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Abstract

The core mass function (CMF) of prestellar cores is essential for understanding the initial conditions of star and
cluster formation. However, the universality of the CMF and its relationship to the initial mass function (IMF)
remain unclear. We study the CMF in the earliest stage of high-mass star formation using 461 prestellar core
candidates and 254 protostellar cores as a part of the ALMA Survey of 70 mm Dark High-mass Clumps in Early
Stages (ASHES). We find that prestellar core candidates tend to have lower masses than protostellar cores. We also
find that the lifetime of prestellar cores is several times longer than the freefall time, although it approaches the
freefall time as the core mass increases. The CMF, including both protostellar and prestellar cores, has a power-law
slope of −2.05 ± 0.04, shallower than Salpeter’s IMF slope of −2.35. Conversely, the CMF of gravitationally
bound, prestellar cores has a steeper slope (−2.32 ± 0.30), indistinguishable from Salpeter’s slope. This finding is
consistent with observations in both low-mass star-forming regions and high-mass protoclusters, implying a
universal core formation mechanism. The protostellar CMF with a larger maximum core mass can be reproduced by
the prestellar CMF when an external gas infall is considered. The inferred mass infall rate is higher than the Bondi–
Hoyle–Lyttleton accretion rate and follows a shallower mass dependence (smaller power-law index), more
consistent with the tidal-lobe accretion. This may contribute to the evolution of CMFs seen in later stages.

Unified Astronomy Thesaurus concepts: Infrared dark clouds (787); Star formation (1569); Star forming regions
(1565); Radio interferometers (1345)

1. Introduction

The initial mass function (IMF) of stars describes the
distribution of stellar masses at the time of their formation.
Since the properties and evolution of stars are primarily
influenced by their mass, the IMF is essential for under-
standing the structure of our Universe. The universality of the
IMF has been proposed from observations in the solar
neighborhood (E. E. Salpeter 1955; P. Kroupa 2001;
G. Chabrier 2003; reviewed by Y.-N. Lee et al. 2020).
Specifically, these IMFs exhibit a power-law tail in the range
of 0.4–10M⊙ characterized by a power-law index of
α = −2.35 (dN/dM ∝ Mα, where N is the number of cores

in the mass bin and M is the core mass; E. E. Salpeter 1955).
Additionally, they show a lognormal distribution on the lower-
mass end, with a peak around 0.1–0.2M⊙ (P. Kroupa 2001;
G. Chabrier 2003). This universality across various star-
forming regions suggests that IMFs are determined by
universal physical properties. Recent advancements using
highly precise parallaxes and proper motions from the Gaia
mission have allowed for more accurate measurement of the
Milky Way’s field IMF based on a much larger sample size
(e.g., R. Mor et al. 2019; A. Sollima 2019). These findings do
not contradict the notion of a universal IMF. However, it has
been suggested that the IMF may vary with environmental
factors such as those found in low-metallicity environments or
in the Galactic center (M. Marks et al. 2012; Y.-N. Lee &
P. Hennebelle 2018). In fact, deviation from a universal IMF,
such as a top-heavy IMF, has recently been observationally
reported (M. W. Hosek et al. 2019; R. S. Klessen &
S. C. O. Glover 2023; J. Li et al. 2023). This raises critical
questions about what makes the IMF universal and how it
varies under different environmental conditions.
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The core mass function (CMF) describes the mass
distribution of cores, which are the progenitors of stars. In
particular, the mass function of prestellar cores has been
expected as the potential progenitor of the IMF. The CMF
observed in nearby low-mass star-forming regions resembles
the IMF, shifted to higher masses when compared to the IMF,
but maintaining a similar shape (e.g., P. André et al. 2010;
V. Könyves et al. 2015; E. Fiorellino et al. 2021; for more
details see review by J. Ballesteros-Paredes et al. 2020). This
suggests a constant core-to-star formation efficiency of
∼30%–40%.

However, deriving the CMF from observations involves
several challenges, including defining the core’s boundary,
achieving adequate spatial resolution, and estimating the core
mass. Accurate core identification requires sufficient spatial
resolution and high sensitivity, as highlighted in F. Louvet
et al. (2021), especially to determine the CMF peak. Recently,
V. M. Pelkonen et al. (2021) suggest that the shapes of CMFs
and IMFs can still resemble each other, even if there is no one-
to-one correspondence between cores and stars, and that a
significant fraction of the stellar mass originates from outside
the initially bound cores.

With these considerations in mind, several studies have
raised questions about the universality of CMFs based on
observations in active cluster-forming regions, such as W43-
MM1 (F. Motte et al. 2018b), showing a shallower slope at the
high-mass end. More recently, the ALMA-IMF Large Program
(e.g., A. Ginsburg et al. 2022; F. Motte et al. 2022) conducted
high-resolution Atacama Large Millimeter/submillimeter
Array (ALMA) observations toward 15 massive protoclusters
and increased the sample of top-heavy CMFs with a consistent
methodology to derive CMFs (F. Louvet et al. 2024).
Y. Pouteau et al. (2023) investigated the evolution of CMFs
in the W43-MM2 and MM3 clusters, suggesting a transition
from a Salpeter-like slope to a top-heavy slope as star
formation becomes more active. Furthermore, T. Nony et al.
(2023) categorized cores as prestellar or protostellar based on
the presence of molecular outflows, finding that the prestellar
CMF follows a Salpeter-like distribution while the protostellar
CMF exhibits a shallower slope. These studies highlight how
radio interferometers enable us to explore the CMF not only in
our solar neighborhood but also in more distant, massive
protoclusters.

Moreover, recent high-resolution observations have also
revealed the inner structures of cores, such as fragments,
asymmetric structures, and disklike structures (e.g., H. Beuther
et al. 2021; P. Sanhueza et al. 2021, 2025; F. A. Olguin et al.
2022, 2023; S. Li et al. 2024; Q. Luo et al. 2025, Submitted;
X. Mai et al. 2025; F. A. Olguin et al. 2025; A. Sanna et al.
2025). This indicates a complex mass delivery process from
cores to stars, especially in cluster-forming regions. A constant
core-to-star formation efficiency and a simple shift in masses
from the CMF to the IMF are likely oversimplifications based
on the recent high angular resolution observations. Never-
theless, the CMF, particularly the prestellar CMF, is an
important key property characterizing the initial conditions of
stellar cluster formation.

