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Abstract

We present the highest-resolution (∼0.04) Atacama Large Millimeter/submillimeter Array 1.3 mm continuum
observations so far of three massive star-forming clumps in the Central Molecular Zone (CMZ), namely 20 km s−1

C1, 20 km s−1 C4, and Sgr C C4, which reveal prevalent compact millimeter emission. We extract the compact
emission with astrodendro and identify a total of 199 fragments with a typical size of ∼370 au, which represent the
first sample of candidates of protostellar envelopes and disks and kernels of prestellar cores in these clumps that are
likely forming star clusters. Compared with the protoclusters in the Galactic disk, the three protoclusters display a
higher level of hierarchical clustering, likely a result of the stronger turbulence in the CMZ clumps. Compared with
the mini-starbursts in the CMZ, Sgr B2 M and N, the three protoclusters also show stronger subclustering in
conjunction with a lack of massive fragments. The efficiency of high-mass star formation of the three protoclusters
is on average 1 order of magnitude lower than that of Sgr B2 M and N, despite a similar overall efficiency of
converting gas into stars. The lower efficiency of high-mass star formation in the three protoclusters is likely
attributed to hierarchical cluster formation.

Unified Astronomy Thesaurus concepts: Galactic center (565); Star formation (1569); Protostars (1302)

Materials only available in the online version of record: machine-readable table

1. Introduction

The Central Molecular Zone (CMZ) is the innermost ∼500 pc
of the Milky Way enriched with molecular gas of ∼2–6 ×
107 Me (K. Ferrière et al. 2007). Observations over the past
decades have revealed inefficient star formation in the CMZ with
an overall star formation rate (SFR) of ∼0.07Me yr−1, which is
about 1 order of magnitude lower than that predicted by the

dense gas-star formation relation (J. D. Henshaw et al. 2023).
This has been attributed to the extreme physical conditions in the
CMZ, characterized by high gas temperatures (50–100 K;
Y. Ao et al. 2013; A. Ginsburg et al. 2016), strong magnetic
fields (1 mG; T. Pillai et al. 2015; X. Pan et al. 2024), and
strong turbulence (Mach numbers ∼20–30 in parsec-scale
clouds; R. Shetty et al. 2012; H. B. Liu et al. 2013; J. D. Hens-
haw et al. 2016). However, due to limited angular resolutions
and sensitivities, most studies investigate the inefficient star
formation at cloud scale (∼1–10 pc; J. Kauffmann et al.
2017a, 2017b; C. Battersby et al. 2024a, 2024b).
Recent high-resolution (2000–5000 au) Atacama Large

Millimeter/submillimeter Array (ALMA) observations have
spatially resolved massive clouds in the CMZ, including the
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Sgr B2 cloud, Dust Ridge clouds, the 20 km s−1 cloud, and the
Sgr C cloud, into prestellar or protostellar cores (A. Ginsburg
et al. 2018; A. T. Barnes et al. 2019; X. Lu et al. 2020; X. Lu
et al. 2021; B. A. Williams et al. 2022). Among them, only Sgr
B2 has been imaged with sufficiently high resolution
(500–700 au) to resolve individual young stellar objects
(YSOs; N. Budaiev et al. 2024). The authors have characterized
the Class 0/I YSOs in Sgr B2 M and N, enabling star-counting-
based SFR estimates.

Despite this progress, it remains poorly explored if and how the
extreme physical conditions in the CMZ affect the formation path
of star clusters, and ultimately the star formation efficiency (SFE).
To systematically characterize the star and cluster formation in the
CMZ at the scale of individual forming stars (a few 100 au;
H. Beuther et al. 2018), we have carried out ALMA Band 6
observations of three massive star-forming clumps in the
20 km s−1 cloud and Sgr C, namely 20 km s−1 C1, 20 km s−1

C4, and Sgr C C4 (X. Lu et al. 2019b), at an angular resolution of
∼0.04 (equivalent to ∼330 au at a distance of 8.277 kpc to the
Galactic center; GRAVITY Collaboration et al. 2022). The
clumps are selected because they have strong turbulence
(FWHM ∼ 5–10 km s−1; N. Krieger et al. 2017) and host
ongoing high-mass star formation traced by masers, outflows, and
ultracompact H II regions (X. Lu et al. 2019a, 2019b, 2021). They
have typical sizes of ∼1 pc and gas masses of a few ×103 Me
(X. Lu et al. 2019b).

