
Xu, F, Lu, X, Wang, K, Liu, HB, Ginsburg, A, Liu, T, Zhang, Q, Budaiev, N, Tang,
X, Schilke, P, Zhang, S, Jiao, S, Jiao, W, Zheng, S, Jones, B, Kruijssen, JMD, 
Battersby, C, Walker, DL, Mills, EAC, Kauffmann, J, Longmore, SN and Pillai, 
TGS

 Dual-band Unified Exploration of three CMZ Clouds (DUET): Cloud-wide 
census of continuum sources showing low spectral indices

https://researchonline.ljmu.ac.uk/id/eprint/26474/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Xu, F, Lu, X, Wang, K, Liu, HB, Ginsburg, A, Liu, T, Zhang, Q, Budaiev, N, 
Tang, X, Schilke, P, Zhang, S, Jiao, S, Jiao, W, Zheng, S, Jones, B, 
Kruijssen, JMD, Battersby, C, Walker, DL, Mills, EAC, Kauffmann, J, 
Longmore, SN and Pillai, TGS (2025) Dual-band Unified Exploration of three 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


Astronomy
&Astrophysics

A&A, 697, A164 (2025)
https://doi.org/10.1051/0004-6361/202453601
© The Authors 2025

Dual-band Unified Exploration of three CMZ Clouds (DUET)

Cloud-wide census of continuum sources showing low spectral indices

Fengwei Xu1,2,3 , Xing Lu4,⋆ , Ke Wang1,⋆ , Hauyu Baobab Liu5,6 , Adam Ginsburg7 , Tie Liu4 ,
Qizhou Zhang8 , Nazar Budaiev7 , Xindi Tang9 , Peter Schilke3 , Suinan Zhang4 , Sihan Jiao10, Wenyu Jiao4 ,

Siqi Zheng4,3 , Beth Jones3 , J. M. Diederik Kruijssen11 , Cara Battersby12 , Daniel L. Walker13 ,
Elisabeth A. C. Mills14 , Jens Kauffmann15 , Steven N. Longmore16,11 , and Thushara G. S. Pillai15

(Affiliations can be found after the references)

Received 23 December 2024 / Accepted 20 March 2025

ABSTRACT

Context. The Milky Way’s central molecular zone (CMZ) has been measured to form stars ten times less efficiently than in the Galac-
tic disk, based on emission from high-mass stars. However, the CMZ’s low-mass (≲2 M⊙) protostellar population, which accounts for
most of the initial stellar mass budget and star formation rate (SFR), is poorly constrained observationally due to limited sensitivity
and resolution.
Aims. We aim to perform a cloud-wide census of the protostellar population in three massive CMZ clouds.
Methods. We present the Dual-band Unified Exploration of three CMZ Clouds (DUET) survey, targeting the 20 km s−1 cloud, Sgr C,
and the dust ridge cloud “e” using the Atacama Large Millimeter/submillimeter Array (ALMA) at 1.3 and 3 mm. The mosaicked
observations achieve a comparable resolution of 0.′′2–0.′′3 (∼2000 au) and a sky coverage of 8.3–10.4 arcmin2, respectively.
Results. We report 563 continuum sources at 1.3 mm and 330 at 3 mm, respectively, and a dual-band catalog with 450 continuum
sources. These sources are marginally resolved at a resolution of 2000 au. We find a universal deviation (>70% of the source sam-
ple) from commonly used dust modified blackbody (MBB) models, characterized by either low spectral indices or low brightness
temperatures.
Conclusions. Three possible explanations are discussed for the deviation. (1) Optically thick class 0/I young stellar objects (YSOs)
with a very small beam filling factor can lead to lower brightness temperatures than what MBB models predict. (2) Large dust grains
with millimeter or centimeter in size have more significant self-scattering, and frequency-dependent albedo could therefore cause lower
spectral indices. (3) Free-free emission over 30 µJy can severely contaminate dust emission and cause low spectral indices for milli-
Jansky sources, although the number of massive protostars (embedded UCHII regions) needed is infeasibly high for the normal stellar
initial mass function. A reliable measurement of the SFR at low protostellar masses will require future work to distinguish between
these possible explanations.
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1. Introduction
The central molecular zone (CMZ), the inner ∼500 pc of the
Milky Way, contains more than 107 M⊙ of dense molecular gas
(Morris & Serabyn 1996; Ferrière et al. 2007). It is a unique
star-forming environment, characterized by extreme conditions
similar to the ones under which most of the cosmic star formation
may have occurred (Mezger et al. 1996; Kruijssen & Longmore
2013). These conditions include strong magnetic fields, intense
turbulence, elevated cosmic ray flux, and gravitational shear,
along with feedback from the supermassive black hole Sgr A⋆
(Genzel & Townes 1987; Kruijssen et al. 2014; Mills 2017;
Bryant & Krabbe 2021; Henshaw et al. 2023). Several molecular
clouds with masses of over 104 M⊙ and densities of ≳104 cm−3

are found within the CMZ (Bally et al. 1987, 1988; Lis &
Carlstrom 1994; Tsuboi et al. 1999; Kendrew et al. 2013; Walker
et al. 2015; Kauffmann et al. 2017a,b; Lu et al. 2019b, 2020;
Battersby et al. 2020). Despite the presence of a large reservoir
of molecular gas at volume densities high enough to gener-
ate widespread star formation in the solar neighborhood (e.g.,
⋆ Corresponding authors: xinglu@shao.ac.cn;
kwang.astro@pku.edu.cn