Infrared dark clouds (IRDCs) are dark clouds that appear in
silhouette in infrared images owing to the background Galactic
plane emission and the presence of dense gas. These clouds are
believed to be the birthplace of high-mass stars or stellar
clusters because of the lack of bright infrared emission

(T. K. Sridharan et al. 2005; J. M. Rathborne et al. 2006;
E. A. Bergin & M. Tafalla 2007; E. T. Chambers et al. 2009;
P. Sanhueza et al. 2012; G. Sabatini et al. 2019). IRDCs tend
to be identified before widespread star formation is evident,
and once the high-mass stars turn on, they disrupt the
surrounding environment through intense radiation, stellar
winds, and the formation of H II regions. Therefore, studying
IRDCs is crucial for understanding the evolution of high-mass
star formation (e.g., P. Sanhueza et al. 2013, 2017; T. Csengeri
et al. 2017). The CMF within IRDCs likely reflects the mass
distribution of cores during the early stages of cluster
evolution.
However, IRDCs are typically located far from the Sun (i.e.,

>a few kpc), and the CMFs that have been produced so far
often suffer from small sample sizes or insufficient spatial
resolution to accurately identify cores (S. Ohashi et al. 2016;
M. Liu et al. 2018; S. Kong 2019). Additionally, the
complexity introduced by molecular outflows in these
cluster-forming regions complicates the determination of the
mass function of prestellar cores. In the ALMA Survey of
70 mm Dark High-mass Clumps in Early Stages (ASHES), we
obtained the large, extremely well-characterized population of
cores embedded in the IRDCs (e.g., P. Sanhueza et al. 2019;
S. Li et al. 2020, 2022, 2023; K. Morii et al. 2021, 2023, 2024;
D. Tafoya et al. 2021; G. Sabatini et al. 2022; T. Sakai et al.
2022; N. Izumi et al. 2024; S. Lin et al. 2025). We identified
839 cores and carefully classified their evolutionary stages by
detecting molecular outflows and warm gas tracers
(P. Sanhueza et al. 2019; S. Li et al. 2020; K. Morii et al.
2021, 2023; N. Izumi et al. 2024), as well as assessing their
gravitational stability through virial analysis (S. Li et al. 2023;
K. Morii et al. 2024).
In this paper, we present the mass function of cores

identified in the ASHES sample, allowing for comparison with
those from other star-forming regions. This paper is con-
structed as follows: Section 2 describes the observation, data
properties, and core sample. Section 3 explains how to derive
the CMF and display the produced CMF. We discuss the slope
of the CMF, the lifetime of prestellar cores, and the possible
growth of cores in Section 4. Our conclusion is provided in
Section 5.

2. Observations and Data

We have used the observational data from the ASHES
project. Observations were carried out with ALMA in Band 6
(∼224 GHz; ∼1.3 mm) through three cycles: Cycle 3
(2015.1.01539.S; PI: P. Sanhueza), Cycle 5 (2017.1.00716.S;
PI: P. Sanhueza), and Cycle 6 (2018.1.00192.S; PI:
P. Sanhueza). The ASHES sample consists of thirty-nine,
70 m μm dark IRDC clumps with the potential for high-mass
star formation (see Table 1 in K. Morii et al. 2023). The data
were taken with the main 12 m array and the Atacama
Compact Array, including both the 7 m array and total power
(TP; for spectral line data only). The average 1σ rms noise
level of the continuum images was ∼0.094 mJy beam−1, with
a beam size of ∼1.2. P. Sanhueza et al. (2019) and K. Morii
et al. (2023) describe the detailed ASHES program and the
observation setup. In this paper, we use CO (J = 2–1), H2CO
( =J 3 2 , 3 2K K, 2,2 2,1 2,1 2,0a c ), CH3OH (JK = 42 − 31), and
HC3N (J = 24 − 23) for identifying protostellar cores. Their
velocity resolutions are ∼1.3 km s−1. DCO+ (J = 3 − 2) and
N2D

+ (J = 3 − 2) with velocity resolutions of 0.17 km s−1 are
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used for the virial analysis. Those lines are produced by
combining the 12 m array data with the 7 m array data. We
also use TP data of the C18O (J = 2 − 1) to estimate the
velocity dispersion of the clumps, which has a velocity
resolution of 1.3 km s−1 and an angular resolution of 29.6.

By applying the dendrogram technique, implemented in
astrodendro (E. W. Rosolowsky et al. 2008), to the
1.3 mm continuum images of 39 regions, we have identified
839 cores (K. Morii et al. 2023). We classified cores into
prestellar core candidates and protostellar cores using the
molecular lines. Detailed information and line setups are
described in K. Morii et al. (2024). Among 839 cores, 103
(12.3%) are associated with molecular outflows detected in CO
(J = 2–1), and 222 (26.4%) are not associated with CO
outflows but have detections of at least one warm gas tracer,
such as H2CO ( =J 3 2 , 3 2K K, 2,2 2,1 2,1 2,0a c ), CH3OH
(JK = 42 − 31), or HC3N (J = 24 − 23), with Eu/k of 68.09,
68.11, 45.46, and 130.98 K, respectively. These warm gas
tracers have similar spatial distributions to outflows, and the
derived rotational temperature is high (≳50 K), implying
ongoing star formation activity (K. Morii et al. 2021; N. Izumi
et al. 2024). Hereafter they are referred to as outflow cores and
warm cores, respectively, or protostellar cores by combining
both outflow and warm cores. The remaining 514 cores
(61.3%) without any detections of star formation signatures are
prestellar core candidates. We also calculated the virial
parameters with the velocity dispersion estimated from the
dense gas tracers of DCO+ or N2D

+J = 3 − 2 since their
similar spatial distributions to the dust continuum emission
and their high critical density indicate that they trace the dense
cores (K. Morii et al. 2021; T. Sakai et al. 2022; S. Li et al.
2023). Among 839 cores, either of the lines is detected from
492 cores (58.6%), and 340 cores (69.1%) have a virial
parameter smaller than 2, classified as gravitationally bound
cores ignoring external pressure and the magnetic field
(K. Morii et al. 2024).

