

on galactic dynamics. MCs initially condense out of the lower-density interstellar

medium (ISM), from which they inherit turbulent and shear-driven motion (e.g. Meidt

et al., 2018, 2019; Kruijssen et al., 2019a). Galactic dynamics can both stabilise

clouds (e.g. Meidt et al., 2013) or compress them and induce star formation (e.g.

Jeffreson and Kruijssen, 2018). The external gravitational potential and the ambient

medium can lead to enhanced velocity dispersions and ‘apparent’ virial parameters,

i.e. ones calculated without accounting for the gravitational force of the stars (e.g.

Schruba et al., 2019; Sun et al., 2020).
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Somewhat surprisingly, the resulting star formation efficiency per free-fall time

seems relatively constant, at εff ∼ 0.01 (e.g. Barnes et al., 2017; Leroy et al., 2017;

Utomo et al., 2018; Krumholz et al., 2019), in rough agreement with theoretical pre-

dictions (e.g. Federrath and Klessen, 2012, although see Schruba et al. 2019 for im-

portant areas where observations and theory differ) and the galactic-scale efficiency

per dynamical time (e.g. Elmegreen, 1987, 1993, 1997; Silk, 1997; Kennicutt, 1998).

Observations of individual MCs in the solar neighbourhood suggest that their instan-

taneous star formation rate is situated above the expectation from the galactic-scale

‘star formation relation’ (e.g. Heiderman et al., 2010; Lada et al., 2010; Gutermuth

et al., 2011) between the molecular gas mass surface density (Σ ) and the star for-

mation rate surface density (ΣSFR), which is observed to have a power law form of

ΣSFR ∝ Σ
N with N = 1−1.5 (e.g. Kennicutt, 1998; Bigiel et al., 2008; Kennicutt and

Evans, 2012; Leroy et al., 2013). However, this difference likely results from the fact

that MC studies:

1. select single clouds that must contain both molecular gas tracers and star forma-

tion tracers, thereby restricting them to a specific evolutionary phase and biasing

their position relative to the star formation relation (e.g. Schruba et al., 2010;

Kruijssen et al., 2018);

2. focus on the star-forming, inner regions of MCs, that achieve higher local star

formation efficiencies than the lower-density outskirts of the clouds (e.g. Dobbs

et al., 2014; Longmore et al., 2014).

Combining these biases with the fact that the MC lifecycle is highly dynamic and

the instantaneous star formation efficiency is a strong function of an MC’s evolu-

tionary stage (see Section 1.2 and e.g. Kruijssen et al., 2019b; Grudić et al., 2019;

Chevance et al., 2020a), it is clear that the galactic-scale star formation relation can

only arise after averaging over all evolutionary stages of MCs (Feldmann et al., 2011;

Kruijssen and Longmore, 2014). While this explains the large scatter of the relation

on sub-kpc scales (e.g. Bigiel et al., 2008; Leroy et al., 2013), it raises the question

to what extent the galactic-scale star formation relation is purely statistical in nature

and trivially arises from applying the central limit theorem to unresolved MC popu-

lations (as suggested by Lada et al., 2013). In other words, does the dynamic range

in Σ and ΣSFR of the galactic-scale star formation relation simply arise from adding

up many individual MCs, without any underlying change in the physics of MC evo-

lution and star formation, or do the properties of MCs change across this spectrum of

galactic-scale densities? Can the galactic-scale star formation relation teach us any-

thing at all about the MC-scale physics of star formation? The fact that MC properties

are strongly environmentally dependent and change continuously over the full range

of large-scale gas surface densities of the host galaxy (see above) suggests that the

galactic-scale star formation relation is at least partially physical in nature, rather

than being a trivial result of statistical averaging. To provide a definitive answer to

this question, cloud-scale observations of the molecular ISM are necessary, which is

now within reach. Irrespectively of the physics or statistics that set the galactic-scale

star formation relation, it is clear that the scatter around this relation is a valuable

probe of the MC lifecycle.
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Finally, the stellar feedback from the young stellar populations born in MCs

drives mass, energy, momentum, and metal enrichment into the surrounding ISM.

Recent studies of ionised emission lines show that early feedback mechanisms domi-

nate the dispersal of MCs (e.g. Lopez et al., 2011, 2014; Chevance et al., 2016, 2020a;

Kim et al., 2018; Kruijssen et al., 2019b; McLeod et al., 2019a,b). Supernovae deto-

nating in the resulting, cleared environments may contribute to driving galactic winds

on spatial scales larger than the disc scale height (e.g. Walch and Naab, 2015). The

chemical enrichment from the young stars drives inhomogeneity on spatial scales

similar to the gas disc scale height (e.g. Kreckel et al., 2019). It remains an important

open question on which timescales these inhomogeneities dissolve by mixing.

We now turn to a brief discussion of the lifecycle of MCs, synthesising the pro-

cesses discussed above and placing them on an evolutionary timeline. For a more

detailed discussion on this topic, we refer to Chevance et al. (2020b, this volume)

1.2 Lifecycle of MCs

Characterising the cloud lifecycle in galaxies is critical to understand the physical

processes of star formation and feedback. However, measuring timescales has his-

torically been notoriously difficult in astrophysics and the question of the molecu-

lar cloud lifetime has been highly debated, both from theoretical and observational

points of view. In the Milky Way, the lack of observed post-T Tauri stars (with

ages ∼ 10 Myr) associated to molecular clouds (Briceno et al., 1997; Hartmann

et al., 2001) has suggested that molecular clouds are transient structures and dis-

perse quickly after star formation. The fact that most molecular clouds in the Solar

Neighbourhood are associated with young stars of ages less than 3 Myr (Ballesteros-

Paredes et al., 1999a) is also in favour of short-lived GMCs. Supporting this idea,

Elmegreen (2000) suggests that star formation occurs on a crossing time, based on

the determination of cluster ages in the Large Magellanic Cloud (LMC).

Extragalactically, measuring the lifetimes of molecular clouds has been even

more challenging. A variety of indirect methods has been developed, relying for ex-

ample on the presence of inter-arm molecular clouds (e.g. Scoville and Hersh, 1979;

Scoville and Wilson, 2004; Koda et al., 2009), on the classification of clouds based

on their star formation activity (e.g. Engargiola et al., 2003; Blitz et al., 2007; Kawa-

mura et al., 2009; Miura et al., 2012; Corbelli et al., 2017), or on the evolution of

clouds along orbital streamlines (e.g. Kruijssen et al., 2015; Meidt et al., 2015; Hen-

shaw et al., 2016; Barnes et al., 2017; Jeffreson et al., 2018). Due to differences in the

experiment setups and subjective definitions of cloud categories, it remained unclear

what part of the large range of values estimated by these different methods (from

more than 100 Myr down to about 1 Myr) resulted from actual environmental depen-

dence of the cloud lifetime, and what this could tell us about the physical processes

regulating star formation and feedback in galaxies.

The new statistical approach developed by Kruijssen and Longmore (2014) and

Kruijssen et al. (2018) now enables the characterisation of the evolutionary timeline

between cloud formation and evolution, star formation and feedback in a systematic

way, applicable to a large range of galaxies. This method has been applied to a sample



6 Javier Ballesteros-Paredes et al.

of galaxies in or near the Local Group (e.g. NGC300, Kruijssen et al. 2019b, M33,

Hygate et al. 2019; the Large Magellanic Cloud, Ward et al. 2019) as well as outside

of the Local Group (Chevance et al., 2020a, for a sample of nine galaxies). These new

measurements, which can be extended to the large galaxies surveys at high spatial

resolution observed with ALMA (e.g. with the PHANGS collaboration, Leroy et al.

in prep.), now make it possible to quantitatively determine what parameters (such

as ISM pressure, galactic dynamic, disc structure) govern cloud lifetime in galaxies.

Chevance et al. (2020a) shows that there exist two regimes in galactic molecular gas

surface density, where GMC lifetime is regulated by galactic dynamical processes at

high (≥ 8 M� pc2) gas surface density (as in Jeffreson and Kruijssen, 2018), while at

low (≥ 8 M� pc2) gas surface density, GMCs decouple from galactic dynamics and

their lifetime is governed by local processes, so that they typically live for a free-fall

time or a crossing time.

The characterisation of the lifecycle of molecular clouds, which can be seen as the

building blocks of galaxies (Kruijssen et al., 2019b), is further developed in Chevance

et al. (2020b, this volume). Measuring the duration of the successive phases of star

formation, from cloud assembly, to cloud collapse and cloud destruction by feedback,

as a function of the environment (e.g. galactic structure, rotation curve, ISM pressure,

stellar density, metallicity) provides strong constraints on the physical mechanisms

playing a role in these processes, and how they vary throughout galaxy evolution.

2 The formation of molecular clouds

One of the most fundamental questions regarding the understanding of the interstellar

medium is to understand how molecular clouds form. Indeed, most of the volume in

the Milky Way is filled by atomic gas which is several times more diffuse than the

molecular gas. How the interstellar gas becomes denser and molecular? Here the

various steps thought to be involved in the process are described.

As we discuss in (Girichidis et al., 2020, this volume), the total mass of the Galac-

tic ISM is about 1010 M�. Most of the volume is occupied by ionized gas, which

can extend high above and below the disk midplane. It accounts for about 25% of

the mass. The rest of the mass is split roughly evenly between the atomic and the

molecular phases of the ISM (Ferriére, 2001). The atomic component also has a large

volume filling factor and extends to large scaleheights in particular in the outer parts

of the Milky Way (Kalberla and Kerp, 2009).

Our discussion here focuses on the dense molecular component of the ISM, which

forms by converting atomic hydrogen into H2. We can compute the properties of

this component by combining data from CO observations, which trace clouds with

high concentrations of both H2 and CO, with measurements of C+, which trace so-

called “CO-dark H2 gas”, i.e. clouds with high H2 fractions but little CO (see e.g.

Pineda et al., 2013). On global scales, the distribution of molecular gas shows a peak

within the central few hundred parsec of the Galaxy, a region known as the Central

Molecular Zone (CMZ, see e.g. Molinari et al., 2011). It then falls off sharply between

0.5 and 3 kpc, possibly owing to the influence of the Milky Way’s central stellar

bar, before peaking again at a Galactocentric radius of around 4–6 kpc in a structure
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known as the Molecular Ring. Outside of the Molecular Ring, the surface density of

molecular gas declines exponentially, but it can still be traced out to distances of at

least 12–13kpc (Heyer et al., 1998). Its vertical scaleheight is very small (∼ 50pc)

and so essentially all molecular gas is closely confined to a dense layer close to the

disk midplane, occupying about 1–2% of the total ISM volume. We note that only

about 5% of the molecular gas mass in the Milky Way is associated with the known

molecular cloud complexes (Roman-Duval et al., 2016), by far the largest fraction

follows a more diffuse and extended distribution (for a complete decomposition of

the CO emission in the Galactic midplane, see Miville-Deschênes et al., 2017).

2.1 Three phase model of the ISM and H2 formation

A very simple model of the phase structure of the ISM was suggested by Field et al.

(1969). If one assumes that the atomic gas in the ISM is in thermal equilibrium, then

there are two thermally stable solutions: a cold dense phase that is generally called

cold neutral medium (CNM), and a warm, diffuse phase termed warm neutral medium

(WNM). Gas at intermediate temperatures is thermally unstable. It will either cool

down and get denser until it joins the CNM, or heat up and becomes more tenuous

until it joins the WNM (see the discussion below in Section 2.2). This two-phase

model was extended by McKee and Ostriker (1977), who realised that the momentum

and energy input from supernovae would create large, ionized bubbles filled with very

hot gas. At temperatures around 106 K this gas would cool very slowly compared to

the other timescales relevant to the system, and so this component would consitute a

third phase known as the hot ionized medium (HIM).

The chemically most straight-forward path to form H2 in the ISM is via the radia-

tive association of two hydrogen atoms: H+H → H2. However, the rate coefficients

are extremely small, and similar applied to gas phase reactions involving the H−

and H+ radicals. These reactions are only relevant in the early universe in very low

metallicity gas (see, e.g. Klessen and Glover, 2016). In the solar neighborhood and

essentially in a present-day galaxies, almost all H2 molecules form on dust (for a

comprehensive overview, see Tielens, 2010; Draine, 2011). The association reactions

between adsorbed hydrogen atoms occur readily on grain surfaces, and the rate at

which H2 forms is only limited by the rate at which H atoms are adsorbed onto the

surface. As we discuss in (Girichidis et al., 2020), the rate for typical Milky Way

conditions is
(

RH2

cm3 s−1

)

∼ 3×10−17

(

nH

cm−3

)

(1)

where n is the total number density of gas particles and nH is the number density of

atomic hydrogen. For purely atomic hydrogen gas, both quantities are identical if we

neglect contributions from helium and possibly metals.

While H2 is easily formed on dust, it is also readily destroyed again when exposed

to the interstellar radiation field. When molecular hydrogen is photodissociated, the

H2 molecule first absorbs a UV photon with energy E > 11.2 eV and ends up in an

excited electronic state. It then undergoes a radiative transition back to the electronic

ground state, ending up either into a bound ro-vibrational level, in which case the
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Fig. 1 The result of compression of multiphase HI clouds by shock waves (Iwasaki et al., 2018). The

column density is shown (red stands for WNM while Blue-green represents CNM). The relative angle (θ )

between the shock wave propagation direction and the mean magnetic field is 3 degrees (upper panel), 11

degrees (middle panel) and 36 degrees (lower panel), respectively.

molecule survives, or into the vibrational continuum, in which case it dissociates.

Because H2 photodissociation is line-based, rather than continuum-based, the rate at

which this process occurs is highly sensitive to self-shielding (Draine and Bertoldi,

1996). Depending on the strength of the interstellar radiation field (expressed in terms

of Habing units G0, see Habing 1968) this becomes important when the total column

density N exceeds a value of

(

N

cm−2

)

= 1020 G0

(

n

cm−3

)−1

. (2)

Note that also dust extinction contributes to reducing the H2 photodissociation rate,

however, it typically requires higher column densities than H2 self-shielding, and so

it plays only a minor role under normal ISM conditions, (see Girichidis et al., 2020,

this volume).

2.2 The role of thermal instability

The first step on the way toward getting dense molecular gas is certainly the transi-

tion from the warm neutral medium (with densities of about 1 cm−3 and temperature
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' 8000 K) into the cold neutral medium (roughly 100 times denser and 100 times

cooler). The physics of thermal instability (Field, 1965) is discussed in Girichidis et

al. (2020, this volume) Here we simply recalled the basic aspects. Thermal instability

is due to the atomic cooling of the ISM (most important coolant being H, O and C II,

see Wolfire et al., 2003) and more precisely to the fact that in a range of density, typ-

ically between a few and a few tens of particles per cm−3, the cooling function has a

relatively low dependence on the temperature. Therefore since the cooling is propor-

tional to the square of the density (because it arises through the radiative deexcitation

of the coolant which has been exicted through collisions) while the heating is simply

proportional to the density, an instability occurs. The consequence is that at equi-

librium, gas in standard ISM conditions, cannot exist at intermediate densities, say

between 1 and 20-30 cm−3. The gas is said to be thermally unstable. This means that

when the WNM enters in the thermally unstable domain it starts contracting until it

reaches the second branch of equilibrium, i.e. the CNM. This represents a contraction

by a factor of about 100.

Numerical simulations have been used to study the non-linear development of

thermal instability triggered either by shocks propagating in the WNM (Koyama and

Inutsuka, 2000, 2002; Inoue and Inutsuka, 2012) or by a converging flow of WNM

(Hennebelle and Pérault, 1999; Audit and Hennebelle, 2005, 2010; Heitsch et al.,

2006; Vázquez-Semadeni et al., 2006). The effect of turbulent driving in the Fourier

space, which corresponds to complex flows entailing all sort of compressive events

(Seifried et al., 2011) has also been considered. From all these studies it has been

deduced that (i) when sufficiently pushed out of equilibrium WNM breaks–up into a

multi–phase medium composed of clumps of CNM surrounded by the WNM which

confines them ; (ii) the CNM clumps present statistics which resemble the ones in-

ferred for the CO clumps ; (iii) thermally unstable gas does exist and represents sev-

eral percents of the gas. Its existence is due to the turbulence (e.g. Gazol et al., 2001);

(iv) the various phases are interwoven; (v) the cold phase has supersonic motions and

presents a velocity dispersion equal to a fraction of the WNM sound speed. Indeed

the medium presents characteristics of a two phase flows as well as of a turbulent one.

