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ABSTRACT

Observational and theoretical evidence suggests that a substantial population of molecular clouds (MCs) appear to be unbound,
dominated by turbulent motions. However, these estimations are made typically via the classical virial parameter aﬁ}fss, which is
an observational proxy to the virial ratio between the kinetic and the gravitational energy. This parameter intrinsically assumes
that MCs are isolated, spherical, and with constant density. However, MCs are embedded in their parent galaxy and thus are
subject to compressive and disruptive tidal forces from their galaxy, exhibit irregular shapes, and show substantial substructure.
We, therefore, compare the typical estimations of <% to a more precise definition of the virial parameter, a™!!, which accounts
not only for the self-gravity (as «51%), but also for the tidal stresses, and thus, it can take negative (self-gravity) and positive
(tides) values. While we recover the classical result that most of the clouds appear to be unbound, having aﬂ?ss > 2, we show that,
with the more detailed definition considering the full gravitational energy, (i) 50 per cent of the total population is gravitationally
bound, however, (ii) another 20 per cent is gravitationally dominated, but with tides tearing them apart; (iii) the source of those
tides does not come from the galactic structure (bulge, halo, spiral arms), but from the molecular cloud complexes in which

clouds reside, and probably (iv) from massive young stellar complexes, if they were present. (v) Finally, our results also suggest

that, interstellar turbulence can have, at least partially, a gravitational origin.
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1 INTRODUCTION

Molecular clouds (MCs) are the coldest and densest sites of the
interstellar medium and, consequently, the stars’ birthplace. Their
masses vary over many orders of magnitude, but in general, the great
majority of them are substantially larger than the so-called Jeans
mass, i.e. the mass that thermal energy can support against collapse,

c 3 n —-1/2
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where c¢; is the sound speed, and n is the number density. At face
value, thus, MCs should be collapsing within a few times free-fall
time-scales
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(Galvan-Madrid et al. 2007), where G is the constant of gravity
and p the density. If clouds were collapsing monolithically, the
star formation efficiency, computed as the mass in newborn stars
in a given MC over the mass of the MC, should be as large
as 50 percent or more. However, typical values of the efficiency
are around a few percent (e.g. Johnstone, Di Francesco & Kirk
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2004; Enoch et al. 2006; Young et al. 2006), suggesting either
(a) that clouds are supported by other mechanisms in addition to
thermal pressure (Shu, Adams & Lizano 1987; Mac Low & Klessen
2004; Ballesteros-Paredes et al. 2007; McKee & Ostriker 2007),
(b) that the stars are formed rapidly and they destroy their parent
cloud before the star formation efficiency increases substantially
(e.g. Ballesteros-Paredes, Hartmann & Vazquez-Semadeni 1999b;
Ballesteros-Paredes & Hartmann 2007; Vazquez-Semadeni et al.
2007), or (c) that during the process of star formation, clouds
continue increasing their mass as the instantaneous rate of star
formation increases, keeping the efficiency with small values before
the clouds are destroyed by UV radiation feedback from their massive
stars (e.g. Vazquez-Semadeni et al. 2010; Zamora-Avilés, Vazquez-
Semadeni & Colin 2012; Hartmann, Ballesteros-Paredes & Heitsch
2012).

Among these possibilities, the currently more supported scenario
of molecular cloud dynamics and star formation is the first one:
that clouds are globally supported by turbulence and magnetic fields
against gravity, and that collapse occurs only in small regions where
turbulent motions gather enough mass together to become gravita-
tionally unstable (see e.g. Mac Low & Klessen 2004; Ballesteros-
Paredes et al. 2007; and references therein).

The idea of clouds being supported by turbulence has existed for
more than 70 yr. Chandrasekhar (1951) suggested that the Jeans mass
can be modified by replacing the sound speed ¢, in equation (1) by
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an effective sound speed, given by
2 L
Cs,eff = + gav’ (3)

where o, is the 3D non-thermal velocity dispersion of the gas. It
should be noticed, however, that this approach suggests that turbulent
motions are statistically isotropic, and play at the smaller scales. If
this is not the case, then rather than preventing collapse, they may
very well promote it (Ballesteros-Paredes, Vizquez-Semadeni &
Scalo 1999a; Ballesteros-Paredes 2006).

For several decades, it has been thought that one way to distinguish
whether an MC is dominated by gravity or by non-thermal motions
is by evaluating the relative importance between the kinetic and
gravitational energies (e.g. Larson 1981; Carr 1987; Loren 1989;
Bertoldi & McKee 1992; Kauffmann, Pillai & Goldsmith 2013).
Observationally, the available variables are the mass, velocity dis-
persion, and size. This lead to Bertoldi & McKee (1992) to define
the so-called virial parameter (which is nothing but a proxy to the
virial ratio between the kinetic and gravitational energies) as

oBM92 50, ipR

vir GM
where G is the constant of gravity, and R, M and o, ;p the size, mass,
and 1D velocity dispersion of the cloud.

Although former estimations of these quantities for MCs indicated
aBM92 ~ 1, i.e. that gravity is in some sort of equipartition with the
kinetic energy (e.g. Larson 1981; Solomon et al. 1987; Myers &
Goodman 1988), further estimations showed an anticorrelation
between ay;; and the mass of the cloud, such that M ~ 1 occurs
only for the largest clouds of each sample, while most clouds exhibit
supervirial values (Loren 1989; Bertoldi & McKee 1992; Kauffmann
et al. 2013; Miville-Deschénes, Murray & Lee 2017), frequently by
more than one order of magnitude.

The fact that there is a population of overvirial clouds (the less
massive ones in each survey) has several interesting implications. On
one hand, Field, Blackman & Keto (2011) argued that those super-
virial clouds and cores could be interpreted as pressure confined. The
problem with this approach is that the pressures of the interstellar
medium required to confine clouds vary between P/k ~ 10* K cm™3
and P/k ~ 107 K cm™ (see fig. 3 in Field et al. 2011). Such pressures
are always substantially larger than the characteristic pressure of
the ISM P/k ~ 5 x 103 K cm™ (Elmegreen 1989). Secondly, virial
equilibrium (i.e. I = 0, with I the moment of inertia of the cloud) and
pressure confinement, are two conditions hard to reach in dynamical
MCs (Ballesteros-Paredes et al. 1999a, 2007).

Another possibility is whether the anticorrelation could be an
artefact of observational methods. For instance, Traficante et al.
(2018) argued that the anticorrelation could be due to the fact
that the emitting volumes from which we infer the mass (dust
continuum) and the velocity dispersion (line emission) in massive
cores are different. Although interesting, this possibility has two
caveats: (i) it makes use of spherical symmetry, while the anticor-
relation occurs in clouds, clumps, and cores that, in general, are far
from spherical, (ii) the anticorrelation appears also in observations
where the mass is not necessarily inferred from dust continuum,
but also line emission (e.g. Miville-Deschénes et al. 2017), and
thus, the hypothesis that the emission volumes are different is not
valid.

A third interpretation for the anticorrelation between «BM°? and
the mass is that, rather than an artefact of the observational methods,
it is an artefact of our definition of clouds. Indeed, when defining
clouds through a single column density threshold, a reasonably well-
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defined, though artificial, mass-size power-law M o< R’ naturally
arises (Ballesteros-Paredes, D’Alessio & Hartmann 2012). Such
a relation, in combination with a substantially weaker correlation
between the velocity dispersion and size, o, & R?, produces the
aBM2 yersus M anticorrelation (Kauffmann et al. 2013; Ballesteros-
Paredes, André & Hennebelle 2020).