In this Letter, we present the highest-resolution ALMA
1.3 mm continuum data so far of the three clumps. We
investigate the fragmentation and clustering for each clump and
compare our sample with protoclusters in the Galactic disk and
mini-starbursts in the CMZ. We estimate the SFR and SFE of
our sample and combine the SFE with the clustering properties
to discuss the implications for the cluster formation in
the CMZ.

2. Observations

We observed the three clumps with the ALMA 12 m array at
Band 6 (1.3 mm wavelength, with a central frequency at
225.987 GHz) in Cycle 6 (project ID: 2018.1.00641.S; PI:
Xing Lu). The observations were taken between 2019 June 5
and July 15. The phase centers (J2000) of the three single-
pointing observations were (17h45m37.s5528, −29o03¢49.365),
(17h45m37.s5704, −29o05¢44.232), and (17h44m40.s3677,
−29o28¢14.794) for 20 km s−1 C1, 20 km s−1 C4, and Sgr C
C4, respectively. The FWHM size of the primary beam at
1.3 mm is ∼24.4. These observations were taken under the C-8
configuration with 42–48 antennas, resulting in a range of
baselines of 82–15,238 m. The Maximum Recoverable Scale
(MRS) is ∼0.65, which is equivalent to ∼5400 au. The total
on-source time is 64.1, 65.3, and 64.6 minutes for 20 km s−1

C1, 20 km s−1 C4, and Sgr C C4, respectively. J1924−2914
was observed for absolute flux and bandpass calibration with
J1744−3116 for phase calibration.

The data were calibrated using the pipeline in the Common
Astronomy Software Applications (CASA) 5.4.0 package, and
then self-calibrated and imaged using CASA 6.5.3. Line-free
channels identified in the spectra of the visibilities were used to
image the continuum with the tclean task. Two rounds of
phase-only self-calibration were performed for 20 km s−1 C1
and 20 km s−1 C4. For Sgr C C4 where the peak intensity is up
to 12.5 mJy beam−1, we performed six rounds of phase-only
and one round of amplitude self-calibration. The amplitude

self-calibration results in a 4% change in the flux density. The
self-calibrated data were imaged with the multiscale, multi-
frequency synthesis algorithm implemented in tclean, with a
pixel size of 0.007 and scales of [0, 5, 15, 50] times the pixel
size. The Briggs weighting scheme was chosen with a robust
parameter of 0.5. The resulting synthesized beam is
0.043 × 0.029 with a position angle of 71.62, equivalent to
a linear scale of 360 × 240 au. The 1σ rms noise before the
primary-beam correction is 13 μJy beam−1 and 17 μJy beam−1

for 20 km s−1 and Sgr C, respectively. The continuum images
are available on Zenodo: doi:10.5281/zenodo.14767274.

3. Results

Figure 1 shows the ALMA 1.3 mm continuum images in
brightness temperatures. A rich population of compact
structures is distributed throughout each parsec-scale clump.
Figures 1(A)–(F) provide zoomed-in views of the selected
regions in the left column, showcasing subclustering of
compact structures within a few 1000 au.

3.1. Extraction of Compact Structures

We extract compact structures in the 1.3 mm continuum
images using the astrodendro package.23 The structures are
first identified in the images before primary-beam correction
that have a uniform noise level. The subsequent analyses are
performed with the primary-beam-corrected images.
We adopt a minimum value of 5σ, a minimum delta of 3σ,

and a minimum number of pixels in each astrodendro leaf that
is equal to the number of pixels per synthesized beam to
construct a “robust” catalog. In addition, we employ a relaxed
set of parameters of astrodendro (a minimum value of 3σ, a
minimum delta of 2σ) to generate a “complete” catalog. We
visually identify the boundaries of clusters based on the
grouping of the ∼0.1 pc scale SMA cores (X. Lu et al. 2019b).
The sources outside a chosen level of the primary-beam
response of our ALMA data (20% for 20 km s−1 C1 and C4,
and 50% for Sgr C C4) are discarded, as they are embedded in
the SMA cores of other groups that are not fully covered by our
ALMA observations.
A total of 199 sources are identified, with 52 in 20 km s−1