Simulations including the magnetic field have also been performed. Although

magnetic fields definitely modify the fluid dynamics, the above conclusions remain

qualitatively similar. There is however an aspect where it possibly makes a significant

difference. An important question is whether the clouds of CNM which constitutes

the progenitor of molecular clouds are created by a single compression event from

WNM or whether they are more gradually created from cold dense HI clouds. Inoue

and Inutsuka (2008), Inoue and Inutsuka (2009), Heitsch et al. (2009b) and Körtgen

and Banerjee (2015) have concluded that forming magnetized CNM tends to be dif-

ficult because magnetic field has a stabilizing influence. Inoue and Inutsuka (2012)

have investigated the scenario in which a dense cloud form after a series of com-

pression and a more detailed analyses has been carried out by Iwasaki et al. (2018).

Figure 1 displays results for compression induced by shock waves propagating within

magnetized multiphase HI clouds. The relative angle (θ ) between the shock velocity

and the mean magnetic field is 3 degrees (upper panel), 11 degrees (middle panel), 36

degrees (lower panel), respectively. With a small angle a substantial amount of dense

gas formed. But for larger angles and above a certain critical value, the propagation
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Fig. 2 Cut of the temperature (right) and column density (left), of a simulation snapshot of molecular

cloud formation (Hennebelle et al., 2008).

of shock wave becomes very inefficient in producing dense gas. Obviously the value

of this critical angle depends on the flow velocity and of the magnetic intensity. In

reality, there is a distribution of angles between the magnetic and the velocity fields.

Detailed studies from larger scale simulations revealed that magnetic and velocity

fields tend to be aligned (e.g. Iffrig and Hennebelle, 2017), which would imply that

aligned configurations are more frequent than it was randomly determined.

2.3 The role of gravity

In the second step, gravity has been considered and the gas condensation has been

further described (Vázquez-Semadeni et al., 2007; Heitsch et al., 2008; Hennebelle

et al., 2008; Banerjee et al., 2009).

Figure 2 portrays a snapshot for a numerical simulation of a colliding flow (from

Hennebelle et al., 2008) which has led to the formation of a molecular cloud. As

described in the previous section, the dense gas has formed from the diffuse gas

as well as from the denser structure of the multi-phase medium. Due to gravity, few

regions undergo gravitational collapse. Interestingly, in few locations the temperature

abruptly jumps from about 104 to 10 K. Thus the cloud depicted in Fig. 2 can be truely

qualified as being a multi-phase molecular cloud. In a sense, it is a denser counterpart

of the classical WNM/CNM where CNM has been replaced by denser gas.

In simulations including gravity, the clumps present many characteristics with

the observed CO clumps as for instance their density, velocity dispersion and mass

spectrum (e.g. Banerjee et al., 2009; Heitsch et al., 2009a).

It has been found that initially, that is to say soon after the dense gas have been

assembled, the overall structure of the cloud remains largely unchanged compared

to the case whithout gravity. One of the most important difference is obviously that

in the self-gravitating case the PDF of the gas density extends towards much larger

values. However, in MCs with conditions appropriate for the solar neighbourhood,
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the bulk of the mass remains at a density on the order of nH = 100−103 cm−3, even

at late times, when collapse has already occurred in few places.

The velocity dispersion in particular is already high from the very beginning of

the cloud lifetime and is likely the result of a accretion-driven process as emphasised

by Klessen and Hennebelle (2010). This turbulence which is inherited from the dy-

namical building of the cloud is likely maintained by several processes including con-

tinuous accretion onto the cloud (Klessen and Hennebelle, 2010), the development

of various instabilities such as the Kelvin-Helmholz instability for instance (Heitsch

et al., 2008), gravitational collapse of the densest cloud parts and later when stars

have started to form by the feedback processes such as HII regions (Gritschneder

et al., 2009) and jets (Federrath, 2015; Offner and Liu, 2018). In addition, as col-

lapse proceeds, the kinetic energy of clouds tends to follow the gravitational energy

(Vázquez-Semadeni et al., 2007). Thus, it is likely that a non-neggligible contribution

to the velocity dispersion comes from gravity itself, since the ensemble of observed

MCs tend to organize along the virial/free fall collapse lines, with slightly overvirial

values (Ballesteros-Paredes et al., 2011a, see also §4.5).

The H I streams collision mechanism depicted above is a general mechanism that

should work regardless of the detailed mechanism that gave origin to the streams. The

main proposed mechanisms for producing such H I streams are (see §2.5): (i) stellar

feedback, as e.g., the expansion of H II regions or SNe explosions), (ii) the passage of

a spiral arm, (iii) a large-scale gravitational instability, and (iv) cloud-cloud collisions.

Depending on the origin and length of the streams, the resulting cloud can have more

or less mass. For instance, it can be expected that, while bubbles due to stellar activity

can produce 104 M�, spiral arms or gravitational instability can produce clouds with

masses up to 105 −106 M�.

An additional factor limiting the formation of the clouds is the relative orientation

between the magnetic and the velocity fields. Numerical simulations have shown that

the diffuse colliding streams have to move nearly parallel to the magnetic field in

order to allow the formation of the molecular clouds in reasonably short timescales

(10–20 Myr) (e.g., Heitsch et al., 2009b; Inutsuka et al., 2015). It should be noticed,

however, that either the magnetic and the velocity fields in disk galaxies are, at first

approximation, circular. Thus, one can conclude that large-scale galactic dynamics

do plays a role in the formation of molecular clouds.

2.4 The formation and role of molecules

The next step has been the modelling of the UV-driven chemistry which has been

introduced either directly during the simulation (e.g. Glover and Mac Low, 2007;

Glover and Clark, 2012b; Inoue and Inutsuka, 2012) or, at a more sophisticated level,

as a post-treatment of the WNM colliding flow simulations (e.g. Levrier et al., 2012).

This allows a proper treatment of the combined influence of density and UV-shielding

upon chemistry and of the cooling function. The results provide a confirmation that

the gas temperature is reasonably well computed in the magneto-hydrodynamical

(MHD) simulations.
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One important question which has been addressed by these simulations is the

formation timescale of molecular hydrogen. For a long time, this has remained a

mystery because the H2 formation is long: the H2 formation rates on grains are of the

order of tform ∼ nR, where n is the density of the atomic hydrogen, and R, the rate

coefficient, has typical values of the order of 3× 1017 cm3 s−1 (Jura, 1975). Then, the

typical H2 formation timescales are given by

(

tform

yr

)

= 106

(

n

103 cm−3

)

(3)

From their simulations, Glover and Mac Low (2007) concluded that H2 forms at

relatively large densities, therefore in a relatively short timescale, in dense clumps

induced by turbulence. As these clumps are transient they eventually mix back with

the more diffuse gas and therefore enriches it in molecular gas. This result has been

confirmed by Valdivia et al. (2016). However, since multi-phase ISM is considered in

their simulations, when H2 spreads from dense clumps to the surrounding medium,

as this latter is composed of warm gas, a fraction of warm (500-1000 K) molecular

gas develops and this may have consequences to form some chemical species (e.g.

CH+ see Valdivia et al. (2017)).

Glover and Clark (2012a) have investigated the formation of the CO molecules in

turbulent simulations using different methods. They find (see also Shetty et al., 2011;

Gong et al., 2018) that all methods tend to produce similar amount of CO molecules

in the dense gas and in good agreement with observations. It is worth stressing that so

far all the adopted models failed to reproduce (by almost a factor of 10) the observed

CO abundances in regions poorly shielded from the UV-field (Shetty et al., 2011;

Levrier et al., 2012).

Generally speaking, it has been found (e.g. Glover and Clark, 2012b) that not

unexpectedly, the gas dynamics is not sensitive to the details of the chemistry models.

2.5 Dynamical mechanisms for gathering mass

In addition to the thermal instability, which enables the gas to efficiently transit from

a diffuse, warm phase into dense, cold clouds, different mechanisms have been pro-

posed for collecting the mass. Ultimately, it is likely that all those mechanisms play a

role in the formation of MCs and MC complexes. Some of these are, agglomeration

(or coagulation), converging flows, the passage of spiral arms, cloud-cloud collisions,

shock-wave passage, and large-scale instabilities. It should be recognized, however,

that all cases are, in practice, converging flows, and the differences between them are,

on one hand, the physical origin of the inflows, their length, their geometry, and their

initial density.

Each one of the mechanisms producing MCs may also be related to the total mass

that they can gather, which will be given by

M = ∆ t

∮

S
ρ ui n̂i dS, (4)
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where ρ is the density of the diffuse interstellar medium, ui is the component of the

velocity of the fluid in the direction n̂i perpendicular to the surface S, and ∆ t the time

interval that the process lasts.

2.6 Agglomeration of smaller clouds

One of the earliest models of cloud formation was the so-called “agglomeration” or

“coagulation” model. The idea started with Oort (1954), who proposed that HII re-

gions produced by OB stars in MCs can produce a rocket effect on their parent clouds,

ejecting them ballistically through the interstellar medium. Such motions could coun-

teract the loss of kinetic energy produced by further shocks between clouds. This idea

was taken later by Field and Saslaw (1965), who made a model for the evolution of the

mass spectrum of MCs, assuming ballistic clouds with a typical velocity dispersion.

In their model, small clouds could have inelastic shocks, allowing the construction

of larger clouds. With simple assumptions about the cross sections of MCs, and their

velocity dispersion, the authors could explain the observed shallow slopes of the MC

mass spectrum, with γ ∼ 0.5 in eq. ([12], see §4.1). Similar results were found by Taff

and Savedoff (1973) and Hausman (1982). This model was revisited later by Kwan

(1979), who estimated the ages of clouds constructed in this way. He found a typical

timescale of 2×108 years to construct GMCs.

Blitz and Shu (1980) dismissed the coagulation models, arguing that there were

substantial observational evidence to say that GMCs cannot live for more than some

times 107 years. Among other reasons, they argued that: (i) Since the abundance

of molecular gas had been overestimated, so should be the ages of GMCs, and (ii) if

GMCs were long-lived, they should also be observed in the inter-arm region, forming

OB stars there. However, OB stars appear to be highly correlated to the arms.

Some years later, Kwan and Valdes (1983), Tomisaka (1984) and Kwan and

Valdes (1987) made actual numerical simulations of the evolution and coalescence of

clouds in a galactic disk with a spiral potential and gravity between clouds. Although

GMC formation in this model is accelerated by the spiral arms and by the mutual

atraction between clouds, still timescales larger than 108 years were required to con-

struct GMCs. However, with a similar model, Tomisaka (1984) found timescales of

the order of 4× 107 yr, opening up the possibility that GMCs were constructed by

coagulation, and addressing the criticisms raised by Blitz and Shu (1980).

Those models were due in part to the advent of more complex numerical simu-

lations of the ISM, in which clouds were self-consistently treated as part of the fluid

(e.g., Vazquez-Semadeni et al., 1995; Passot et al., 1995), rather than as discrete,

ballistic objects. The possibility of cloud coagulation, however, has been recently re-

newed with state of the art numerical simulations of multiphase media in galactic

disks (Dobbs, 2008; Tasker and Tan, 2009; Dobbs et al., 2015) which small clouds

coalesce to form larger cloud complexes as consequence of the converging flows in

spiral arms.

Although it is likely that actual agglomeration occurs to some degree, there are

two observational constraints on this possibility: on one hand, all observed molec-

ular clouds have a highly filamentary structure down to the resolution limit (e.g.,
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Fig. 3 Extinction map towards the Orion molecular complex. Regardless the fact that different features

are located at different distances, it is clear that the ISM is full of bubbles at different scales, with MCs

located preferencially tracing segments of circles (figure adapted from Rowles and Froebrich, 2009).

Falgarone et al., 1991; André et al., 2014). In contrast, the small clouds coalescing

in the quoted simulations lack inner structure, exhibiting roundish shapes on scales

of 10–100 pc, indicating that those clouds are numerically under resolved. Addition-

ally, the large majority of clouds in the Solar Neighborhood exhibits signs of star

formation (Ballesteros-Paredes and Hartmann, 2007; Kainulainen et al., 2009), with

ages typically of 1-3 Myr, and with no stars much older than 5 Myr. This suggests

that the star formation events in small clouds are able to rapidly disperse their parent

clouds (e.g. Agertz et al., 2013; Dale et al., 2014; Hopkins et al., 2018; Kruijssen

et al., 2019b), limiting the possibility of coalescence. Thus, although the coalescence

of smaller clouds into larger ones may occur to some extent, this process is probably

overemphasized in the quoted simulations due to resolution effects, as well as to the

lack of stellar feedback.

2.7 Converging flows

Local compressions like the passage of HII region or SN shells can produce super-

sonic compressions in the diffuse gas that nonlinearly trigger the formation of cold,

dense atomic gas by thermal instability. If enough column density is achieved in the

cold atomic gas, molecules can begin to form and a molecular cloud begins to appear

in the deepest regions of the cold atomic cloud (Franco and Cox, 1986; Hartmann

et al., 2001; Bergin et al., 2004; Clark et al., 2012). There is plenty of observational

evidence that local MCs are at what would be the edges of bubbles and shells in

the ISM (see Fig. 3, and, e.g., Heiles, 1979, 1984; Tenorio-Tagle and Bodenheimer,

1988, and references therein).

Numerical simulations of a piece of the interstellar medium including a variety of

physical processes such as shear, rotation, magnetic fields, diffuse and stellar heat-

ing, cooling, and self-gravity (Vazquez-Semadeni et al., 1995; Passot et al., 1995),

showed that clouds could be understood as turbulent density fluctuations, i.e., as

density enhancements resulting from local turbulent compressions in the diffuse ISM
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(Hennebelle and Pérault, 1999; Ballesteros-Paredes et al., 1999b). Furthermore, fila-

mentary molecular clouds, with M . several ×104 M�, a few pc wide by ∼ 20−40 pc

long, and densities n > 100 cm−3, could be produced in few megayears (Ballesteros-

Paredes et al., 1999a), once enough material has been accumulated from the diffuse

medium along distances of ∼ 100 pc (Hartmann et al., 2001). Note, however, that the

clouds evolve for significantly longer timescales, & 10 Myr, in the cold atomic phase,

with the transition to a mainly molecular composition occurring shortly before or

nearly simultaneously with the onset of star formation (Franco and Cox, 1986; Hart-

mann et al., 2001; Bergin et al., 2004; Clark et al., 2012; Vázquez-Semadeni et al.,

2018).

One of the achievements of the numerical simulations is that they were able to

explain the synchronization of star formation over long distances, as a consequence

of the large-scale streams collecting mass along the cross section of the collision,

producing simultaneous star formation in apparently disconnected regions. Further-

more, once the stars form, the stellar feedback can disperse the cloud in a few more

megayears. As a result, the timescales of MCs, from the time in which the CO ap-

pears, to their dispersal time, is around ∼ 10 Myrs, consistent with observations of

stellar clusters (Leisawitz et al., 1989) and of the spatial association of the stars

with the gas (Kruijssen et al., 2019b). This could explain the post-T Tauri problem,

a 20-year observational puzzle, namely that no stars older than 5 Myrs are found

associated to molecular gas (Herbig, 1978) Thus, by rapidly assembling the molec-

ular component of the cloud, rapidly and coherently forming the stars, and rapidly

dispersing the clouds, the post-T Tauri puzzle was solved.

The converging-flow mechanism has been successful in explaining the formation

of several features observed in nearby (. 1 kpc from the Sun) clouds, such as the ages

and age histories of stars and clusters in nearby clouds (Zamora-Avilés et al., 2012;

Hartmann et al., 2012; Vázquez-Semadeni et al., 2017), the core-to-core velocity

dispersion in clouds (Heitsch et al., 2009a), the near-virial and over-virial distribution

of clouds (Camacho et al., 2016; Ballesteros-Paredes et al., 2018), the column density

probability distribution functions of clouds (Ballesteros-Paredes et al., 2011b), the

position-velocity distribution of gas and stars (Kuznetsova et al., 2015, 2018), etc.