Overvirial clouds have been found also in numerical simulations
of molecular clouds (e.g. Dobbs, Burkert & Pringle 2011; Duarte-
Cabral & Dobbs 2016; Padoan et al. 2016; Tre83 et al. 2021; Ganguly
et al. 2022), and the excess of kinetic energy has been interpreted
as a sign that most MCs are unbound, and probably under pressure
confinement.

It should be noticed that there is a contradiction, however, between
the estimations of «BM%? and the standard picture of cloud dynamics,
namely, large clouds being unbound and only cores becoming self-
gravitating and collapsing. At face value, «2M”? < 1 occurs only for
the largest clouds (see e.g. figs 8, 3 and 1 in Loren 1989; Bertoldi &
McKee 1992; Kauffmann et al. 2013, respectively). These are the
clouds that should collapse since these are the ones that are mostly
bound. In contrast, smaller clouds or clumps have large values of
BM92 "and then, should be unbound.

In order to solve this contradiction, we notice that «BM°? intrinsi-
cally assumes that the gravitational energy can be approximated by
the gravitational energy of an isolated, homogeneous sphere:

(0%

3 GM?

5 R
where G is the constant of gravity, M is the mass of the cloud, and
R is an effective radius, typically computed as R = /A/m, with A
the projected area of the cloud in the sky. However, there are several
caveats to this approach:

E,.=

: (&)

(i) Equation (5) is just a lower limit (in absolute value) of the actual
gravitational content since it does not consider the inner structure of
the clouds. In fact, estimations of the gravitational content of MC
cores in simulations and in a few observed cores (Ballesteros-Paredes
et al. 2018), showed that the actual gravitational energy of cores with
inner structure could be substantially larger, in absolute value, than
the gravitational energy as computed by equation (5).

(i1) In addition to self-gravity, clouds are not isolated: they respond
to the total gravitational potential of their host galaxy, and tidal effects
can be part of their total gravitational budget (Bonnell & Rice 2008;
Ballesteros-Paredes et al. 2009a,b; Sudrez-Madrigal et al. 2012; Jog
2013; Romeo & Falstad 2013; Renaud et al. 2014; Meidt et al.
2018; Dale, Kruijssen & Longmore 2019; Singh, Matzner & Jumper
2019; Ntormousi & Hennebelle 2015). In fact, half the population of
clouds in numerical simulations may have converging motions even
if they have large virial parameters (Vazquez-Semadeni et al. 2008;
Camacho et al. 2016; Ntormousi & Hennebelle 2015).

Assuming that turbulent motions are at the smaller scales only, and
they all provide support, in order to estimate the actual dynamical
state of MCs, it still becomes necessary to modify the virial
parameter, such that the actual total gravitational potential is taken
into account. This involves the stellar disc, stellar spiral arms, bulge,
bar, dark matter halo, sink particles, and the gas itself. At first
approximation, the gravitational potential of the dark matter halo,
which gives rise to the circular rotation curve can be considered
negligible. Indeed, as shown by Mihalas & Routly (1968) and Jog
(2013), in the Solar Neighbourhood, assuming spherical symmetry,
structures with densities larger than

3
Perit > —— A(A — B) ~ few 107 cm™3 (6)
27 G
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(where A and B are the Oort constants) will not be torn apart by the
differential rotation because its self-gravity dominates. This suggests
that molecular clouds are not strongly subject to galactic tidal forces.
Similarly, Sudrez-Madrigal et al. (2012) showed that for a typical
bulge and/or extended halo, the gravitational pull by these potentials
over molecular clouds modelled as Plummer spheroids is indeed
negligible. Note, however, that this may not be the case if the
geometry of the cloud is different and if it includes spiral arms.
In fact, it is clear that somehow the gas responds to the stellar spiral
arms by enhancing its density and increasing its star formation. Thus,
the detailed position, orientation and size of the cloud with respect
to the spiral pattern may play a role in the energy budget of the cloud
(Ballesteros-Paredes et al. 2009a,b).

In this work, using numerical simulations of a Milky Way-type
galaxy from the suited called ‘The Cloud Factory’ (Smith et al.
2020) we study the whole gravitational content of molecular clouds
and how their inner structure (fractal shape, non-constant density),
as well as the tides from nearby clouds, affect their energy budget.
In Section 2, we define the virial parameter in two different ways: as
it was defined by Bertoldi & McKee (1992), and by considering the
actual gravitational forces through the cloud, i.e. without making any
assumptions about the geometry of the cloud or mass distribution.
In Section 3, we briefly summarize the simulations from Smith et al.
(2020) and the usage of the cloud extraction algorithm (Camacho
et al. 2016). In addition, we also explain how we compute the gravi-
tational forces involved, since the present work is a post-processing
analysis of already performed simulations, and no information on
the gravitational forces, was previously stored. In Sections 4 and
5, we present our results and the corresponding discussion on the
actual energy budget of molecular clouds. Finally, we summarize
our conclusions in Section 6.

2 GRAVITATIONAL CONTENT OF MCS

The actual gravitational content W of any parcel of fluid arises in the
virial theorem by taking the dot product of the gravitational force
p d®/dx; by the position vector x; and integrating over volume (e.g.
Parker 1979; McKee & Zweibel 1992; Shu 1992),

0P
W = —/xip—dV, 7
1% 0x;

where we have used the Einstein summation convention over re-
peated indexes. This term accounts for the whole gravity of the
system over the volume V, since @ is the total gravitational potential,
which is due to all the mass contributing to the total gravitational force
of the system. In addition, since we are interested in computing the
energies in the frame of reference of the cloud, which revolves around
the galaxy, it becomes necessary to include also the centrifugal
and Coriolis forces, given by pw(w x r) and 2pw x v, respectively
(see e.g. Ballesteros-Paredes et al. 2009a; Ntormousi & Hennebelle
2015), where o is the angular frequency of the rotation of the frame
of reference of the cloud, and r and v are the position and velocity
vectors of a given element of volume in the cloud. Thus, the total
‘effective’ gravitational term in the rotating frame will include the
components from the halo (h), bulge (b), stellar disc (d), stellar
spiral arms (a), centrifugal (cen), Coriolis (Cor), gas (g) and sink
particles (s), the latter ones representing young stellar clusters in our
simulations, i.e.

Wit = Wi, + Wy + Wy + Wy — Ween — Weor + Wg + W;. (8)

MNRAS 515, 2822-2836 (2022)

Assuming now that the cloud is isolated (& = &), W, can be
rewritten as the gravitational energy of the cloud (see e.g. Shu 1992),

1 1 ‘
Eya = —*/Pd%l v :—70//7’)(’)"(’,%% AN C)
2 v 2 viv lr—=r'|

where we have now explicitly added the subscript to denote that the
gravitational potential is only the one produced by the mass within the
volume V. Although clouds exhibit highly filamentary morphologies
(e.g. André et al. 2014), E,  is frequently computed as if clouds
were spheres with constant density, and thus, E, o is approached as
E, - in equation (5).