C1, 97 in 20 km s−1 C4, and 50 in Sgr C C4 for the “robust”
catalog. For the “complete” catalog, the number of identified
sources is 382, with 100 in 20 km s−1 C1, 176 in 20 km s−1 C4,
and 106 in Sgr C C4. The short version of the “robust” catalog
is provided in Table 1. The “robust” catalog is 90% complete at
57σ level (equivalent to 0.34 Me with our assumptions in
Section 3.2) for 20 km s−1 C1, 57σ (0.34 Me) for 20 km s−1

C4, and 26σ (0.20 Me) for Sgr C C4. We employ the “robust”
catalog for all the analyses presented in this Letter.
We note that these identified sources of the size of 300 au

differ markedly from the ∼0.1 pc “cores” resolved by the SMA
observations at an angular resolution of ∼4.0 (X. Lu et al.
2019b, see Figure 1) and the ∼0.01 pc “condensations” by
previous ALMA observations at a resolution of 0.2 (X. Lu
et al. 2020) regarding spatial scales. We refer to these sources
as “fragments” hereafter. Comparing the spatial distributions of
the fragments and the cores and condensations at larger scales,
we find that most fragments are spatially associated with those
larger-scale structures, indicating multiscale fragmentation

23 http://www.dendrograms.org/
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Figure 1. Brightness temperature images overlaid with white contours outlining the Submillimeter Array (SMA) 1.3 mm continuum from X. Lu et al. (2019b) at the
level of 3sSMA

1.3 mm, where s = 3SMA
1.3 mm mJy beam−1. Values lower than 10σ are shown in a linear grayscale, while those higher than 10σ are highlighted in a logarithmic

colorscale. The locations of H2O masers, Class II CH3OH masers, and H II regions are marked in cyan, green, and red (X. Lu et al. 2019a, 2019b). The black dotted
circles indicate 20% of the primary-beam response for 20 km s−1 C1 and C4 and 50% for Sgr C C4. The right panels are the zoomed-in views of subregions outlined
by the black squares in the left panels. The squares are labeled from “A” to “F,” with a size of ∼3″ for A, B, C, and D and ∼5″ for E and F. The crosses mark the
locations of the fragments in the “robust” catalog. The synthesized beams of the SMA 1.3 mm continuum and the ALMA 1.3 mm continuum are shown in the bottom
left corners of the left and right panels, respectively.
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within these molecular clouds. A comprehensive discussion of
multiscale fragmentation is beyond the scope of this Letter and
will be presented in a separate publication.

In particular, we evaluate the gravitational boundness of each
group of the ∼0.1 pc cores using the virial parameter defined

by a =
s R

GM

5 clump
2

eff (F. Bertoldi & C. F. McKee 1992). The
masses and centroid velocities of the cores are adopted from
X. Lu et al. (2019b). The centroid velocity of each core group
is taken to be the mean centroid velocity of the cores. The
velocity dispersion of each core group, σclump, is taken to be the
standard deviation of the centroid velocities of the cores. This
yields an α of <1 for all three clumps, suggesting that the
parental structures of fragments are gravitationally bound to
each other and the fragments embedded within are likely
forming star clusters. Therefore, we refer to the three clumps as
protoclusters.

3.2. Physical Properties of Fragments

In total, 30% of the fragments have peak brightness
temperatures higher than 10 K, the typical temperature at the
center of prestellar cores without ongoing star formation
(L. Pagani et al. 2007; R. Launhardt et al. 2013). Additionally,
16% of the fragments have peak brightness temperatures
>20 K, the typical dust temperature of the 20 km s−1 cloud and
the Sgr C cloud (C. Battersby et al. 2024a), indicating internal
heating from protostars. The effective radius Re of the
fragments is defined as Re = (A/π)1/2, where A is the fragment
area reported by dendrogram. Re has a median value of 370 au,
as shown in Figure 2(a), which is close to the resolution of
330 au, suggesting marginally resolved compact structures.
Therefore, the fragments with the compact 1.3 mm continuum
emission likely internally heated represent candidates of
protostellar envelopes and disks, with the rest candidates of
the kernels of prestellar cores (e.g., N. Hirano et al. 2024).