2.8 Large-scale gravitational instability of the Galactic disk

It is not clear how much of the mass in the Milky Way is in large molecular com-

plexes, or scattered into small clouds. While it is true that all the cloud mass spec-

tra dN/d logM of CO clouds reported in the literature have power-laws shallower

than −1, implying thus that most of the mass is in large complexes (see §4.1), it

has to be recognised that such studies are seriously skewed by distance: there is no

data for clouds smaller than ∼ 10 pc farther than ∼ 3 kpc from us (e.g., Miville-

Deschênes et al., 2017, see the discussion in §4.1). Thus, it is clear that we are miss-

ing all the small clumps that are far away due to either resolution and/or sensitivity

(Miville-Deschênes et al., 2017), as well as by superposition along the line of sight

(Ballesteros-Paredes et al., 2019). In fact, Koda et al. (2016) estimated that approx-

imately half of the molecular gas can be in smaller clouds in the interarm regions,
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rather than organized in large complexes in the spiral arms. However, it is unclear

to what extent this result is affected by the fact that non-circular motions play a key

role in the difficulty of reconstructing the spiral structure of the Milky Way (Blitz and

Shu, 1980; Gómez, 2006).

In any event, large complexes, with masses & 106 M� clearly do exist, and are

observed in external galaxies too (see, e.g., Dobbs et al., 2014, and references therein)

along the spiral arms. For these, it is necessary to have large-scale convergence of

flows, as required by the continuity equation, and thus it is difficult to construct such

complexes only via local turbulent streams or random agglomeration. For those com-

plexes, the main mechanism driving the converging flows is likely to be a large-scale

gravitational instability of rotating disks. This occurs when a thin disk of column

density Σ and sound speed ceff has a Toomre parameter

Q ≡ κceff

πGΣ
. 1−2 (5)

(Goldreich and Lynden-Bell, 1965), where κ is the epicyclic frequency in the disk.

The precise value of Q for which a disk can become gravitationally unstable depends

on whether the disk is isothermal, magnetized, its thickness, etc., but typically these

values are around Q ∼ 1− 2 (Kim and Ostriker, 2001, 2002; Kim et al., 2003; Li

et al., 2005; Kim and Ostriker, 2007). Numerical simulations have shown that GMC

complexes with masses above 105−106 M� can be buil t up by gravitational instabil-

ity in rotating disks (Shetty and Ostriker, 2008; Dobbs et al., 2011a; Tasker and Tan,

2009). In addition, it is likely that this mechanism is responsible for the agglomer-

ation of smaller clouds in the vicinity of such complexes. However, we note that if

the timescale for assembly of clouds exceeds the timescale on which stellar feedback

from new-born stars disperses the gas, so the cloud agglomeration process is halted

and the mass spectrum of MC complexes is truncated at the high-mass end (e.g.,

Reina-Campos and Kruijssen, 2017).

3 The virial theorem and energy budget of MCs.

3.1 The virial theorem

A fundamental tool in the study of MCs has been the virial theorem (VT), basically,

because it allows us to use the observable quantities, column density, line profiles and

sizes, in order to estimate the dynamical state of clouds in terms of their gravitational,

thermal, kinetic, and magnetic energies.

In its scalar version, the VT is obtained from the momentum equation, by dotting

it by the position vector, and integrating over a volume of interest, typically, a cloud.

Thus, the VT is a measure of the work done by the external forces on the medium and

the resulting kinematic effects on the cloud. In the Lagrangian form, it is expressed

as

1

2

d2I

dt2
−2Ekin = 2Eint− 2τint +Emag + τmag +W (6)
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where I =
∫

V ρr2dV is the moment of inertia of the cloud Ekin = 1/2
∫

V ρu2dV

is the kinetic energy of the cloud Eint = 3/2
∫

V PdV is the internal energy, τint =

−1/2
∮

S xi P n̂i dS is the pressure surface term, Emag = 1/8π
∫

V B2dV is the magnetic

energy, τmag = 1/4π
∮

xi Bi B j n̂ j dS is the magnetic stress at the surface of the cloud,

W =
∫

V xi ρ ∂φ/∂xi dV is the gravitational term, which frequently is approximated

as the gravitational energy of a homogeneous sphere, Eg = −3GM/5R, and where

φ is the gravitational potential. In the previous equation, ρ , ui, Bi, P, and n̂ are re-

spectively the density, the ith component of the velocity u, the ith component of the

magnetic field B, the pressure, and a unitary vector perpendicular to the surface S

that surrounds the volume V , over which the integrals are performed. In the notation

above, the Einstein convention is assumed, where repeated indexes are summed.

The measurements that are available through observations are the line profiles

and/or the integrated emission, in a given solid angle. From there, the physical quan-

tities that are available through observations are the column density, the area of the

cloud, from which one can compute the total mass, and the line widths, from which

one can in turn estimate the RMS value of the velocity field, and depending on the

line, the magnetic field intensity, and the size of the cloud, which ideally should be

computed as an independent measurement of the area, in order to properly understand

the scaling properties of clouds, as well as their fractal properties. From these quanti-

ties, and making assumptions on the geometry of the cloud and its mass distribution,

estimates of the energies involved in eq. (6) can be obtained. Finally, this allows an

estimation of the physical state, and possibly of the evolutionary state, of MCs.

There are several assumptions that are frequently made when computing the

energies of the VT, and that are not necessarily true in MCs, and thus, they should be

discussed (see Ballesteros-Paredes, 2006, for details). These are:

1. “The role of nonthermal motions within a cloud is to provide support against

collapse.” This is only true if the motions are truly random turbulent motions,

microscopic, and driven by an energy source different from gravity. On the other

hand, is should be stressed that, a collapsing cloud will have a kinetic energy of

the order of the gravitational energy, very close to the virial value, although by no

means this implies that the cloud is been supported. In reality, by just computing

the kinetic energy, we cannot have tools to distinguish between a collapsing and

an expanding cloud.

2. It is also frequently assumed that the surface terms in the VT are negligible com-

pared to the volumetric ones. While some times it is recognised that the pressure

at the boundary of the clouds could be important, it is less widely recognised that

the kinetic pressure, or the magnetic tension at the surface of the cloud could play

a role. Both terms could contribute to distorting the cloud, especially in a highly

dynamic environment.

3. “The gravitational term of a cloud can be approximated by the gravitational en-

ergy of a homogeneous sphere.” That is, that,

W =

∫

V
ρxi

∂Φ

∂xi

dV '−3

5

G M2

R
= Egrav. (7)

However, it should be noted that the gravitational potential is that generated by

the entire mass distribution, and not just that interior to the cloud. Therefore, it
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should be stressed, on the one hand, that tidal terms can be important either for the

energetic balance of GMCs in the disk (Ballesteros-Paredes et al., 2009a,b; Meidt

et al., 2018), as well as in the Central Molecular Zone, where the effective gravita-

tional potential due to rotation and shear can play an important role. On the other

hand, on small scales, it has been recognised that protostars still in the process

of accretion can gravitationally compete for the available material (Bonnell and

Bate, 2006; Maschberger et al., 2014; Ballesteros-Paredes et al., 2015; Lee and

Hennebelle, 2018; Hennebelle et al., 2019, see also Lee et al. 2020, this volume),

and that the actual gravitational energy computed from the standard recipe (right

part of eq. [7]) can be modified even by a factor up to 10 when considering the

actual structure of a stellar cluster (left part of eq (7), see e.g., Cottaar et al., 2012;

Ballesteros-Paredes et al., 2018) from the standard recipe. Conversely, neglecting

the actual gravitational potential can result in substantially wrong estimates of

the total gravitational content of the clouds (Ballesteros-Paredes et al., 2018).

4. “The sign of the second-time derivative of the moment of inertia determines

whether the cloud is contracting (Ï < 0), expanding (Ï > 0), or static (Ï = 0).”

However, one can easily find counterexamples in each case (see Ballesteros-

Paredes, 2006).

5. “ Molecular clouds are near virial equilibrium, and the Larson (1981) relations

are the evidence of that.” Although still it is commonly found in the literature that

clouds follow the Larson (1981) relations, and thus, that they are in virial equi-

librium, it has becoming clear that, in reality, they exhibit a wide range of virial

parameters (Bertoldi and McKee, 1992; Kauffmann et al., 2013; Leroy et al.,

2015). We will discuss this point in §4.

Even though a variety of numerical simulations of (a) galactic disks (e.g., Dobbs,

2008; Tasker and Tan, 2009), (b) parts of the disk (e.g., de Avillez and Breitschwerdt,

2005; Shetty and Ostriker, 2008; Ibáñez-Mejı́a et al., 2016; Seifried et al., 2018), or

(c) closed boxes (e.g., Federrath et al., 2010; Padoan et al., 2016; Kim et al., 2018,

just to quote a few references), show a highly dynamical picture of MCs, almost no

work in the literature evaluates the second time derivative of the moment of inertia,

which presumably, should be relevant. The difficulty resides, in part, in the fact that

this term is highly noisy, due to its second-derivative character. Early 1 kpc2 2D sim-

ulations of the galactic disk with cooling, stellar and diffuse heating, magnetic field,

Galactic shear and rotation by Ballesteros-Paredes and Vázquez-Semadeni (1997)

based on the simulations of Passot et al. (1995) have computed this term. These au-

thors found that, indeed, the time derivative terms in the Eulerial virial theorem1 are

dominant, by one or two orders of magnitude, over the remaining energies. There is,

however, substantial scatter in these results, likely due to the difficulty of comparing

time derivatives to integrated quantities. However, even with such a large scatter, the

picture in the ISM is clear: it seems unlikely that MCs obey Ï = 0.

In addition, it should be noted that in eq. (6) we have written the kinetic energy

term, Ekin on the left hand side of the equation, because this term derives directly

1It should be noticed that the Eulerian virial theorem involes two additional terms, related to the distri-

bution of mass inside the fixed volume, and the flux of momentum between the volume and its environment

(see Parker, 1979; McKee and Zweibel, 1992).
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from the time derivative term in the momentum equation, and so it is part of the

kinematic response of the cloud to the work exerted by the forces, rather than an

additional energy source of work. That is, the work exerted by the forces causes two

types of kinematic responses in the cloud: a change in its internal mass distribution,

as measured by its moment of inertia, and kinetic energy that can consist of either an

internal velocity dispersion or a bulk motion of the cloud. Strictly speaking, the virial

version of equilibrium or force balance should therefore be written as Ï/2−2Ekin = 0,

while the equality Eg + 2 Ekim = 0, rather than equilibrium, implies that the kinetic

energy is been driven by gravity.

3.2 Reconstructing the energy budget of MCs

All the caveats mentioned above should not stop us from computing the various work

terms due to the different forces, and derived quantities, in order to approximately

estimate the dynamical state of MCs. For instance, the fact that assuming Ï = 0 is

incorrect in an evolving cloud should not stop us from obtaining at least an order-of-

magnitude estimate of the different energies of clouds. In fact, there are several key

concepts that can be derived from the VT, and that allow us to understand better the

state of the clouds. In particular, approximations to the Jeans length

λJ ∼
(

πc2
s

Gρ

)1/2

(8)

(where cs is the isothermal sound speed, and G is the constant of gravity), and the

Jeans mass, MJ ∼ ρλ 3
J , can be obtained from equating the gravitational and ther-

mal energies, and making assumptions on the geometry. Also, the “virial parameter”,

defined by Bertoldi and McKee (1992),

αvir =
5σ2

v R

G M
' 2 Ekin

Eg

, (9)

where σv,1d is the non-thermal, 1D velocity dispersion, can give insights on whether

a cloud could be collapsing or not, although only in order of magnitude due to differ-

ent uncertainties (Kauffmann et al., 2013; Pan et al., 2016; Ballesteros-Paredes et al.,

2018, see §4.6). Similarly, it can be noticed easily that the gravitational energy

Egrav ∼−3

5

G M2

R
(10)

and the magnetic energy,

Emag ∼
1

8π
B2R3

∝

Φ2
mag

R
(11)

(where Φmag = πR2B is the magnetic flux) have the same dependency with size,

since in ideal MHD the magnetic field is anchored to the gas such that the magnetic

flux Φmag remains constant. Thus, the magnetic and the gravitational energies scale

with size in the same way, implying that if a cloud has more gravitational energy
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(in absolute value), the magnetic field cannot prevent collapse, and if it is smaller,

collapse will never occur.

In summary, evaluating the energies of MCs can provide insights on what the

dynamics of MCs is. There are still some observational biases that have to be taken

into account. We will further discuss these issues in §4.

4 Cloud statistics and scaling relations

Statistical analyses of MC properties have been widely used in the literature to un-

derstand the dynamical, kinematic, structural and evolutive properties of MCs. These

can be considered under two basic approaches: either analysing a single cloud, with

different tracers and/or at different column densities, such that one can determine

what is the internal structure of a single object, or analysing an ensemble of clouds

(or cores within a cloud, with either one or more tracers; see e.g., Goodman et al.,

1998). The most relevant properties of MCs, which we will discuss in what follows,

arethe mass spectrum of GMCs and/or cores, the column density probability distribu-

tion, the scaling relations between the mass, the velocity dispersion and the column

density, and their size, the virial parameter, the magnetic field, and the fractal nature.

4.1 The mass spectrum of MCs and their cores.

The mass spectrum of the clouds—i.e., the distribution of the masses of MCs and

their substructures (clumps and cores)—is one of the fundamental properties of the

clouds that requires a theoretical foundation. As a consequence, estimates of the mass

spectra of GMCs have been reported, first from surveys of CO clouds, and later from

dust continuum emission (and a few others in dust extinction). The resulting mass

distributions show that there is no characteristic mass for MCs, but that they rather

follow, typically, a power-law with a negative exponent,

dN

d logM
∝ M−γ (12)

The estimates of γ for large clouds (MCs and GMCs) based on CO observations give

values between 0.2 and 0.9 (Sanders et al., 1985; Solomon et al., 1987; Williams

et al., 1994; Heyer and Terebey, 1998; Heyer et al., 2001). The corresponding esti-

mates for dense, compact, prestellar cores based on continuum emission give values

of γ between 1 and 2, (Motte et al., 1998; Testi and Sargent, 1998; Johnstone et al.,

2000, 2001; Motte et al., 2001; Beuther and Schilke, 2004; Mookerjea et al., 2004;

Reid and Wilson, 2005, 2006a,b; Stanke et al., 2006; Alves et al., 2007; Könyves

et al., 2015; Ohashi et al., 2016; Cheng et al., 2018, see also §8.3.3). This evidence

strongly suggests that compact, self-gravitating cores have a mass distribution closer

to the Salpeter (1955) stellar initial mass function (IMF), for which an exponent of

−1.35 has been taken as a standard value.

There are, however, a few works that do not quite match the picture of small

cores with an IMF-like distribution, and large clouds with flat mass spectra. In the
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first group, using CO data, values of γ ∼ 0.7− 0.8 have been found for small-scale

structures rather than for MCs and GMCs (Stutzki and Guesten, 1990; Heithausen

et al., 1998; Kramer et al., 1998). In the second group, Rosolowsky et al. (2010) show

Salpeter-like values of γ for large clouds seen in dust emission. These studies suggest

instead that the actual value of the power-law of the mass spectra of clumps and cores

could be biased due to the technique used. Among the possible causes playing a

role are opacity effects, CO depletion in dense cores, and the clump identification

procedure. Also, it should be noticed that the study by Rosolowsky et al. (2010) is

based on interferometric observations, possibly filtering out large scales that could

affect the slope of the mass distribution.

One more caveat should be mentioned: all the mass spectra derived from contin-

uum emission quoted above, with the exception of Rosolowsky et al. (2010), exhibit a

small (. one order of magnitude) dynamical range in mass over which a Salpeter-like

slope can be fitted. In fact, looking carefully at the mass distributions of these studies

(see, e.g., Motte et al., 2001; Reid and Wilson, 2005, 2006a; Stanke et al., 2006;

Alves et al., 2007; Román-Zúñiga et al., 2010), rather than a single power-law, one

can see that lognormal-type shapes can be fitted too, as pointed out by Ballesteros-

Paredes et al. (2006) and Könyves et al. (2015).

Finally, it should be mentioned that, using ALMA observations, the star forming

region W43-MM1 exhibits a top-heavy core mass function (Motte et al., 2018).

Although this study does not distinguish between prestellar and protostellar

cores, and results could be quite sensitive to the assumed temperature, possibly mod-

ifying the slope of the mass spectra, the inferred slope of −0.96 by Motte et al. (2018)

is consistent with a value of −1, predicted by some models of gravity-driven forma-

tion of dense cores (see Vázquez-Semadeni et al., 2019a, and references therein).

With the various caveats mentioned above, it is clear that the relationship be-

tween the mass distribution of prestellar cores and the IMF remains an open problem.

Further high-resolution observations as well as detailed high-resolution numerical

simulations, with carefully controlled comparison schemes, are required.