Lada et al. 2010), the CMZ is notoriously inefficient at form-
ing stars, with a star formation rate (SFR) of 0.07+0.08

−0.02 M⊙ yr−1

inferred from massive (>8 M⊙) stellar emission (see review
Table 1 in Henshaw et al. 2023) which is about ten times lower
than expected based on dense gas star formation relations (e.g.,
Longmore et al. 2013; Barnes et al. 2017).

The measurements of the SFR in the CMZ initially relied
on free-free emission from massive stars at an extremely low
angular resolution (Murray & Rahman 2010). Follow-up interfer-
ometric observations have provided direct evidence of high-mass
(>8 M⊙) star formation. For instance, observations with the Sub-
millimeter Array (SMA) have resolved several hundred dense
cores at 0.2 pc resolution (Liu et al. 2013; Kauffmann et al.
2017a; Lu et al. 2015, 2017, 2019b; Hatchfield et al. 2020). The
Very Large Array (VLA) surveys found class II CH3OH masers,
H2O masers, and ultracompact HII (UCHII) regions associated
with these dense cores of 102–103 M⊙ (Lu et al. 2019a,b).

However, the low-mass (<2 M⊙) protostellar population
in the CMZ remains unclear, limited by resolution and sen-
sitivity. Theories suggest that both high-mass and low-mass
protostars form in a common accretion reservoir. Therefore, low-
mass protostars should be found around high-mass ones (e.g.,
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Table 1. Basic information on the three CMZ molecular clouds.

CMZ cloud RA Dec l b Vlsr Reff Tdust Mass nH2

(hh:mm:ss) (dd:mm:ss) (deg) (deg) (km s−1) (pc) (K) (103 M⊙) (104 cm−3)

20 km s−1 17:45:37.4 −29:05:20 359.87 −0.08 12.5 5.1 15.8 33.9 0.9
Sgr C 17:44:44.1 −29:27:46 359.45 −0.11 −52.6 1.7 20.6 2.5 1.8

cloud e 17:46:45.5 −28:31:34 0.48 0.00 31.1 3.6 16.4 14.5 1.1

Notes. The cloud effective radius, total gas mass, and H2 volume density are retrieved from Kauffmann et al. (2017a). The averaged dust temperature
is the mean value over a column density threshold of 9 × 1022 cm−2 in the fore/background-subtracted column density map of Battersby et al. (2024).

Bonnell et al. 2001; Smith et al. 2009). Recent high-resolution
and high-sensitivity Atacama Large Millimeter/submillimeter
Array (ALMA) observations toward star-forming regions in the
Galactic disk have detected faint low-mass cores surrounding
massive ones, revealing crowded mini-clusters that were previ-
ously identified as massive cores (e.g., Wang et al. 2014; Zhang
et al. 2015; Pillai et al. 2019; Xu et al. 2023, 2024b). These
low-mass members are crucial to measuring the SFR. For a nor-
mal stellar initial mass function (IMF, e.g., Bastian et al. 2010),
they represent the dominant source of both the stellar mass and
the SFR. In particular, a top-heavy IMF has been suggested for
young massive clusters in the CMZ (Figer et al. 1999; Wang et al.
2006; Hosek et al. 2019), and studying low-mass star formation
in CMZ protoclusters will be crucial to place these claims in the
context of the incipient stellar population.

2. DUET: dual-band mosaic of three CMZ clouds

To shed light on the low-mass population in the Milky Way
CMZ, we have conducted the Dual-band Unified Exploration
of three CMZ Clouds (DUET) survey at both 1.3 and 3 mm
by ALMA. DUET serves as part of the Coordinated Obser-
vations of Nebulae in the CMZ Exploring Gas Recycling and
Transformation (CONCERT) campaign.

Our sample selection took advantage of the previous SMA
survey of all major molecular clouds in the CMZ outsider of
Sgr B2 (Kauffmann et al. 2017a,b). We selected three mas-
sive molecular clouds namely the 20 km s−1 cloud, Sgr C,
and cloud e, which present abundant fragmentation in the
1.3 mm continuum emission (Lu et al. 2020). Compared to
G0.253+0.016 and the 50 km s−1 cloud (Rathborne et al. 2015;
Walker et al. 2021), the three DUET clouds have been found to
contain a larger number of dense cores.