We derive the physical properties of the fragments based on
their 1.3 mm continuum emission. As the exact optical depths
are unconstrained by current observations, the 1.3 mm
continuum emission is assumed to be optically thin in these
calculations, which are lower limits for the fragment masses

and densities. The gas masses are calculated following

( )
( )

k
= n

n n
M

S D R

B T
, 1gas

2

dust

where Sν is the flux density, D is the distance, R is the gas-to-
dust mass ratio, which is assumed to be 100, Bν(Tdust) is the
Planck function for the dust temperature Tdust that is assumed to
be 50 K for all fragments, and κν is the dust opacity that is
adopted to be κν = 1.11 cm2 g−1 for an Mathis–Rumpl–
Nordsieck (MRN) distribution (J. S. Mathis et al. 1977) with
thin ice mantles after 105 yr of coagulation at 108 cm−3

(V. Ossenkopf & T. Henning 1994). The fragment density
n(H2) is then derived with the assumption of a uniform sphere
following n(H2)= ( )/ /pM R4 3egas

3 ( )/ m mH H2
, where the mean

molecular weight per hydrogen molecule mH2
is adopted to be

2.8 (J. Kauffmann et al. 2008). Figure 2(a) shows the
distribution of masses and effective radii of the fragments.
The fragments have a median gas mass of 0.36 Me and a
median gas density of 2.2 × 108 cm−3.
Uncertainties in mass estimates mainly arise from the

assumptions of optically thin dust emission and uniform dust
temperature, choices of dust opacity, and potential contamina-
tion of free–free emission. A lower limit of the optical depth
can be determined by τν = κνΣ, where Σ is the dust surface
density calculated under the optically thin assumption. This
method yields a τν of up to 2 and 9 for 20 km s−1 C1 and Sgr C
C4, respectively, and τν < 1 for 20 km s−1 C4. This suggests
that these fragments are at least partially optically thick. In
addition, for fragments internally heated by protostars, their
kinetic temperatures could be up to >100 K (e.g., Z. Zhang
et al. 2025), making their masses overestimated by a factor of a
few. This will be further discussed in Appendix A.1. Also,
different choices of κν for an MRN distribution with thin or
thick ice mantles at 106–108 cm−3 could result in 20%
difference in mass estimates. Lastly, at 1.3 mm, the thermal
dust emission might be contaminated by free–free emission
from unresolved H II regions. This effect remains to be further
verified with multiwavelength high-resolution observations.

Table 1
The “Robust” Catalog

Clump ID R.A., Decl. Radius Flux Peak Brightness Temperature Gas Mass Gas Density
(J2000) (au) (mJy) (K) (Me) (cm−3)

20 km s−1 C1 1 17:45:37.49, −29:03:50.40 340 0.32 2.2 0.14 1.04 × 108

20 km s−1 C1 2 17:45:37.48, −29:03:50.31 480 0.88 2.7 0.37 1.03 × 108

20 km s−1 C1 3 17:45:37.49, −29:03:50.26 350 0.40 2.6 0.17 1.22 × 108

20 km s−1 C1 4 17:45:37.50, −29:03:50.11 310 0.31 2.9 0.13 1.35 × 108

20 km s−1 C1 5 17:45:37.51, −29:03:50.07 350 0.67 4.5 0.28 2.05 × 108

20 km s−1 C1 6 17:45:37.47, −29:03:50.01 460 9.73 31.9 4.09 1.27 × 109

20 km s−1 C1 7 17:45:37.48, −29:03:49.95 400 7.61 34.0 3.20 1.47 × 109

20 km s−1 C1 8 17:45:37.53, −29:03:49.84 350 0.37 2.3 0.16 1.07 × 109

20 km s−1 C1 9 17:45:37.51, −29:03:49.66 530 4.49 10.8 1.89 3.92 × 108

20 km s−1 C1 10 17:45:37.47, −29:03:49.54 570 0.84 1.7 0.35 5.74 × 107

Note. The full table shows the complete version of the “robust” plus “complete” catalogs.