3. Results

3.1. Core Mass

The core masses are derived from the 1.3 mm dust
continuum emission adopting the optically thin assumption
in K. Morii et al. (2023) as

( )
( )= RM

d F

B T
, 1core

2

dust

where R is the gas-to-dust mass ratio, Fν is flux density, κν is
the dust absorption coefficient, d is the distance to the source,
and Bν is the Planck function for a dust temperature Tdust. For
cores in 11 ASHES clumps, we used the rotational
temperatures derived from NH3 observations at ∼5″ (S. Li
et al. 2023; D. Allingham et al. 2024). For the remaining 28
clumps, we adopted the clump temperature for the core mass
calculation (A. E. Guzmán et al. 2015). Column (3) in Table 4
in K. Morii et al. (2023) shows the temperature used for each
core in the mass estimation. We adopt the standard gas-to-dust
mass ratio of 100 and a dust opacity of 0.9 cm2 g−1

(V. Ossenkopf & T. Henning 1994).
We checked the optical depth at 1.3 mm (τ1.3 mm) at first

order by taking the ratio of I1.3 mm,peak/Ω to B1.3 mm(Tdust),
corresponding to 1 − exp(−τ1.3 mm), where I1.3 mm,peak is the

measured peak intensity and Ω is the beam solid angle, as
introduced in Appendix B of Y. Pouteau et al. (2022). The
cores have ratios smaller than 0.08 (median of 0.001), which is
in agreement with the optically thin condition.
The derived core mass ranges from 0.06 to 81M⊙. The

uncertainty of mass is ∼50%, largely contributed from the gas-
to-dust mass ratio and the dust opacity (see K. Morii et al.
2023, for more information).
The CMF with a differential histogram of all 839 cores is

shown in the left panel of Figure 1. The bin size was
determined with a task in numpy of histogram bin edges as
Freedman Diaconis Estimator (FD), which takes into account
data size. The colors light blue, green, and orange represent
prestellar core candidates, warm cores, and outflow cores,
respectively. Here each bin represents the combined frequency
from three evolutionary stages, stacked to show the relative
contribution to the total count per bin. This plot clearly shows
the increase of the percentage of protostellar cores as core
mass increases. Although the minimum mass of outflow and
warm cores is small, 0.2 and 0.06M⊙, respectively, the masses
of protostellar cores are generally larger than those of
prestellar core candidates.

3.2. Completeness

We calculated the mass completeness by inserting an
artificial Gaussian core into the continuum images and varying
the core mass. For each mass bin, the flux of the Gaussian core
was calculated from Equation (1) considering the primary
beam correction. The inserted position of core center was
uniformly random in a region where the primary beam
response was higher than 40% to avoid cores located at the
edge, consistent with the core identification process. After
inserting a core, we applied the dendrogram algorithm to the
image and checked whether the inserted core was identified as
a leaf whose peak position is consistent with the inserted
position within the beam size. We repeated the test 5000 times
and calculated the mean detection rate per mass bin from
region to region to determine the 90% completeness level.
Figure 2(a) shows the fraction of detected cores as a function
of core mass. The completeness level ranges from 0.3 to
4.5 M⊙, with a median of ∼0.6M⊙. More deficient complete-
ness comes from the worse mass sensitivities. To reduce these
effects among the sample, we excluded five clumps with the
lowest completeness (see the colored lines in the figure).17
After this selection, our sample ensures a 90% completeness
level above 1.2M⊙, resulting in a final sample of 715 cores for
the CMF analysis.
We also measured how much flux was recovered by the

dendrogram algorithm by comparing the flux of leaves
identified by astrodendro and the inserted flux. The
recovered flux profile is shown in Figure 2(b), showing that
above 1.2M⊙ the recovered flux ranges from ∼0.7 to ∼1 but
most closely resembles unity. The ratio of the identified and
inserted flux can be higher than 1 if a core is inserted on the
existing emission such as a filament or another source, which
may happen in the heavily clustered regions. Using this flux
recovery profile, we corrected the observed masses by dividing
them by the corresponding recovery fraction in each mass bin
and region. The correction has been applied to the mass range

17The five clumps with low completeness levels are G010.991–00.082,
G014.492–00.139, G018.801–00.297, G024.010+00.489, and G028.564–00.236.
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of each core where the completeness level is higher than 0.5,
colored in Figure 2. This correction slightly increases the
masses of low-mass cores.

The CMFs of the selected 715 cores before and after flux
correction are shown in the middle and right panels of
Figure 1. Among the 715 cores in the middle panel, the
numbers of prestellar core candidates, warm cores, and outflow

cores are 461, 178, and 76, respectively. The worst 90%
completeness level (1.2M⊙) is plotted as dotted lines. The
middle panel of Figure 1 indicates that the completeness limit
is above the detection limit of outflows and warm lines (see
Appendix A) and also the protostellar core fraction increases
as the core mass increases. A comparison between the left and
middle panels reveals that the excluded sample contains some
of the most massive cores,18 but the distributions of the
intermediate-mass range, which dominate the fitting result, are
similar.
We applied the power-law fitting above 1.2M⊙ in the

selected sample case. As expected from the recovered flux
plot, the flux correction mostly affects low-mass cores near
1M⊙, and it makes a slightly steeper slope from −1.92 ± 0.12
to −2.02 ± 0.11. Here the uncertainties include the mass
uncertainties and the fitting uncertainties. Even considering the
uncertainties, these slopes are slightly shallower than −2.35,
consistent with the first attempts of studying the CMF in the
ASHES pilot survey (P. Sanhueza et al. 2019) and high-mass
protoclusters (e.g., F. Motte et al. 2018b; S. Kong 2019;
E. Moser et al. 2020; F. Louvet et al. 2024). To confirm that
our results are independent of the core identification method
adopted (astrodendro), we ran getsf (A. Men’shchikov 2013,
2021), as described in Appendix B, and obtain a consistent
result.