4.2 Volume- and column-density probability distribution functions of MCs

The probability distribution function (PDF) of a variable is a one-point statistics that

measures the relative fraction of volume (or mass) of a fluid that is in a given range

of values of the variable under consideration. These functions are often computed as

the histograms of the volume and column density fields. The fundamental hypothesis

behind studies of the probability distribution function of the volume- and column-

density fields (PDFρ and PDFN , respectively) is that these are sensitive to the physical

processes operating in the interstellar medium (e.g., Vazquez-Semadeni, 1994; Passot

and Vázquez-Semadeni, 1998; Federrath et al., 2008; Kainulainen et al., 2009; Tassis

et al., 2010; Kainulainen et al., 2011; Kritsuk et al., 2011; Ballesteros-Paredes et al.,

2011b). However, the problem is degenerated, since different physical conditions

can produce similar shapes of the PDF (e.g., Vázquez-Semadeni and Garcı́a, 2001;

Tassis et al., 2010; Pan et al., 2019).
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It is well known that the density field of the galactic interstellar medium in gen-

eral, and of molecular clouds in particular, is filled up by a low-density substrate, in

which denser structures are embedded and occupy only a very small fraction of the

volume, i.e., density enhancements have small filling factors, as can be inferred from

the rapidly decreasing PDFNs of MCs (e.g., Kainulainen et al., 2009).

Although different tracers have a characteristic density at which the emission is

produced, it is not possible to estimate, in an unambiguous way, the PDFρ of a MC.

This is because the length of a MC along the line of sight is always an unknown, and

thus, so it is the exact fraction of the volume occupied by the gas that is producing

the emission However, the PDFN is easily calculated by computing the total mass in

each line of sight. In general terms, unless a particular arrangement of mass occurs,

the PDFN of the interstellar medium in general, and of the MCs in particular, is also

a rapidly decreasing function.

First reported by Vazquez-Semadeni (1994), it is generally accepted that the

PDFρ of an isothermal, supersonic, turbulent gas is lognormal (although departures

of the lognormality may occur, depending on the nature of the turbulent field, see

Pan et al., 2019, and references therein). The reason is the following: an isother-

mal shock of Mach number M produces a density enhancement δρ over the mean

density ρ proportional to M 2, i.e., δρ/ρ ∝ M 2 Then, in an isothermal turbulent

fluid with characteristic Mach number M , the amplitude of the density fluctuations

is produced by a random succession of passing shocks. This produces a random

distribution of multiplicative density enhancements, which become additive in the

logarithm, and thus, by the central limit theorem, this produces a normal (Gaussian)

distribution function in the logarithmic density, i.e., a lognormal function.

The corresponding PDFN for an isothermal turbulent field, however, does not

have a unique functional form (Vázquez-Semadeni and Garcı́a, 2001). It transits from

a Gaussian to the lognormal as the correlation length of the turbulence increases. The

Gaussian is produced when the size of the cloud in the line of sight is large compared

to the correlation length of the turbulence. In such case, by the central limit theorem

again, the stochastic occurrence of density fluctuations in each line of sight produces

a Gaussian distribution of column densities2. However, if the correlation length and

the line of sight become comparable, this is no longer valid. In this case, the column

density in each line of sight is representative of the mean density of the fluid in the

line of sight, and thus, the PDFN inherits the shape of the actual PDFρ , which, in

the case of an isothermal turbulent fluid, is also lognormal, although certainly with

a smaller width than the original distribution of the volume density because of the

partial averaging performed in each line of sight.

We now turn to the observational PDFN reported in the literature. An important

warning has to be made first, however: as pointed out by Alves et al. (2017), any

reported shape of the PDFN from observations has to be made only for those contours

that are closed in the map. The inclusion of data from non-closed column density

contours when computing the PDFN is necessarily incomplete, and thus, the PDFN

at those column densities is underestimated, causing a spurious drop in the PDF.

2It should be noticed that this result assumes that each line of sight is independent. This may not be

the case in the case of strong magnetic fields, large scale gravitating structures, or a large correlation length

of the turbulence.
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In a similar way, some relationships between the physical properties and the shape

of the PDFs of clouds in numerical simulations cannot be extrapolated to real life:

in numerical simulations the PDF of volume and column density necessarily have

a maximum at some intermediate value, and decrease towards lower densities due

to the finite size and mass of the computational box. That is, the boundary of the

simulation is in general equivalent to a non-closed density contour for the density

statistics in the numerical box.

In summary, PDFs of interstellar gas do not necessarily have to decrease at low

densities, and inferring physical properties of MCs by fitting the low-density regime

of a PDF may be seriously wrong. In consequence, in what follows we will refer only

to the upper-end column density of the PDFNs.

Observationally, PDFNs of MCs have been reported to be lognormal functions for

clouds that do not exhibit substantial star formation, and power laws for actively-star

forming clouds (Kainulainen et al., 2009). On the other hand, numerical simula-

tions show that the PDFN from turbulent clouds is, typically, lognormal, and that they

transit to a power-law as gravity takes over (Kritsuk et al., 2011; Ballesteros-Paredes

et al., 2011b), which is indeed observed in low-star formation efficiency MCs in the

Galactic Centre environment (Rathborne et al., 2014).

An interesting result arises from the observations quoted previously in this sec-

tion: the ratio of active-to-non active clouds in the Solar Neighborhood is about

∼ 10:1 (Kainulainen et al., 2009). Assuming that the shape of the observed PDFNs

reflects the internal physics that produce their structure, this result suggests, at face

value, that only 10% of the clouds are dominated by homogeneous turbulence, which

furtheremore, is stirred from the large scales while the majority of MCs are domi-

nated by gravity.

4.3 The mass- and the density-size relations

The mass-size (or its equivalent, the mean density-size) relation has been used to

analyse the internal structure (a single cloud at different column density thresholds)

as well as a statistical relation between a set of clouds, of clumps, or of cores. Both

cases provide different information about the properties of MCs, and thus, have to be

discussed independently.

Before going into the details, two points need to be made. First the size of a

projected cloud in the plane of the sky is typically computed as the radius of an

equivalent circle that has the same area of the cloud. Thus, usually, the reported size

is proportional to the square root of the area of the cloud. We notice that, for fractals,

this is a mistake, since the estimate of the size of an object must be given by a

quantity that its independent of the area or volume (e.g., its perimeter, see Falgarone

et al., 1991; Stutzki, 1993) Therefore, if clouds have a fractal structure, the size

calculation as the square root of the area is likely to introduce a spurious systematic

bias. Second, the functional form of the PDFN has direct implications on the mass-

size relation: given a PDFN , the area and the mass of the cloud above some column
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density threshold Nth can be computed from the PDFN (see Lombardi et al., 2010) as:

S(Nthr) = Stot

∫
∞

Nth

PDFN dN (13)

and

M(Nthr) = Stot µmH

∫
∞

Nth

N PDFN dN (14)

where Stot is the total area of the cloud, µ is the mean atomic weight and mH is the

mass of the hydrogen atom , and N is assumed to be in units of cm−2. Note that eqs.

(13) and (14) imply a definition of a cloud, as all the material that is above some

column density threshold, Nth in a given region. From these equations it is clear that

the surface and the mass of a cloud are the zeroth and first moments of the PDFN .

As a general result, it can be demonstrated that (i) the mass-size relation for the

inner structure of a single cloud (i.e., for a molecular cloud seen at different thresh-

olds) should be a power-law with slope smaller than 2, frequently modified at large

radii by a curve with decreasing slope (Ballesteros-Paredes et al., 2012), as seen in

observations (see, e.g., Kauffmann et al., 2010b; Lombardi et al., 2010). In contrast,

(ii) the mass-size relation for an ensemble of objects should be a power-law with a

slope of 2 (e.g., Beaumont et al., 2012; Ballesteros-Paredes et al., 2012), as observed

by Lombardi et al. (2010).

Both results can be demonstrated from eqs. (13) and (14) in terms of the rapidly

decreasing PDFNs in MCs. For case (i) (the internal structure of a single cloud), if

the PDFN is a power law, i.e., PDFN dN ∝ N−β dN, it can be shown that the mass-

size relationship necessarily has slopes smaller than 2 for β > 2 (see Fig.. 12 in

Ballesteros-Paredes et al., 2012, where n is our β , and a is the exponent of the mass-

size relation), a result observed in nearby MCs (Kainulainen et al., 2009; Kauffmann

et al., 2010a,b; Lombardi et al., 2010). Also, following the formalism of Lombardi

et al. (2010), it can be shown that the apparent flattening of the mass-size relation

at large radii (see, e.g., Kauffmann et al., 2010b; Lombardi et al., 2010) is due to

the departure of the PDFN from the power-law behavior at low column densities,

which has been shown to be due to incomplete sampling of clouds at low column

density contours (Alves et al., 2017, see §4.2). It can be shown also that, if instead

of a power-law, the PDFN is assumed to be a lognormal, the increasing slope (in

absolute value) of the PDFN will produce a decreasing slope in the mass-size relation

(Ballesteros-Paredes et al., 2012).

In case (ii) (the mass-size relation for an ensemble of clouds or cores defined by

a single column density threshold), Ballesteros-Paredes et al. (2012) pointed out that,

since the PDFN is a rapidly decreasing function of N, with slopes typically steeper

than −2 (Kainulainen et al., 2009), averaging the column density above a threshold

causes all clouds to exhibit the same mean column density, close to the threshold

used. In fact, Ballesteros-Paredes and Mac Low (2002) noticed that if one were able

to define clouds using volume thresholds, the resulting mass-size relation should be a

powerlaw with exponent 3, since the mean volume density of clouds defined in such a

way should be roughly constant if the PDFρ of MCs is a rapidly decaying distribution

function. This fact has been circumstantially confirmed by Kainulainen et al. (2011),
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who found a mass-size relation with slope close to 3 (∼ 2.7), for a set of clumps

defined in such a way that their volume density was roughly constant.

With these two basic results in mind, a crucial question is, then, whether expo-

nents different from 2 of the mass-size relation for an ensemble of clouds or cores

indicate intrinsically different physical properties, or whether such differences are

the result of the procedure or definition used in the analysis. In fact, it is notewor-

thy that, while cloud surveys performed using dust extinction (e.g., Lombardi et al.,

2010) give slopes very close to 2, CO observations typically show exponents larger

than 2 (e.g., Bolatto et al., 2008; Roman-Duval et al., 2010; Miville-Deschênes et al.,

2017). In all of these cases, the clouds are defined through intensity thresholds, which

are essentially proportional to the column density. In view of the above discussion

on the effect of selection, it is the excess over a slope of 2 that requires explanation.

To do so, Ballesteros-Paredes et al. (2019) argued that, while surveys based on dust

extinction are restricted to nearby clouds, CO surveys can reach up to very large dis-

tances, and the probability of random superposition of different clouds along the line

of sight, due to non-circular motions in the Galaxy (Blitz and Shu, 1980; Gómez,

2006), increases with distance in any given velocity channel. In fact, superposing in

the line of sight a random mass factor between 10−4 and 10−1 of the total mass of

the cloud can account for mass-size relationships with slopes similar to those found

in the observational surveys (Ballesteros-Paredes et al., 2019).

Finally, in the case of cores within a single cloud, different definitions and meth-

ods of core extraction may produce different slopes, and thus, there is no consensus

on what is the slope of the mass-size relation for cores within a single cloud. For

instance, using getsources (Men’shchikov et al., 2012) or wavelets (Román-Zúñiga

et al., 2010), slopes between 2.2 and 2.7 are typically found (e.g., Lada et al., 2008;

Román-Zúñiga et al., 2010; Könyves et al., 2015), although sometimes weak corre-

lations are found (Bresnahan et al., 2018). In the case of Gaussclumps (Stutzki and

Guesten, 1990), the mass-size relationships exhibit slopes that could be either larger

than 2 (Mookerjea et al., 2004; Veltchev et al., 2018), as well as smaller (Zhang and

Li, 2017).

4.4 The velocity dispersion-size relation

Since the first detections of CO (e.g., Wilson et al., 1970), it is known that molec-

ular clouds exhibit supersonic linewidths. Given the large Reynolds numbers in the

interstellar medium, R = vl l/ν ∼ 105 − 108 (Myers, 1983; Miesch et al., 1999;

Elmegreen and Scalo, 2004), with vl the characteristic velocity at the scale l, and ν
the kinematic viscosity of the fluid, molecular clouds are necessarily turbulent, and

thus, naturally, the dynamical role of such turbulence on the evolution of MCs has

been a matter of intense analysis and debate.

It should be recognised that in the astrophysical argot, the term turbulence has

been somehow, synonymous of either supersonic turbulence, and/or support against

gravity. Certainly, subsonic turbulence cannot account for support against self-gravity

better than what thermal pressure does, but it should be noticed that there are regions

in the interstellar medium, and within molecular clouds, where the linewidths become
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sub- or trans-sonic, and that they could be very well subsonically turbulent, similarly

to all natural terrestrial turbulent flows.

The velocity structure of MCs is substantially more difficult to determine than

their mass structure: by considering spectroscopic data from molecular-line transi-

tions we add a 3rd coordinate, and thus, the total emission has to be divided between

different velocity channels, lowering the signal-to-noise ratio of the emission. In addi-

tion, different molecules frequently exhibit different spatial structure, either because

of opacity or chemistry effects. As pointed out by, e.g., Traficante et al. (2018c), the

volume from where the emission comes in one case or another may play a role in

the determination of fundamental physical properties, such as the virial parameter.

Nonetheless, assuming that the velocity structure measured with a particular tracer

is representative of the volume it traces is approximately valid for most molecules,

besides CO and its isotopes (Tafalla et al. 2020, in preparation).

One of the most frequent arguments in favour of supersonic turbulence as a uni-

versal dynamical ingredient in molecular clouds is the existence of a correlation be-

tween the velocity dispersion (σv) and the size (R) for ensembles of clouds, over 4−5

orders of magnitude in size (e.g., Falgarone et al., 2009). In his original work, Larson

(1981) reported the correlation

σv ∝ Rp, (15)

with p ∼ 0.38, over 3 orders of magnitude in size. Larson (1981) interpreted this

correlation as incompressible turbulence in molecular clouds, since the exponent

is close to that predicted by Kolmogorov (1941) for incompressible (i.e., subsonic)

turbulence. However, this is mgt inconsistent with the fact that the velocity dispersion

is typically supersonic in the Larson (1981) data.

The canonical exponent for the velocity dispersion-size relation has been taken

as 1/2, not only because, observationally, this value has been found in a variety of

studies (e.g., Myers, 1983; Solomon et al., 1987; Ossenkopf and Mac Low, 2002;

Heyer and Brunt, 2004, see also Falgarone et al. (2009) and references therein), but

because, theoretically, p ∼ 1/2 is the expected value for a turbulent velocity field

dominated by shocks (see, e.g., Passot et al., 1988; Vázquez-Semadeni, 1999; McKee

and Ostriker, 2007, and references therein).

Although this result is apparently well settled (see e.g., Hennebelle and Falgar-

one, 2012; Klessen and Glover, 2016), the detailed slope of the velocity dispersion-

size relation is far from being firmly established. There is still a large list of ob-

servational works where the exponent is typically smaller than 1/2 (e.g., Carr, 1987;

Caselli and Myers, 1995; Loren, 1989; Plume et al., 1997; Shirley et al., 2003; Traf-

icante et al., 2018a, to quote a few). In some cases, p has been found to be even

negative (e.g., Wu et al., 2010), and in others, p > 1/2, not only for the Central

Molecular Zone (Shetty et al., 2012; Kauffmann et al., 2017), but even for the en-

semble of clouds in the whole galaxy, (Miville-Deschênes et al., 2017). Similarly,

Ballesteros-Paredes et al. (2011a) showed that when massive-clumps are consid-

ered together with MCs, the relation is lost, and only a a scatter plot remains. Fig. 4

shows the velocity dispersion-size diagram for a list of low-mass cores in regions

of high-mass star formation, where there is no clear trend between the velocity dis-

persion and the size. Nevertheless, there is a trend to notice: high column density
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Fig. 4 Velocity dispersion-size relation for cores in regions of massive star formation. Clearly, there is

not a clear correlation between the size and the velocity dispersion. There is a tendency, with substantial

scatter, of cores with large column densities to exhibit large velocity dispersion. Figure from (Ballesteros-

Paredes et al., 2018).

cores exhibit larger velocity dispersions than low column density cores. This result is

expected if either (a) cores are collapsing (see Sec. 4.5), or (b) localised feedback

is present, since it could increase the velocity dispersion within the cores. However,

the core selection was based on ammonia emission, which typically is destroyed if

UV feedback is present. In addition, the cores shown in Fig. 4 were carefully selected

to avoid morphological evidence of feedback (Palau et al., 2014). For these reasons,

Ballesteros-Paredes et al. (2018) tend to favour the first option, that the larger veloc-

ity dispersion for larger column density cores is due to collapse. We will discuss this

point in §4.5.