(This table is available in its entirety in machine-readable form in the online article.)
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4. Discussion

4.1. Separations between Fragments Smaller than the Thermal
Jeans Length

To characterize the separations between the fragments, we
apply the Minimum Spanning Tree (MST) technique
(J. D. Barrow et al. 1985) implemented in the FragMent
package24 (S. D. Clarke et al. 2019). The MST method finds a
way to connect the fragments that gives a minimum total length
without any closed loop. We calculate the deprojected
separations between fragments by dividing the separations
determined with MST over a factor of 2/π (P. Sanhueza et al.
2019) and show the results in Figures 2(b)–(d).

To investigate the physical mechanism of fragment forma-
tion, we estimate the thermal Jeans length of the 0.1 pc cores
following

( )
/

l
p
r

= c
G

, 2sJ

1 2

⎜ ⎟
⎛
⎝

⎞
⎠

where cs is the sound speed and ρ is the gas density. While the
gas and dust are collisionally well coupled at high densities, it
has been observed that the gas temperature is higher than the
dust temperature at the cloud scale in the CMZ due to turbulent
heating (Y. Ao et al. 2013; A. Ginsburg et al. 2016;

C. Battersby et al. 2024a). With a gas temperature of
Tgas = 100 K (X. Lu et al. 2017) and an average gas density
of the cores (X. Lu et al. 2019b), the thermal Jeans length is
estimated to be ∼15,000 au for the two clumps in the 20 km s−1

cloud and ∼5000 au for Sgr C C4. These values are larger than
the typical deprojected separations between fragments (see
Figures 2(b)–(d)).
Several possibilities could explain the observed small

separations. (i) The thermal Jeans lengths might be over-
estimated by adopting a mean gas density, whereas the volume
filling factor may be smaller than 1. (ii) Other than Jeans
fragmentation, disk fragmentation might also contribute at
these small scales. In particular, we have identified fragments
in a massive Keplerian disk candidate surrounding a proto-O
star with M* ∼ 32 Me (see region E in Figure 1; X. Lu et al.
2022), which might be a result of disk fragmentation. (iii) The
separations between fragments could also be influenced by
dynamical processes such as migration, ejection due to N-body
interactions, and gravitational capture (S. S. R. Offner et al.
2023). Distinguishing between these mechanisms requires a
thorough investigation of the fragment kinematics using
spectral line emission and will be done in future work.

4.2. Subclustering of the Protoclusters

We employ the MST technique and the structure parameter
 to characterize the clustering of the three protoclusters
following A. Cartwright & A. P. Whitworth (2004). The 

Figure 2. (a) Distribution of physical properties. The main plot shows the radii vs. masses of the fragments. The marginal plots show the histograms of radii and
masses on the top and right panels, respectively. The fragments in different clumps are color-coded. The vertical dotted lines mark masses corresponding to 5σ. The
horizontal dotted lines show effective radii of the synthesized beams. The black solid lines show constant column densities of 1024 and 1025 cm−2. The gray solid lines
show constant number densities of 108 and 109 cm−3. (b)–(d) Distribution of deprojected separations of the three clumps. Each panel shows deprojected separations in
red sticks along with the corresponding histogram and the kernel density estimate. The vertical lines represent the thermal Jeans length.

24 https://github.com/SeamusClarke/FragMent. We have modified the dis-
tance calculations in the MST module of FragMent by replacing the built-in
Euclidean distances with spherical distances.
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parameter is defined by

¯
¯

( )=
m

s
. 3

The m̄ is the normalized mean edge length of the MST defined
by

¯
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where N is the number of fragments, Li is each edge length, and
A is the cluster area (given by p=A Rc

2, with Rc being the
distance between the mean position of all fragments and the
most distant fragment). s̄ is the normalized correlation length
defined by

¯ ( )=s
L

R
, 5

c

av

where Lav is the average length of all the edges. A value of
>0.8 suggests a centrally condensed configuration, while

< 0.8 suggests hierarchical clustering. The  values
calculated for the three protoclusters are smaller than 0.8, with
0.58 ± 0.02 for 20 km s−1 C1, 0.56 ± 0.02 for 20 km s−1 C4,
and 0.45 ± 0.01 for Sgr C C4 (see uncertainty estimation in
Appendix A.2). These values suggest that the three proto-
clusters are strongly subclustered, in agreement with the visual
inspection for Figure 1.

