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Abstract

The star formation efficiency (SFE) measures the proportion of molecular gas converted into stars, while the star
formation rate (SFR) indicates the rate at which gas is transformed into stars. Here we propose such a model in the
framework of a turbulence-regulated global radial collapse in molecular clouds being in quasi-virial equilibrium,
where the collapse velocity depends on the density profile and the initial mass-to-radius ratio of molecular clouds,
with the collapse velocity accelerating during the collapse process. This simplified analytical model allows us to
estimate a lifetime of giant molecular clouds of approximately 0.44−7.36 × 107 yr, and a star formation timescale
of approximately 0.5–5.88 × 106 yr. Additionally, we can predict an SFE of approximately 1.59%, and an SFR of
roughly 1.85Me yr−1 for the Milky Way in agreement with observations.

Unified Astronomy Thesaurus concepts:Molecular clouds (1072); Star formation (1569); Interstellar medium (847)
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1. Introduction

For several decades, the birth of stars within the Milky
Way’s molecular clouds (MCs) has remained at the forefront of
astrophysical inquiry (e.g., C. F. McKee & E. C. Ostriker 2007;
E. Vázquez-Semadeni et al. 2019; X. Lu et al. 2022; S. Li et al.
2024). Central to this research are the enigmas surrounding the
low star formation efficiency (SFE) of approximately 1% and
the low star formation rate (SFR) of 1–3Me yr−1 in the Milky
Way (e.g., F. H. Shu et al. 1987; C. F. McKee & E. C. Ostri-
ker 2007; L. Chomiuk & M. S. Povich 2011; B. Davies et al.
2011; R. C. Kennicutt & N. J. Evans 2012; T. C. Licquia &
J. A. Newman 2015; D. Elia et al. 2022). The pursuit of the
corresponding answers has led to the proposition of theoretical
frameworks that shed light on the mechanisms dictating the
transformation of MCs into stars.

Various theoretical models and simulations have made
substantial efforts to explain the low SFE and SFR (e.g.,
M. R. Krumholz & C. F. McKee 2005; P. Padoan & Å. Nordl-
und 2011; E. Vázquez-Semadeni et al. 2019; P. Padoan et al.
2020). For instance, the global hierarchical collapse (GHC)
model emphasizes that gravity dominates the evolution and
dynamics of MCs (M. Zamora-Avilés & E. Vázquez-Semad-
eni 2014; E. Vázquez-Semadeni et al. 2019). This model
suggests that the SFR increases over time, leading star-forming
clouds to evolve toward higher SFRs and produce stars with
greater average masses. Eventually, feedback from the massive
stars begins to disrupt the clouds. Regions that are far enough
away, where the infall-motion front has not yet arrived, become
decoupled from the collapse due to this feedback. Consequently,
this material does not contribute to the star formation episode in
the region, keeping the overall SFR low, as observed. In contrast,
the “inertial inflow” model highlights the role of supersonic

turbulence in massive star formation (P. Padoan et al. 2020),
considering the turbulence as the major factor for both low
observed SFE and SFR. However, neither model offers a simple,
analytical solution to the low SFE and SFR observed in the
Milky Way. Furthermore, gravoturbulent (GT) models can
explain the low SFR, but involve numerous parameters
(M. R. Krumholz & C. F. McKee 2005), meaning a direct
comparison with observed SFE and SFR is not always easy.
In this context, we present a new, streamlined semianalytical

model, termed the turbulence-regulated global radial collapse
(TRGRC) model. It hypothesizes that an MC, characterized by
spherical symmetry in its density distribution, is subject to a
global collapse within an isotropic and supersonically turbulent
environment. Additionally, the model assumes (1) the MC
exists in (near) isolation and is unaffected by magnetic fields,
(2) it retains a quasi-static state, upholding a quasi-virial
equilibrium, and (3) the supersonic turbulence is isotropic.
Note that real MCs are not isolated, and their turbulence at
small scales (e.g., ∼0.01 pc) deviates from isotropy. Never-
theless, these intricacies are overlooked to maintain the model’s
simplicity. Within this model framework, a spherical MC is
envisaged to undergo a global, quasi-static collapse radially,
driven by its self-gravity and regulated by nonnegligible
turbulence. That is, the supersonic turbulence introduces
random local motions that hinder but do not halt the MC’s
global radial collapse. The initial velocity at the onset of
collapse strongly depends on the MC’s density distribution and
its initial mass M0 and radius R0.