Another approach to the velocity dispersion-size relation in GMCs consists in

measuring velocity differences within the GMC. There are two ways for approaching

it: (i) measuring the structure function Sp(l) of the velocity field (Heyer and Brunt,

2004; Hily-Blant et al., 2008)

Sp(l) = 〈|v(r)− v(r+ l)|p〉, (16)

(where l is the spatial displacement between two pixels in the map of the cloud, and

p is the order of the structure function), and (ii) measuring the moments of the PDFs

of the centroid velocity differences, as a function of the lag (Miesch and Scalo, 1995;

Miesch et al., 1999). The results from these studies are in general consistent with the
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clouds’ dynamics being dominated by turbulence. However, it is important to notice

that none of these approaches is equivalent to the velocity dispersion-size relation of

clumps and cores within clouds: while the latter measures the motions exclusively in

density enhancements (cores or clumps) of size `, the former two estimate the relative

motions between points separated by a distance ` for the whole field; i.e., regardless

of whether there is a density enhancement or not at each point. For small scales, for

instance, the structure function has more weight from the low-density regions than

from the high density regions of the cloud, just because the filling factor of the latter

is small. This difference in the sampled regions may introduce biases that must be

taken into account when comparing results from the two methods.

At the smaller scales, however, there are velocity dispersion-size relations re-

ported for single resolved cores. These are obtained, for example, by performing a

succession of pointings at different distances from the core center and plotting the

linewidth as a function of distance from the center (e.g., Pineda et al., 2010). While

some of them exhibit power-laws consistent with p ∼ 1/2 (e.g., Rosolowsky et al.,

2008), there is a class of cores for which velocity dispersion-size relation becomes

flat at small scales, at essentially the speed of sound, implying a subsonic turbu-

lent velocity dispersion (e.g., Barranco and Goodman, 1998; Goodman et al., 1998;

Caselli et al., 2002; Tafalla et al., 2004; Pineda et al., 2010; Chen et al., 2019), These

are the so-called (velocity) “coherent cores”. Three different physical interpretations

for these cores have been made: some authors have interpreted the lack of velocity

and density structure as an indication that these cores are “islands of calm” within a

turbulent sea (Goodman et al., 1998; Pineda et al., 2010). Klessen et al. (2005), on

the other hand, found that turbulent motions can produce coherent cores by shock

compressions, so that a coherent core is the stagnation point of the velocity field

behind the shock. Finally, Naranjo-Romero et al. (2015) have pointed out that the

spherical collapse solution for cores in the protostellar stage contains a central region

characterized by a flat density profile and an infall speed that decreases linearly with

decreasing distance from the center. Therefore, if the nonthermal part of the linewidth

in these regions is dominated by the infall speed, it should decrease toward the center,

as observed.

In summary, it is not clear that there is a single value for the slope of the ve-

locity dispersion-size relation; different kinds of objects can exhibit different slopes,

depending on how the object selection is made.

4.5 The Larson ratio-column density diagram

A breakthrough in the interpretation of Larson’s scaling relations was advanced by

Heyer et al. (2009), who generalized them by noticing that the so-called Larson ratio3

L ≡ σv/R0.5, for Galactic GMCs depends on the mass column density Σ = µmHN

as

L ∝ Σ 0.5, (17)

3We call the Larson ratio the square root of the so-called velocity scaling, C ≡ σ2
v /R, in the extra-

galactic literature.
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instead of being constant, as would be required by Larson’s velocity dispersion-size

relation and/or by strongly supersonic turbulence. This result has been confirmed

by other authors, either for Galactic objects (e.g., Kruijssen and Longmore, 2013;

Miville-Deschênes et al., 2017; Traficante et al., 2018b; Ballesteros-Paredes et al.,

2018), as well for extragalactic (e.g., Leroy et al., 2015; Sun et al., 2018; Imara and

Faesi, 2019), although with substantial scatter.

As pointed out by Heyer et al. (2009), this scaling is consistent with the clouds

being in virial equilibrim, when the cloud sample is not restricted to a constant col-

umn density, as it follows directly from the condition 2Ek = Eg, where Ek = Mσ2/2,

Eg = 3GM2/5R, with σ being the one-dimensional velocity dispersion, M the cloud’s

mass and R its radius, and defining the column density as Σ = M/πR2. In addition,

(Ballesteros-Paredes et al., 2011a) further pointed out that the scaling is also con-

sistent with the clouds undergoing free-fall, in which case Ek = |Eg|. It is important

to note that the free-fall condition in the L –Σ diagram coincides with what is of-

ten referred to as “marginal binding”, even though it corresponds to actually stronger

binding than virial equilibrium. For practical purposes, the difference between free-

fall and virial equilibrium in the L vs. Σ diagram is within the typical uncertainty of

the observations. Nevertheless, at face value, most of the clouds in the Heyer et al.

(2009) sample appear slightly overvirial, and more consistent with free-fall. A sim-

ilar result is seen in extragalactic GMC data as well as other Milky Way data (e.g.,

Sun et al., 2018).

Furthermore, Ballesteros-Paredes et al. (2011a) showed that the scaling given by

eq. (17) holds not only for GMCs, but extends to massive dense cores, for which the

Larson velocity dispersion-size relation does not hold. Thus, those authors suggested

that the velocity dispersion in both GMCs and dense cores is driven by self-gravity,

and specifically consists of infall motions, albeit highly chaotic, due to the presence

of turbulence and of multiple collapse centers (see also Vázquez-Semadeni et al.,

2019b). However, eq. (17 cannot be satisfied simultaneously with the standard Lar-

son relation σ ∝ R1/2 in objects of differet column densities. Instead, clumps and

cores of higher column density are expected to exhibit different loci in the σ -R dia-

gram, as observed (Caselli and Myers, 1995; Plume et al., 1997; Ballesteros-Paredes

et al., 2011a, see also Fig. 4). Note, however, that an alternative interpretation to the

different σ -R scaling in dense cores is that their gravitational contraction is delayed

by turbulent pressure (Murray and Chang, 2015; Xu and Lazarian, 2020).

Although the scaling (17) has been observed to hold for column densities from

10 to & 104 M�pc−2 (e.g., Leroy et al., 2015), significant systematic deviations from

it are observed as well. Low-column density objects (the more diffuse clouds, with

Σ ∼ 10–100 M�pc−2) often appear to be strongly over-virial, while high-column

density clumps and cores, with Σ & 103 M�pc−2 often appear subvirial or super-

virial. The standard interpretation of super-virial low-column density clouds is that

they are confined by a large external pressure, since they are gravitationally unbound

(Keto and Myers, 1986; Field et al., 2011). However, Camacho et al. (2016) found

in numerical simulations of cloud formation that such objects are in general out of

equilibrium, and are either dispersing or being assembled by externally-driven com-

pressions. On the other hand, for dense cores that appear supervirial, Ballesteros-

Paredes et al. (2018) showed that this may be simply an artifact of the fact that the
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Fig. 5 Evolution in the L −Σ diagram of collapsing cores with initial velocity fluctuations. When the

approximation |Eg| ∼ 3GM/5R is used, cores frequently appear overvirial (dashed lines). When the cor-

rection to consider the actual gravitational energy is taken into account in the calculations, collapsing cores

appear subvirial (solid lines). The yellow region denotes the locus occupied by observed cores in the sam-

ple studied by Ballesteros-Paredes et al. (2018). The dotted lines denote the locus where virial (below) and

“free-fall” (above) cores should fall. (Figure from Ballesteros-Paredes et al., 2018).

actual gravitational energy of a structured core can be substantially larger (in absolute

value) than the gravitational energy of an homogeneous sphere with the same mass,

velocity dispersion, and size of the core (Ballesteros-Paredes et al., 2018). This oc-

curs because the gravitational energy of clouds and cores is typically underestimated

by using the approximation |Eg| ∼ 3GM2/5R , and thus, collapsing clouds/cores can

appear to be unbound when they are not. In Fig. 5 we show the situation: collapsing

cores exhibit overvirial values when the approximation to the gravitational energy is

used (dashed lines), but sub-virial values evolving to virial after ∼ one free-fall time

when the actual gravitational potential is taken into account in the calculation. This

result is consistent with observations by Cesaroni et al. (2019), who show collapsing

line profiles in clouds with masses smaller than their virial mass.

Finally, Ballesteros-Paredes et al. (2018) also showed that, if a core is formed by

an inertial externally-driven (i.e., not due to self-gravity) compression and it gradually

transitions to collapse driven by its own self-gravity, its evolutionary track in the

L -Σ diagram starts out overvirial, then becomes subvirial, and finally approaches

equipartition (a generic term for Ek ∼ Eg). This is because the core first starts with

a kinetic energy (the external compression) larger than its gravitational energy. As

the core becomes denser and smaller, its gravitational energy increases, and so the

ratio L decreases, and can in fact become subvirial, because the core may start with

an infall speed smaller than the free-fall speed, since it starts infalling from a finite

radius, not from infinity. Finally, as the core approaches the free-fall speed and the

turbulent speed becomes negligible in comparison, it approaches equipartition. These

trajectories are illustrated in Fig. 5.
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Fig. 6 Virial parameter as a func-

tion of mass for different samples

of cores and clouds in the litera-

ture. Figure from Kauffmann et al.

(2013).

4.6 The virial parameter

The relative importance between self gravity and kinetic energy has been studied

since the work of Larson (1981), who showed that the so-called virial parameter

αvir (see eq. [9]) of MCs has values around unity. Nevertheless, subsequent work

showed a variety of virial ratios, as seen in Fig. 6 (from Kauffmann et al., 2013). This

figure shows data from various studies, and that, for each one of them, αvir ∝ M−δ ,

with 0 . δ . 1 (e.g., Carr, 1987; Loren, 1989; Bertoldi and McKee, 1992; Miville-

Deschênes et al., 2017; Traficante et al., 2018a). Assuming the standard values for the

Larson relations, σv ∝ R1/2, and M ∝ R2, the virial parameter should be constant. In

general, if M ∝ Rq, and σv ∝ Rp, δ = (2p+1)/q−1. However, uncertainties may play

a crucial role in the determination of the slope of the relation αvir−M, as discussed by

Kauffmann et al. (2013). For instance, Miville-Deschênes et al. (2017) found a strong

M −R correlation, with q = 2.2, and a weaker correlation σv −R with p = 0.65. At

face value, δ ' 0, but in practice, these authors found δ ∼−0.5. A better estimation

of δ is to assume that the σ −R correlation is weak enough to actually not contribute

to the αvir −M correlation. Indeed, using the reported q = 2.2, and assuming p ∼ 0

because of the poor Pearson coefficient, one obtains δ ∼ −0.54, comparable to the

value of −0.53 reported by Miville-Deschênes et al. (2017).

Although values of αvir < 1 are reported in a number of recent observations (e.g.,

Giannetti et al., 2014; Traficante et al., 2018c; Zhang et al., 2018; Russeil et al., 2019;

Nguyen-Luong et al., 2020; Li et al., 2020), there is also a significant number of

studies where αvir is reported to be systematically larger than 1–2 (e.g., Berné et al.,

2014; Tsitali et al., 2015; Hernandez and Tan, 2015; Barnes et al., 2016; Storm et al.,

2016; Kirk et al., 2017; Kerr et al., 2019; Colombo et al., 2019; Zhang et al., 2020).

This fact has been interpreted as evidence that MCs are often unboud (e.g., Dobbs

et al., 2011b), and thus require pressure confinement to remain coherent (e.g., Field

et al., 2011; Leroy et al., 2015; Sun et al., 2018). There are, however, a few caveats

that need to be taken into account on this respect. As commented above (see §3),

not all the kinetic energy is available for support against collapse. Indeed, a purely-
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collapsing cloud will exhibit values of αvir > 1 after ∼ one free-fall time just because

the free-fall velocity is
√

2 times larger than the virial velocity. In fact, it is easy to see

that a Bonnor-Ebert core supported by microturbulence, rather than thermal pressure,

has an αvir > 1. On the other hand, the velocity dispersion may be overestimated if the

molecular lines are optically thick (Phillips et al., 1979; Goldsmith and Langer, 1999;

Hacar et al., 2016a). For instance, in the L1517 region, part of the Taurus molecular

cloud complex, Hacar et al. (2016a) estimate that the opacity broadening of the line

is increasing the actual velocity dispersion by a factor of 4. Taking this result at face

value, the 4-fold over estimation in the velocity dispersion will give an overestimation

by a factor of ∼ 16 in the virial parameter.

There is another potential problem with the interpretation of the virial parameter:4

the studies by Heyer et al. (2009) and Roman-Duval et al. (2010) shown in Fig. 6

are performed using the same observational dataset, but using different operational

definition of clouds, with the result that each study produces substantially different

values of αvir. In relation to this, Traficante et al. (2018a) argue that the volumes from

which the dust emission and the line-emission come, if different, may also affect the

estimation of αvir. Thus, cloud definition plays a relevant role in the estimation of the

molecular cloud properties, in particular, αvir (see also Khoperskov et al., 2016).

4.7 Magnetic fields

Diffuse, atomic and dense molecular clouds are partially ionized, and thus, both are

subject to magnetic forces. Thus, they are relevant to understand the formation and

evolution of MCs (see §2.2), as well as the formation of stars. However, evaluating

the relative dynamical importance of magnetic fields compared to other physical in-

gredients is quite difficult, either because of the highly non-linear behavoir of the

magnetized ISM, as well as because the full information (intensity and direction) of

magnetic fields is not available from observations.

In terms of the non-linear behavior of the fields, as a first approximation, one can

expect that stronger the magnetic fields, the smaller the relative importance of grav-

ity, such that collapse could be delayed (see e,g, Shu et al., 1987; Nakamura and

Li, 2005; Hennebelle and Inutsuka, 2019). Although this is true in a static medium,

the response of the magnetic field in the presence of other agents such as turbulence,

rotation, or non-linear instabilities is not straightforward. For instance, a moderate

magnetic field in a turbulent environment can have a stronger opposition to turbu-

lent compressions than strong magnetic fields, mainly because of two reasons: on

one hand, turbulence can entangle more efficiently the field, producing a larger and

more isotropic magnetic pressure (Ballesteros-Paredes and Mac Low, 2002). By the

same token, stronger fields can inhibit more efficiently the turbulence, resulting in

higher rates of collapse (Zamora-Avilés et al., 2018). As a result, smaller density en-

hancements can be found in turbulent simulations with weaker fields, compared to

simulations with stronger fields.

In a similar way, in rotating galactic disks, the Coriolis force can inhibit the for-

mation of density enhancements when the magnetic fields are weak. However, an

4We thank the anonymous referee for pointing out this issue.
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increase in the magnetic field intensity can counteract the Coriolis force, allowing for

larger density enhancements, (and larger star formation rates, see, e.g., Passot et al.,

1995; Kim and Ostriker, 2001; Kim et al., 2002). Thus, one has to be careful when re-

lating the star formation properties with the magnetization of the field. In fact, Soler

(2019) found no evidence of relationship between the magnetic fields and the star

formation rate for a set of clouds in the Solar Neighborhood.

In terms of the observations, on the other hand, Zeeman effect can provide us

information about the intensity of the magnetic field along the line of sight, but they

are quite time intensive. On the other hand, polarization measurements are less time

intensive, and can provide qualitative information about the morphology of the fields

(and its relationship to the morphology of the clouds) as projected in the plane of the

sky, but obtaining information about the intensity is only accurate to an order of mag-

nitude. Nevertheless, even with those difficulties, we can infer valuable information

about the relative importance of the magnetic fields in clouds and cores.

4.8 Morphology of the magnetic field at the cloud scale

Measuring polarization of visible light dates ∼ 70 years back in time (Hiltner, 1949;

Davis and Greenstein, 1951). The detailed mechanisms that produce polarization are

summarized elsewhere (Heiles et al., 1993; Crutcher, 2012). One of the main suc-

cesses of polarization measurements is that it provides us information about the rel-

ative orientation of the magnetic fields with respect to the cloud. Thus, having a

qualitative idea on how the morphology of clouds and fields could be under different

physical situations, the relative importance of magnetic fields in the region could be

estimated. With this idea, Crutcher (2012) discussed how the relative morphology of

the magnetic field and the cloud should be in the cases of strong and weak magnetic

fields, as well as in the cases where gravity is or not relevant.