Applying similar methods to high-mass star-forming regions
in the Galactic disk, Y. Zhang et al. (2022) find = 0.95 in
G35.20−0.74N, suggesting a centrally condensed distribution
of protostars. G. Busquet et al. (2019) obtain = 0.68 for
GGD 27, suggesting weak subclustering. Compared with
G35.20−0.74N and GGD 27, the three CMZ protoclusters
display a higher level of hierarchical subclustering.

4.3. Lack of Massive Fragments in the Three Protoclusters

We compare the dust mass distribution of our sample with
the counterparts of similar sizes in mini-starbursts Sgr B2 M
and N, the only two protoclusters in the CMZ that have been
imaged with ALMA at 1.3 mm with a similar linear resolution
(500 au) to ours (N. Budaiev et al. 2024). The upper left panel
of Figure 3 shows the cumulative distributions of the dust mass
in different environments. For Sgr B2 M and N, we only
consider sources that are classified as “cores” by the authors
within the radius of 0.5 and 0.4 pc, respectively, which are the
radii of the two protoclusters (A. Schmiedeke et al. 2016).
The dust masses of our sample are systematically lower than

those in Sgr B2 M and N. To mitigate the effects of different
sensitivities of these observations, we have cropped the
samples to include only the sources with masses greater than
the 6σ limit of Sgr B2 N, as shown in the bottom left panel of
Figure 3. Compared with Sgr B2 M and N, our sample lacks
massive fragments with Mdust  0.2 Me.
Different assumptions of dust temperature and opacity

adopted in these studies could result in variation in mass up

Figure 3. Cumulative distributions of dust mass (left column) and “luminosity” (right column; given by flux[mJy] × distance2 [kpc2]) of the fragments in our sample
and their counterparts of similar sizes in Sgr B2 M and N (N. Budaiev et al. 2024). The shaded areas indicate the ranges of errors. The upper panels show complete
distributions while the bottom panels show the cropped distributions.
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to a factor of a few. We further compare the distributions of
dust luminosities for different populations, where no assump-
tions of dust temperature or opacity are involved. The top right
panel of Figure 3 shows that the luminosities of our sample are
systematically lower than that in mini-starbursts. The systema-
tic shift in the luminosity distribution might be a combined
result of different sensitivities and angular resolutions of these
observations. Similarly, cropped distributions of luminosity are
shown in the bottom right panel of Figure 3. Our sample shows
a “top-light” luminosity distribution with respect to Sgr B2 M
and N, suggesting that our sample has a lower fraction of
luminous fragments and a lower mean luminosity.

The low luminosities could be explained by low protostellar
masses. A lower mean luminosity of the fragments in our
sample might indicate that they have lower protostellar masses
compared to their counterparts in Sgr B2 M and N. On the
other hand, the submillimeter luminosities of Class 0/I YSOs
could increase as their accretion rates increase (D. Johnstone
et al. 2013; H. Yoo et al. 2017; C. Contreras Peña et al. 2020).
The protostellar accretion is likely more active in Sgr B2 M and
N, as evidenced by more active outflows (e.g., A. E. Higuchi
et al. 2015; X. Lu et al. 2021).

4.4. Implications for Cluster Formation in the CMZ

The higher level of subclustering of the three protoclusters is
likely attributed to the stronger turbulence in the CMZ clumps.
The results of N-body simulations by S. P. Goodwin &
A. P. Whitworth (2004) show that a higher initial velocity
dispersion of a cluster leads to a higher level of subclustering.
The observed hierarchical clustering of fragments in the three
CMZ protoclusters reflects the fractal structure of natal
molecular clouds, which is likely a consequence of high
velocity dispersions (FWHM ∼ 5–10 km s−1; N. Krieger et al.
2017) due to strong turbulence.

Assuming that each fragment forms a single star, we estimate
an SFR for each clump by counting fragments above the
completeness mass limit and (if any) H II regions and
extrapolate to the whole population by assuming the Kroupa
initial mass function (IMF; P. Kroupa 2001) using Equations
(9) and (10) in N. Budaiev et al. (2024). The lower limit of the
Kroupa IMF in the numerator is chosen to be 0.01 Me, with an
added lowest mass regime following P. Sanhueza et al. (2019);
the lower limit in the denominator is chosen to be the
corresponding stellar mass of the completeness mass limit of
fragments, where the fragment-to-star efficiency is assumed to

