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Abstract

To explore the potential role of gravity, turbulence and magnetic fields in high-mass star formation in molecular
clouds, this study revisits the velocity dispersion—size (0—L) and density—size (p—L) scalings and the associated
turbulent energy spectrum using an extensive data sample. The sample includes various hierarchical density
structures in high-mass star formation clouds, across scales of 0.01-100 pc. We observe o oc L%%® and p oc L™'->*
scalings, converging toward a virial equilibrium state. A nearly flat virial parameter—mass (a;;—M) distribution is
seen across all density scales, with ay;, values centered around unity, suggesting a global equilibrium maintained
by the interplay between gravity and turbulence across multiple scales. Our turbulent energy spectrum (E(k))
analysis, based on the o—L and p-L scalings, yields a characteristic E(k) x k"2 These findings indicate the
potential significance of gravity, turbulence, and possibly magnetic fields in regulating dynamics of molecular
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1. Introduction

High mass stars (M, > 8M.) play an important role in the
evolution of galaxies and the circulation of interstellar medium
(ISM). However, the process of high-mass star formation
remains mysterious (e.g., Motte et al. 2018). Molecular clouds
(MCs) are believed to be the cradle of star formation, and the
study of their density substructures, and associated dynamics
could help in understanding how high-mass stars form therein
(e.g., Sanhueza et al. 2019; Liu et al. 2022a, 2022b; Saha et al.
2022; Hacar et al. 2023; He et al. 2023; Liu et al. 2023; Peretto
et al. 2023; Xu et al. 2023; Yang et al. 2023; Pan et al. 2024).

MCs are characterized by intricate, hierarchical density
structures such as filaments, clumps, and cores. The dynamics
of these hierarchical structures could be governed by competi-
tion between turbulence, gravity, and magnetic fields (e.g.,
Motte et al. 2018; Vazquez-Semadeni et al. 2019; Ballesteros-
Paredes et al. 2020; Hacar et al. 2023). However, the relative
importance among these competing factors remains elusive in
regulating dynamics of MCs and even high-mass star formation
therein. For example, there are two recent models, “global
hierarchical collapse” (GHC) model (Vazquez-Semadeni et al.
2019) and “inertial inflow” (I2) model (Padoan et al. 2020),
which attempt to explain the origin and evolution of massive
stars and their associated structures, such as filaments, clumps,
cores, and disks. Both models are based on the idea that star
formation especially for high-mass star formation is a
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multiscale process, involving the interaction of turbulence,
gravity, and feedback in a hierarchical manner. However, they
differ in some aspects, such as the role of turbulence, the initial
conditions, and the driving mechanisms of gas infall or mass
accretion. The GHC model assumes that the initial MC is in an
approximate virial equilibrium state, with turbulence being
either subsonic or transonic (e.g., Vazquez-Semadeni et al.
2019). Additionally, it posits that the gas infall motions at all
scales are primarily driven by the self-gravity of cloud
hierarchical structures. In contrast, the I2 model contends that
turbulence prevails at larger scales in MCs (Padoan et al. 2020).
It assumes that the initial MC is highly turbulent and far from
equilibrium. In this scenario, turbulence is supersonic, and
large-scale gas infall motions are primarily driven by the
inertial inflow of turbulent gas. For the role of magnetic fields
in regulating high-mass star formation and its associated
dynamics, there is also a dispute between strong-field and
weak-field models. The strong-field models (e.g., Mouscho-
vias 1991; Mouschovias & Ciolek 1999) argue that the
magnetic fields control evolution of the MCs and star formation
within, while the weak-field models (e.g., Padoan &
Nordlund 1999; Mac Low & Klessen 2004) favor the key role
of turbulence.