2. The Global Radial Collapse

2.1. Constant Mass Infall Rate Mcst.

We consider MCs as supersonically turbulent gas flows
governed by the mass continuity equation:

( ) ( )r
r

¶
¶

+  ⋅ =u
t

0, 1

where ∂ρ/∂t represents the rate of change of density with time,
and u is the flow velocity. As gas from an outer shell accretes
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onto an inner shell, gas from an even larger shell simulta-
neously moves inward to replenish the outer shell. This
continuous inward flow maintains a roughly constant gas
density at any given radius, implying a state of quasi-static
process. While the central density theoretically increases
toward infinity, we neglect the physical implications of this
extreme density for the sake of simplicity. The quasi-static
approximation of MCs implies ∂ρ/∂t = 0, leading to

( )r ⋅ =u 0 with ( )= q ju u u u, ,r in a spherical coordinate
system. Assuming a spherically symmetric density distribution
allows us to consider collapse occurring only in the radial
direction, yielding =u ur. Therefore,

( ) ( ) ( ) ( )r r r ⋅ =  ⋅ =
¶
¶

=u u
r r

r u
1

0. 2r r2
2

This equation results in a constant mass infall rate

( ) r=M r u . 3rcst.
2

Consequently, the mass of gas passing through any hierarch-
ical, spherical surface remains constant per unit time, as
illustrated in Figure 1. Note that the condition ∂ρ/∂t = 0
implies a net mass flux of  =M 0cst. across a fixed radius, where
gas flows both inward and outward. However, this does not
imply that  =M 0cst. for gas flowing unidirectionally toward the
cloud center.

If the density distribution of spherically symmetric MCs
follows a power-law profile of /( )r r= -r r p

re re with rre known

at the reference rre, we can derive
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-

M r u
r

r
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Furthermore, the radial collapse velocity ur can be expressed as
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For p= 2, a constant velocity emerges, indicating a scale-free
gravitational collapse (G.-X. Li 2018), akin to the collapse of
the envelope of a hydrostatic singular isothermal sphere
(F. H. Shu 1977). However, when p < 2, ur increases as r
decreases, suggesting that the collapse velocity accelerates
down to smaller scales where star formation occurs. This
increasing trend of collapse velocity with decreasing scale has
been supported by observations toward high-mass star forma-
tion regions (Y. Yang et al. 2023). Note that when p > 2, ur
decreases as r decreases. We do not consider the case of p > 2,
as the global density profile across almost the whole cloud
scales has been observed to be shallower with p < 2 (e.g.,
R. B. Larson 1981; A.-X. Luo et al. 2024; W. Zhang et al.
2024).

2.2. Critical Transition Scale Rcr

The density distribution /( )r r= -r r p
re re yields the gravita-

tional potential energy U as follows (F. Bertoldi &

Figure 1. An illustration of the gas radial collapse. The R0 represents the boundary of MC, Rcr represents the critical transition scale, and Mcst. represents the constant
mass infall rate. In regions where r > Rcr, the gas undergoing chaotic collapse and the Gaussian spectral lines are readily observed. In regions where r < Rcr, the gas
undergoing quasi-freefall collapse and the blue asymmetric spectral lines are easily observed.
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C. F. McKee 1992):

( )= -
-
-

U
p

p

GM

r

3

5 2
. 6

2

The kinetic energy Ek includes contributions from supersonic
turbulence (Eturb), thermal motions (Ether), and the kinetic
motions of infall gas resulting from self-gravitational collapse
(Ea). Since both thermal and turbulent motions counteract the
self-gravity of MCs, and with supersonic turbulent motions
significantly stronger than thermal motions (Eturb ? Ether), we
combine them as Et = Eturb + Ether ≈ Eturb.