be 30% (C. J. Lada & E. A. Lada 2003). The number of H II
regions in each fragment cluster is taken from Table 5 of X. Lu
et al. (2019b). The timescale of star formation is assumed to be
tSF = 0.5 Myr, which is consistent with the typical lifetime of
H2O masers (S. L. Breen et al. 2010) that are widely detected in
these clumps (see Figure 1; X. Lu et al. 2019b). The SFRs are
then calculated to be 2 × 10−5 Me yr−1 for 20 km s−1 C1 and
2 × 10−4 Me yr−1 for 20 km s−1 C4 and Sgr C C4.
Although these values should be taken as order of magnitude

estimates due to uncertainties in, e.g., the stellar mass and the
star formation timescale (see Appendix A.1), it is reasonable to
make SFR-related comparisons between our sample and Sgr B2
M and N, as the linear resolution of the two studies is
comparable and the methods are essentially the same.
To explore the difference of star formation in our sample and

in Sgr B2 M and N, we compute two quantities for each of
these protoclusters: (1) the ratio of the total fragment mass
Mfrag over the clump mass Mcl, which is defined as the SFE; (2)
the ratio of the inferred stellar mass Minf, estimated by
extrapolating the stellar mass above the completeness limit to
the full mass spectrum, over the clump mass, which is defined
as the high-mass SFE (HMSFE) as it largely relies on the
presence of high-mass stars. The results are summarized in
Table 2. An intriguing finding is that while the SFE is
consistent within a factor of two, the HMSFE in Sgr B2 M and
N is about 1 order of magnitude higher than our sample. This
result suggests that Sgr B2 M and N are forming high-mass
stars more efficiently than our sample, despite the similar
efficiency of converting gas into stars in these clumps.
This phenomenon might be attributed to different cluster

formation modes in these protoclusters. The  parameter is
estimated to be 0.75 ± 0.03 for Sgr B2 M and 0.79 ± 0.02 for
Sgr B2 N (N. Budaiev et al. 2025, in preparation), suggesting
extremely weak or no subclustering. Compared to our sample,
the values for Sgr B2 M and N are on average ∼50% higher
(see Table 2). Using hydrodynamic simulations of giant
molecular clouds with different initial density profiles (ρ(r)),
Y. Chen et al. (2021) find that a centrally concentrated
protocluster produced by a steeper density profile is able to
form more massive central clusters than a hierarchically
clustered protocluster produced by a shallower density profile
as benefiting from higher accretion rates. The authors also find
that the integrated SFE remains similar regardless of the level
of subclustering, and is determined by the interplay between
gravity and feedback. The different levels of subclustering of
our sample and Sgr B2 M and N likely reflect different cluster

Table 2
Summary of Protocluster Properties

Protocluster Mfrag Minf Mcl SFE HMSFE 
(Me) (Me) (Me)

20 km s−1 C1 29 10 1320a 0.02 0.01 0.58 ± 0.02
20 km s−1 C4 71 119 2420a 0.03 0.05 0.56 ± 0.02
Sgr C C4 67 113 2051a 0.03 0.06 0.45 ± 0.01
Sgr B2 M 456b 6882b 9672c 0.05 0.71 0.75 ± 0.03
Sgr B2 N 705b 2812b 27897c 0.03 0.10 0.79 ± 0.02

Notes.
a The clump masses are estimated using the total flux within the 3σ contour of the SMA 1.3 mm continuum (X. Lu et al. 2019b; see Figure 1) and the average dust
temperature from C. Battersby et al. (2024a).
b TheMfrag is estimated using the catalogs presented in N. Budaiev et al. (2024), and only the sources classified as “cores” within the cluster radius are considered. The
Minf is calculated by multiplying the SFR with the star formation timescale tSF in N. Budaiev et al. (2024).
c Adopted from A. Schmiedeke et al. (2016).
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formation modes: hierarchical cluster formation versus cen-
trally condensed cluster formation. The accretion rates vary
drastically in different cluster formation modes, which can lead
to different efficiencies of high-mass star formation.