3.3. Prestellar CMF

Prestellar cores are cores on the verge of gravitational
collapse, prior to the formation of protostars. Therefore, the
prestellar mass function likely traces the initial conditions of
star formation. By comparing its properties in various
environments such as low-mass and high-mass star-forming
regions, outer Galaxy clouds, and Galactic center regions, as
well as with the IMF, we can investigate the universality of
star formation in the Galaxy. Our prestellar core sample
consists of 461 cores without any signs of protostars detected
by ALMA such as molecular outflows and warm gas tracers. It
includes 130 gravitationally bound cores based on virial
analysis. The CMF, in differential form, of both all prestellar
core candidates and gravitationally bound prestellar cores is
shown in Figures 3(a) and (d).
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Figure 1. CMF of the full sample (left), the selected sample (middle), and the selected sample corrected by the recoverable flux (right). The three different colors
represent the evolutionary stages of cores: prestellar core candidates (light blue), warm core (green), and outflow core (orange). Each bin in the histogram represents
the combined frequency from several stages, stacked to show the relative contribution of each dataset to the total count per bin. The worst 90% completeness
(1.2 M⊙) is plotted in the middle and right panels. The results of the power-law fit above 1.2 M⊙ are also overplotted.
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Figure 2. Completeness analysis of synthetic cores embedded in the
continuum image. Regions with completeness levels below 90% at 1.2 M⊙
are highlighted as colors in panel (a). In panel (b), the clumps with
completeness levels below 90% at 1.2 M⊙ are excluded. The lines are colored
in for the mass range with the completeness level higher than 50%, which are
used for flux correction.

18 This is mostly due to G028.564–00.236, which hosts five out of seven cores
with masses of >25 M⊙.
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In addition to the standard differential histogram, to avoid
arbitrariness of binning and to directly compare with other
references, we also derived the complementary cumulative
distribution with variable-size bins, Figures 3(b) and (e),
following the recommendations of J. Maíz Apellániz &
L. Úbeda (2005) and M. A. Reid & C. D. Wilson (2006),
the same method as F. Motte et al. (2018b). In addition, we
performed the fitting using maximum likelihood estimates
(MLEs; Figures 3(c) and (f)) as developed by A. Clauset et al.
(2009), following one of the ALMA-IMF studies by F. Louvet
et al. (2024) and implemented in the Python package
powerlaw (J. Alstott et al. 2014). MLE determines the
best-fit power-law slope directly from the unbinned data by
maximizing the likelihood of the observed distribution,
avoiding biases from histogram binning. Figure 3 shows all
the CMFs of the prestellar core candidates (top) and
gravitationally bound prestellar cores (bottom).

The black lines represent the best fit of the power-law index
above the lowest 90% completeness level of 1.2M⊙, dN/

dM ∝ Mα, ( )> +N M Mlog 1, or ( )( ) = +P m
M

m

M

1

min min
.

The gray shaded regions show 1 sigma uncertainty on α, which
comes from the fitting uncertainties and the mass uncertainties.
The latter is estimated from the fitting of the simulated CMFs.
Considering a 50% uncertainty in core masses (Section 3.1), we
performed a Monte Carlo simulation to assess how the CMF
changes. We multiplied a random value in the range of 0.5–1.5
for each core mass in one trial and produced the CMF. We
repeated this simulation 1000 times and calculated a 1sigma
value coming from the mass uncertainty.

All distributions show power-law tails in the mass range of
at least 1–5M⊙ and then deviate toward a steeper decline at
higher masses. This figure shows that the power-law index α
slightly depends on the representations of the mass distribution
in such a limited sample size at the high-mass end. The best-fit

α was −2.65 to −2.38 for prestellar core candidates (including
bound and unbound cores) and −2.53 to −1.83 for bound
prestellar cores. When comparing the CMFs derived from the
same method, we find that the bound core-limited CMFs have
a slightly shallower slope, but they still remain around −2.35.

4. Discussion

4.1. Power-law Index of CMFs

Figure 4 summarizes the best-fit power-law index of the
CMF of prestellar core candidates (light blue) and the bound
prestellar CMF (orange). The shaded probability density
function is built from the fitting of the cumulative percentage
distributions using the MLE method, corresponding to
Figures 3(c) and (f). The value of α = −2.35 is indicated by
the vertical line. The light-blue and orange distributions are
both located near or at values smaller than –2.35.
For comparison, we plotted the index and the uncertainties

estimated in some studies of the ALMA-IMF project (T. Nony
et al. 2023; Y. Pouteau et al. 2023; F. Louvet et al. 2024). It
should be noted that the completeness and the fitting range
(i.e., the minimum mass used for fitting) are comparable, and
all values in this plot are derived using the same fitting
methods. One of the published ALMA-IMF papers, T. Nony
et al. (2023), only presents the CMF of prestellar cores. They
show that the slope of prestellar CMF is steeper than that of
protostellar CMF, and it was = +2.46 0.19

0.12 (blue dashed
line). Upon a direct comparison of the blue dashed line with
our distribution, the best-fit index is well consistent, slightly
below −2.35.
In addition to the prestellar CMF, we also compare the CMF

that includes both prestellar and protostellar cores, shown in
green, red, and gray curves. Y. Pouteau et al. (2023) produced
CMFs in subregions of the W43 protocluster to study their
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evolution. Here we plot one of the measured values,
= +2.16 0.30

0.16 from W43-MM10 (green dashed line), which
is likely in an early evolutionary stage. F. Louvet et al. (2024)
derived CMFs by combining all the cores identified in 15
protoclusters and estimated α = −1.97 ± 0.06 (red dashed
line). Since they used the MLE method, to directly compare
with our sample, we also plot the best-fit index derived in the
same way as a gray line (α = −2.05 ± 0.04). The gray line
takes its peak similar to the green line but smaller than the red
line. Our sample consists of cores embedded in 70 mm dark
clumps that are likely in a very early evolutionary stage. W43-
MM10 is also in a similar, relatively quiescent region. This
trend, from early evolutionary stages (quiescent, 70 mm dark
regions like our sample and W43-MM10) to more evolved,
active cluster-forming stages (like those in F. Louvet et al.
2024), is consistent with the ALMA-IMF (Y. Pouteau et al.
2023) results. Furthermore, it is also in agreement with the
ALMAGAL survey (A. Coletta et al. 2025), which suggests an
increase in the power-law index during cluster evolution.