In the Galactic context, the 20 km s−1 cloud (M−0.13−0.08)
is projected to within 10 pc of Sgr A⋆. It has been suggested
that it feeds gas and dust to the 2-pc circum-nuclear disk (Ho
et al. 1991), and it shows a moderate level of star formation itself
(Kauffmann et al. 2017a; Lu et al. 2019b, 2021). Sgr C is the most
massive and luminous star-forming region on the western side of
the CMZ, and it has been suggested that it is a connection point
to a stream of gas and dust linking the CMZ and the nuclear stel-
lar disk to the Galactic bar (Henshaw et al. 2023). Star formation
in Sgr C has been found to be active, with an overall efficiency
comparable to ones in Galactic disk clouds (Kauffmann et al.
2017a; Lu et al. 2019b). The dust ridge cloud “e” is one of the
massive clouds (>105 M⊙) along the dust ridge extending to the
eastern side of Sgr A⋆ (Immer et al. 2012). It is largely devoid of
signatures of ongoing star formation, except for two dense cores
associated with masers and a UCHII region candidate (Lu et al.
2019b,a). Therefore, the three clouds constitute a small yet repre-
sentative sample in terms of their locations in the CMZ and their

levels of star formation. Figure 1 shows an overview of the three
clouds, with their properties including the cloud radii, masses,
and H2 volume densities listed in Table 1.

DUET primary motivation lies in penetrating the ambiguous
nature of millimeter emission in these clouds. Previous ALMA
single-band 1.3 mm continuum observations have revealed hun-
dreds of compact sources on 2000-au scales, with flux densities
as low as ≲1 mJy (Lu et al. 2020). Assuming that the 1.3 mm
emission arises purely from optically thin dust at a uniform
temperature of 25 K, these compact continuum sources corre-
spond to a population of low-mass dense cores with masses
between 0.6 and 2 M⊙. However, there are several caveats
in using a single-band millimeter continuum observation to
characterize the dense cores. First, dust emission is not always
optically thin, particularly at shorter wavelengths, potentially
leading to an underestimation of the derived masses. Second,
these sources may consist of a mix of thermal and non-thermal
emissions, particularly considering the widespread non-thermal
radio continuum emission associated with strong magnetic fields
or cosmic rays in the CMZ (Yusef-Zadeh et al. 2013; Heywood
et al. 2022; Bally et al. 2024). Third, thermal free-free emis-
sion from ionized gas can contaminate the millimeter continuum
(e.g., Ginsburg et al. 2018; Lu et al. 2019b). Last but not least,
previous observations are mostly single pointings, which could
miss the population outside fields. The dual-band mosaics by
DUET allow us to address these problems, providing an unprece-
dented insights into the nature of these cloud-wide compact
sources.

In the following, we introduce the ALMA observations and
data reduction in Sect. 3. We present the source extraction pro-
cesses, the derived source catalogs, and the quality assessment of
the catalogs in Sect. 4. We then discuss the intrinsic source size
in Sect. 5. Leveraging the dual-band catalog, we find a univer-
sal (>70% in the source sample) deviation from commonly used
dust modified blackbody (MBB) emission models, and discuss
three possible interpretations – class 0/I young stellar objects
(YSOs) with a very small source size, the existence of large
dust grains, and free-free emission contamination – in Sect. 6.
Throughout this paper, we adopt a uniform heliocentric distance
to these three clouds of 8.277 kpc (GRAVITY Collaboration
2022).

3. Observations and data reduction

3.1. ALMA 3 mm

The ALMA 3 mm observations were taken in the C43-4
and C43-7 configurations of the 12-m array (project code:
2018.1.01420.S; PI: X. Lu). The C43-4 observations were carried
out in November 2018, and the C43-7 observations were carried
out in August 2019, and August and July 2021. A brief summary
of the observational logs can be found in Table A.1.
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Fig. 1. Overview of the three CMZ clouds, the 20 km s−1, Sgr C, and the dust ridge cloud e by the dual-band ALMA observations. The background
pseudo-color maps show the composite Spitzer 3.6, 4.5 and 8.0 µm emission. The white contours show the ATLASGAL 870 µm emission, with
contour levels increasing from 3 by a step of 1 Jy beam−1, up to 12 Jy beam−1. The dashed yellow and orange loops outline the primary beam
response of 0.2 for ALMA 3 and 1.3 mm observations, respectively. The scale bar of 1 pc is shown on the bottom right.

The correlators were configured with four spectral windows
to cover several important spectral lines. The frequency coverage
and an example of observed spectra are presented in Fig. A.1.
Two 0.9375-GHz spectral windows with a spectral resolution of
0.488 MHz (∼1.67 km s−1) were put at central rest frequencies
of 86.71 and 88.29 GHz, respectively. Two 1.875-GHz spectral
windows with a spectral resolution of 0.976 MHz (∼2.95 km s−1)
were centered at the rest frequencies of 98.10 and 100.00 GHz,
respectively. They were set to cover dense gas tracers including
H13CN (1–0), H13CO+ (1–0), HN13C (1–0), HCN (1–0), OCS
(8–7), and CS (2–1), shock tracers including SiO (2–1), SO
3Σ v=0 3(2)–2(1), CH3OH 2(1,1)–1(1,0)A, and HNCO 4(0,4)–
3(0,3), and an ionized gas tracer, H40α. We mark several strong
lines in Fig. A.1, but note that there are plenty of unlabeled com-
plex organic molecule (COM) lines. Analyses of COM lines will
be presented in forthcoming papers of the series. A total band-
width of ∼5.6 GHz for the continuum was achieved, although
when we imaged the continuum a portion of the bandwidth was
flagged to remove spectral lines.