We note that the hierarchical clustering and low SFR could
also indicate the incipient star formation in the three
protoclusters. As a protocluster evolves, its subclusters could
merge and the SFR would increase (e.g., E. Vázquez-Semadeni
et al. 2019). The stronger subclustering and lower HMSFE of
our sample might be attributed to its younger age with respect
to Sgr B2 M and N. To address this question in the future, high-
resolution infrared data are required to characterize the YSO
populations in these protoclusters, which can be used to
determine their evolutionary stages. Comparing this with the
evolution of from numerical simulations, we will be able to
examine if the different subclustering levels are affected by
different evolutionary stages.

5. Conclusions

We present the highest-resolution ALMA 1.3 mm continuum
images so far of three protoclusters in the CMZ: 20 km s−1 C1,
20 km s−1 C4, and Sgr C C4. We extract a total of 199 compact
millimeter sources using astrodendro, referred to as fragments.
These fragments represent the first sample of candidates of
protostellar envelopes and disks and kernels of prestellar cores
in the three protoclusters.

Compared to the protoclusters in the Galactic disk, the three
protoclusters display a higher level of hierarchical clustering,
likely attributed to the stronger turbulence in the CMZ clumps.
Compared to the mini-starbursts in the CMZ, Sgr B2 M and N,
the three protoclusters also show stronger subclustering.
Moreover, the three protoclusters lack massive fragments and
are less efficient in forming high-mass stars than Sgr B2 M and
N by 1 order of magnitude, despite a similar overall efficiency
of converting gas into stars. The lower HMSFE in the three
protoclusters might be because they undergo hierarchical
cluster formation in which the accretion rates are lower.
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Appendix
Uncertainties

A.1. Star Formation Rate

As discussed in Section 3.2, the major uncertainties in mass
estimates include the assumptions of optically thin dust and
uniform dust temperature, choices of dust opacity, and potential
contamination of free–free emission. The mass uncertainties
will also propagate into the SFR estimates.
To investigate how the assumption of dust temperature

impacts the SFR estimates, we perform a test by assuming a
power-law distribution of the dust temperature versus flux
density following X. Lu et al. (2020). The dust temperature of
the fragment with the lowest flux density is assumed to be 20 K
and the highest 200 K; this gives a power-law index of 0.37.
Compared with the assumption of a constant Tdust = 50 K,
adopting a power-law temperature distribution results in a
10%–30% variation in the SFR estimates.
At the small spatial scale probed by our data (330 au), the

fragment mass may not dominate the total mass of a protostar-
disk system. For example, in the Keplerian disk system in Sgr
C C4 (X. Lu et al. 2022), the fragment mass is 10% of the
central stellar mass. In addition, we adopt a star formation
timescale of tSF = 0.5 Myr (Section 4.4), which is ∼30%
shorter than that adopted in the SFR estimates for Sgr B2 M
and N (tSF = 0.74Myr; N. Budaiev et al. 2024).
With these caveats in mind, we emphasize that although the

SFR estimates should be taken as order of magnitude estimates,
the proposed method enables a direct comparison of SFR
between our sample and Sgr B2 M and N.

A.2. Parameter

The uncertainty associated with the parameter is estimated
by calculating the parameter for the fragments, of which 20%
are randomly discarded, and repeating this process 1000 times.
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The standard deviation of the Gaussian fit to the distribution of
the parameter is taken as the uncertainty.

The morphology analysis based on the parameter could be
somehow biased by (1) the sample size and (2) the limited
capability of detecting faint sources due to the sensitivity of
observations and the obscuring of nearby sources. The estimates
of  in Y. Zhang et al. (2022) and G. Busquet et al. (2019)
involve �25 sources, which may not be as robust as ours (with
∼50–100 sources). Using the method described above, we
estimate an uncertainty of ∼0.02 of the value for each of the
two regions in the Galactic disk. In addition, our continuum
sensitivity is comparable with that of G. Busquet et al. (2019)
but 3–4 times poorer than Y. Zhang et al. (2022; after being
normalized to the same distance). It is likely that we have missed
more faint sources that are below our detection thresholds. We
perform simple tests by calculating the  parameter for our
sample that is cropped by increasing thresholds and find that for
a known hierarchical cluster, missing faint sources could lead to
either a higher or lower value. Also, faint sources in clustered
environments can be obscured due to crowding and/or by
nearby luminous sources (J. Ascenso et al. 2009). These effects
are difficult to quantify without the knowledge of the cluster
configuration, demanding analytical models and numerical
simulations for further examination.
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