In summary, Figure 4 reveals two key findings. First, the
comparison of the CMF of the full sample (including prestellar
and protostellar cores) between quiescent regions (gray and
green) and protoclusters (red) shows that the slope becomes
shallower as protoclusters evolve. This implies that the full
CMF reflects star formation activity and the formation of high-
mass cores (see Section 4.3 for further discussion). Second, the
prestellar CMFs (light blue, orange, and blue) have a slope
consistent with the Salpeter IMF, and this result has been
reported across various evolutionary stages (G. Suárez et al.
2021; T. Nony et al. 2023; Y. Cheng et al. 2024) and even in
low-mass star-forming regions. This suggests that the
prestellar core formation mechanism may be a universal
process throughout the Galaxy, largely independent of the
surrounding star-forming activity.

4.2. Lifetime of Prestellar Cores

The ASHES core sample, the large, well-characterized
sample of cores embedded in IRDCs, allows us to constrain the
lifetime of prestellar cores in cluster-forming regions.

Whether prestellar cores follow fast-collapse or slow-
collapse models is one of the important questions in star
formation. The former case expects ≲1Myr, comparable to the
freefall time of cores, where cores form through gravoturbu-
lent fragmentation (e.g., P. Hennebelle 2012), and the latter
expects a longer lifetime of 1–10Myr, several times longer
than the freefall time, due to the support from magnetic fields
and turbulence (F. H. Shu et al. 1987). In nearby star-forming
regions, several attempts have been made to estimate the
lifetime of prestellar cores such as careful physical and
chemical modeling (S.-J. Lin et al. 2020, 2024) and also in a
statistical way counting the number of the prestellar and
protostellar cores (i.e., statistical lifetime; C. A. Beichman
et al. 1986; C. W. Lee & P. C. Myers 1999; N. E. Jessop &
D. Ward-Thompson 2000; T. Onishi et al. 2002; V. Könyves
et al. 2015; K. Tokuda et al. 2020; H. Takemura et al. 2023).
Assuming a constant star formation rate (SFR) throughout the
cloud’s lifetime, the statistical lifetime can be derived as

( )= ×t t
Number of prestellar core

Number of protostellar core
, 2pre proto

where tproto is the reference lifetime. In the low-mass regime,
or core density range of 104–105 cm−3, the prestellar core
lifetime has been estimated to be ∼1.2 Myr, a few times the
core freefall time, tff, which implies nonthermal support slows
down collapse (e.g., turbulence and magnetic fields;
D. Ward-Thompson et al. 2007; V. Könyves et al. 2015;
K. Tokuda et al. 2020; H. Takemura et al. 2023).
Here we estimate the statistical lifetime of prestellar cores in

the ASHES sample. Due to the lack of a formal definition of
classes based on spectral energy distributions in high-mass
star-forming regions, and following studies that calculated the
relative number of protostellar cores with H II regions (J. Tigé
et al. 2017; F. Motte et al. 2018a), we adopt 0.2 Myr as the
protostellar lifetime, tproto. As discussed in M. Valeille-Manet
et al. (2025), this has an uncertainty of about a factor of two.
By inserting the total number of bound, prestellar cores and the
number of bound, protostellar cores (including both warm
cores and outflow cores) into Equation (2), we estimate the
lifetime of prestellar cores to be 0.18Myr. This value is ∼6
times longer than the freefall time of the ASHES cores, which
is approximately 3× 104 yr.
The large core sample also allows us to investigate possible

differences of the core lifetime with respect to the core mass.
Figure 5 illustrates the estimated core lifetime as a function of
mass, represented by orange plus signs. The data points were
obtained by first creating equally spaced mass bins on a
logarithmic scale. In each mass bin, we counted the number of
prestellar and protostellar cores and applied Equation (2). Here
we limited the sample only to gravitationally bound cores. The
resulting plot clearly demonstrates the mass dependency of the
core lifetime. Gray circles represent the freefall time of each
core. As the core mass increases, the lifetime decreases from
∼1 to ≲0.1Myr, approaching their corresponding free-
fall time.
Recently, the ALMA-IMF project reported the lifetime of high-

mass prestellar core candidates (>8M⊙) as ∼0.12–0.24Myr
or ∼10× tff assuming a protostellar lifetime of 0.3Myr
(M. Valeille-Manet et al. 2025). However, even though our
sample at ∼10M⊙ is not large, the estimated lifetime is much
shorter than 0.1Myr. The nondetection of high-mass prestellar
cores with masses larger than 10M⊙ and the lower percentage of
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Figure 4. The power-law index (α of dN/dM ∝ Mα) best fitted by the CMFs
in the form of a cumulative percentage of cores with >M Mcore . Our results of
the prestellar CMF and prestellar bound CMF are shown in light blue and
orange, respectively. For comparison, the index from the CMF of all ASHES
cores (gray), prestellar cores in W43 (blue; T. Nony et al. 2023), 15 clusters in
ALMA-IMF (dark red; F. Louvet et al. 2024), and young cluster W43-MM10
(green; Y. Pouteau et al. 2023) are included. The vertical black dotted line
represents −2.35.
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prestellar cores in the intermediate-mass range (>5M⊙) in
ASHES lead to a shorter lifetime. Even when comparing the
number of prestellar core candidates and cores associated with
outflows (i.e., excluding warm cores from the protostellar core
sample) or including warm cores in the prestellar core sample, the
derived lifetime is still less than 0.1Myr at 10M⊙. In the lower-
mass range, the derived values are a few times longer than the
freefall time, which is consistent with those in nearby regions,
including Orion (V. Könyves et al. 2015; H. Takemura
et al. 2023).