All the data were calibrated using the standard ALMA
pipeline (Hunter et al. 2023) implemented in the Common
Astronomy Software Applications package (CASA; CASA Team
et al. 2022). Due to the three different epochs of observations,
three different CASA versions were used, including 5.4.0-68,
6.1.1-15, and 6.2.1-7. Channels with spectral line emission in the
visibility data were visually identified with the plotms task in
CASA, and were flagged to keep only line-free channels. For the
20 km/s cloud, 6.3% of the bandwidth is flagged. This is 4.1% for
Sgr C and 9.2% for cloud e. The calibrated and flagged visibility
data of the C43-4 and C43-7 configurations were then merged
using the concat task.

Continuum images were reconstructed from the line-free
channels, using the multi-term, multifrequency synthesis method
(mtmfs) with nterm=2 in the tclean task in CASA 6.5.2-26.
Briggs weighting with a robust parameter of 0.5 was used. The
multi-scale deconvolution algorithm was adopted with multi-
scale parameters of [0, 5, 15, 50, 150] for a pixel size of 0.′′04.
The reference frequency of the continuum map produced by
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Table 2. Summary of dual-band observations and continuum images.

CMZ cloud On-source time (LB/SB) Resolution MRS Noise Dynamic range
(mins per pointing) (′′ × ′′) (au × au) (′′) (µJy beam−1)

ALMA band 3
20 km s−1 35.1 / 15.6 0.32 × 0.23 2600 × 1900 14.4 12 257

Sgr C 38.6 / 17.2 0.34 × 0.23 2800 × 1900 13.6 11 340
cloud e 71.4 / 8.6 0.30 × 0.20 2400 × 1600 9.7 10 191

ALMA band 6

20 km s−1 5.6 / 1.8 0.25 × 0.17 2000 × 1400 6.4 45 459
Sgr C 5.3 / 1.8 0.25 × 0.17 2000 × 1400 6.4 45 1006

cloud e 5.4 / 1.8 0.25 × 0.17 2000 × 1400 6.4 43 676

Notes. On-source integration time (per pointing) is listed for two configurations: longer baseline (LB) and shorter baseline (SB), respectively.
For band 3, they are C7 and C4; for band 6, C5 and C3. Resolution: continuum image resolution. MRS: maximum recoverable scale. Noise: rms
measured from the images without primary beam correction. Dynamic range: image dynamic range, defined as the peak value over noise rms.

mtmfs is 93.6 GHz. For the 20 km s−1 cloud and Sgr C, where
multiple pointings were observed, we produced the mosaicked
images. The resulting synthesized beam sizes are on average
0.′′32 × 0.′′22 (equivalent to 2600 × 1800 au). Due to the lack
of short baselines, the data are not sensitive to structures larger
than 14′′ (∼0.56 pc). This value is larger than that of 1.3 mm
by a factor of 2.3, which potentially bias the spectral index
analyses. So, when discussing spectral index in Sect. 6.1, we
re-cleaned the continuum image by constraining the same uv-
range at two bands. The 3 mm continuum image is published
in 10.5281/zenodo.15068333, and its emission is shown in
a red color in Fig. 2, compared to the cyan color showing the
1.3 mm emission. The continuum noise root mean square (rms)
in Col. 4 of Table 2 was measured on the image without primary
beam corrections with uniform thermal noise by iteratively clip-
ping until convergence at ±3σ around its median (Stetson 1987;
Bertin & Arnouts 1996).

3.2. ALMA 1.3 mm

The ALMA 1.3 mm continuum and spectral line data have been
reported in Lu et al. (2020, 2021). Details of the observation
setups and data calibration can be found therein. The ALMA
project code is 2016.1.00243.S. We highlight relevant informa-
tion as follows. We have used the standard CASA pipeline to
calibrate the data, and used the tclean task in CASA to image
the visibility data after combining data from two array config-
urations C40-5 and C40-3. The continuum reference frequency
is 226.0 GHz. The properties of the band 6 continuum images
are summarized in Sect. 2. The pixel size is 0.′′04, the same as
that of the band 3 images. The resulting synthesized beam is
0.′′25 × 0.′′17 (equivalent to 2000 au × 1400 au). The maximum
recoverable scale is 6.′′4 (∼0.26 pc). The measured continuum
noise rms is 43–45 µJy beam−1. The 1.3 mm continuum image
is published in 10.5281/zenodo.15068333, and its emission
is shown in a cyan color in Fig. 2, compared to the red color
showing the 3 mm emission.