For an MC in a state of virial equilibrium, the potential
energy is equal to twice the kinetic energy (F. Bertoldi &
C. F. McKee 1992),

∣ ∣ ( ) ( )+ =  - = +E U U E E2 0 2 . 7k t a

Mathematically, Equation (7) suggests when Ea ≠ 0,
2Et < |−U| corresponding to the condition of gravitational
collapse. Observationally, A.-X. Luo et al. (2024) found a
nearly flat virial parameter–mass (αvir−M) distribution across
a wide range of density scales over 0.01–100 pc, with the
virial parameter centered around unity, suggesting a state of
global quasi-virial equilibrium across multiple scales. Based
on this observed fact, we hypothesize that MCs could
maintain (quasi-)virial equilibrium throughout their evol-
ution. Additionally, the observed slight dominance of
gravitational pressure over turbulent pressure ( µP Pturb gra

0.85)
suggests that MCs may undergo a slow, quasi-static collapse
(A.-X. Luo et al. 2024). Therefore, we assume that a slow
collapse can occur within a virial or quasi-virial equilibrium
state. In the case where all gravitational energy is converted
to infall kinetic energy, corresponding to Et = 0 without
any support against gravity, the equation simplifies to
|−U| = 2Ea. Substituting this relation into Equation (6), we
derive the initial collapse velocity u0 of the MCs at R0 as
follows:

/
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-
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p
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According to Equation (4), when p= 2 and the collapse is
unhindered, the radial collapse velocity ur = u0 and the
constant mass infall rate  r=M r ucst. re

2
re 0. For p ⇔ 2, Mcst.

maintains a similar form but with a different constant value
dependent on the specific rre and u0, which vary with the index
p. Specifically, since the gas collapse is solely driven by self-
gravity, the support factors provided by thermal or turbulent
motions does not induce a net mass inflow. Consequently, Mcst.
is solely determined by the initial mass M0, initial radius R0,
and density profile /( )r r= -r r p

re re of the cloud. Equations (6)
and (8) reveal that different density profiles correspond to
varying gravitational potential energies and initial velocities u0,
which, in turn, affect the value of Mcst.. Once the density profile
of a cloud is established, the mass infall rate can still be
expressed in the same form as derived for the p= 2 case. In this
context, Equation (5) can be re-expressed as

( )=
-

u u
r

r
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p

0
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2

⎜ ⎟
⎛
⎝

⎞
⎠

That is, for a given density profile /( )r r= -r r p
re re , support

factors can slow down the speed of gas infall, but do not
change the mass infall rate.
From Equation (9), the collapse velocity ur is small on large

scales, making the Et become the primary contributor to the
kinetic energy Ek. Due to the dissipation of turbulence and the
acceleration of collapse velocity, ur will exceed the turbulent
velocity at a critical transition scale Rcr, thereby dominating the
energy balance. Consequently, we expect Rcr to appear at the
scale where the turbulent velocity equals ur. If turbulent
velocity follows /( )s s= br rre re , where β = 1 − p/2 for an
MC maintaining quasi-virial equilibrium (C. F. McKee &
J. C. Tan 2003; A.-X. Luo et al. 2024), the equality of the
turbulent and collapse velocities gives rise to

/
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-

=

-

=

r

r
u

r
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Replacing r with Rcr in this equation, we obtain

/

( )
( )s

=
-R

r u
. 11

p
cr

re
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Additionally, we point out that when thermal motions are
significantly stronger than turbulent motions (Ether ? Eturb) in
subsonic regions, Et = Eturb + Ether ≈ Ether. Similarly, we
expect Rcr to appear at the scale where the thermal motion
velocity cs equals ur. Then, Equations (10) and (11) can be
written as