Up to this point, our analysis of core lifetimes as a function
of mass has implicitly assumed that core mass remains
constant over time. This assumption is equivalent to a scenario
where gas accretion onto the central protostar is perfectly
balanced by replenishment from the surroundings. However,
the evolution of core mass during star formation involves both
accretion onto the central object (leading to a decrease in core
mass) and gas infall from the surrounding clump (increasing
core mass), and their rates can be different from each other.
We now consider these two alternative scenarios to better
understand the mass dependency of core lifetimes.

First, let us consider a scenario where the core mass
decreases over time owing to accretion onto the forming
protostar. In this case, the initial core mass would have been
larger than the currently observed core mass. For example, if
half of the initial core mass has already been accreted onto the
protostar, then their initial core mass would be twice the
currently observed core mass (Mproto = 2×Mobs). The red
circles in Figure 5 represent the core lifetimes estimated under
this assumption. Although this scenario suggests a more rapid
mass decrease, it does not significantly alter our primary
conclusion: more massive cores still exhibit lifetimes of a few
times 104 yr. This is comparable to the lifetime of the 70 m m
dark phase (F. Motte et al. 2007; J. Tackenberg et al. 2012;
T. Csengeri et al. 2014; J. S. Urquhart et al. 2018; G. Sabatini
et al. 2021), implying a rapid mode of star formation.

Alternatively, the core mass may increase during its
evolution as discussed in Section 4.3. For instance, this
considers the case in which the core continues to accrete
material from the surrounding clump at a higher rate than the

one from which the star accretes from the core. Indeed,
A. Coletta et al. (2025) revealed the increase of core masses as
clump evolution as a part of the ALMAGAL project, implying
such core growth (see also F. Xu et al. 2024; K. Morii et al.
2025). Under this growth scenario, the initial core mass would
be smaller than the currently observed core mass. For example,
if the initial core mass was half of the observed mass
(Mproto = 0.5×Mobs), the estimated values are shown in
Figure 5 as blue squares. The derived prestellar lifetime at
M > 5M⊙ becomes longer, around 0.1 Myr. In this case, even
in the high-mass range, the lifetime may be several times
longer than the freefall time. This is similar to the ALMA-IMF
estimation (M. Valeille-Manet et al. 2025), although it is
subject to considerable uncertainties.
Overall, the statistically derived timescale of prestellar cores

in the mass range of 1–5M⊙ is generally around 0.1 Myr. This
is likely a few times longer than the cores’ freefall time, even
considering the accretion- or external-infall-dominated cases.
It aligns with the statistical lifetime estimated in low-mass
star-forming regions derived similarly. S. Bovino et al. (2021)
revealed a comparable prestellar lifetime using a chemical
clock that combines the observed pD2H

+/oH2D
+ ratio with

numerical calculations. Although their calculation assumes a
low-mass star formation environment, the derived value of a
few to 10 times the freefall time is consistent with ours. At
∼5–10M⊙, the prestellar lifetime may be close to cores’
freefall time without a significant infall contribution. Further
investigation using the deuterium ratio in IRDCs, as attempted
by E. Redaelli et al. (2021, 2022), would provide a different
perspective to constrain the lifetime.
One caveat of this analysis is that we assumed that the SFR

remains constant within each clump. If the SFR at the current
stage is low, the derived lifetime may be overestimated. In
such cases, the lifetime of a prestellar core is generally longer
than its freefall time, even for cores with a mass of ∼10M⊙.

4.3. Core Growth and CMF

The ASHES project has investigated core properties in the
very early stages and revealed a lack of high-mass cores in
most targets (K. Morii et al. 2023), implying the need for core
growth. This conclusion is supported not only by ASHES but
also by recent ALMA surveys of high-mass star-forming
regions, such as Querying Underlying mechanisms of massive
star formation with ALMA-Resolved gas Kinematics and
Structures (QUARKS; F. Xu et al. 2024) and Star formation in
QUiescent And Luminous Objects (SQUALO; A. Traficante
et al. 2023), as well as large programs like ALMA-IMF
(F. Motte et al. 2022) and ALMAGAL (A. Coletta et al. 2025;
S. Molinari et al. 2025). Given the dense, massive, and
clustered environments where high-mass stars form, it is
natural to expect that gas initially unbound to cores continues
to infall from the surroundings, even after protostellar
formation. As seen in Figure 1, protostellar cores tend to
have larger masses than prestellar cores. Figure 6 shows the
CMF of gravitationally bound prestellar cores and that of
bound protostellar cores as blue and red lines, respectively.
Again, it shows that the mass function of protostellar cores is
shallower with a larger maximum core mass. Similar features
have also been reported in more massive star-cluster-forming
regions (T. Nony et al. 2023).
Here we investigate the effect of external infall or core

growth on the CMF, as well as the amount of external infall
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needed to reproduce the observed protostellar CMF from the
prestellar CMF. First, we estimate the Bondi–Hoyle–Lyttleton
(BHL) accretion as

( )

=

×
×

×

M
G M

n

M

M
M

1.65 10
4 10 cm

1 1 km s
yr 3

Bondi

2 2

3

7 cl
4 3

core
2

cl
1

3
1

for the median clump density (ncl) of 4× 104 cm−3 and the
median velocity dispersion of the clumps (σcl) of 1 km s−1

(K. Morii et al. 2023). For cores with >M M10core , it will be
on the order of 10−5 M⊙ yr−1. For an intermediate-mass core
(∼10 M⊙) to grow to Mcore = 30M⊙, a prestellar phase of
∼1.5 Myr is required. The gray dashed line in Figure 6
represents the case. The timescale needed for this model is
comparable to the inertial inflow model proposed by P. Padoan
et al. (2020), although it is much longer than the prestellar
lifetime estimated in Section 4.2. The CMF became shallower,
as the accretion rate is proportional to mass squared, and it is
much shallower than the observed protostellar CMF (red line).