From an observational point of view, the relative importance
between major competitors, such as gravity and turbulence,
could be investigated through the empirical scaling relations of
velocity dispersion and density. Those empirical scalings are
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often referred to as Larson’s scaling relations (Larson 1981)
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where o and p are the velocity dispersion and mass density,
respectively, both measured within the size, L, of cloud density
structures; (3 and p are the scaling exponents. The first relations
found by Larson yielded = 0.38 and p = 1.1 (Larson 1981),
and later 3 was refined to be 0.5 (e.g., Heyer & Brunt 2004).
Larson’s scaling relations have been extensively studied in star
formation clouds (e.g., Solomon et al. 1987; Shetty et al. 2012),
particularly for high-mass star formation (e.g., Caselli &
Myers 1995; Traficante et al. 2018; Li et al. 2023). For
instance, Peretto et al. (2023) analyzed Larson’s scaling
relations in 27 infrared dark clouds associated with high-mass
star formation. They found that gravity could dominate the
cloud dynamics across various scales, up to tens of parsecs.
However, other observations toward high-mass star-forming
regions suggest that turbulence, in addition to gravity, could
play a significant role in regulating the hierarchical density
structures of MCs (e.g., Heyer et al. 2009; Liu et al. 2022a, and
Pan et al. 2024). Therefore, the relative importance of these
competing factors in MCs remains a topic of ongoing
discussion.

This paper aims to revisit the Larson-like scalings, namely,
the scalings of both velocity dispersion and density, providing
insights onto the relative significance of gravity, turbulence,
and magnetic fields in governing the dynamics of MCs and
high-mass star formation therein. To this end, we collected a
large sample of observational data from literature across
various density scales, from giant MCs to massive cores. The
paper is organized as follows. In Section 2, we depict the
theoretical derivations of general Larson-like scaling relations.
In Section 3, we describe the data set. In Section 4, we
primarily focus on the interpretation of the observed Larson-
like scalings and their associated energy spectrum of
turbulence. In Section 5, we give a summary along with
conclusions.

2. Theoretical Derivations for Scaling Relations

For a self-gravitating object of the mass M and the size L,
being in virial equilibrium, the virial velocity is given by
Oyir X (M /L)l/ 2, According to Li & Burkert (2017), the energy
dissipation rate of the virial velocity is

e 0 M3/2L5/2, 2)

Under the assumption of spherical symmetry, where the mass
M o pL?, we find

evir X pP/ L2 3)
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The dissipation rate of turbulent energy in the medium, as
described in Kolmogorov (1941), is given by

Eturb ¢ oL, 4)

If an MC maintains virial equilibrium across all hierarchical
density scales, the transfer rate of both types of energy will be
roughly equal (Li & Burkert 2017; Li 2018; Viazquez-
Semadeni et al. 2024)

Evir 2 Eurbe (5)
From this, we obtain the relation
p3°L* oc o371 6)
If MCs obey the following density profile,
pox L, ©)

we can express the turbulent velocity (o, corresponding to the
observable of velocity dispersion) as below,

oo LIr/2, (8

Here, Equations (7) and (8) represent the general Larson-
Like scalings for turbulent velocity (o—L) and gas density (p—
L), respectively. These scalings rely on two key assumptions: a)
MCs maintain virial equilibrium across all scales, and b) there
is an equivalence in the kinetic energy transfer rate between the
virial velocity and turbulent velocity. Moreover, one can find
that Equation (1) serves as a specific solution for the general
scaling relations. However, the observed variations in the
exponents of the o—L scaling (ao<Lﬂ; £~0.21-0.5, e.g.,
Larson 1981; Solomon et al. 1987; Caselli & Myers 1995; Li
et al. 2023) suggest the existence of possible multiple forms for
Equation (1). Therefore, these general scalings of both o—L and
p—L need to be examined in realistic MCs, especially in high-
mass star formation clouds, which would help advance our
understanding of the relative role of gravity, turbulence, and
magnetic fields in high-mass star formation.

3. Data Set

To explore scaling relations of both o—L and p-L in high-
mass star formation regions, we compiled data from literature,
including giant molecular clouds (GMCs), massive clumps, and
massive cores. The data set for different density structures
within MCs is summarized in Table 1. Note that our sample is
not meant to be complete and unbiased (see more in
Section 4.4). However, it encompasses a broad range of
density structures spanning four orders of magnitude in spatial
scale from 100 to 0.01 pc. This diversity allows us to conduct
an overall analysis for the scalings of both o—L and p-L. We
extracted essential parameters such as mass, size, and velocity
dispersion from the references listed in the table. The
determinations of these parameters were reexamined here prior
to a systematic analysis in the following.
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Table 1
A Summary of the Data and Reference Sources

Density Structure Mass Tracer Kinematic Tracer Herit Data Amount Reference
Giant molecular cloud Molecular line 13COo (1-0) ~10° cm 3 316 Heyer et al. (2009)
Massive clump Continuum H"co* (1-0) 2 x 10° em ™3 221 Luo et al. (2024)
Massive clump and Core Continuum NH* (1-0) 3x10° em™? 44 Ohashi et al. (2016)
Massive core Continuum N,H" (1-0) 3 x 10° em™3 11 Peretto et al. (2006)
Massive core Continuum NH; (1-1)/2-2) >10* cm ™3 50 Lu et al. (2018)
Massive core Continuum N,D" (1-0) 1.7 x 10® cm™> 129 Li et al. (2023)

Note. n. is the critical density for exciting a molecular line emission.