( )=
-

=

c u
r

r
, 12s

p

r R
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2
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/
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u
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For r > Rcr, where σ > ur, turbulence dominates the velocity
field, leading to chaotic collapse behavior. In this region, the
gas is not expected to directly participate in the star formation
process due to the randomness of the collapse. Consequently,
the chaotic collapse velocity will hardly produce the blue
asymmetric spectra in the line emission of gravitational
collapse tracers, making it difficult to observe. For r < Rcr,
where ur > σ, the collapse velocity dominates over the
turbulent velocity. Thus, the collapse within Rcr is anticipated
to resemble a quasi-freefall collapse. The gas within this region
can directly participate in the star formation process. If real
clouds possess an isotropic and spherically symmetric density
distribution, the velocity field dominated by ordered collapse
motions will result in observable blue asymmetric molecular
emission lines (as shown in Figure 1). This aligns with recent
observational results from F. Xu et al. (2023) who observed a
gradual transition in molecular line profiles fitted from
Gaussian profiles at the edges of molecular clumps to blue
asymmetric at the center. Note that Equation (11) becomes
invalid when p= 2, indicating the absence of a critical
transition scale. This may mean that the gas throughout the
entire spherical framework can participate in the formation
of stars for the scenarios of scale-free gravitational collapse
(G.-X. Li 2018).
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2.3. SFE and SFR

Based on the collapse velocity, we can define the gas infall
time as

/( ) ( )=  =
-

dt
dr

u
dt

r r

u
dr. 14

r

p
re

2

0

We define the time it takes for the gas to travel from the
boundary R0 to the gravitational center of MCs as tMC:

( )
( )=
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-

t
r

p u

R
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. 15re
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If the collapse and evolution of an MC are (nearly) isolated,
tMC can be taken to approximate the cloud lifetime.

We define a critical transition scale, Rcr, within which the gas
is directly involved in the star formation process. Beyond this
scale, while external gas can influence density distribution, and
potentially contribute to star formation, turbulent motions
dominate over infall, limiting the effectiveness of gas accretion.
As a result, gas outside Rcr is less likely to participate in star
formation compared to that within the critical scale. Similarly,
we express the time required for the gas to travel from Rcr to the
gravitational center of MCs as tcr:

( )
( )=
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-

t
r

p u

R
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Since only the gas within the region of r < Rcr can effectively
participate in star formation, tcr can serve as a reasonable
approximation of the star formation timescale.

Therefore, in an MC, the total gas mass available for star
formation is ·=M M tcr cst. cr. This mass ultimately transfers to
the precursors that form stars, i.e., prestellar cores. However,
due to the conversion efficiency of ò ∼ 0.25−0.75 from
prestellar cores to newborn stars (e.g., C. D. Matzner &
C. F. McKee 2000; K. E. I. Tanaka et al. 2017; J. E. Staff et al.
2019), the mass Mcr relates to the stellar mass via M* = Mcr · ò.
The SFE over the time interval tMC can then be determined as

( )=
M

M
SFE . 17

0

*

Given · · ·= = M M M tcr cst. cr* , Equation (17) indicates
that an extended tcr (depending on the density profile, sre, and
u0) and an increased Mcst. (depending on the density profile and
u0) enhance the efficiency with which an MC converts its gas
into new stars.

Moreover, the SFR for an MC over their lifetimes can be
expressed as

· ( )= =
M

t

M

t
SFR SFE . 18

MC

0

MC

*

Recalling · ·= M M tcst. cr* , Equation (18) suggests an
increase in tcr or Mcst. serves to accelerate the star formation
process. This depends on the enhanced self-gravity of MCs,
leading to a faster collapse and an earlier initiation of gas into
star formation. As a result, both a high SFR and SFE are the
natural outcomes of the strong self-gravity of MCs, which is
further influenced by the clouds’ density structure and the level
of turbulence.

Assuming that MCs in the Milky Way have similar SFEs, we
can estimate the SFR of the Milky Way over the period tMC as

· ( )
M

t
SFR SFE , 19MW

gas

MC

where Mgas is the total mass of MCs in the Milky Way.