In order to understand the differences between an isolated, homo-
geneous, spherical cloud and a cloud with inner structure embedded
in an external potential, we define the o;, in two different ways. The
first one, which we call the classical virial parameter, ¢, will be
computed in terms of the kinetic to gravitational energy ratio, which
in principle, is equivalent to the observational definition of «.; by
Bertoldi & McKee (1992),!

2Ex
g = T e (10)
g,O

The second one, which we call the full virial parameter, a4, is

obtained by replacing E, - in equation (10) by the term W provided
by equation (7):
full _ 2E

L= —. 11
ol = = (11

In other words, the gravitational potential that is used now is the
total gravitational potential due to all possible agents that could be
playing a gravitational role over the volume V.

A firstimportant difference is that, in contrast to <%, &/ inherits
the sign of W, and thus, it can be either positive or negative. If W >
0, the gravitational term contributes to the disruption of the cloud,
i.e. tidal forces overcome the gravitational energy of the cloud. If
negative, it contributes to the collapse of the cloud.

For the analysis of this work, we will consider a cloud with Ej
+ E, < 0 as gravity-bound in the classical analysis, and with E;
+ Wit < 0 in the new formalism. While in the first case, the
condition will imply that % < 2, the second condition requires
to reconsider the sign, and thus, —2 < o' < 0. For symmetry, we
assume that if tidal stresses dominate over turbulence, 0 < o < 2.
In order to understand the physical meaning of &', in Fig. 1
we draw schematically four possible cases of a toy cloud (round
cloud), the velocity dispersion within the cloud (green arrows), and
the total gravitational force (blue arrows) due to the gradient of
the (total) gravitational potential &, shown in the plot below the
drawing. In the upper panels, the gravitational energy overwhelms
the kinetic energy (though note this does not lead to collapse in
the case of the top-right system), and thus, —2 < o' < 2. This
situation is represented schematically by large gravitational force
arrows and small velocity arrows. In the lower panels, the situation
is reversed: the kinetic energy is larger than the gravitational energy
2 < |oz£‘i‘r“ |), which is cartooned by larger velocity vectors and small
gravitational force vectors. By columns, the left-hand panels of Fig. 1
indicate a situation in which the total gravitational potential has
concavity pointing upwards, and thus, the total gravity of the system
is compressive, as cartooned by the blue converging arrows. In the
right-hand panels, this situation is reversed: the total gravitational

class fram oBM92

'We distinguish vir - because the latter is defined in terms of
observed quantities (particularly, the 1D velocity dispersion), while with the

former, we use the whole 3D data from the simulations.
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Figure 1. Diagram for a toy cloud. The cloud is represented by a circle,
the gravitational potential is outlined in the boxes below the cloud, blue
arrows represent the gravitational force due to the potential gradient, and
green arrows represent the velocity dispersion within the cloud. We show in
four cases the different ranges of values that the virial parameter can obtain
as a consequence of the behaviour of the velocity dispersion and gravitational
potential. In cases, 1 and 3 the gravitational potential has a positive concavity
so the total gravity force has a compressive role (i.e. W < 0), while in cases
2 and 4 the tidal forces contribute to tearing apart the cloud (i.e. W > 0).

potential has concavity downwards, which means that the gravity

is disruptive. Case by case, when —2 < o™ < 0 (upper left-hand

vir
panel), gravity is compressive and wins over turbulence. The cloud
should collapse if no other forces are present. If instead, 0 < o/l < 2
(upper right-hand panel), again gravity wins, but it is disruptive,
since W > 0. The cloud is torn apart by tidal forces. If of!! < —2
(lower left-hand panel), kinetic energy wins over a net compressive
gravitational energy. Such a system will expand. Finally, if o' > 2
(lower right-hand panel), the gravitational and kinetic energy are

both disruptive. The cloud is torn apart mainly by turbulent motions.

3 NUMERICAL DATA AND POST-PROCESSING

3.1 Numerical simulations

In order to understand the influence of the total gravitational potential
on MCs, we use numerical data from the ‘Cloud Factory’ Suite
(Smith et al. 2020), which uses a modified version of the AREPO
code (Springel 2010) that incorporates a Galactic potential with a
spheroidal bulge, a thin + thick stellar disc, a Navarro, Frenk &
White (1996) dark matter halo, and a spiral perturbation based on
the prescription by Cox & Goémez (2002). In addition, the code also

MC are gravitationally dominated ~— 2825

includes time-dependent gas chemistry and self-shielding, cooling,
self-gravity, star formation via the formation of sink particles,
and stellar feedback through supernova explosions. Details on the
numerical code can be found in Smith et al. (2014, 2020), and
references therein.

In this work, we focused on ‘Region A’, a 200 x 200 x 200
parsec region of the potential-dominated simulation performed by
Smith et al. (2020, see their fig. 1, upper panels). In this simulation,
the stellar feedback was random before self-gravity was turned on,
and thus, the supernovae were inefficient at pushing the dense gas,
allowing the creation of well-defined gas spiral arms. We analysed
this simulation at 2 Myr after self-gravity was turned on.

The sink particles are non-gaseous particles that allow us to mimic
star formation sites. They are introduced (a) in places where the gas
density exceeds a critical density and (b) satisfy a series of energy
checks to ensure that the gas within their radius is unambiguously
bound and collapsing (for details, see Smith et al. 2020, section 2.4).
We consider them in the evaluation of the gravitational potential
because they arise from the gas distribution of the cloud, and con-
sequently, their gravitational contribution to embedded and adjacent
molecular clouds could be relevant.

3.2 Finding clouds in the simulation

Arepo (Springel 2010) is a code that uses an Arbitrary Lagrangian—
Eulerian (ALE) fluid dynamic method, and it is based on a moving
unstructured mesh. This mesh is defined by a Voronoi tessellation
of a set of ‘generating points’ (GP). We used the open source
VORO++ routine (Rycroft 2009) in order to generate the Voronoi
cells and compute the energies. In addition, in order to define clumps,
we make use of the GPs as if these were SPH particles, and thus,
apply the method by Camacho et al. (2016):

(i) We first select all the GPs for which their cells have a density
above a certain arbitrary threshold.

(ii)) We then compute their characteristic length as the cubic root
of the ratio between the mass and the density of the cell to which the
GP belongs, i.e.

e\ 3
lehar = ( a ) . (12)
Peell

(iii) We locate the GP with the highest density. This particle and
all those located within its characteristic length (12) are labelled as
members of the clump. Then, the following steps are iterated: (a) we
locate the member of the clump with the highest density to which this
sub-procedure has not been applied, and (b) we label as members all
the GPs within a characteristic length not yet belonging to the clump.
(c) The iteration ends when all the clump members are examined.

(iv) If there are particles remaining with a density n larger than the
threshold density that are not yet members of any clump, we locate
the one with the highest density and use it to define a new clump and
the whole procedure is repeated.

With the idea of studying only clumps that are reasonably well
resolved, once the procedure has finished we rejected those clumps
that have less than 40 GPs.

In Fig. 2, we show the three projections of our column density
field (red scale). The clumps found by our algorithm are represented
with the different discretized colors. We also show, with green dots,
the sink particles that represent the newborn stellar clusters.