For the mass parameter (M), both molecular line and dust
emission can be used for its estimate. In this regard, dust
emission could be generally better than line emission since the
latter could suffer from issues of unknown abundance and
excitation conditions. In practice, for large-scale GMCs, where
a reliable mass estimate from dust emission is not available, we
relied on the mass results estimated by Heyer et al. (2009)
using the 3co (1-0) molecular line emission. Note that due to
the assumption of local thermodynamic equilibrium and
variations in the abundance of '*CO relative to molecular
hydrogen, the mass of GMCs could be systematically uncertain
by a factor of 2-3 (Liszt 2007; Heyer et al. 2009). For the
small-scale clumps and cores, we made use of the mass
measurements from the dust continuum observations at far-
infrared to mm-wavelengths (Peretto et al. 2006; Ohashi et al.
2016; Lu et al. 2018; Li et al. 2023; Luo et al. 2024). We
rescaled the mass by using dust opacities following a common
law, K, = ko(v/vo)?, where ko=0.1cm?g " at 1 THz under
a gas-to-dust mass ratio of 100 (Beckwith et al. 1990), and a
fixed value of 5=1.5 is adopted. Note that higher or lower
dust opacities would result in a systematic uncertainty by a
factor of up to two in dust mass measurements (e.g., Motte
et al. 1998; Kauffmann et al. 2013).

For the radius parameter (L), various studies have employed
different approaches. Some researchers define the source area
within a contour of specific mass surface density or radiation
intensity to determine the cloud radius (Heyer et al. 2009; Luo
et al. 2024). Alternatively, other studies utilize as the radius the
Full Width at Half Maximum (FWHM) of the density
distribution obtained from source identification algorithms
(Peretto et al. 2006; Ohashi et al. 2016; Lu et al. 2018; Li et al.
2023). In our analysis, we directly adopt the original
measurements reported in the literature. Specifically, the
median sizes for GMCs, clumps, and cores are 18.7 pc,
0.82 pc, and 0.04 pc, respectively. These values align with
typical source sizes corresponding to various cloud density
structures (Ballesteros-Paredes et al. 2020). It is worth noting
that the L-related parameters investigated here include mass (M),
velocity dispersion (o), and the virial parameter (). The third
parameter is derived from the first two measured over the size L.

Thus, analyzing the relationship between these parameters and
size, rather than their absolute values, could not be affected by
different approaches to measuring the size of density structures.
In this sense, adopting the original measurements of the radius
L from the literature is sufficient for our following analysis.

Regarding the velocity dispersion parameter (o), different
molecular tracers were utilized for estimating velocity disper-
sion in the literature considered here. For large-scale, relatively
low-density GMCs, where observations of high critical density
tracers (e.g., N,H' (1-0)) are unavailable primarily due to their
difficulty of being excited in low-density environments, the low
critical density tracer '*CO (1-0) line could be the best probe
for kinematics of large-scale diffuse clouds, and thus was used
to calculate the o parameter. For small-scale and relatively
dense clumps and cores, high critical density line tracers
including H'*CO™ (1-0), N,H™ (1-0), NH; (1-1) and (2-2), and
N,D* (1-0) were adopted, as summarized in Table 1. Most of
these species are insensitive to the depletion effect due to
freeze-out of molecules onto dust grains in dense environments
(e.g., Caselli et al. 1999; Tafalla et al. 2004; Bergin &
Tafalla 2007), and are thus suitable for tracing the kinematics
of dense clumps and cores.