4. Continuum source catalogs

4.1. Source extraction strategy

The continuum images contain multiscale structures ranging
from beam scales (0.′′2–0.′′3) to maximum recoverable scales

(7′′–14′′), and exhibit a high intensity dynamic range up to
1000 (cf. Col. 7 in Table 2). The getsf (v231026) extraction
algorithm (Men’shchikov 2021) was adopted to identify and
characterize sources, as it can identify sources from multi-scale
and also from multiband data. We adopted the getsf definition of
sources, which are roundish and significantly stronger than local
surrounding fluctuations (of background and noise). The getsf
algorithm is recommended for interferometric data, as it effec-
tively handles various backgrounds from filamentary structures
to negative bowls originated from imperfect uv-sampling and can
separate blended sources in crowded fields like protoclusters (Xu
et al. 2023; Cheng et al. 2024).

Our getsf procedure was designed to take full advantages
of the dual-band observations. Details of the settings and the
main workflow can be found in Appendix B. Here we only
provide a brief overview. The inputs are the 1.3 and 3 mm contin-
uum images at the original resolutions to avoid potential loss of
detection due to the smoothing process. The images are without
primary beam corrections for a more uniform noise distribu-
tion. The extraction mask includes regions where the primary
beam response is greater than 0.3 (pb≥0.3), to exclude ambigu-
ous detections on the edges. The minimum source size is set as
the original resolution, and the maximum source size was set as
five times the 1.3 mm beam size, 1.2′′ (approximately 0.05 pc or
10 000 au at the CMZ distance). The choice of maximum source
size can not only effectively exclude those extended sources
that are not core-like structures, but also preserve the complete-
ness of the core-like source catalog. The main getsf procedure
was divided into three rounds: preparing flattened components
across the two bands; performing single-band extractions for
monochromatic catalogs; and rerunning a dual-band detection
to obtain a combined catalog.

4.2. Catalog description

Our procedure (see Sect. 4.1) produced two types of source
catalogs: mono-band and dual-band. The mono-band source
catalogs (mbcat) provide detections and measurements at indi-
vidual bands, while the dual-band source catalogs (dbcat)
combine sources1 decomposed from the two bands for detection

1 getsf accumulates the clean images (background removed) over dual
bands by a natural weight, as is described by Eq. (29) in Men’shchikov
(2021).
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Fig. 2. Composite two-color map of the ALMA 1.3 mm (cyan) and 3 mm (red) continuum emission in Sgr C, with two zoom-in panels of
subregions “Main” and “Bridge”. The white loop marks the overlapped area of where primary beam responses are both >0.2 for 1.3 and 3 mm
bands. An interactive zoom-in webpage of all the three clouds can be found in https://xfengwei.github.io/magnifier/index.html

and measurement. In the following, we introduce the mono-
band catalogs in Sect. 4.2.1 and the dual-band catalogs in
Sect. 4.2.2, and discuss their caveats and complementarity
in Sect. 4.2.3. The source catalogs are publicly available at
10.5281/zenodo.15063109.

4.2.1. Mono-band source catalogs

The mbcat catalogs were obtained in the second round (see
Appendix B), where the sources were identified and measured
from either 1.3 or 3 mm band. A total of 563 sources (including
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Table 3. 1.3 mm mono-band source catalog.

ID RA Dec Sig θmaj × θmin PA Size Ipeak
ν S tot

ν

(J2000) (J2000) (′′ × ′′) (deg) (au) (mJy beam−1) (mJy)

20 km s−1

1 17:45:37.47 −29:03:49.94 449.3 0.36 × 0.29 60.46 2000 14.12(0.61) 47.61(0.90)
2 17:45:36.33 −29:05:49.71 298.0 0.28 × 0.22 130.1 1100 8.25(0.12) 18.49(0.16)

Sgr C

1 17:44:40.57 −29:28:15.89 861.1 0.29 × 0.26 157.1 1400 39.59(0.77) 108.67(1.10)
2 17:44:40.15 −29:28:12.85 645.5 0.32 × 0.21 158.4 1300 33.65(0.37) 98.13(0.59)

cloud e

1 17:46:47.06 −28:32:07.14 611.9 0.32 × 0.22 105.2 1300 19.25(0.25) 52.80(0.40)
2 17:46:48.23 −28:32:02.05 139.9 0.28 × 0.21 132.5 1000 4.13(0.05) 8.60(0.06)

Notes. The 1.3 mm mono-band source catalog is presented. Only the top two rows of each cloud are shown and the complete version can be found
in 10.5281/zenodo.15068333. ID: source index ordered by decreasing significance values (Sig) as defined in the getsf algorithm. RA and Dec:
right ascension and declination. θmaj × θmin: measured major and minor FWHM angular sizes. PA: position angle. Size: intrinsic source size, beam
deconvolved. Ipeak

ν : flux over beam solid angle at the brightest pixel. S tot
ν : integrated flux over source solid angle.

Table 4. 3 mm mono-band source catalog.