Then, to investigate which power-law index of mass can
reproduce the observed CMFs, we assumed that the external
mass infall rate follows a power-law dependence on mass
( =M CMp), where C is a constant factor, and estimated the
best-fit parameter p using nonlinear least-squares fitting with
scipy’s curve_fit. The derived best-fit parameter is
p = 1.16 ± 0.02 with C = 1.60 ± 0.01. Assuming a duration of
external infall of 30 kyr, approximately the freefall time of
ASHES cores, the mass infall rate is described as

( )= ×M
M

M
M5.33 10

1
yr . 45 core

1.16
1

This model is plotted as a green dashed line in Figure 6.
Compared with BHL accretion, the constant factor, C, is much
larger, and the smaller power-law index affects the core

growth of initially low-to-intermediate-mass cores, not only
higher-mass cores.
We compare the estimated value with theoretical predic-

tions. One is the clump-fed model derived by J. C. Tan et al.
(2014) as their Equation (16), which is
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/ /
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where εff is the star formation efficiency per freefall time, εcl is
the final star formation efficiency from the clump, and m* is
the final stellar mass. We inserted the median surface density
and mass of the ASHES clump, assuming an εff and εcl of 0.1
and 0.5, respectively, for normalization. The final stellar mass
and the efficiencies are unclear, but the constant factor and the
power-law index are very similar to our best fit, if the final
stellar mass is somewhat proportional to the core mass.
In the case of the clump-fed model in a gas-dominated

potential, where tidal-lobe accretion dominates, the mass
accretion rate is expected to have a power-law index of 2/3
(I. A. Bonnell et al. 2001), as discussed in P. C. Clark &
A. P. Whitworth (2021). Indeed, T. Maschberger et al. (2014)
confirmed the mass dependence by analyzing a hydrodynami-
cal sink particle simulation following I. A. Bonnell et al.
(2011). One recent observational study found an M M 0.66

relation (M. R. A. Wells et al. 2024), preferring the tidal-lobe
accretion. The ASHES project targets the early stage of high-
mass star formation, where the gas potential likely dominates,
but the best-fit parameter implies a factor 2 larger index. If the
external infall duration time depends on mass, where more
massive stars form earlier, the index may become closer to 2/3
since we assumed a constant duration time.
Equation (4) gives a much higher mass infall rate than BHL

accretion (Equation (3)). Indeed, recent observations of core-
scale infall have reported such high mass infall rates (i.e.,

>M M10 yr4 1; Y. Contreras et al. 2018; P. Sanhueza
et al. 2021; E. Redaelli et al. 2022; K. Morii et al. 2025;
P. Sanhueza et al. 2025), which enable core growth in
timescales comparable to freefall timescales. It indicates that
the differential core growth may modify the Salpeter distribu-
tion produced by the initial fragmentation. In fact, the ALMA-
IMF project has shed light on the evolution of CMFs in massive
clusters at different evolutionary stages (Y. Pouteau et al. 2023).
Similarly, A. Coletta et al. (2025) investigated the evolution of
CMFs across three distinct evolutionary groups. Their findings
indicate that CMFs in more evolved stages exhibit shallower
tails and contain more massive cores, implying that core growth
is a possible explanation.
The Global and Local Infall in the ASHES Sample

(GLASHES) survey reveals signs of a correlation between
the core mass and the mass infall rate (K. Morii et al. 2025).
M. R. A. Wells et al. (2024) also found a relation between core
mass and flow rate along filamentary structures toward cores.
These correlations will be further explored with a larger
sample and can be interpreted as direct evidence of mass-
dependent infall. This mechanism explains the change in the
CMF slope at high masses with the passage of time, from the
prestellar to the protostellar phase, as initially suggested by
P. Sanhueza et al. (2019). It is also consistent with the idea that
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more massive cores have shorter lifetimes owing to faster gas
consumption (see Section 4.2).

These findings suggest that core-to-star formation efficiency
is not a straightforward process, challenging the assumption
that initial core mass directly determines the final stellar mass.
The evolution from a top-heavy CMF to Salpeter’s IMF has
not been discussed in this paper, primarily because our targets
are in similar evolutionary stages and the sample of
protostellar cores is small. However, the ALMA-IMF project
recently reported further evolution of the CMF from top-heavy
to the Salpeter-like slope (M. Armante et al. 2024; N.
Cunningham et al. 2025, in preparation). Beyond core growth,
processes such as further core fragmentation and multiple
system formation may play a role (e.g., F. A. Olguin et al.
2022; S. Li et al. 2024; P. Sanhueza et al. 2025). If the core-to-
star formation efficiency depends on core mass, it also affects
the evolution from CMF to IMF. Y. Pouteau et al. (2022)
explored how the power-law slope of CMFs changes under
various core-to-star formation efficiencies and fragmentation
effects. Studying CMFs with a similar number of cores in
evolutionary stages more advanced than the ASHES targets
will allow for discussions similar to those of the ALMA-IMF
project, which targeted more extreme and active environments.

In summary, our study reveals a prestellar CMF with a
power-law tail resembling Salpeter’s IMF. Nevertheless, it is
increasingly understood that the IMF is not a simple scaling of
the CMF, and the process of mass accretion is considerably
more complex.

5. Conclusion

We have presented the CMF using 715 cores derived from
the ASHES project. We have obtained the following
conclusions:

1. The produced CMF has a power-law tail above ∼1M⊙.
The slope differs when the protostellar cores are included
or excluded. When the protostellar cores are included,
the CMF has a slope slightly shallower than −2.35. In
contrast, the CMF from only the prestellar cores has a
steeper slope owing to the lack of higher-mass prestellar
cores.

2. The estimated power-law slopes of the CMF of prestellar
core candidates above the completeness limit of 1.2M⊙
were −2.65 to −2.38, depending on the CMF represen-
tation and fitting method. The CMF of the gravitationally
bound prestellar core has a slightly shallower slope of
−2.53 to −1.83. Both are indistinguishable from
Salpeter’s slope of −2.35.

3. The power-law index of the prestellar CMFs is similar to
those derived in low-mass star-forming regions and also
in more evolved, massive protoclusters. This implies a
universal core formation mechanism to produce the mass
distribution between low- and high-mass star-forming
regions.