With the related parameters determined (see above), we then
calculated the mass density by p=3M /47rL3 and the virial
parameter by o, :502L/ GM (Bertoldi & McKee 1992;
Kauffmann et al. 2013). This definition of «;, can be related to
alfv— (Bertoldi & McKee 1992), where Eg, and Wy

poll
represent the kinetic and gravitational potential energy,

respectively. The coefficient a accounts for non-homogeneous
and non-spherical density distributions (e.g., Bertoldi &
McKee 1992; McKee & Holliman 1999). Recent observations
have revealed that density structures can be inhomogeneous, as
seen for example in high-mass star formation clumps with
density gradients (e.g., Lin et al. 2022; Gieser et al. 2023). In a
virial equilibrium condition (2Ej, ~ |Wpo|), the density
structures have a critical virial parameter ¢, which corre-
sponds to the a coefficient as demonstrated by Kauffmann et al.
(2013), namely, a,, = a. Additionally, Kauffmann et al. (2013)
evaluated the coefficient a across a wide range of cloud shapes
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Figure 1. Density—size scaling across multiscales. Various symbols represent
the data from different literature (see Table 1). The dashed line represents a
linear fit in log—log space using the robust least squares regression (Huber
regression) fitting approach.

and density gradients (see their Appendix A), obtaining an
approximately constant value of 2 + 1.

In addition, the turbulent ram pressure and gravity pressure
are determined by Pyuputent = 00~ /3 and Pgayiey = Gp’L? /7 (Li
& Burkert 2017). The kinetic energy transfer rate per unit
volume was derived via ¢, = po° /L (Kritsuk et al. 2007).

4. Scaling Relations
4.1. Scalings of Both o-L and p-L

Figure 1 shows the density—size scaling (i.e., density profile)
for our sample across multiscales. The density of hierarchical
structures of MCs follows the relation p = p,(L/pc)? with
po=10""""g cm™, and p =1.54 4+ 0.04. Plugging this p-L
relation (i.e., p o<L71‘54) into Equation (8), we can derive the
scaling of velocity dispersion—size (o—L)

o LO3B, )

Likewise, Figure 2 displays the o—L scaling of our sample
across multiscales. It shows that the observed scaling can be
characterized as o = oy(L/pc)”?, where 0= 1.16 kms ™', and
8=0.26+0.04. This scaling exponent (3=0.26) is much
shallower compared to those previously reported (e.g.,
(5 =0.38 Larson 1981 and 5= 0.5 Solomon et al. 1987; Heyer
& Brunt 2004). However, the 3=0.26 observed here aligns
with that in Equation (9) which relies on the observed p-L
scaling along with a virial equilibrium assumption. This
alignment indicates that from a global view high-mass star
formation regions investigated here could maintain virial
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Figure 2. Same as Figure 1 but for the velocity dispersion—size scaling.

equilibrium by the competition between gravity and turbulence
over multiscales from clouds down to cores.

4.2. Virial Parameter Distribution

The virial parameter can be used to gauge the virial state of
MCs. An MC stays in virial equilibrium with the virial
parameter awi = Q. If we plug the observed scalings of both
o-L and p-L (ie., poc L7"* o oc L%?° respectively) into
Qyir = 502L/ GM with M x pL3 , we can derive the relation
between «,;, and mass as

Ouyir ¢ MO04, (10)

That is, the virial parameter remains approximately constant,
irrespective of the mass of the density structures. This result
can also be seen in Figure 3, where we present a,; as a
function of mass. Across all investigated density scales, the
overall on;;—M distribution is nearly flat, with o values
centered around unity, close to ag, albeit with significant
scatter on each individual scale (e.g., cores). The same result
has been reported by Kauffmann et al. (2013), who carefully
calculated the parameters of both the virial case and the mass
using a common standardized method to alleviate their
calculation uncertainties as much as possible. This result
confirms the validity of the assumption of global virial
equilibrium we made before, regulated by the interplay
between gravity and turbulence, across multiple scales, from
large-scale MCs to small-scale cores.