ID RA Dec Sig θmaj × θmin PA Size Ipeak
ν S tot

ν

(J2000) (J2000) (′′ × ′′) (deg) (au) (mJy beam−1) (mJy)

20 km s−1

1 17:45:37.47 −29:03:49.95 250.7 0.40 × 0.31 107.3 1800 2.37(0.05) 5.86(0.09)
2 17:45:37.74 −29:03:46.84 153.4 0.35 × 0.31 74.43 1300 1.46(0.03) 2.89(0.03)

Sgr C

1 17:44:40.15 −29:28:12.86 323.1 0.35 × 0.30 147.9 1100 2.85(0.07) 5.95(0.08)
2 17:44:40.57 −29:28:15.90 304.6 0.36 × 0.31 78.34 1300 2.70(0.08) 5.60(0.10)

cloud e

1 17:46:47.06 −28:32:07.14 168.6 0.43 × 0.38 131.9 2500 1.15(0.03) 3.98(0.05)
2 17:46:46.21 −28:31:55.13 68.67 0.34 × 0.30 131.1 1400 0.54(0.01) 1.28(0.02)

Notes. The 3 mm mono-band source catalog is presented. Only the top two rows of each cloud are shown and the complete version can be found
in 10.5281/zenodo.15068333. ID: source index ordered by decreasing significance values (Sig) as defined in the getsf algorithm. RA and Dec:
right ascension and declination. θmaj × θmin: measured major and minor FWHM angular sizes. PA: position angle. Size: intrinsic source size, beam
deconvolved. Ipeak

ν : flux over beam solid angle at the brightest pixel. S tot
ν : integrated flux over source solid angle.

81 in cloud e, 224 in Sgr C, and 258 in the 20 km s−1 cloud)
at 1.3 mm and 330 sources (including 39 in cloud e, 128 in
Sgr C and 163 in the 20 km s−1 cloud) at 3 mm were identi-
fied. The sources have passed the getsf recommended filtering
criteria: (1) goodness values (GOOD) greater than 2 and sig-
nificance values (Sig) greater than 5; (2) peak and total fluxes
higher than twice the local rms noise; and (3) an elliptical aspect
ratio ≤2 to be roundish (Men’shchikov 2021). The mbcat sources
overlaid on the corresponding continuum images are shared in
10.5281/zenodo.15068333.

The 1.3 and 3 mm mbcats are presented in Tables 3 and
4, respectively. The significance value (Sig) is equivalent to
the signal-to-noise ratio (S/N) of a source on the scale where
it is best detected by getsf. The sources are sorted by the Sig
value in the descending order, as indicated by the ID in the
table. Throughout the DUET series, we use the nomenclature
of “{cloud name}-{band}{#ID}”, where “cloud name” refers to
either of cloude, SgrC, and 20kms. For example, SgrC-1mm#1

refers to the source with ID of 1 in the 1.3 mm mbcat in the
Sgr C cloud, and 20kms-3mm#2 refers to the source with ID of
2 in the 3 mm mbcat in the 20 km s−1 cloud. Following the con-
vention from Motte et al. (2018b), Sig greater than 7 corresponds
to a robust detection. There are 437 and 278 robust detections at
1.3 mm and 3 mm in mbcats, corresponding to about 77% and
84% of the monochromatic detections, respectively. To obtain
the intrinsic source sizes, we deconvolved the synthesized beams
from the observed sizes by the analytical solution introduced in
Appendix C. The deconvolved FWHM sizes were converted into
physical scales at the distance of 8.277 kpc. The peak intensity
and total flux were both primary-beam-corrected; the total flux
of source is aperture-corrected by the radio beam shape rather
than directly summarizing the flux per pixel that belongs to the
source.

We did not perform any further filtering criteria based on
their intensity profiles, to maintain mbcat’s completeness for
future studies at individual bands. For example, some diffuse
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and extended sources can be analogous to nearby prestellar cores
with sizes of ≲10 000 au (see Table 4 of Xu et al. 2024a, and ref-
erences therein). The intensity profile of these prestellar cores
should be much shallower than typically observed in protostel-
lar cores because of a shallower density profile and a positive
temperature gradient (colder in the inner part). Due to the miss-
ing flux effect, prestellar cores may appear even fainter than
expected.

4.2.2. Dual-band source catalogs

The dbcat catalogs were obtained in the third round of getsf
procedure (see Appendix B), where sources were identified
and measured with the combination of both 1.3 and 3 mm
continuum emissions. Since the FoVs of the two bands only
partially overlap, the initial dbcats include sources outside the
pb=0.3 mask of one of the bands. We removed such sources
to obtain the cleanest source sample within the overlapping
FoVs. Finally, a total of 450 sources (including 62 in cloud e,
182 in Sgr C, and 206 in the 20 km s−1 cloud) were included
in the dbcat; they are listed in Table B.1. The complete
version of dbcat is shared in 10.5281/zenodo.15068333.
Throughout the paper, we use the nomenclature of “{cloud
name}-{db}#ID”. For example, SgrC-db#1 refers to the source
with ID of 1 in the dbcat in the Sgr C cloud. As an exam-
ple, the spatial distribution of the identified sources in the
Sgr C cloud is shown in Fig. 3. The complete version for
all the three clouds are shared both in an interactive mode
(https://xfengwei.github.io/magnifier/index.html)
and in 10.5281/zenodo.15068333.