4. We estimated the lifetime of prestellar cores in IRDCs
based on the fraction of prestellar cores against the
protostellar cores. This lifetime decreases as the core
mass increases and approaches the freefall time at
Mcore 10 M⊙. Considering the core growth, even in
the high-mass range, the lifetime of prestellar cores
becomes a few times the cores’ freefall time, similar to

the statistical lifetime estimated in low-mass star-
forming regions.

5. The top-heavy, shallower CMF, including protostellar
cores, observed in the ASHES sample is similar to the
one seen in massive protoclusters. The core growth in
mass with a higher mass infall rate and a smaller
exponential index than the BHL accretion rate has the
potential to produce such a shallower slope and increase
in the core mass from the prestellar to protostellar stage.
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data analysis computer system at the Astronomy Data Center
(ADC) of the National Astronomical Observatory of Japan.
Facility: ALMA.
Software: Astropy (Astropy Collaboration et al. 2013, 2018;

Astropy Collaboration et al. 2022), astrodendro (E. W. Rosolowsky
et al. 2008), CASA (T. CASA et al. 2022), getsf (A. Men’shchikov
2013, 2021), Matplotlib (J. D. Hunter 2007), Numpy (C. R. Harris
et al. 2020), powerlaw (J. Alstott et al. 2014), Scipy (P. Virtanen
et al. 2020), seaborn (M. L. Waskom 2021).
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Appendix A
Core Mass Distribution by Evolutionary Stage

Figure 7 shows the number of cores in each mass bin for
each evolutionary stage. In contrast to Figure 1, the histograms
are not stacked and the y-axis represents the pure number
count, allowing for a clearer view of the population in each
evolutionary stage as a function of core mass. The left and
right panels show the distributions for all 839 cores and the
selected 715 cores, respectively. This figure clearly demon-
strates that we have detected outflow and warm gas tracers
even from low-mass cores well below the completeness limit
of 1.2M⊙ (gray line).

Appendix B
Core Identification: astrodendro versus getsf

Cores are not an obvious structure. We define compact, dense
structures that eventually collapse to form a single star or a
multiple stellar system as cores. However, they are usually
embedded in clumps or clouds, and sometimes they do not have
clear boundaries from the surroundings. Therefore, there is
always uncertainty when setting parameters and using algorithms
for identification. Additionally, when identifying cores from
observational images, we must keep in mind projection effects.

There are some identification algorithms or techniques
such as GaussClump (J. Stutzki & R. Guesten 1990),
ClumpFind (J. P. Williams et al. 1994), CuTEx (Curvature
Thresholding Extractor; S. Molinari et al. 2011), CSAR
(Cardiff Sourcefinding AlgoRithm; J. M. Kirk et al. 2013),
getsources or getsf (A. Men’shchikov 2013, 2021),
FellWalker (D. S. Berry 2015), GExt2D (S. Bontemps
et al. 2025, in preparation), andastrodendro (E.W.Rosolowsky
et al. 2008). Each core (or clump) identification method has pros
and cons. Some examples of discussion are given in I. Joncour et al.
(2020), C. Li et al. (2020), A. Men’shchikov (2021), Y. Cheng et al.

(2024), and J. E. Pineda et al. (2023). C. Li et al. (2020)
demonstrated that astrodendro has higher detection complete-
ness and better performance in extracting parameters (e.g., size,
mass, and flux) than other algorithms, such as ClumpFind and
GaussClumps.
As the continuum images of the ASHES project show, the

clumps have parsec-scale internal structures and compact
sources embedded. In such a hierarchical structure, we tried to
extract only the compact components and applied astro-
dendro. However, here as an appendix, we show how the
different algorithms give different outputs by comparing
astrodendro and getsf.
As we did with astrodendro, we ran getsf for 39

continuum images. In this case, we only needed to set the
maximum size of the sources, which did not significantly
affect the output. We set it to 10″, which is almost 10 times
larger than the beam size. As a result, 331 cores were identified
from 39 clumps. Of those, 305 overlap with the cores
identified by astrodendro according to their positions.
The other 26 structures are only identified by getsf, though
most are at the edge of the field of view or very small. There is
no parameter regarding the minimum size of a structure for
getsf identification, so it found further fragmentation in 12
cores identified by the dendrogram. Figure 8 shows examples
of differences in identified structures. Magenta contours
indicate the structures identified by each method in the left
(astrodendro) and right (getsf) panels. Regions where a
single astrodendro source corresponds to two distinct
getsf sources are highlighted in orange.
To quantitatively compare the physical properties, we plot

the mass and the radius (geometrical mean of the major and
minor FWHM) estimated by getsf and astrodendro in
Figure 9. Only cores that overlap with both samples (305) are
plotted here. The plot clearly shows that the sizes of cores
measured from astrodendro are generally larger, and the
flux and mass are also larger, though the differences are mostly
within a factor of two.
Then, to see how significantly the mass function differs, we

made a CMF for both samples. Figure 10 shows the difference
by plotting the CMFs with the same bins. The navy and dark-
red colors highlight the different samples of astrodendro
and getsf, respectively. As in the main text, we excluded
five clumps here. The navy plot is the same as the middle panel
of Figure 1. The power-law fit was applied to the CMFs with
M > 1.2M⊙, and the best-fit parameters are α = −1.92 ± 0.12
and −1.78 ± 0.12 for astrodendro and getsf, respec-
tively. This indicates that individual core masses are not
always similar, but the shallower slope than −2.35 holds and
does not significantly change our conclusion in the analysis
of CMFs.

0.1 1 10
Mcore (M )

0

20

40

60

80

N

All 839 cores

Prestellar
Warm
Outflow
Completeness limit

0.1 1 10
Mcore (M )

0

10

20

30

40

50

60

70

80

N

Selected 715 cores

Figure 7. Number of cores in each mass bin, separated by evolutionary stage.
Light blue, green, and orange represent prestellar core candidates, warm cores,
and outflow cores, respectively. The left panel shows all ASHES cores, while
the right panel shows the selected 715 cores (see Section 3.2). The vertical
dotted line indicates the mass completeness limit.
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