Moreover, in systems with supersonic turbulence maintain-
ing virial equilibrium, the ram pressure from internal
turbulence is thought to be comparable to self-gravity pressure
(Li & Burkert 2017). Figure 4 compares these pressures,
showing a strong resemblance (Pearson’s coefficient of 0.97)
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Figure 3. Virial parameter as the function of mass. Various symbols are the
same as those in Figure 1. The dashed line indicates unity.
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Figure 4. Comparison between turbulent and self-gravity pressures across
multiscales. The dash-dotted line stands for a robust linear regression fitting in
log—log space. Other symbols are the same as those in Figure 1.

across all hierarchical density structures. This suggests again
that high-mass star formation regions investigated here could
maintain virial equilibrium across scales, from MCs to cores.
Note that the turbulent ram pressure is slightly lower than the
self-gravity pressure (power law exponent of 0.85). This
implies a slow gravitational contraction being at work across
multiscales from clouds to cores, akin to a quasi-static process.

For the large scatter (up to a factor of 10) around unity in the
virial distribution on each individual density scale, it can

Luo et al.

correspond to a decreasing trend on each scale (see Figure 3).
We assume this decreasing trend, also observed in other studies
(Zhang et al. 2016; Traficante et al. 2018; Li et al. 2020), is
likely due to the dynamical evolution of individual density
scales, which oscillate between non-virial and virial equili-
brium states. During this evolution, local dynamical states may
deviate from the global virial equilibrium due to local
fluctuations, such as stellar feedback like winds and outflows
(Matzner 2002; Klessen & Hennebelle 2010; Goldbaum et al.
2011). This hypothesis warrants further investigation through
both theoretical and observational studies.

4.3. Turbulent Energy Spectrum

Turbulence in the ISM is predicted in theory to exhibit two
modes. That is, the Kolmogorov-like incompressible mode
(Larson 1981) is characterized by an energy spectrum
Ek)ock™ and a velocity scaling o L3, while the
Burgers-like compressible mode (Li & Burkert 2016, 2017)
is described by an energy spectrum E(k) < k> and a velocity
scaling oo L'/?. Here, k is the wavenumber, inversely
proportional to spatial scale (ko< L™"). Our observed velocity
scaling oo L0~ L1* (see Figure 2) does not align with
either mode, which can also be reflected from the turbulent
energy spectrum as discussed below.

Turbulence involves the transfer and dissipation of kinetic
energy. For the turbulent ISM, Fleck (1996) proposed that the
turbulent kinetic energy transfer rate per unit volume,
&= po° /L, is invariant. This has been reproduced in simula-
tions of large-scale three-dimensional isothermal supersonic
Euler turbulent fluids (Kritsuk et al. 2007; Hennebelle &
Falgarone 2012).

However, we present in Figure 5 an observed relationship of
€ as a function of scale, different from the predicted constant
value. The ¢, parameter is characterized as

e = po’/L = eo(L/pe) 7, (11)
where €5 = 1072 erg cm 3 s_l, and = 1.76 £ 0.06, both derived
from Figure 5. Combining the density profile pocL™” and
the e,ocL™7, we can re-express the velocity dispersion—size
scaling as

o o L(l+p—w)/3’ (12)
and accordingly

o o k=+r=m/3, (13)

According to the turbulent energy spectrum function
(Fleck 1996)

1 do?
Ek) = ——, 14
(k) >k (14)

substituting Equation (13) into Equation (14), we reach

E (k) oc k=G+2=27/3, (15)
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Figure 5. Kinetic transfer rate per unit volume as a function of scale. Other
symbols are the same as those in Figure 1.

Recalling the observed p = 1.54 (see Figure 1) and v=1.76
(see Figure 5), we find

E(k) o k=152, (16)

The energy spectrum index of —1.52 reveals a shallower
energy spectrum compared to the energy spectrum of both
compressible and incompressible turbulence modes. Never-
theless, we find the index of —1.52 consistent with that of the
energy spectrum for hydromagnetic turbulence (e.g., Iroshni-
kov 1964; Kraichnan 1965), which is characterized as
E(k)  k—>/2. This consistency suggests that turbulence and
magnetic fields may collaboratively counteract gravity, thereby
regulating the dynamics of MCs and maintaining their global
dynamical equilibrium. This may correspond to a widespread
presence of turbulence and magnetic fields in the ISM
(Frisch  1995; Elmegreen & Scalo 2004; Hennebelle &
Falgarone 2012; Federrath & Klessen 2013; Li et al. 2013;
Planck Collaboration et al. 2016).