MNRAS 515, 2822-2836 (2022)
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Figure 2. Red scale: Column densities in the three projections of the analysed box. Overlaped in colours are the clouds found by our algorithm. Green dots:

Stellar (sink) particles.

3.3 Post-processing calculations

With the procedure depicted in the previous section, we found 878
clumps, for which we compute the masses (M), sizes (Req,.), 3D
velocity dispersions (o ), gravitational virial terms (W), gravitational
and kinetic energies (E, . and Ey, respectively), and virial parameters
(a8 and o). For this purpose, we

(i) Defined also the equivalent radius of each cloud as the radius
of a sphere with the same volume, i.e.

3 1/3
Req. o = (% Vcl) . (13)

where V,; is the volume of the clump, defined as the sum of all cells
belonging to the clump.

(ii) In order to compute the gravitational term W given by (7),
we were required to compute the mean gravitational acceleration
in each cell, in the non-uniform Voronoi grid. Since the simulation
only stored the gravitational potential, but not the force, in order to
compute the mean value of the gradient of the gravitational potential
ata given position we followed Springel (2010, see their equation 21)

1 ij i + @ rij
<V¢>i=VZAi,~([¢>j—¢f c—’_—ur—’), (14)

iy 7ij 2 i

where A;; is the area between the ith and jth neighbouring cells, r;;
is the vector pointing from the ith to the jth GPs, and ¢;; is given by

1 T
c,'jz—/Xr—H_irj dA (15)
Ay, 2

(see Springel 2010, equation 18).

4 RESULTS

4.1 Gravitational tides from different components of the galaxy

Since typical studies compute the gravitational energy Ej ., but
not the gravitational term W, we first look at the latter in order to
understand the relative contribution of each component of the galaxy
in the global gravitational budget of the clouds. In Fig. 3, we plot
the total gravitational term, W,y (x-axis), as defined by equation (8)
versus the individual gravitational terms, produced by, from left to
right: first row, gas and sinks together (gs), the gas alone (g) and the
sinks alone (s); second row, the stellar spiral arms (a), the bulge (b);
and the stellar disc (d); and third row, the dark matter halo (h), and
the centrifugal (cen) and Coriolis (Cor) forces.

MNRAS 515, 2822-2836 (2022)

This plot shows that the more relevant contribution to the gravita-
tional budget of the clouds are the terms involving the gravitational
potential of the gas and of the sinks (first row). In contrast, the second
and third rows of Fig. 3 show that the contribution from the arms,
disc, bulge, and halo to the total gravitational budget of the clouds is
negligible. This result not only confirms the estimate of Mihalas &
Routly (1968), Sudrez-Madrigal et al. (2012), and Jog (2013) in the
sense that the MCs are not only strongly influenced by the spherical
component of the gravitational potential, which will dominate the
rotation curve of the galaxy, but it also extends the result to the
stellar spiral arms and the stellar disc.

On the other hand, the last two panels show that the corrections
to be made to the gravitational term W due to the centrifugal and
Coriolis forces are typically more important than those from the
galactic structure, although still a minor correction in most cases,
except for some clouds in the case of the Coriolis term, and a few
others in the case of the centrifugal term. Between them, moreover,
the Coriolis term seems to be more relevant than the centrifugal term.

In summary, the gravitational content of molecular clouds is not
dominated by the soft galactic density structures (stellar spiral arms,
bulge, stellar disc, and dark matter halo), but by those structures that
locally exhibit the sharpest structures: gas and sink particles.

Of particular interest is the contribution from the latter. While our
sinks are unresolved dense gas structures, one can imagine that at
least some of them might become massive young stellar clusters, if
we could follow the physics. If this were true, it may be suggesting
that massive young stellar clusters could play an important role in
the gravitational budget of their parent clouds. We will discuss the
implications of this result in 5.4.

4.2 Global statistics

4.2.1 Gravitational term versus the gravity of a sphere with
constant density

In order to estimate whether previous observational and theoretical
estimates of the gravitational state of molecular clouds are adequate,
we need to compare the gravitational term W to the frequently
used gravitational energy of the sphere with constant density, E, .,
equation (5). For this purpose, in Fig. 4 we plot the histograms of
the ratio W/E, .. The left-hand panel corresponds to those clouds
for which W > 0 (gravitationally stirred clouds). The middle panel
includes only clouds for which W < 0 (gravitationally compressed
clouds), while the right-hand panel includes all the clouds found in
our box. The dotted line indicates where the ratio is equal to 1. The
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Figure 3. Individual gravitational terms from the gas and sinks (gs), gas (g) and sinks (s), first row; stellar spiral arms (a), galactic bulge (b), and stellar disc (d),
second row; and finally, dark matter halo (h), centrifugal (cen) and Coriolis (cor) terms, in the bottom row. The dotted line in each panel is the identity. Notice
that the main contributors to the total gravitational content of MCs are the total potential from the gas itself, and the sinks. The galactic components are several
orders of magnitude smaller, and only the energies associated with the Coriolis and centrifugal forces appear to be relevant for some small clouds.

percentages in the upper part of each panel indicate the percentage
of clouds in that panel for which |W/E, .| is smaller (left) or larger
(right) than one.

Itis clear from this figure that, statistically speaking, the magnitude
of the gravitational term W is systematically larger than the magni-
tude of the gravitational energy of a sphere with constant density E .,
regardless of whether the gravitational term is positive or negative.
This indicates that it is necessary to estimate the gravitational content
of molecular clouds in a more reliable way than just using the
traditional E, . = —3GM?/5R, since this quantity does not account
for the external pulls and compressions that the cloud can suffer.

Since in Fig. 4 we are plotting only the relative importance of
W compared to Ej ., there is no information on whether the cloud
is actually bound or not. For that matter, we now turn to the virial
parameter.

4.2.2 Classical versus full virial parameter

In Fig. 5, we show the histogram of «** for all our clouds, while in
Fig. 6 we show !l separated by cases: in the left-hand panel, we
include only clouds with W > 0. In the middle panel, only clouds
with W < 0, while in the right-hand panel we include all clouds.
Similarly, Tables 1 and 2 and show percentages of clouds with? |aryie|
< 2 (odd columns) and |ai;| > 2 (even columns). The first table
shows the values for the classical viral parameter, «&*, while the
second table shows the values for the full virial parameter, &/%"'. From

these figures and tables, we can draw the following conclusions:

2Recall that in our new definition, ! can be negative, reason for which we

vir
wrote the absolute values.
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Figure 4. Distributions of the ratio between the gravitational term W and the energy of a spherical homogeneous cloud, |Eg .| = 3GM?/5R. Left-hand panel,
distribution for clouds for which the gravitational term W is positive, middle panel, distribution for clouds for which W < 0, and right-hand panel, for all clouds.
In all panels, the dotted line is located at |W/E, .| = 1. The numbers show the percentages of clouds with |W/E, | larger or smaller than unity, respectively.
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Figure 5. Histogram of the classical virial parameter, «¢13%. The vertical line
at a1 = 2 marks the division between what we believe are bound (left) and

unbound (right) clouds when we use the classical virial parameter. Notice the

excess of clouds at &Sl > 2.

(i) While a classical analysis will suggest that at least half of
the clouds (51.2 percent, see Fig. 5 and column 2 in Table 1) are
dominated by turbulence, the more complete view using the full
virial parameter (see the right-hand panel of Fig. 6) will show that
70 per cent of clouds are actually gravity dominated, not turbulence
dominated, i.e. || < 2 (see also columns 1 and 3 in Table 2).