In the case of strong fields, Crutcher (2012) argues that (i) magnetic field lines

should be smooth. (ii) If gravitationally unbound, density structures should be aligned

along the field lines. (iii) If gravitationally bound, they should be perpendicular to

the field lines. (iv) After collapse, the field should have hourglass morphology. In

contrast, in the case of weak fields, (i) turbulence should make the field to appear

substantially more tangled. (ii) If gravity is not important, column density should be

aligned to magnetic fields, as in the previous case. (iii) If clouds are gravitationally

bound, the field should be progressively more ordered, as collapse proceeds, (time-

dependency). (iv) As in the previous case, after collapse the hourglass morphology

should appear, but the pinch angles should be smaller in the strong-field case, due to

the larger resistance of the field to be dragged.

With his in mind, Crutcher (2012) argues that the polarization maps quoted in the

literature, which are quite smooth and show similar directions of the magnetic fields

from large (MC) scales to small (core) scales, suggest that magnetic fields are strong

enough to not be twisted by turbulence significantly.

The results discussed by Crutcher (2012) were settled in a more quantitative way

using the histogram of relative orientations method (Soler et al., 2013; Soler and

Hennebelle, 2017). Indeed, Soler (2019) analyzed Herschel and Planck observations
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Fig. 7 Left panel: plane of the sky magnetic field and column density measured by Planck toward the

Taurus molecular cloud. Right panel: relative orientation parameter ξ between the magnetic field in the

plane of the sky and the orientation of the filament, for 3 filaments in Taurus (from Soler, 2019).

of local clouds. He found that the relative orientation between the column density

of MCs and the magnetic field in the plane of the sky transitions from nearly 0◦ at

low column densities, to 90◦, at large column densities (see left panel in Fig. 7).

Furthermore, Soler (2019) found no correlation between the star formation rates in

those clouds, and the relative orientation between the column density and the field.

Such results suggest,then, that the magnetic fields could be relevant enough to shape

the large-scale structure of MCs, but not strong enough to regulate star formation.

Such morphology has an interesting implication regarding the scaling of the mag-

netic field: compressions along the magnetic field lines increase the density, but not

the magnetic field intensity. Thus, one can expect that in the magnetic field domi-

nated regime, the field does not correlate with the density. In contrast, compressions

perpendicular to the field lines will increase both the density and the magnetic field,

and thus, one can expect the magnetic field to be related to the volume density. In

general, the situation can be expected to be between these limits, and thus, it can be

expected that the magnetic field and the density behave as

B =

{

B0 nκ , if n ≥ n0.

B0, if n < n0.
(18)

for a given volume density n0, and with 0 ≤ κ ≤ 1. Using Bayesian analysis for

a set of clouds with magnetic field measurements, Crutcher et al. (2010) found that

n0 ∼ 300 cm−3, and κ ∼ 2/3. We will get back to this point in the next section, where

this assumption is made as a proxy, in order to interpret the line-of sight intensity of

the fields.
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4.9 Magnetic field intensity and collapse

There are two ways to estimate the intensity of magnetic fields. One is with the

Chandrasekhar-Fermi method (Chandrasekhar and Fermi, 1953), the other through

the Zeeman effect. Details on the methods can be found in Crutcher (2012) and refer-

ences therein (e.g. Crutcher and Kemball, 2019). Here we just make few comments:

in the first case, the method relies on two basic assumptions: (i) that the magnetic

field is tangled by isotropic turbulence, and (ii) that there is equipartition between the

kinetic and magnetic energy. In such case, the mean magnetic field becomes

〈B〉2 = 4πρ
σ2

v

σ2
φ

(19)

where σv is the line-of-sight velocity dispersion, and σφ is the dispersion of the

orientation angles of the magnetic field. Although this method can give us order of

magnitude estimates of the magnetic field, departures by a factor of two orders of

magnitude can be found, specially in the weak fields case (Heitsch et al., 2001). Some

modification of the original CF method are also proposed for more accurate estimate.

On the other hand, the Zeeman effect can give us direct measurements of the

projection of the magnetic field along the line of sight. The problem with the Zee-

man effect is that it is observationally expensive. Another difficulty is that there are

only a few species showing observable level of the Zeeman shift, e.g., HI, OH, CN,

and CCS. These species have large magnetic dipole moments which cause large fre-

quency splitting. In addition, since we obtain only the intensity of the field along the

line of sight, we obtain only a lower-limit estimate of the intensity of the field.

Once we have estimates of the magnetic field, as in the case of the kinetic energy,

one could evaluate the relative importance of magnetic fields with respect to gravity

through the magnetic-to-gravitational energies ratio. In this case, such ratio is pro-

portional to the inverse of the so-called mass (M)-to-magnetic flux (Φmag ∼ B R2)

ratio,

Emag

Egrav
∝

(

Φmag

M

)2

=

(

B

N

)2

(20)

(see eqs. [10] and [11], where N ∝ M/R2 is the column density). In ideal MHD, the

magnetic flux is constant, since the magnetic field is frozen to the gas. Thus, there is

a critical value for which the magnetic field cannot prevent collapse, and thus, it is

common to define

µ =
(M/Φmag)

(M/Φmag)cr
∼ (N/B)

(N/B)cr
(21)

such that clouds with µ > 1, (usually called suppercritical), will collapse, while

clouds with µ < 1 (subcritical) will be supported by the magnetic field.

Recalling §3.2, in ideal MHD, the magnetic and gravitational energy of a cloud

with fixed mass have the same dependency with size, implying that µ is fixed. Mes-

tel and Spitzer (1956) proposed ambipolar diffusion as a mechanism to increase the

gravitational energy without increasing the magnetic energy at the same rate. In this

process, while the ions are anchored to the field lines, the neutral particles can drift
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Fig. 8 Estimated magnetic field in-

tensities in the line of sight vs. col-

umn density of H I and molecular

clouds (from Crutcher, 2012).

through them, falling into the gravitational potential well. This results in an increase

of the mass-to-flux ratio, allowing magnetically subcritical clouds to eventually be-

come supercritical and collapse.

Estimates of the magnetic field intensity in the line of sight and column densities

from four different surveys (Crutcher et al., 2010; Heiles and Troland, 2005; Troland

and Crutcher, 2008; Falgarone et al., 2008), and compiled by Crutcher (2012), are

shown in Fig. 8. The dashed line shows the value of the critical ratio (N/B)cr. Data

points lying above it imply that these regions are subcritical, and supercritical if they

lie below it. As can be seen from this figure, dense molecular cloud cores appear to

be supercritical, and low-density H I clouds appear to be subcritical.

Crutcher et al. (2010) pointed out that such distribution of data points could be

potentially interpreted as ambipolar diffusion regulated collapse: low column density

clouds (N > 2021cm−2) appear to be supported against gravity by magnetic fields,

while large column density clouds have increased their mass-to-flux ratio due to am-

bipolar diffusion, appearing then supercritical. However, these authors caution that

ambipolar diffusion cannot operate because low column density clouds are not self-

gravitating, and thus, there is no potential well to which the neutrals will fall in.

The results by Crutcher et al. (2010), along with the morphological results by Soler

(2019), suggest that magnetic fields are relevant in diffuse clouds, but that dense

molecular clouds in fact should be formed by compressions along the field lines, and

that, once formed, they are mostly supercritical.

5 Cloud substructure: from filaments to cores

5.1 Universality of filamentary structures in MCs

While interstellar clouds have been known to be filamentary for a long time (e.g.

Schneider and Elmegreen, 1979; Bally et al., 1987; Hartmann, 2002; Myers, 2009,

and references therein), Herschel imaging surveys have established the ubiquity of

filaments on almost all length scales (∼ 0.5pc to ∼ 100pc) in Galactic molecular
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clouds and shown that this filamentary structure likely plays a key role in the star

formation process (e.g. André et al., 2010; Henning et al., 2010; Molinari et al., 2010;

Hill et al., 2011; Wang et al., 2015). In particular, filamentary structures appear to

dominate the mass budget of MCs at high densities ( >∼ 104 cm−3) (Schisano et al.,

2014; Könyves et al., 2015).

The interstellar filamentary structures detected with Herschel span broad ranges

in length, central column density, and mass per unit length (e.g. Schisano et al., 2014;

Arzoumanian et al., 2019). In contrast, detailed analysis of the radial column den-

sity profiles indicates that, at least in nearby molecular clouds, Herschel filaments are

characterized by a narrow distribution of inner widths with a typical value of ∼ 0.1 pc

and a dispersion of less than a factor of 2 when the data are averaged over the fila-

ment crests (Arzoumanian et al., 2011, 2019, see Fig. 9). Independent submillimeter

continuum studies of filament widths in nearby clouds have generally confirmed this

result (e.g. Alves de Oliveira et al., 2014; Koch and Rosolowsky, 2015; Salji et al.,

2015; Rivera-Ingraham et al., 2016), even if factor of >∼ 2–4 variations around the

mean inner width of ∼ 0.1pc have been found along the main axis of a given filament

(e.g. Juvela et al., 2012; Ysard et al., 2013). The distribution of local widths found

by Arzoumanian et al. (2019) for 599 nearby molecular filaments prior to averag-

ing along the filament crests is well described by a lognormal function centered at

0.1±0.01pc with a standard deviation of 0.33±0.03 in log10(width), corresponding

to a factor of ∼2 on either side of the median width (see Fig. 9b).

Measurements of filament widths obtained in molecular line tracers (e.g., Pineda

et al., 2011; Fernández-López et al., 2014; Panopoulou et al., 2014; Hacar et al., 2018)

have been less consistent with the Herschel dust continuum results, however. For

instance, using 13CO emission, Panopoulou et al. (2014) found a broad distribution

of widths in Taurus, with a peak of 0.4 pc. Hacar et al. (2018) found a median width

of 0.035 pc for Orion “fibers” (see § 6.2, below) in the integral-shaped filament of

Orion, combining N2H+ ALMA and IRAM 30 m observations. These differences

can be attributed to the lower dynamic range of densities sampled by observations

in any given molecular line tracer compared to dust observations. More specifically,
12CO or 13CO data only trace low-density gas and cannot reliably measure the whole

(column) density profile (hence the width) of a dense molecular filament. Likewise,

N2H+ or NH3 data only trace relatively high density gas (typically above the critical

densities of the observed transitions) and cannot reliably measure the whole profile of

a filament either. In contrast, submillimeter dust continuum images from space (with

Herschel) achieve a significantly higher dynamic range and are sensitive to both the

low density outer parts and the dense inner parts of filaments.

There has also been some controversy about the reliability of the Herschel result

(Smith et al., 2014; Panopoulou et al., 2017). In particular, Panopoulou et al. (2017)

pointed out an apparent contradiction between the existence of a characteristic fila-

ment width and the essentially scale-free nature of the power spectrum of interstellar

cloud images (well described by a single power law from ∼ 0.01pc to ∼ 50pc –

Miville-Deschênes et al., 2010, 2016). However, Roy et al. (2019) showed that there is

no contradiction given the only modest area filling factors ( <∼ 10%) and column den-

sity contrasts (≤ 100% in most cases) derived by Arzoumanian et al. (2019) for the

filaments seen in Herschel images. This is because for realistic filament filling factors
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Fig. 9 (a) Mean radial column density profile measured with Herschel perpendicular to the B213/B211

filament in Taurus for both the Northern (blue curve) and the Southern part (red curve) of the filament

(Palmeirim et al., 2013). The yellow area shows the (±1σ ) dispersion of the distribution of radial profiles

along the filament. The inner solid purple curve shows the effective 18′′ resolution (0.012 pc at 140 pc)

of the data. The dashed black curve is the best-fit Plummer-like model, Np(r) = N0
H2/[1+(r/Rflat)

2]
p−1

2 ,

with a power-law index p=2.0±0.4 and a diameter 2×Rflat = 0.07± 0.01 pc. (b) Distribution of local

FWHM widths derived from nearly 9000 independent radial profile measurements along the crests of 599

Herschel filaments in 8 nearby molecular clouds (Arzoumanian et al., 2019). The red and blue histograms

correspond to two methods of estimating the FWHM width (see Arzoumanian et al., 2019 for details). The

dashed red curve is a lognormal fit to the red histogram. The vertical dashed line marks the peak value

of the distribution at 0.1± 0.01pc. The grey band, between 0.012 pc and 0.041 pc, shows the range of

resolutions achieved by Herschel in the 8 regions. (c) Deconvolved FWHM width (averaged along each

filament) vs. central column density for the same 599 filaments as in panel b). The solid line shows the

thermal Jeans length as a function of central column density. (Adpated from Arzoumanian et al., 2019.)

and column density contrasts, the filamentary structure contributes only a negligible

fraction of the image power spectra. Another caveat pointed out by Panopoulou et al.

(2017) is the presence of potential systematic biases in filament width measurements

linked to somewhat arbitrary choices of measuring parameters. However, based on

a number of tests on synthetic data, Arzoumanian et al. (2019) showed that their

method of measuring filament profiles and widths was reliable and free of significant

biases, at least when the contrast of the filaments over the local background exceeds

∼ 50%, which is the case for ∼ 70% of the Herschel filament population they mea-

sured and > 80% of star-forming filaments. The median inner diameter of ∼ 0.1pc

measured with Herschel may thus reflect the presence of a true common scale in

the filamentary structure of interstellar clouds. Further high-resolution submillimeter

continuum studies would nevertheless be required to confirm that the same common
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width applies to low-density, low-contrast (< 30–50%) filaments and to investigate

whether it also holds beyond the Gould Belt (see André et al., 2016).

Many theoretical attempts to explain the common inner width of nearby Herschel

filaments have been made (e.g. Fischera and Martin, 2012; Hennebelle and André,

2013; Auddy et al., 2016; Federrath, 2016; Ntormousi et al., 2016), and some of

them are discussed in (Hennebelle and Inutsuka, 2019). However, none of the present

explanations is fully convincing. We must admit that we are still missing something

in our detailed physical description of filamentary molecular clouds.

Observationally, three families of molecular filaments may be distinguished ac-

cording to the filament mass per unit length Mline compared to the thermal value of the

critical mass per unit length (e.g. Ostriker, 1964), Mline,crit = 2c2
s/G∼ 16M� pc−1 for

a sound speed cs ∼ 0.2 km/s, i.e., a typical gas temperature T ∼ 10 K: thermally su-

percritical filaments with Mline
>∼ 2Mline,crit, transcritical filaments with 0.5Mline,crit

<∼ Mline
<∼ 2Mline,crit),

and thermally subcritical filaments with Mline,crit . 0.5Mline,crit (cf. Arzoumanian

et al., 2019). Again, it is remarkable that all three families of filaments appear to

share approximately the same inner width ∼ 0.1pc (Arzoumanian et al., 2011, 2019,

see Fig. 9b).

Using molecular line measurements with the IRAM 30m telescope for a sample

of Herschel filaments (Arzoumanian et al., 2013) showed that thermally subcritical

and transcritical filaments have “transonic” internal velocity dispersions σtot such that

cs
<∼ σtot < 2cs. Only thermally supercritical filaments have internal velocity disper-

sions significantly in excess of the thermal sound speed cs ∼ 0.2 km/s. Furthermore,

there is a positive correlation between the internal velocity dispersion and the col-

umn density (or mass per unit length) of thermally supercritical filaments, suggesting

that these filaments are in approximate virial equipartition (but not necessarily virial

equilibrium) with Mline ∼ Mline,vir ≡ 2σ2
tot/G (see Fig. 10a).

Most observed molecular filaments must be relatively long-lived structures. The

fact that most prestellar cores are found to lie within transcritical or supercritical

filaments (see § 5.5) implies that these filaments must live at least as long as prestellar

cores, or at least ∼ 1 Myr (André et al., 2014). A similar lifetime can be inferred for

subcritical filaments from a typical sound crossing time >∼ 5×105 yr, estimated using

a nearly sonic internal velocity dispersion ∼ 0.2km/s and the typical filament width

of ∼ 0.1 pc measured with Herschel.