The dbcat sources have undergone a similar filtering criteria
as the mbcat ones, but the goodness and significance are com-
bined from both 1.3 and 3 mm. Therefore, some dbcat sources
could have a small Sig value in one band because of a signif-
icant detection in the other band. For example, SgrC-db#30 is
marginally detected at 1.3 mm but filtered by Sig and goodness
criteria, while it has S/N>65 at 3 mm. Another example is SgrC-
db#106, which has a S/N>17 detection at 1.3 mm but marginal
detection at 3 mm. In the complete version of Table B.1, the
monochromatic Sig values at 1.3 and 3 mm are also given.

The dbcat can also resolve crowded sources thanks to the
higher angular resolution at 1.3 mm. We refer to the cloud e-
Main as an example. We identified cloude-1mm#1, 15, 21, 23,
28, 29, 55, and 61 from a clustered region at 1.3 mm, but only
cloude-3mm#1, 16, and 22 at 3 mm due to its coarser resolu-
tion. However, all eight sources were successfully separated and
identified in the dbcat.

Source sizes and fluxes at each band were measured within
individual monochromatic footprints, so the sizes can differ
between the two bands. Two data columns for 1.3 and 3 mm,
respectively, were include in the catalog, each of which contains
the same parameters as the mbcats. The intrinsic source sizes
of both bands were obtained by deconvolving the synthesized
beams from the observed sizes (see Appendix C). In Table B.1
listed are the major and minor FWHM sizes, position angle,
intrinsic source size, peak intensity, and integrated flux over the
source.

4.2.3. Completeness and robustness of the catalogs

As is shown by solid orange and yellow lines in Fig. 1, the FoVs
at 1.3 and 3 mm only partially overlap. The mbcats contain all
the detections within the FoVs at the individual bands, while

the dbcat only includes sources appearing in the overlapped
FoVs of the two bands. In this sense, the mbcat ensures the
completeness of the sources within the FoV at each individual
band.

Meanwhile, dbcat considers both bands simultaneously for
detection, raising the robustness of source detection. For exam-
ple, the mass sensitivity of optically thin dust at 20 K at 1.3 mm
is about four times better than 3 mm, so a faint dusty source can
have a robust detection >7σ at 1.3 mm but less than 2σ at 3 mm.
In this case, the 1.3 mm mbcat will include this source, but the
dbcat will not. Therefore, the 1.3 mm mbcat catalog is more
complete than the dbcat at the low-flux end. In turn, sources
in the dbcat are more robust, because they are verified in both
bands. This is particularly important for interferometric images,
where there can be sidelobes or artifacts from cleaning. Com-
pared to the mbcat, the dbcat combines images to filter out
false detections, resulting in a smaller but more robust source
catalog.

However, it should be noted that if a source is marginally
detected and filtered out in one band but has a robust detec-
tion in another, the dbcat will contain it. It usually happens
in two cases. The first case is also for optically thin dust core
mentioned above, but the difference happens when a 1.3 mm
detection reaches as much as 20σ but 3 mm is still below 5σ. As
such, the combined dbcat effect is that the significant 1.3 mm
detection confirms the marginal detection at 3 mm, otherwise
these sources could have been missed at 3 mm mbcat. As is
shown in the two left panels in Fig. 4, the dbcat sources have
detections with fluxes down to 0.01 mJy at 3 mm, about one
order of magnitude fainter compared to mbcat. The second case
is that when a source evolves into an UCHII region, the ion-
ized gas produces strong free-free emission which flattens the
spectral energy distribution at the millimeter wavelength. In this
case, the 3 mm emission can be strongly enhanced, while the
dust emission at 1.3 mm can be even weaker due to dust deple-
tion by sputtering or sublimation and therefore becomes even
more undetectable (Hoare et al. 1991; Inoue 2002; Draine 2011).
For example, in Sgr C-Main, there are two significant detections
SgrC-3mm#12 (Sig ∼ 140) and SgrC-3mm#17 (Sig ∼ 101), and
are either marginally detected as SgrC-1mm#211 (Sig ∼ 5) or not
detected at all. But in the dbcat, both of them are detected as
SgrC-db#25 (combined Sig ∼ 83) and SgrC-db#30 (combined
Sig ∼ 65), respectively. To summarize, mbcats are optimized
for monochromatic completeness, while dbcat has improved
robustness by dual-band cross check.