(ii) The previous result does not mean that clouds will be nec-
essarily gravitationally bound since the whole gravitational term W
can be either positive or negative. In the former case, the cloud is
actually undergoing gravitational stresses that will tend to disrupt it,
rather than make it collapse. In fact, as we can see from columns
1 and 2 of Table 2 (see also left and middle panels of Fig. 6),
~34 percent of our population of clouds have W > 0, implying
that in 1/3 of the total population of clouds, the external gravity is

MNRAS 515, 2822-2836 (2022)

playing against the self-gravity, regardless of the value of their kinetic
energy.

(iii) An interesting point worth noticing is that, from the
34 per cent of clouds that are been torn apart by gravity (see previous
item), only in ~38 per cent of them the kinetic energy actually will
dominate over the disruptive gravitational energy. In other words,
gravity can play a more relevant role than turbulence also in ripping
apart the clouds, stressing the importance of accounting for the whole
gravitational energy.

(iv) A similar situation occurs with the 66 percent of clouds
with negative gravity (Fig. 6, middle panel): a majority of clouds
(74 percent in this case) are dominated by gravity, and only
26 per cent are turbulence dominated.

In order to understand better these percentages, we now take a more
detailed view of the energy budget of the clouds in our simulations.

4.3 Tidally tensed clouds (W > 0)

One of our more prominent results is the existence of a population
of gravitationally tensed clouds, i.e. clouds where the tidal forces
overcome the internal self-gravity. This result has no counterpart in
energy budget studies of molecular clouds, which use the classical
virial parameter o, In this particular analysis, this population is
large, with ~34 per cent of the total population of clouds having W
> 0, as commented in Section 4.2.2.

In order to quantify how relevant the disruptive tidal energy is,
compared to the classical gravitational energy E, ., in Fig. 7 we
compare the gravitational term (y-axis) of those clouds that are torn
apart (i.e. W > 0), to the absolute value of their gravitational energy
E, . (x-axis). The dotted line is the identity. We want to stress that
the former quantity is intrinsically positive, while the gravitational
energy is intrinsically negative. As it can be seen, although at first
glance it seems that both energies span a comparable range of values,
from 10* to 10%° erg, a closer inspection shows that W spans a slightly
larger dynamical range. In addition, most of the points (81 per cent)
are located above the identity line. Thus, statistically speaking, the
stirring gravitational term, W > 0 exhibits systematically larger
values compared to | E, | (see also the left-hand panel of Fig. 4).

In Fig. 8, we compare the full virial parameter o' (y-axis) of

those clouds that are tidally stirred (W > 0), to their classical virial
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Notice the excesses of clouds in all situations at afi!l < 2.

Table 1. Percentages of clouds gravity dominated (ayi; < 2) or turbulence
dominated (ayir > 2), according to the classical virial parameter.

vir vir
<
class — 2 class

o > 2

48.8 per cent 51.2 per cent

parameter, a¢i®%

viass (x-axis). We divide this space into four regions,
in order to distinguish whether both «; are larger or smaller than
2. In addition, we provide percentages of clouds in the four areas,
indicating, in blue, the percentage with respect to the total population
of clouds, and in purple, the percentage with respect to the population
of clouds shown only in this figure.

The first point to notice from this plot is that, in order of magnitude,
the full and the classical virial parameters are comparable in the sense
that they span similar ranges, from 0.1 to 100, although the span of
oM is slightly larger. Additionally, we also note that the classical
virial parameter is statistically overestimated with respect to the full
virial parameter. More important, however, is the fact that according
to the values of o!! for gravitationally torn apart clouds (W > 0),
most of them (62 per cent) are still dominated by (tidal) gravity, not
by turbulence (see also Fig. 6, the left-hand panel). This suggests
that, at least in part, molecular cloud turbulence may very well have

atidal gravitational origin, a point that we will discuss in Section 5.3.

4.4 Tidally compressed clouds

We now show our results in the case where the gravitational term W
works as a binding energy, i.e. W < 0. In Fig. 9, we show the absolute
value of the gravitational term W against the absolute value of their
gravitational energy, computed as if the cloud were a homogeneous
sphere, E, .. As in Fig. 7, the dotted line represents the identity
line. Again, although both energies span a similar range of values,
a large majority of the population (81 per cent, see the middle panel
in Fig. 4) of clouds have |W| > |E ,|. This result shows that, since
clouds are neither isolated nor homogeneous, the gravitational energy
from an isolated homogeneous cloud is a gross approximation that
tends to underestimate the actual gravitational content of clouds, also
in the case in which the gravity acts as a binding energy. In other
words, gravitational tides, as well as the inner structure, enhance the
gravitational binding energy of the clouds.

1
la

m—Ws=0 (c) [T] All clouds

2573%  70.24 % 1 i 29.76 %

0° 10" 10?2 1030°° 1072 10°' 10° 10! 10% 10°
) laftw|

. The right-hand panel shows clouds for which W > 0, the middle panel, W < 0, and the right-hand panel
= 2 marks the division between bound (left) and unbound (right) clouds when we use the full virial parameter.

The tendency of W < 0 to be more negative than E, , suggests
that the classical virial parameter implicitly over estimates the role of
turbulent motions. This is shown in Fig. 10, where we compare the
absolute value of the full virial parameter o' (equation 11) of clouds
with W < 0 (y-axis), to their classical virial parameter, O‘S?SS (x-axis,
equation 10). The lines and the shaded areas have the equivalent
representation as those in Fig. 8. In this figure, there is a clear excess
of clouds below the identity line, indicating again an overestimation
class compared to |eU'(W < 0)]. As a consequence of this

of af vir
class might conclude that?

vir
overestimation, a typical analysis using o;*

more than one half (18.13 per cent 4 35.23 per cent ~ 53 per cent)
of the clouds are on the right-hand side of this figure, and thus, appear
to be unbound, while the actual gravitational content indicates that
only 7.6 per cent + 18.13 per cent ~ 26 per cent of the clouds are in
the upper part of the plot, and will be turbulence dominated (see also
the middle panel of Fig. 6 and columns 3 and 4 in Table 2).

4.5 Virial parameter versus mass

In Fig. 11, we plot the virial parameters against the mass of the
clouds. The panels on the left correspond to o&l*, while the panels
on the right correspond to o™, The upper row corresponds to the
sample containing only those clouds that have positive values of the
gravitational term W, while the lower row, the clouds with W < 0. In
all panels, the grey area represents the locus of clouds with |ayir| < 2.

There is not much more to add to what has been said regarding
the boundness of clouds in the different cases: there is an excess
of clouds with a&® > 2, but an excess of clouds with a3 <2,
regardless of whether W is positive or negative. Here, we just stress
again that with the classical virial parameter, we recover the typical
results reported in previous works, with most clouds being overvirial,
aminority of clouds with ¢ < 1, and, statistically speaking, more
massive clouds being apparently more bound.

5 DISCUSSION
We want to start our discussion by stressing that the correlations

presented in the previous sections between W and E, ., or o' and

vir
o135 are not remotely a one-to-one correspondence between the

3See the partial population numbers in Fig. 8.
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Table 2. Percentages of clouds gravity-dominated according to the full virial parameter.