3. Comparison with Observations

Our model can be used to elucidate various observable
parameters. For illustration, we leverage data from 158 giant
molecular clouds (GMCs) observed in the Boston University-
FCRAO Galactic Ring Survey (GRS; e.g., M. Heyer et al.
2009). The data set reflects a global quasi-virial equilibrium
state for GMCs and unveils a density profile for them of

/( )r r= -r rre re
1.54, alongside a turbulent velocity profile of

/( )s s= r rre re
0.26, where rre is 2.2 × 10−20 g cm−3, sre is

1.16 km s−1, and r re is 1 pc (A.-X. Luo et al. 2024). By
integrating these empirical relationships into our framework,
we have computed several key parameters for the GMCs,
which are compiled in Table 2 in the Appendix and
summarized in Table 1.
The transition of MCs from a state of chaotic collapse to a

quasi-freefall collapse occurs at a critical radius, Rcr. Analysis
of 158 GMCs reveals that Rcr has a median of 3.86 pc and an
average of 4.52 pc, covering a range between 1 and 6 pc (refer
to Figure 3(b) in the Appendix), which corresponds to the
clump scales (e.g., M. Heyer & T. M. Dame 2015; J. Ballest-
eros-Paredes et al. 2020; N. Peretto et al. 2023). The time tMC,
varies from 0.44 to 7.36 × 107 yr, and the critical time, tcr,
spans 0.5−5.88 × 106 yr, both displaying similar distributions.
Note that the average and median tMC are 1.71 × 107 yr and
1.73 × 107 yr, respectively, while for tcr, they are 1.56 × 106 yr
and 1.63 × 106 yr, respectively. Therefore, we anticipate that
the lifetime of GMCs could be approximately 107 yr, as
confirmed by previous studies (e.g., M. Chevance et al.
2020, 2023; S. M. R. Jeffreson et al. 2021). We also expect the
star formation timescale to be around 106 yr, which aligns with
simulation results (e.g., P. Padoan et al. 2020; M. Y. Grudić
et al. 2022). Nevertheless, further observations are needed to
validate these predictions.
Our model assumes a constant mass infall rate (see

Equation (3)), which is approximately 10−3Me yr−1 for the
GMCs in our Milky Way (see Table 1). Naturally, GMCs
with different initial conditions exhibit varying mass infall
rates, with differences reaching an order of magnitude
( – ~ ´ - -M M0.33 3.08 10 yrcst.

3 1). Based on Equation (17)
and assuming a typical value of ò ; 0.5, we estimated the SFEs
for 158 GMCs in our Milky Way. The mean and median SFEs
are 1.86% and 1.59%, respectively, consistent with the low
SFE observed for the Milky Way (e.g., M. R. Krumholz &
J. C. Tan 2007; C. F. McKee & E. C. Ostriker 2007).
Furthermore, the SFRs for 158 GMCs vary from 0.42 to
67.62 × 10−5Me yr−1, which are in agreement with observa-
tions (C. J. Lada et al. 2010).
Likewise, assuming a uniform spatial distribution of GMCs

in the Milky Way, we can estimate the average SFR for the
Milky Way using Equation (19) as follows:

· ( ) 


´
´

= -M
MSFR 0.0159

2 10

1.73 10 yr
1.85 yr . 20MW

9

7
1

Here, we utilized the median values of SFE and tMC for the 158
GMCs, along with its total molecular gas mass of 2 × 109Me
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(e.g., K. M. Ferrière 2001; R. S. Klessen & P. Hennebelle 2010).
The resulting average SFR agrees with current observational
results (e.g., L. Chomiuk & M. S. Povich 2011; B. Davies et al.
2011; T. C. Licquia & J. A. Newman 2015; D. Elia et al. 2022).