5.2 Striations and fibers

A striking feature of wide-field, high-dynamic-range images of molecular clouds in

both CO lines from the ground (e.g. Goldsmith et al., 2008) and submillimeter dust

continuum emission from space (Herschel) is the observation of common patterns in

the organization of filamentary structures that tend to persist from cloud to cloud. A

very common filamentary pattern observed with Herschel is that of a main filament

surrounded by a population of fainter striations or “sub-filaments” approaching the

main filament from the side and apparently connected to it (see Fig. 10b). Exam-

ples include the Musca filament (Cox et al., 2016), the B211/B213 filament in Taurus

(Goldsmith et al., 2008; Palmeirim et al., 2013), the Serpens-South filament in Aquila
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Fig. 10 (a) Total velocity dispersion versus central surface density for a sample of nearby filaments

(Arzoumanian et al., 2013). The horizontal dashed line marks the thermal sound speed ∼ 0.2 km/s for

T = 10 K. The vertical grey band marks the border zone between thermally subcritical and thermally

supercritical filaments. The blue solid line shows the best power-law fit σtot ∝ Σ0
0.36 ± 0.14 to the data

points corresponding to supercritical filaments. The latter are in approximate virial equipartition with

Mline ∼ Mline,vir and σtot ∝ Σ0
0.5. (b) Fine (column) density structure of the B211/B213 filament based on a

filtered version of the Herschel 250 µm image of Palmeirim et al. (2013) using the algorithm getfilaments

(Men’shchikov, 2013). All transverse angular scales larger than 72′′ (or ∼ 0.05 pc) were filtered out to

enhance the contrast of small-scale structures. The color scale is in MJy/sr at 250 µm. The colored curves

display the velocity-coherent fibers identified by Hacar et al. (2013) using N2H+/C18O observations. Ł

(e.g. Kirk, H. et al., 2013), and the DR21 ridge in Cygnus X (Schneider et al., 2010;

Hennemann et al., 2012). Interestingly, low-density striations and sub-filaments tend

to be parallel to the local magnetic field, at least in projection on the plane of the sky

(Chapman et al., 2011; Palmeirim et al., 2013; Planck int. res. XXXV, 2016). The

morphology of these striations and sub-filaments is suggestive of accretion flows,

possibly channeled by the local magnetic field, and feeding the main filaments with

ambient cloud material. Low-density striations are remarkably ordered structures in

an otherwise apparently chaotic turbulent medium and there is little doubt that mag-

netic fields are required to explain their properties (Heyer et al., 2016; Tritsis and

Tassis, 2016; Chen et al., 2017).

Another seemingly common pattern is the presence of significant substructure

within many dense molecular filaments, observed in the form of velocity-coherent

features, called fibers. The presence of fibers was first reported by Hacar et al. (2013)

in the Taurus B211/B213 filament (d ∼140 pc), for which a friends-of-friends algo-

rithm in velocity (FIVE) was used to identify at least 20 velocity-coherent compo-

nents in N2H+ and C18O. Subsequently, similar velocity-coherent components were

also detected in N2H+ in other regions, including the infrared dark cloud (IRDC)

G035.39-00.33 (Henshaw et al., 2014), the NGC 1333 protocluster (Hacar et al.,

2017), IRDC G034.43+00.24 (Barnes et al., 2018), the Orion A integral-shaped fila-

ment (Hacar et al., 2018), and the NGC 6334 main filament (Shimajiri et al., 2019a).

The velocity-coherent substructures identified in NGC 1333 and Orion A are well

separated in the plane of the sky, however, and may differ in nature from those ob-

served in Taurus and NGC 6334 which are intertwined. Moreover, not all molecular

filaments consist of multiple fiber-like substructures. The Musca filament, for in-
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stance, appears to be a 6-pc-long velocity-coherent sonic filament with much less sub-

structure than the Taurus B211/B213 filament and no evidence for multiple velocity-

coherent fibers (Hacar et al., 2016b; Cox et al., 2016).

Interestingly, most of the line-identified fibers can also be detected in Herschel

dust continuum maps when large-scale emission is filtered out, enhancing the con-

trast of small-scale structures in the data (cf. Fig. 10b). Moreover, the Herschel data

are suggestive of a direct connection between striations and fibers. In Fig. 10b, for

instance, hair-like strands or spur-like features, which appear to be the tips of larger-

scale striations, are visible in the immediate vicinity of the Taurus B211/B213 fila-

ment, attached to its main body. This is consistent with the observed striations tracing

accretion flows onto the Taurus main filament, possibly influencing its fiber-like sub-

structure (see “accrete and fragment” scenario below).

The exact physical origin of genuine velocity-coherent fibers, i.e. intertwined fil-

ament substructures unaffected by line-of-sight confusion effects, is not well under-

stood and remains highly debated (e.g. Zamora-Avilés et al., 2017; Clarke et al., 2017,

2018). In the “fray and fragment” scenario introduced by Tafalla and Hacar (2015)

and supported by Clarke et al. (2017), a main filament forms first by collision of two

supersonic turbulent gas flows. Then, the main filament fragments into an intertwined

system of velocity-coherent fibers, due to a combination of vorticity in residual turbu-

lent motions and self-gravity. Alternatively, in the “fray and gather” scenario (Smith

et al., 2014, 2016), turbulent compression first generates short, velocity-coherent fila-

mentary structures, which are then gathered by large-scale motions within the parent

cloud, of either turbulent or gravitational origin. A variant of these two scenarios is

the “accrete and fragment” picture, which explicitly links fibers to striations. In this

picture, dense molecular filaments accrete ambient cloud material along field lines

through a network of magnetically-dominated striations (see above). The accretion

process supplies gravitational energy to the dense filament, which is then converted

into turbulent kinetic energy in the form of MHD waves (Hennebelle and André,

2013). Radial accretion of gas from an inhomogeneous turbulent medium generates

vorticity primarily in the direction of the filament axis, thus producing a system of

velocity-coherent fibers in the main filament (cf. Clarke et al., 2017). Sterile fiber-

like structures would correspond to portions of the accretion flow onto the central

filament (see Clarke et al., 2018), while fertile fibers would be the direct imprint of

accretion-driven MHD waves and vorticity within the main filament system.

5.3 The characteristic line mass of molecular filaments

To understand the dynamics of filamentary molecular clouds we have to understand

the critical mass per unit length above which a cylindrical cloud cannot be in equilib-

rium with the isothermal equation of state, as explained below. This critical line mass

for an isothermal cylindrical cloud does not depend on the density or radius of the

cloud and depends only on temperature. As the gas temperature in nearby molecular

clouds is always on the order of 10 K, the critical line mass is almost a constant value

in the solar neighborhood. Using observations from the Herschel space observatory,

(André et al., 2010) found a remarkable threshold for star formation process, which
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can be summarized as follows: stars are formed in molecular filaments whose line

mass is comparable to or larger than the critical line mass. Therefore, the line mass

of filaments plays an important role in the evolution of molecular clouds. Let us first

discuss this basic property of cylindrical geometry.

Early papers on filament structure such as the classic solution for a self gravitating

isothermal filament (Stodólkiewicz, 1963; Ostriker, 1964), assumed that filaments are

in cylindrical hydrostatic equilibrium. Poisson’s equation for self-gravity in a cylinder

of infinite length is

∇
2Φ =

1

r

d

dr
r

dΦ

dr
= 4πGρ. (22)

If we multiply by r on both sides and integrate from the center to the outermost radius

r = R, we obtain

R
dΦ

dr

∣

∣

∣

∣

r=R

= 2G

∫ R

0
2πrρdr ≡ 2GMline, (23)

where we define the mass per unit length (i.e., the line mass) as Mline =
∫ R

0 2πρrdr.

This line mass remains constant in a change of the cylinder radius where ρ ∝ R−2.

Thus, the self-gravitational force Fg,cyl is

Fg,cyl =
dΦ

dr

∣

∣

∣

∣

r=R

= 2
GMline

R
∝

1

R
. (24)

On the other hand, if we denote the relation between gas pressure P and density ρ as

P = Kργeff , the pressure gradient force Fp scales as

Fp =
1

ρ

∂P

∂ r
∝ R1−2γeff . (25)

Therefore, we have
Fp

Fg,cyl
∝ R2−2γeff . (26)

This means that, if γeff > 1, the pressure gradient force will dominate self-gravity for a

sufficiently small radius R. On the contrary, if if γeff ≤ 1, the radial collapse will con-

tinue indefinitely, once self-gravity dominates over the pressure force. Therefore, we

can define the critical ratio of specific heats for the radial stability of a self-gravitating

cylinder as γcrit,cyl = 1. In the case of γeff = 1 a cylinder (under sufficiently small

ambient pressure) will be in hydrostatic equilibrium only when its line mass has the

special value for which Fp = Fg,cylinder. This is the reason why we can define a critical

line mass for an isothermal cylinder:

Mline,crit ≡
∫

∞

0
2πρ(r)rdr =

2c2
s

G
. (27)

Using similar arguments, we can define the critical γeff for a sphere, γcrit,sphere =
4/3, and for a sheet, γcrit,sheet = 0. The thermodynamical property of molecular clouds

corresponds to γeff ≈ 1. Therefore, the significance of filamentary geometry can be

understood in terms of ISM thermodynamics. Importantly, filaments differ from both
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sheets and spheroids in their global gravitational instability properties. For a sheet-

like cloud, there is always an equilibrium configuration since the internal pressure

gradient can always become strong enough to halt the gravitational collapse of the

sheet independently of the initial state (e.g. Miyama et al., 1987; Inutsuka and Miyama,

1997). In contrast, the radial collapse of an isothermal cylindrical cloud cannot be

halted and no equilibrium is possible when the line mass exceeds the critical mass per

unit length Mline,crit. Conversely, if the line mass of a filamentary cloud is less than

Mline,crit, gravity can never be made to dominate by increasing the external pressure,

so that the collapse is always halted at some finite cylindrical radius. Thus, filaments

differ markedly from isothermal spherical clouds which can always be induced to

collapse by a sufficient increase in external pressure (e.g. Bonnor, 1956; Shu, 1977).

A major feature of equilibrium filament models is a critical condition for stabil-

ity; the mass per unit length of the filament. For isothermal systems, this is simply

Mline,crit = 2c2
s/G (where cs is the isothermal sound speed). This quantity plays an

analogous role to the virial mass Mvir = 5Rc2
s/G for spherical clouds and equilibria.

Filaments become gravitationally unstable when the critical line mass is exceeded.

The peculiar behavior of filamentary geometry in isothermal collapse is due to

the fact that the isothermal equation of state (γ = 1) is a critical case for the collapse

of a filament (e.g. Larson, 2005): For a polytropic equation of state (P ∝ ργ ) with

γ < 1, an unstable cylinder can collapse indefinitely toward its axis, while if γ > 1 the

pressure gradient increases faster than gravity during contraction and the collapse is

always halted at a finite radius. For comparison, the critical value is γ = 0 for sheets

and γ = 4/3 for spheres. Indefinite, global gravitational collapse of a structure can

occur when γ is smaller than the critical value and is suppressed when γ is larger than

the critical value. Gravitational fragmentation thus tends to be favored over global

collapse when γ is close to or larger than the critical value.

The critical mass per unit length Mline,crit ≈ 16M�/pc× (Tgas/10K) as originally

derived, depends only on gas temperature Tgas. This expression can be readily gener-

alized to include the fact that filaments have non-thermal internal velocity dispersions

(see §Ł 5.1 and Fig. 10). In the presence of non-thermal gas motions, the critical mass

per unit length becomes Mline,vir = 2σ2
tot/G, also called the virial mass per unit length,

where σtot =
√

c2
s +σ2

NT is the total one-dimensional velocity dispersion including

both thermal and non-thermal components (Fiege and Pudritz, 2000). Clearly, both

the equation of state of the gas and filament turbulence play a role in deciding the

actual critical line mass.

5.4 Nature of MC filaments: equilibrium structures vs. funnel flows

The mere existence of thermally supercritical filaments with Mline >> Mline,crit poses

a problem, since such filaments would be expected to collapse radially to spindles in

only about one free-fall time (or < 105 yr for dense systems such as the NGC 6334

filament – André et al., 2016), without significant fragmentation along their axis

according to non-magnetized models for the evolution of isolated self-gravitating

cylinders (Inutsuka and Miyama, 1992, 1997, see § 5.3 above). In contrast, Herschel
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observations have revealed the presence of numerous ∼ 0.1-pc-wide supercritical fil-

aments with widespread fragmentation into prestellar cores and an estimated lifetime

of >∼ 1Myr (e.g. Arzoumanian et al., 2019; Könyves et al., 2015; André et al., 2014,

2019).

Two extreme views for the dynamical state of molecular filaments have been pro-

posed to explain this paradox. First, thermally supercritical filaments may be close to

virial and/or magneto-hydrostatic equilibrium, with support against self-gravity pro-

vided by a combination of internal MHD turbulence and magnetic fields. Indeed, su-

percritical filaments are known to be virialized accreting systems with Mline ∼Mline,vir

(see above, Fiege and Pudritz, 2000, and Arzoumanian et al., 2013). While this does

not necessarily imply virial equilibrium, accretion-driven MHD waves can possibly

maintain an effective virial equilibrium (cf. Hennebelle and André, 2013). Assum-

ing rough equipartition between magnetic and kinetic energy, thermally supercritical

filaments may also be close to magneto-hydrostatic equilibrium since the magnetic

critical line mass M
mag
line,crit ≈ 1.66c2

s/G+0.24Φcl/G1/2 largely exceeds Mline,crit when

the magnetic flux per unit length Φcl is large (Tomisaka, 2014).

A second, alternative picture posits that most dense molecular filaments are far

from equilibrium and represent dynamical accretion flows onto denser cluster-forming

clumps or hubs (e.g. Gómez and Vázquez-Semadeni, 2014). In this picture, filaments

form from gravitational amplification of initial anisotropies as part of the “global hi-

erarchical collapse” of strongly Jeans-unstable molecular clouds, and constitute the

collapse flow itself from the larger scales to the small-scale dense hubs (Vázquez-

Semadeni et al., 2019a). Magnetic fields are present but essentially passive. Large-

scale collapse occurs first along the shortest axis creating sheets and subsequently

filaments. Gas from sheet-like cloud structures flows onto the filaments roughly per-

pendicular to them, and is then diverted to flow along the filaments onto the hubs.

Thus, dense molecular filaments are like rivers and can approach a quasi-stationary

state without being in equilibrium.

In practice, real molecular filaments may consist of a mix of quasi-equilibrium

and non-equilibrium structures, and observational constraints on the velocity field

and (geometry of) the magnetic field may be used to discriminate between the two

types of filamentary structures. In the quasi-equilibrium view, significant longitudinal

velocity gradients are not expected and the magnetic field lines should be only slightly

distorted, due to local protostellar collapse at the positions of dense cores along each

filament. In contrast, in the funnel flow hypothesis, supersonic longitudinal velocity

gradients are expected, owing to gravitational acceleration of gas toward the central

hub, and the magnetic field lines should be dragged by the longitudinal gas flow,

adopting a “V-shape” within the filament (Gómez et al., 2018).

Observationally, there is little doubt that gravity is the main player shaping strongly

self-gravitating “hub-filament” systems, where a cluster-forming hub is observed at

the center of a converging network of filaments (Myers, 2009). Such systems are

particularly prominent in massive star-forming regions (e.g. MonR2: Didelon et al.,

2015; Pokhrel et al., 2016; SDC335: Peretto et al., 2013), but also exist in clouds

forming mostly (or only) low- to intermediate-mass stars (e.g. B59: Peretto et al.,

2012; L1688: Ladjelate et al., 2020). Good candidates for longitudinally collapsing

filaments have also been identified, such as the SDC13 system of infrared dark fila-
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ments (Peretto et al., 2014). While the magnetic field inside dense filaments is poorly

constrained by current dust polarization observations, it may well be parallel to the

filament axis in some cases (cf. the G9.62 massive clump – Dall’Olio et al., 2019), as

in the hierarchical collapse picture described above or the “inertial-inflow” model of

(Padoan et al., 2019).

In most cases, however, transverse velocity gradients across dense molecular fil-

aments, suggestive of accretion onto rather than along the filaments, appear to dom-

inate over longitudinal velocity gradients (Kirk, H. et al., 2013; Fernández-López

et al., 2014; Dhabal et al., 2018; Shimajiri et al., 2019b). Some examples of sub-

sonic longitudinal motions, possibly core-forming, have also been found (Hacar and

Tafalla, 2011). Moreover, chains of dense cores with quasi-periodic spacings have

been observed toward some of these transcritical or supercritical filament systems

(Tafalla and Hacar, 2015; Bracco et al., 2017; Shimajiri et al., 2019a, Zhang et al.