(W >0) <2 (W > 0)>2

login (W < 0)] <2 i (W < 0)] > 2

21.21 per cent 12.77 per cent

49.03 per cent 16.99 per cent
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Figure 7. Gravitational term (W) versus the absolute value of the gravita-
tional energy, Ey , = —3GM?/R for tidally disrupted clouds (W > 0). The
locus for which W = |E,| is denoted by the dotted line. Note that although
visually it seems there is a correspondence between W > 0 and Eg ., these
terms have substantially different meanings, since W > 0 implies disruption,
while E, , implies boundness. Note that, statistically speaking, W is larger
than |Eg |.
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Figure 8. Full virial parameter ozg‘i’r” for clouds with positive gravitational

energy budget, W > 0, versus the classical virial parameter, a1, The dashed
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Figure 9. Absolute value of the gravitational term (W) versus absolute value
of the gravitational energy, E, , (equation 5) for gravitationally bound clouds
(W < 0). The dashed line denotes the locus where |W| = 2|E|. The locus for
which |W| = |Eg| is denoted by the dotted line. Note that |W]| is statistically
larger than |Eg o|.
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Figure 10. Full virial parameter for the absolute value of W versus the

classical virial parameter (recall that, «/ill < 0, since we are plotting clouds

with W < 0). The excess of aSl3% over |af!!| suggests that there could be a

tendency to interpret bound clouds as unbound, on a classical virial parameter

basis.
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Figure 11. Upper panels: Virial parameters versus mass for clouds with positive net gravitational energy budget, W > 0. Lower panels: Virial parameters versus

mass for clouds with negative gravitational energy budget, W < 0. Left column: Classical virial parameter, o
Notice the anticorrelation between . and the mass of the clouds in all cases.

plotted quantities. On the one hand, we now have a term that indicates
that a gravity-dominated cloud is actually torn apart, regardless of
the additional kinetic energy contribution. On the other hand, even in
the case of compression, the external field can provide an additional
contribution to the boundness of the cloud that is missing in the
classical analyses. This is a conceptual change in our idea of the
role of gravity in molecular clouds, how it can affect the physical
properties of the clouds, and how relevant it becomes to estimate,
in a reliable way, the actual total gravitational energy in MCs in
general, and in star-forming regions in particular, as we discuss in
what follows.

full
vir

class

vie¥®. Right column: Full virial parameter, o

5.1 Need for better estimations of the gravitational energy of
MCs

The determination of the dynamical state of molecular clouds is a key,
long-standing problem, whose solution has several implications for
MC structure. For instance, in a turbulence-dominated environment,
it is expected that filaments form and fragment into cores whenever
they are gravitationally unstable. Conversely, in a gravity-dominated
environment, as cores collapse, the surrounding material may slide
into the locus of minimum gravitational potential, which are the lines
that connect the cores, i.e. the filaments.
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Similarly, the life-cycle of molecular clouds depends on their
dynamical state. For instance, whether the star formation rate
is constant or varies with time, strongly depends on the actual
dynamical state of MCs. In the case of the ONC for example,
where the ages of the stars span ~3 Myr, it has been considered
that the region has been forming stars over ~10 free-fall times
(estimated with the current high-density gas), with a low and nearly
constant star formation rate per free-fall time (SFRg, Krumholz,
McKee & Bland-Hawthorn 2019). On the contrary, the very same
~3 Myr will correspond to a roughly 1-2 free-fall time-scales of
the less-dense molecular cloud that might very well have undergone
a global collapse (Vazquez-Semadeni et al. 2019; Bonilla-Barroso
et al. 2022). In this case, the instantancous SFR will have been
increasing with time as collapse proceeds, as observed frequently
in star-forming regions and numerical simulations (Hartmann et al.
2012). Thus, although the physical time-scale and the final efficiency
of star formation (total mass in stars compared to the total mass
in gas) are similar in both scenarios, the actual life-cycle of the
cloud may be substantially different in each case, and thus, it
becomes crucial to understand the actual physical state of molecular
clouds.

One of the first models of molecular cloud dynamics suggested
that, since turbulence is rapidly dissipated, molecular clouds should
be in a state of global collapse (Goldreich & Kwan 1974). This idea
was rapidly dismissed by Zuckerman & Evans (1974) because, in
principle, such clouds should have high star formation rates. It is
interesting to notice that the very same estimations by Zuckerman &
Evans (1974) indicated that turbulence should be dissipated within
3 Myr, a time-scale comparable to the free-fall time-scale of MCs.
Thus, MC turbulence does not seem to be an effective ingredient
to provide support, unless it is evenly replenished in time and
space. Nevertheless, since then, the community discarded the idea
of collapse and assumed that turbulence could provide support to
clouds (see the reviews by Blitz 1993; McKee et al. 1993; Vazquez-
Semadeni et al. 2000; Elmegreen & Scalo 2004; Mac Low & Klessen
2004; Scalo & Elmegreen 2004; Ballesteros-Paredes et al. 2007;
McKee & Ostriker 2007; Hennebelle & Falgarone 2012; Klessen &
Glover 2016, and references therein), trading thus an efficiency
problem by an equally unresolved and tough problem, the turbulence
dissipation/replenishment one.

One of the mechanisms envisaged to avoid rapid dissipation of
turbulence in MCs was that turbulence could be produced by (non-
dissipative) Alfvén waves. However, as shown by different authors
at the end of the last century, even magnetic turbulence is rapidly
dissipated (Mac Low et al. 1998; Stone, Ostriker & Gammie 1998;
Mac Low 1999; Padoan & Nordlund 1999). In addition, turbulence
is a multiscale phenomenon, and thus, while small-scale modes of
turbulence could provide support to larger scales, large-scale modes
will either compress and/or distort clouds within one dynamical time-
scale (Ballesteros-Paredes et al. 1999a; Ballesteros-Paredes 2006).
Thus, it is not straightforward to maintain clouds against collapse for
several free-fall times, unless isotropic, strong turbulence is injected
at very small scales (Klessen, Heitsch & Mac Low 2000).

Numerical simulations of molecular cloud formation and their
evolution, on the other hand, showed that as soon as clouds are
assembled, they rapidly cool down due to the thermal instability of the
diffuse gas, dropping their Jeans mass abruptly. During this process,
turbulence is efficiently generated by a variety of hydrodynamical
instabilities (e.g. Koyama & Inutsuka 2002; Audit & Hennebelle
2005; Heitsch et al. 2005, 2006). However, it is not strong enough
to support clouds, and they collapse as soon as they are formed
(Véazquez-Semadeni et al. 2007; Heitsch & Hartmann 2008; Heitsch,
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Hartmann & Burkert 2008). This lead Ballesteros-Paredes et al.
(2011a) to suggest that the Larson (1981) scaling relation between
velocity dispersion and size, o, o« RY?, and its generalization, the
Larson’s ratio £ = o,/R"/* versus column density X relationship,
L « % (Heyer et al. 2009), instead of being evidence that clouds
are turbulent and supersonic, are evidence that they are undergoing
hierarchical and chaotic gravitational collapse (see also Ibafiez-Mejia
et al. 2016; Seifried et al. 2018). In this scenario, the gravitational
potential of irregular density structures induces non-thermal motions
that appear supersonic when observed through molecular line emis-
sion. Ballesteros-Paredes et al. (2011b) argued that, in contrast to
the monolithic collapse scenario proposed by Goldreich & Kwan
(1974), collapse occurs in a hierarchical and chaotic way, such that
the amount of gas directly involved in the small, densest structures
that lead directly to star formation is small compared to the total
mass of the cloud. Such hierarchical collapse occurs in a variety of
time-scales: while the large, low-density scales collapse slowly, the
small density enhancements collapse much faster, producing the stars
that will afterward destroy the cloud well before the star formation
efficiency becomes large. In this way, the star formation efficiency
is limited by two means: first, because the amount of gas that is at
large densities is limited, and later, by the destructive effect of the
stellar feedback on the cloud (see Vdzquez-Semadeni et al. 2019,
and references therein).