Moreover, our model allows us to predict the relationship
between the SFR and the initial gas surface density for GMCs:

· ( )µ S
-
-

- + -
-RSFR , 21

p
p

p p
p

0

12 5
12 6

0

24 25 6
12 6

2

where the initial gas surface density is /( )pS = M R0 0 0
2 . For

p = −1.54, the power index -
-

1.56p

p

12 5

12 6
. However, when

p = 1.5, =- + -
-

0p p

p

24 25 6

12 6

2

, indicating that the SFR depends

solely on Σ0. Given a conversion efficiency ò = 0.5, the
relationship between SFR and Σ0 for the GMC sample from the
GRS survey is (see Figure 2):

( )


´ ⋅
S-

-
-

M
MSFR 1.23 10

pc
yr . 227 0

2

1.58
1

⎜ ⎟
⎛
⎝

⎞
⎠

This predicted SFR–Σ0 relationship highlights that denser
initial conditions of MCs lead to higher SFRs, warranting
further validation by future observations. It is worth noting that
a power-law relationship between the SFR per unit area of
galaxies and their gas surface density, i.e., the Kennicutt–
Schmidt (K-S) law (R. C. Kennicutt 1998), has been widely
discussed. However, our TRGRC model cannot reproduce the
empirical K-S relation, which will be addressed in future work.

It should be noted that further observations are needed to
validate the density profile and turbulent velocity scaling
relation we used. The observed turbulent velocity scaling
relation is generally of the form σ ∝ rβ, with a power-law
exponent β ∼ 0.5, which is higher than 0.26 adopted in this
work. The latter value was interpreted as a possible result of
added contribution of magnetic fields to turbulence. However,
different turbulent velocity scaling relations may correspond to
different density distributions (e.g., R. B. Larson 1981;
C. F. McKee & J. C. Tan 2003; A.-X. Luo et al. 2024).
Therefore, we expect that if MCs are in quasi-virial
equilibrium, applying different density distributions and
turbulent velocity scaling relations to the TRGRC model can
still yield similar results.

4. Comparison with Other Models and Caveats of Our
Model

Our TRGRC model shares several similarities with the GHC
model (E. Vázquez-Semadeni et al. 2019), particularly in the

scenario that MCs are undergoing a global collapse. However,
the GHC model assumes moderately supersonic turbulence
(with a typical Mach number of about 3) and neglects its
sufficient influence on MC dynamics (E. Vázquez-Semadeni
et al. 2019, 2024b). Our model emphasizes the significant role
of turbulence in regions where turbulence is too strong not to
be ignored, for example in large-scale MCs. Our model
suggests that MCs with strong self-gravity naturally exhibit
higher SFE, while those with weaker self-gravity tend to have
lower SFE; both low SFE and SFR arise from the interplay
between self-gravity, turbulence, and stellar feedback. In
contrast, the GHC model attributes the low SFE to stellar
feedback alone (E. Vázquez-Semadeni et al. 2019).
In the GT model, supersonic turbulence provides support

against self-gravity, which aligns with our current understanding.
Additionally, the GT model proposes that MCs do not collapse
on large scales, with collapse occurring only at the smallest
scales (e.g., molecular cores with density n > 104 cm−3 and size
about 0.1 pc, and even smaller scales; P. Padoan & Å. Nordl-
und 2002; M. R. Krumholz & C. F. McKee 2005). However, our
model presents a different perspective, demonstrating the global
collapse of MCs undertaken across almost all scales under
conditions of supersonic turbulent support.
It is worth noting that past kinematics observations toward

molecular cores (e.g., A. A. Goodman et al. 1998; J. E. Pineda
et al. 2010; R. K. Friesen et al. 2017) suggest that at a critical
scale Rcoh ∼ 0.1 pc, where the coupling between the magnetic
field and gas motion significantly decreases, the gas motion
transitions from supersonic turbulence to subsonic state,
leading to more ordered motions. This is similar to our
TRGRC model, but our model does not consider the influence
of magnetic fields, which should be cautioned. E. Vázquez-S-
emadeni et al. (2024a) proposed that the mass growth of a core
is regulated by the “gravitational choking” mechanism, which
is ideally driven by gravity without any additional support
against it. While both the “gravitational choking” mechanism
and the TRGRC model agree that gravity regulates gas infall
across all cloud scales, the TRGRC model incorporates the
support against the self-gravity of MCs from turbulence in
large-scale cloud structures.