2020). Such quasi-periodic features are expected in quasi-equilibrium filaments be-

cause they have a preferred fragmentation lengthscale (cf. Inutsuka and Miyama,

1992), even in the presence of geometrical bends (Gritschneder et al., 2017) or ac-

cretion from a weakly turbulent medium (Clarke et al., 2016). Filaments formed

by large-scale gravitational collapse accrete from inhomogeneous parent structures

which are themselves collapsing on larger scales and therefore highly “turbulent”

(Vázquez-Semadeni et al., 2019a). They are thus less likely to develop quasi-periodic

chains of dense cores (cf. Clarke et al., 2017). While current observations suggest that

quasi-equilibrium configurations may dominate, more work would be needed to draw

definitive conclusions on the relative importance of the two modes (i.e., equilibrium

vs. flow structures).

5.5 The filament-core connection

The collapse and fragmentation properties of filaments under the assumption of cylin-

drical symmetry were extensively studied theoretically a few decades ago (e.g. Naga-

sawa, 1987) but have received renewed attention with the Herschel results. The grav-

itational instability of nearly isothermal filaments is primarily controlled by the value

of their mass per unit length Mline ≡ M/L. Above the critical value Mline,crit = 2c2
s/G

(where cs is the isothermal sound speed) cylindrical filaments are expected to be

globally unstable to both radial collapse and fragmentation along their lengths (e.g.

Inutsuka and Miyama, 1992, 1997), while below Mline,crit filaments are gravitation-

ally unbound and thus expected to expand into the surrounding medium unless they

are confined by some external pressure (e.g. Fischera and Martin, 2012).

The fragmentation properties of filaments and sheets differ from those of spheroidal

clouds in that there is a preferred scale for gravitational fragmentation which directly

scales with the scale height of the filamentary or sheet-like medium (e.g. Larson,

1985). In the spherical case, the largest possible scale or mode (i.e., overall collapse

of the medium) has the fastest growth rate so that global collapse tends to overwhelm

the local collapse of finite-sized density perturbations, and fragmentation is gener-

ally suppressed in the absence of sufficiently large initial density enhancements (e.g.

Tohline, 1982). It also well known that spherical collapse quickly becomes strongly
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centrally concentrated (Larson, 1969; Shu, 1977), which tends to produce a sin-

gle central density peak as opposed to several condensations (e.g. Whitworth et al.,

1996). In contrast, sheets have a natural tendency to fragment into filaments (e.g.

Miyama et al., 1987) and filaments with line masses close to Mline,crit have a natural

tendency to fragment into spheroidal cores (e.g. Inutsuka and Miyama, 1997).

The filamentary geometry is thus the most beneficial configuration in molecular

clouds for small-scale perturbations to collapse locally and grow significantly before

global collapse overwhelms them (Pon et al., 2011, 2012; Toalá et al., 2012). This is

because the isothermal equation of state represents a critical case for filaments, possi-

bly halting or slowing down radial collapse (e.g. Larson, 2005, see also §Ł 5.3 above),

and the longitudinal collapse timescale of a filament increases almost linearly with

the filament length or aspect ratio (e.g. Clarke and Whitworth, 2015), thus greatly

exceeding the local free-fall timescale.

Indeed, Herschel studies of nearby molecular clouds have found that most (>
75%) prestellar dense cores and young protostars lie in thermally transcritical or su-

percritical filaments (André et al., 2010; Könyves et al., 2015; Marsh et al., 2016,

see also §Ł 3.2 in Chap. 8). Adopting the typical ∼ 0.1pc inner width measured with

Herschel for molecular filaments, the critical mass per unit length is equivalent to

a critical threshold or transition at ∼ 160M�/pc2 in gas surface density (AV ∼ 8) or

nH2
∼ 2×104 cm−3 in volume density. A similar surface density threshold for the for-

mation of prestellar cores (at AV ∼5–10) had been suggested earlier based on ground-

based millimeter and submillimeter studies (e.g. Onishi et al., 1998; Johnstone et al.,

2004; Kirk et al., 2006), but without any clear connection to filaments. Interestingly,

a comparable threshold in extinction (at AV ∼8) has also been observed in the spatial

distribution of young stellar objects (YSOs) with Spitzer (e.g. Heiderman et al., 2010;

Lada et al., 2010; Evans et al., 2014).

We refer the reader to § 3 in Chap. 8 for more observational details on the filament–

core connection and a summary of dense core properties.

5.6 Towards the IMF

As already mentioned in § 4.1, the mass function of GMCs and CO clumps within

GMCs is known to be rather shallow, ∆N/∆ logM ∝ M−0.6±0.2 (e.g. Solomon et al.,

1987; Blitz, 1993), implying that most of the molecular gas mass in the Galaxy re-

sides in the most massive GMCs, and within the GMCs themselves in the most mas-

sive CO clumps.

More recently, a good estimate of the filament mass function (FMF) and fila-

ment line mass function (FLMF) in nearby molecular clouds has been derived us-

ing a comprehensive study of filament properties from Herschel Gould Belt survey

observations (Arzoumanian et al., 2019; André et al., 2019). The FLMF is well fit

by a power-law distribution in the supercritical mass per unit length regime (above

16M�/pc), ∆N/∆ logMline ∝ M−1.6±0.1
line (see Fig. 11a). The FMF is very similar in

shape to the FLMF and also follows a power-law distribution at the high-mass end

(for Mtot > 15M�), ∆N/∆ logMtot ∝ M−1.4±0.1
tot , which is significantly steeper than the

GMC mass function. Both the FLMF and the FMF are roughly consistent with the
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Fig. 11 (a) Filament line mass function (FLMF) derived for 599 Herschel filaments in eight nearby clouds

(from André et al., 2019; Arzoumanian et al., 2019). Above the critical line mass Mline,crit ∼ 16M�/pc

(vertical dashed line), the filament sample is more than 90% complete and the FLMF is well fitted by a

Salpeter-like power law ∆N/∆ logMline ∝ M−1.6±0.1
line (solid line segment). (b) Comparison of the prestellar

core mass function (CMF) observed with Herschel in the low-mass (Mline ∼ 50M�/pc) B211/B213 fila-

ment in Taurus (blue histogram – cf. Marsh et al., 2016) with the CMF derived from ALMA data in the

high-density (Mline ∼ 500–1000M�/pc) NGC 6334 filament (magenta histogram – Shimajiri et al., 2019a).

The vertical dashed lines mark the ∼90% core completeness levels achieved in the two filaments. (From

Palmeirim et al., in prep.)

Salpeter power-law IMF (Salpeter, 1955), which scales as dN/dlogM? ∝ M−1.35
? in

the same format. Thus, molecular filaments may represent the key evolutionary step

in the hierarchy of cloud structures at which a steep Salpeter-like mass distribution is

established. Note that the filament mass function differs in a fundamental way from

the GMC mass function in that most of the filament mass lies in low-mass filaments.

In particular, this result implies that most of the mass of star-forming filaments lies

in thermally transcritical with masses per unit length within a factor 2 of the critical

value Mline,crit = 2c2
s/G ∼ 16M� pc−1.

As most prestellar cores are born in transcritical or supercritical filaments (cf.

§ 5.5) and the prestellar core formation efficiency is typically ∼15%–25% in such

filaments (e.g. Könyves et al., 2015, 2020, – see also Fig. 3a in Chap. 8), the form of

the FMF has direct implications for the prestellar core mass function (CMF) and, by

extension, the stellar initial mass function (IMF) itself (cf. André et al., 2019). Indeed,

one expects that there should be a characteristic prestellar core mass corresponding

to the local Jeans or critical Bonnor-Ebert mass (e.g. Bonnor, 1956) in transcriti-

cal filaments. For a critical ∼0.1-pc-wide filament of molecular gas at ∼10 K with

Mline ≈ Mline,crit ∼ 16M� pc−1 and surface density Σfil ≈ Σ crit
gas ∼ 160M� pc−2, the

critical Bonnor-Ebert mass is:

MBE,th ∼ 1.3
c4

s

G2Σfil
∼ 0.5M�×

(

T

10K

)2

×
(

Σfil

160M� pc−2

)−1

. (28)

Thus, one may expect a peak in the prestellar CMF at ≈ 0.5M�. This value

matches very well with the observed peak of the prestellar CMFs at ∼0.3–0.7M�
derived from Herschel data in nearby molecular clouds (Könyves et al., 2015, 2020;

Marsh et al., 2016, Ladjelate et al. 2020; Di Francesco et al. 2020; Pezzuto et al.

2020; see also § 3.3 and Fig. 3b in Chap. 8). Moreover, the shape of the prestellar
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CMF at the high-mass end is consistent with a Salpeter-like power law (see § 4.1

above) and thus resembles the FMF, suggesting that it may be directly inherited from

the latter.

The close link between the FMF (or FLMF) and the prestellar CMF may be under-

stood if we recall that the thermally supercritical filaments observed with Herschel

in nearby clouds have a typical inner width Wfil ∼ 0.1pc (see § 5.1) and are viri-

alized with Mline ∼ Σfil ×Wfil ∼ Mline,vir ≡ 2σ2
tot/G, where σtot is equivalent to the

effective sound speed (see § 5.4). This implies that the effective Bonnor-Ebert mass

MBE,eff ∼ 1.3σ4
tot/(G

2Σfil) scales roughly as Σfil or Mline in supercritical filaments.

Thus, higher-mass cores may form in higher Mline filaments, as indeed suggested by

observations (Shimajiri et al., 2019a, see Fig. 11b). If the CMF produced by a single

supercritical filament were a narrow δ function peaked at MBE,eff, then there would

be a direct correspondence between the FMF and the prestellar CMF (cf. André et al.,

2014). In reality, the prestellar CMF generated by a single filament is expected to be

broader than a δ function (cf. Inutsuka, 2001) and observationally appears to broaden

as Mline increases (Könyves et al., 2020), although for statistical reasons, this is dif-

ficult to constrain precisely. The global prestellar CMF therefore results from the

“convolution” of the FMF with the CMFs produced by individual filaments (Lee

et al., 2017). It can be shown, however, that the high-mass end of the global CMF is

primarily driven by the power-law shape of the FMF and depends only weakly on the

widths of the individual CMFs (cf. Appendix B of André et al., 2019).

The global prestellar CMF is itself apparently closely linked to the stellar IMF, or

more precisely the stellar system IMF (cf. Chabrier, 2005), with to first order only a

systematic shift between the two, corresponding to a core-to-star formation efficiency

εcore ∼ 0.4+0.2
−0.1 (Könyves et al., 2015; see also Alves et al., 2007 and § 3.3 of Chap. 8).

This is suggestive of a one-to-one mapping between prestellar core mass and stellar

system mass, M?sys = εcore Mcore, at least for core masses ∼0.1–10M�, The existence

of a direct physical connection between the prestellar CMF and the stellar IMF re-

mains uncertain and debated, however (see, e.g., Chap. 8). Clearly, mechanisms con-

trolling the core-to-star formation efficiency εcore, such as feedback from protostellar

outflows and rotationally-driven subfragmentation of cores into binary/multiple sys-

tems, also play important roles in the origin of the IMF.

6 Summary

Molecular clouds are the structures through which galaxies funnel their diffuse, warm

gas into stars. In the present work we have reviewed the current knowledge of the

mechanisms that control the formation and evolution of molecular clouds in their

way to form stars.

We started reviewing how MCs are formed. Chemically, the H2 molecule is formed

in the present-day Universe mainly on the surfaces of dust grains. This molecule is

highly sensitive to the UV radiation, and thus, extinctions of the order of AV & 1

are required to allow the formation of molecular hydrogen. In terms of the physi-

cal processes, MCs are formed from the convergence of diffuse, warm atomic flows,

which may contain some pre-existing molecular gas mixed in. There is a variety of
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possibilities on the origin of such flows, namely the passage of a spiral arm, large-

scale gravitational instabilities in the disk, the agglomeration of smaller clouds, the

expansion of a SN remnant, stellar winds from clusters, etc. In all of these processes,

the convergence of flows itself allows the density to increase. Since the warm H I is

thermally unstable, the compressed region cools down rapidly, further increasing the

density, and allowing gravity to take over. This results in contraction in all directions,

producing an even faster growth of the column density, and thus, a rapid formation of

molecules.

The physical state of MCs is frequently described by means of the virial theorem,

as well as by its statistical properties. The virial theorem, which arises from the

momentum equation, describes the generation of kinetic energy in the cloud and the

change in its internal mass distribution due to the work done on the cloud by the

various forces acting on it, resulting in a relationship between the energies involved

on the cloud, which can be estimated observationally. However, such estimations

may have important caveats that could lead to misinterpretations about the dynamical

state of MCs. Two of the more important caveats are: (a) the assumption that the

cloud can be considered to be a homogeneous, isolated sphere, and (b) to interpret

the equality 2Ekin =Egrav as implying equilibrium, when the actual equilibrium (force

balance) is instead that Ï/2 = 2Ekin.

In terms of the statistical properties of MCs, a wide set of properties have been

studied. The mass distribution of MCs appears to be flatter than the mass distribution

of protostellar cores, the last one having similar slopes to that of the stellar initial mass

function (IMF), a result that suggests a link between the physics involved in defining

the mass of prestellar cores and that of the stars. The column-density probability

distribution functions of clouds, on the other hand, is generally agreed to have either

of two main shapes at large column densities: lognormal or power-law. The first

one has been interpreted in terms of turbulence dominating the dynamics of MCs at

the beginning of the formation of MCs. The last one, as a consequence of gravity

producing centres of collapse within the cloud. The fact that the PDFs of the density

of MCs decrease rapidly implyies that most of their volume and mass are in the

low-density regime.

Another property of ensembles of MCs is that they have a mass-size relation that

is also a power law. The exponent is typically around 2, which implies that the en-

semble has a roughly constant constant column density. This has been interpreted as

a consequence of clouds typically being defined by column density thresholds. More-

over, since most of the mass is at low column densities, the clouds in an ensemble

defined by means of a column density threshold will all have the approximately same

mean column density, regardless of their size, mass or star formation activity .

In terms of their velocity structure, larger MCs exhibit larger values of the velocity

dispersion, although with substantial scatter. Typically, a power-law of the form σ ∝

Rη , with η ∼ 1/2 is thought to be valid in general, although the exponents found

in observational studies range between 0 and 1, depending on the performed survey

and methodology. This correlation is frequently considered to be evidence that MCs

are dominated by supersonic turbulence. However, a generalization of the velocity

dispersion-size correlation has been recently suggested, as surveys have allowed to

reach a broader dynamical range in column density. In this case, the so called Larson
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ratio L ≡ σv/R1/2 is not constant, but rather increases with column density as Σ 1/2,

thus following a virial relation. This correlation also has substantial scatter, and the

global trend has been interpreted in terms of gravity driving chaotic infall motions in

MCs, which combine with truly random turbulent motions in different proportions in

the clouds as they evolve.

The magnetic fields of MCs, at scales of the clouds themselves, are found to be

preferentially perpendicular to their filamentary structure. In terms of support against

gravity, it has been found that dense cores are in general not supported by magnetic

fields.

MCs are also found to be highly filamentary. In the Solar Neighborhood, Herschel-

identified filaments appear to exhibit similar widths. No theoretical explanation has

yet been found for this result. These filaments also exhibit striations and fibers. The

former are low column density features protruding out of the filaments, mostly

aligned with the magnetic field, and thus, perpendicular to the high-column density

cloud. The latter are velocity-coherent subfilaments that appear in position-position-

velocity cubes from emission line observations. Whether such sub-filamentary struc-

ture is real, or the result of superposition structure in the line of sight, is currently

matter of debate.

Finally, in terms of the dynamics of the filaments, there is a critical linear mass

density, above which filaments in hydrostatic equilibrium should collapse radially. It

is also matter of debate whether filaments are structures in equilibrium, or flows of

gas from the low-density regions of MCs through dense, star-forming cores. In any

event, filaments are not homogeneouos, and their denser regions are the so-called

molecular cloud cores, the sites where stars are formed. Most of the prestellar dense

cores are formed by fragmentation of filaments that have a mass line density larger

than the critical.
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André P, Di Francesco J, Ward-Thompson D, et al. (2014) From Filamentary Net-

works to Dense Cores in Molecular Clouds: Toward a New Paradigm for Star For-

mation. in Protostars and Planets VI, ed H Beuther et al pp 27–51
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Peretto N, André P, Könyves V, et al. (2012) The Pipe Nebula as seen with Herschel:

formation of filamentary structures by large-scale compression? A& A541:A63

Peretto N, Fuller GA, Duarte-Cabral A, et al. (2013) Global collapse of molecular

clouds as a formation mechanism for the most massive stars. A& A555:A112
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