Since observations can only give us estimations of the mass, size,
and velocity dispersion of the cloud, estimations of the dynamical
state of actual molecular clouds invariably go through the evaluation
of the virial parameter (equation 4). This equation has made two
implicit assumptions. First, that turbulent motions are isotropic, and
play at small scales. Secondly, that the cloud can be assumed as a
spheroid with constant density, such that equation (5) is applicable.
It is argued typically that this estimation is only within a factor of
~ 2 from the actual gravitational content. Indeed, this is the case for
triaxial ellipsoids, as shown by Bertoldi & McKee (1992). However,
for highly structured clouds, the actual gravitational energy, provided
by equation (9), which includes the gravitational potential due to
the mass outside the cloud, and the internal structure of the cloud,
could be substantially different, as shown by Ballesteros-Paredes
et al. (2018). These authors showed that, with the classical virial
parameter, even collapsing cores can appear substantially overvirial,
calling into question the typical estimations of the dynamical state
of clouds. In addition, the fact that the mass outside the cloud may
be playing a role via tidal interactions is also shown in numerical
simulations of young stellar clusters, where an asymmetric cloud
may play a role in pulling out its newborn stars (Geen et al. 2018;
Zamora-Avilés et al. 2019).

Judging from the actual gravitational content of molecular clouds,
W, which substantially differs from the gravitational energy E,,
indicates that the classical virial parameter introduced by Bertoldi &
McKee (1992) cannot represent adequately the dynamics of molecu-
lar clouds. Tidal terms may substantially contribute to the total grav-
itational energy, either at molecular cloud core scales (Ballesteros-
Paredes et al. 2018), or at molecular clouds within molecular
cloud complex scales (Ballesteros-Paredes et al. 2009a, 2018; Mao,
Ostriker & Kim 2020; Liu et al. 2021). As shown in the present
contribution, while some clouds may feel a net inwards gravity larger
than the gross estimation of the gravity of a spherical cloud, other
clouds may actually be torn apart by the total gravitational field.
Interestingly, our results indicate that, on galactic scales, the net field
providing such compressions and stresses is not the galactic field, but
the very field of highly structured molecular cloud complexes and
their newborn stellar clusters. Thus, it becomes necessary to start
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considering the environment of molecular clouds in order to have
better estimations of the actual energy budget of MCs.

5.2 The relevance of the galactic environment

Our results have another interesting puzzle: recent observational
works suggest that the Galactic environment may have some in-
fluence on the dynamical state of MCs (e.g. Hughes et al. 2013;
Colombo et al. 2014; Faesi, Lada & Forbrich 2018; Querejeta et al.
2019). For instance, the latter authors have found that the fraction
of dense gas in the M51 galaxy correlates with the local stellar
mass surface density. Similarly, Colombo et al. (2014) found that the
properties of MCs in M51 depend on their position in the Galaxy, i.e.
whether they are located in the arm or inter-arm region, whether they
are up or downstream the arm, or closer and farther from the galactic
centre. These results suggest that the galactic gravitational potential
contributes to the energy budget of MCs. However, we have shown
that galactic tides from the bulge, stellar disc, stellar spiral arms, and
dark matter halo are not relevant for the MC dynamics, a result that
furthermore agrees with previous contributions (Mihalas & Routly
1968; Sudrez-Madrigal et al. 2012; Jog 2013).

In other words, why spirally aligned clouds do have properties that
depend on their galaxy’s environment, but theoretical estimations
conclude that galactic tides are not relevant for the energy budget of
molecular clouds?

The answer to this question, we speculate, may be related to the
very origin of molecular clouds: the atomic gas. As Mihalas & Routly
(1968) and Jog (2013) showed, galactic tides from the spherical halo
are relevant only at low densities, of the order of a few particles per
cubic cm. These densities correspond to H 1 gas clouds. MCs, on the
other hand, are formed from the collisions of H I streams (see, e.g.
Ballesteros-Paredes et al. 1999a, b; Hartmann, Ballesteros-Paredes &
Bergin 2001; Mac Low & Klessen 2004), regardless the origin of
these streams (Dobbs et al. 2014). During these compressions, the
bistable warm H I proceeds to cool down rapidly (Hennebelle &
Pérault 1999), enhancing its density and thus, allowing for molecular
cloud collapse. Thus, the galactic tides seem to be relevant for the
formation of the H I clouds, which are the precursors of MCs. If
H 1 clouds typically cannot be aligned randomly in a galactic disc
because of tidal stresses (Mihalas & Routly 1968; Sudrez-Madrigal
etal. 2012; Jog 2013), MCs will not be either aligned randomly. But
apparently, H 1 clouds can survive if they are aligned spirally, and
thus, MCs will be so too, regardless of the fact that the galactic tidal
energy is not relevant to the gravitational budget of MCs. In a sense,
although galactic tides are not important for molecular clouds, MCs
can be thought of as the post-processed by-products of galactic tides.

5.3 Gravity as a source of turbulence?

It has been suggested that molecular cloud turbulence could be fed
by galactic dynamics, where the supersonic linewidths are the result
of epicyclic motions of parcels of gas (Meidt et al. 2018). The small
fraction of energy injected into our MCs from the galactic potential
suggests that this may not be the case, not at least as direct injection
of turbulent motions on molecular clouds. As mentioned above, it
however may be relevant for the turbulence in the more diffuse H I
clouds. But as MCs are formed from the thermally bistable H 1
streams, any non-linear behaviour of the H I streams will induce
non-linear instabilities in the molecular gas that will furthermore
trigger turbulent motions (e.g. Koyama & Inutsuka 2002; Audit &
Hennebelle 2005; Heitsch et al. 2005, 2006). Thus, again, in a sense,
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MC turbulence can be thought of as a by-product of the galactic
dynamics.

Our results also suggest that a relevant source for MC turbulence
is the total gravitational potential of the MC complexes, as well
as the gravity from their young stellar clusters. In this work, we
have seen that ~70 percent of clouds are gravity-dominated (i.e.
laefll] < 2), either if they are bound (50 per cent of clouds with W
< 0) or tidally torn apart (20 per cent of clouds with W > 0). MCs
evolve on dynamical time-scales, the gravitational potential of MCs
complexes should also be changing on such time-scales, injecting
some energy as turbulent motions. Thus, our results suggest that, in
addition to the stellar feedback, the net gravitational field of clouds
and their newborn stars may also play a role in the injection of the
kinetic energy of MCs.