Figure 2. The relation between SFR and gas surface density for the 158 GMCs.
The dashed–dotted line is the linear regression fit to the data points.

Table 1
Summary of the Main Parameters for 158 GMCs

Parameter Unit Mean Median Max Min

Mcst. 10−3 Me yr−1 1.04 1.0 3.08 0.33
Rcr pc 4.52 3.86 20.35 0.81
tMC 107 yr 1.71 1.73 7.36 0.44
tcr 106 yr 1.56 1.63 5.88 0.50
M* Me 1166 800 9061 82
SFE % 1.86 1.59 6.01 0.36
SFR 10−5 Me yr−1 6.96 4.28 67.62 0.42
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To what scenario is the TRGRC model applicable: spherical
MC or filament? The diversity of geometric morphologies
observed in MCs requires a more comprehensive and versatile
model to describe their evolution. In our model, we did not
address this geometric diversity. We developed a simplified
analytical framework based on the assumption of spherical
symmetry to approximately describe the global collapse of
MCs. This assumption was chosen not only for its intuitive
simplicity, but it also significantly simplifies the mathematical
formulation and derivations. Our model is built in the context
of the global radial collapse regulated by turbulence. The
extension of its applicability to other-shaped MC structures by
adjusting the geometric assumptions, such as cylindrical
(filamentary) configurations warrants future dedicated investi-
gations, which is beyond the scope of this paper.

To what scale is the TRGRC model applicable—large-scale
cloud structures or smallest-scale clumps/cores? The TRGRC
model has been applied to GMCs in quasi-virial equilibrium
(see Section 3), yielding predicted results consistent with
observations, such as both low SFE and low SFR. The TRGRC
model describes a single-collapse scenario across all cloud
scales, but star formation often involves the formation of
multiple star systems even clusters that may experience
different modes of fragmentation on different scales, such as
a cylindrical fragmentation mode in filaments and a nearly
spherical Jeans-like mode in smaller-scale clumps (e.g.,
J. Kainulainen et al. 2013, 2017). Due to the absence of
suitable fragmentation mechanisms considered in the TRGRC
framework to fully capture the evolution of MCs, caution is
made when considering the TRGRC model to explain the
fragmentation properties of MCs. If the mass infall rate remains
constant during the fragmentation process, we suggest that the
TRGRC model could be applicable to both MCs and clumps/
cores. We predict that the evolution of MCs will undergo a
cyclic process of collapse–fragmentation–collapse, and we will
further explore in a forthcoming paper the fragmentation
mechanisms of MCs within the TRGRC model.

5. Summary

Our new semianalytical model describes the global radial
collapse of an MC. It emphasizes that the MC in quasi-virial
equilibrium is always undergoing global collapse in the radial
direction, while highlighting the different collapse regions and
that the variations in collapse modes are regulated by
turbulence. The TRGRC model has successfully reproduced
the low SFE and SFR observed within the Milky Way.
Additionally, this model facilitates the prediction of various
observational indices, including the lifespan of GMCs, star
formation time, and both the SFE and SFR for individual MCs.
Future validation of this model with new observational data
will refine the turbulence-regulated global radial collapse
paradigm, providing promising insights into the evolution of
MCs into stars.
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Appendix

Figure 3 displays the distribution of several model-predicted
parameters for comparison with observations (see Section 3).
Table 2 lists several key parameters for the GMCs predicted
based on the TRGRC model.

6

The Astrophysical Journal, 981:147 (8pp), 2025 March 10 Luo, Liu, & Li



ORCID iDs

An-Xu Luo https://orcid.org/0009-0006-5853-2079
Hong-Li Liu https://orcid.org/0000-0003-3343-9645

References

Ballesteros-Paredes, J., André, P., Hennebelle, P., et al. 2020, SSRv, 216, 76
Bertoldi, F., & McKee, C. F. 1992, ApJ, 395, 140

Figure 3. The histogram distribution of seven predicted parameters. The red vertical dashed line indicates the median for each parameter.

Table 2
The Physical Parameters of 158 GMCs
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