In addition, by definition, a < o, implies that a cloud
structure or fragment is susceptible to collapse. However,
Kauffmann et al. (2013) argued that fragments with o < o, are
unlikely to be in a state of collapse, a notion previously realized
by Larson (1981) and Ballesteros-Paredes (2006). If true, the
most straightforward explanation for such fragments would be
that they are supported against collapse by significant magnetic
fields. This accordingly suggests that magnetic fields, in
addition to turbulence, may play a role in regulating cloud
dynamics, as revealed by the observed turbulent energy
spectrum (see Figure 5) likely responsible for magneto-
hydrodynamical turbulence.

It is worth noting that the discussions above require further
confirmation through direct measurements of magnetic fields.

Luo et al.

This is because the energy spectrum index of —1.52 observed
here could also arise from other factors, such as large-scale
forcing or anisotropic turbulent motions (e.g., Vallefuoco et al.
2018).

4.4. Caveats

Our discussions on the o—L and p—L scalings as well as the
associated turbulent energy spectrum may be influenced by
observational biases, as our data integrate different literature
involving various telescopes and molecular tracers. This
influence may be mitigated somehow by re-examining some
parameters (e.g., mass, size, and velocity dispersion) using a
consistent approach as described in Section 3 to re-examine the
determinations of the related parameters (e.g., mass, velocity
dispersion). Given these potential biases, we shift our focus on
global scalings across multiscales only, rather than local
counterparts on each individual scale (e.g., cores or clumps).
In addition to greater impact of the observational biases on
local scaling analysis, the limited dynamical range on each
individual scale does not allow the same analysis as robustly as
possible. Overall, for more robust discussions on the o—L and
p—L scalings as well as the associated turbulent energy
spectrum, future work should aim for consistent, multiscale
kinematic observations of MCs using the same telescope and
molecular tracer.

4.5. Implication on High-mass Star Formation

As discussed earlier, gravity, turbulence, and even possibly
magnetic fields collectively regulate the dynamics of MCs. This
could provide a global implication on the latest theoretical
models of high-mass star formation, such as GHC and 12. Both
models posit that high-mass star formation in MCs is a
multiscale process involving fragmentation and mass accretion
at various density scales.

While both GHC and I2 models agree that gravity drives
mass accretion on smaller scales, such as cores/clumps and
filaments, they diverge on larger scales. The GHC model
suggests that gravity primarily drives hierarchical mass
accretion across all cloud density scales (Vdzquez-Semadeni
et al. 2019), while the 12 model proposes that turbulence
regulates mass inflow and accretion on large-scale clouds, with
self-gravity control assumed at smaller scales (Padoan et al.
2020).

Our observations, including the o—L and p-L scalings, the
Qi distribution centered around unity regardless of density
scales, the balance between turbulent pressure and self-gravity
pressure, and the turbulent energy spectrum, all suggest that the
multiscale process of high-mass star formation could be
regulated by gravity, turbulence, and possibly magnetic fields
collectively. Therefore, current simulations of high-mass star
formation would need to incorporate these major factors for a
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comprehensive understanding of the multiscale scenario of
high-mass star formation.

5. Summary and Conclusions

We have explored the o—L and p-L scalings and the associated
turbulent energy spectrum using a large data sample from various
sources over multiscales from 0.01 to 100 pc. This sample spans
different hierarchical density structures in high-mass star forma-
tion clouds, from GMCs to clumps and dense cores. Our findings
suggest that gravity, turbulence, and possibly magnetic fields all
together could play key roles in regulating the dynamics of MCs
and high-mass star formation therein.

Our major findings include the o—L and p-L scalings,
oo L% and poc L™'*, which can lead to a state of virial
equilibrium. We also observe a nearly flat a;,—M distribution
across all density scales, with o, values centered around unity,
despite significant scatter on each scale. This supports the idea
of a global equilibrium across multiple scales, maintained by
the balance between gravity and turbulence. This is further
reinforced by the observed balance between turbulent pressure
and self-gravity pressure. Our analysis of the turbulent energy
spectrum, based on the o—L and p-L scalings, reveals a
characteristic E(k) oc k™ '>2, possibly consistent with the
prediction of magneto-hydrodynamical turbulence. This con-
sistency suggests that magnetic fields, alongside turbulence,
may contribute to the regulation of cloud dynamics. All of
these findings warrant further confirmation through future
multiscale kinematic observations of MCs with uniform
observing settings, for example using the same telescope in
the same kinematic tracer.
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