5.4 Gravitational influence from young stellar clusters

In order to estimate the energy budget of MCs, it is necessary to
know their mass distribution. However, we usually do not consider
how relevant is the gravity from the stellar clusters on the global
budget of MCs. Certainly, if not much mass transforms into stars,
then young stellar objects should not play an important role in the
gravitational budget of MCs.

We have seen however in Fig. 3 (right-hand panel on the first row,
labelled as |W;|) that the sinks in our simulations could contribute in
a significant way to the total gravitational budget of some molecular
clouds. In principle, our sinks are only regions where the evolution of
dense gas cannot be followed due to numerical limitations. They can
be thought then as compact dense cores within larger MCs. However,
there exists the possibility that at least some of them become actual
stellar young massive clusters. If this were the case, our results will
be suggesting that, in some cases, the gravitational energy of MCs
could have a substantial contribution from their embedded, newly
formed clusters.

As a plausible example, consider the Orion Nebula Cluster area. It
is clear that in this region, the protostars are formed along the narrow
dense gas filament that runs from north to south (see Megeath et al.
2012, fig. 14). In terms of their mass, the whole ONC area may have
as much as ~4,000 Mg, (Hillenbrand & Hartmann 1998) in gas, and a
total content of ~1000 Mg, in stars (see Bonilla-Barroso et al. 2022,
and references therein). Thus, the gravitational contribution of the
cluster to the total gravity of the cloud may not be negligible.

This gravitational influence can be relevant from the very moment
of the formation of the cluster, to at least the first stages of the cloud
dissipation due to the stellar feedback, as long as the expelled MC
is not too far from their offspring stellar cluster, and as long as the
efficiency of star formation is reasonably large. Indeed, although on
MC scales it is thought that the efficiency of star formation is of a
few per cent, this may not be the case for cluster-forming clouds,
where the star formation efficiency can be as large as ~30 per cent
(Lada & Lada 2003). In this case, one can imagine that such objects,
while forming stars, can have a substantially larger contribution to
their gravitational budget from the stars that they are forming.

5.5 Additional thoughts

The results presented in this work are consistent with previous works
in that, judging from the classical virial parameter ¢, many clouds
(statistically speaking, the less massive ones) appear to be unbound
because the kinetic energy is larger than the gravitational energy. The
situation is however much more complex in reality. On the one hand,
turbulent motions will not necessarily support the clouds, but they
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may promote collapse (Ballesteros-Paredes 2006). Indeed, Vazquez-
Semadeni et al. (2008), Camacho et al. (2016), and Ntormousi &
Hennebelle (2015) showed that half of the apparently unbound clouds
in their simulations exhibit converging motions, and thus, they cannot
prevent collapse but promote it.

Secondly, it is frequently assumed that unbound clouds do have
2 < oy, and bound clouds «;, < 2. It should be noticed, however,
that a non-equilibrium, collapsing structure will develop virial values
(ayir ~ 2) in about one free-fall time-scale, either in the case of a
collapsing gas system (Vazquez-Semadeni et al. 2007) or in a system
of particles (Noriega-Mendoza & Aguilar 2018). In other words, oy
~ 2 is the natural outcome of collapse, rather than of equilibrium.

Thirdly, even for free-fall collapse, the terminal velocity is larger
than the virial velocity (see Ballesteros-Paredes et al. 2011a). In
fact, as shown by Ballesteros-Paredes et al. (2018), cold collapse of
turbulent clouds produces velocity dispersions slightly larger than
the virial velocity in one free-fall time-scale.

The results of this work indicate that the situation becomes even
more complex since external gravity plays a role in the energy
budget of MCs. We have seen that the classical virial parameter
underestimates the actual gravitational content of molecular clouds
since it neglects the mass distribution external to MCs. In this work,
it becomes clear, however, that the gravitational energy from the
external mass distribution is non-negligible, and thus, should be taken
into account.

Finally, it should be mentioned that while the peer-review process
of the present contribution was in progress, an interesting work by
Ganguly et al. (2022) came up with a similar idea of evaluating
the virial parameter and the tidal gravitational budget of MCs in
numerical simulations of MCs at a galactic scale, but with a different
approach. These authors show, however, that the gravitational tides of
clouds due to the external clouds are negligible, in clear contrast with
the results shown in the present contribution. We speculate about the
reasons for this discrepancy.

First of all, in the simulations presented by these authors, there
is no spiral arm structure, and thus, large-scale, spatially correlated
molecular gas is not present, making it more difficult to tidally disrupt
a cloud from the diffuse medium that surrounds it.

Second, Ganguly et al. (2022) use average values of the tidal
stresses in the whole cloud, while in the present work we are
integrating them over the volume in the cloud. Thus, while these
authors will be in practice averaging-out differences, we are adding
them up.

Third, although the calculations of Ganguly et al. (2022) show that
the gravitational acceleration due to the self-gravity in the clouds are,
statistically speaking, mostly parallel to the total acceleration, that
does not necessarily mean that the external acceleration is not relevant
in a substantial fraction of clouds, or even, in a substantial fraction
of the volume of a single cloud. In principle, our equation (7) is a
direct consequence of the momentum equation, and thus, it provides
a detailed evaluation of the total gravitational content of MCs.

Whether one or the other approach explains better the dynamics
of MCs will be left for a further contribution.

6 CONCLUSIONS

We have stressed the importance of evaluating the gravitational
budget of molecular clouds by accounting for the total gravita-
tional potential, considering all components of the galaxy they are
embedded in, as well as their detailed inner structure and their
young stellar clusters. Thus, we have made use of a state-of-the-
art numerical simulation of a piece of a galactic disc to estimate
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the virial parameter of molecular clouds in two different ways: the
classical virial parameter, which uses the gravitational energy of a
sphere of constant density, as well as the full virial parameter, which
uses the total gravitational potential from the full mass distribution.
Our main results are simple:

(1) Molecular clouds in a galactic context exhibit virial values
around unity, with a large scatter.

(i) As in many other works, when using the classical virial
parameter, there appears to be larger population of overvirial clouds.
By accounting for the whole gravitational potential, however, clouds
tend to be subvirial, i.e. gravitationally dominated.

(iii) Although gravitationally dominated, most of our clouds are
not bound but tidally torn apart.

(iv) To properly estimate the gravitational energy of the clouds,
the total gravitational potential has to be included. The typically used
(absolute value of the) gravitational energy of a constant-density
sphere is just a lower limit to the gravitational content of molecular
clouds.

(v) Galactic tides (from the stellar bulge, stellar disc, spiral arms,
and dark matter halo) are not relevant for MC energetics. However,
since they appear to play a key role in defining the orientation of H 1
clouds, MCs, which are formed from H I, must be already aligned to
the spiral structure.

(vi) The source for the tidal gravitational energy acting over
MCs is the structure of molecular cloud complexes themselves, and,
probably, the presence of massive young stellar clusters.

(vii) Being relevant the tides, turbulent motions must have, at least
partially, some gravitational origin, regardless of whether the clouds
are collapsing or been torn apart.

As we have mentioned, our results points towards a conceptual
change in our idea of gravity, and how it can affect the physical
properties of the clouds. Although estimating the gravitational po-
tential of the whole system may be a challenging task to accomplish
observationally, it becomes clear that such task should start to be
done, in order to better understand the dynamical state of molecular
clouds.
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