5. Intrinsic source size

Recent interferometric observations on the order of thousands
of astronomical units have detected a large number of beam-like
sources in distant and massive protoclusters (e.g., Liu et al. 2019;
Motte et al. 2022; Xu et al. 2024b). After deconvolution, their
intrinsic sizes are generally smaller than the beam. A question
arises whether they are objects with a uniform surface density
across ∼1000 au or compact disks surrounded by less dense
envelopes. Our DUET source catalog provides a large number of
beam-like sources in a uniform spatial resolution. In Sect. 5.1, we
estimate the intrinsic source size and orientation after deconvo-
lution, demonstrating that these sources are mostly unresolved.
Furthermore, in Sect. 5.2, we use flux measurements to argue
that the sources cannot be, or at least are not solely, point-like.
Instead, they have finite source sizes but are still smaller than the
beam.
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Fig. 3. Dual-band sources (white ellipses) overlaid on the two-color composite map (cyan: 1.3 mm; red: 3 mm) for Sgr C. The
“Bridge” and “Main” subregions indicated by yellow boxes are further zoomed in. An interactive zoom-in webpage can be found in
https://xfengwei.github.io/magnifier/index.html

5.1. Source deconvolution

The measured source size is the result of the intrinsic source
size convolved with the beam size. Using the analytical method
introduced in Appendix C, we can directly obtain the intrinsic
major and minor axes as well as the position angle of the sources.
We take dbcat as an example. As is shown in the left panel of
Fig. 5, most measured source sizes are larger than the beam size

for both bands. After beam deconvolution, 77% sources have
intrinsic sizes smaller than the beam size; these are referred to
as marginally resolved sources. The distributions of deconvolved
sizes of the 3 and 1.3 mm sources are more consistent between
the two bands than the distributions of measured sizes, which
indicates that the deconvolution successfully recovers the intrin-
sic source size. In the right panel, the observed source position
angles show a clear concentration at the beam position angle,
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Fig. 4. Left: measured total flux versus peak flux shown by KDE (contours). Right: ratio of the flux per beam at the brightest pixel to the total
integrated flux (S peak/S total) versus source size FWHMavg. The blue and pink data points show the 1.3 and 3 mm sources respectively. The dashed
black lines mark where peak intensities equal total fluxes, i.e., true point-like sources. The dashed blue and pink lines mark the beam size of 1.3
and 3 mm observations, respectively. The top and bottom panels show the sources from mbcat and dbcat, respectively.

Fig. 5. Left: probability distribution of the geometric mean source size FWHM directly measured from observations (FWHMobs) and deconvolved
from observations (FWHMdec), shown by KDE. FWHMobs and FWHMdec are presented at the bottom and the top, respectively. Right: probability
distributions of measured and deconvolved position angle are shown by KDE at the bottom and the top, respectively. The blue and pink colors
represent the 1.3 and 3 mm, respectively. The vertical dashed lines represent the beam sizes and position angles. Both panels show the dbcat
measurements from all the three clouds.
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while the deconvolved position angles have a more scattered
distribution. We interpret this as the convolution effects: the
intrinsic source sizes should be smaller than or comparable to the
beam size, so the beam-convolved position angles have a consis-
tent beam-like direction. Once deconvolved from the beam, the
tendency diminishes naturally.

5.2. Flux measurement

Flux measurement serves as an additional metric to constrain the
source size. If a source is truly point-like, the brightest pixel
should contain all the flux from the source. Conversely, if a
source has a spatial extent, the brightest pixel contains only a por-
tion of the flux. In Fig. 4 left, we present the total flux versus peak
intensity. The ratio of total flux to peak intensity is compared to
the FWHMavg of the source size (defined as the geometric aver-
age of the observed major and minor FWHM axes) in the right
panels. The upper and lower panels show measurements in the
two catalogs, mbcat and dbcat, respectively. In the left panels,
the peak intensity and total flux are tightly correlated, indicat-
ing that these sources are mostly concentrated without extended
structures. In the right panels, there is a clear decreasing global
trend in the total-flux-to-peak-intensity ratios with increasing
observed source sizes, as expected for extended sources that have
higher total flux values than peak intensity values. There are
some cases when peak intensity value is higher than total flux
value, which appears intuitively wrong: this happens when there
is a noisy background or the source is near an interferometric
negative bowl, causing the total flux to be even lower than the
peak intensity if these negative pixels are included.

In the mbcats, all the observed source sizes at 1.3 mm
are larger than the beam size, whereas only one at 3 mm is
point-like. In the dbcat, more 3 mm sources that are faint and
blended can be identified with the help of 1.3 mm, including
seven point-like sources at the 3 mm low flux end. Comparing
between the top left and bottom left panels in Fig. 4, we find
that the measured source fluxes in dbcat, especially at 3 mm,
show a higher flux dynamic range than in mbcat. The limited
flux dynamic range of the 3 mm sources is a direct result of
the image sensitivity. However, when combined with 1.3 mm
images, the detection sensitivity for sources at 3 mm can be
improved from 0.1 mJy (∼10σ) down to 0.01 mJy (∼1σ). As is
discussed in Sect. 4.2.3, these faint 3 mm sources would proba-
bly be missed in monochromatic detection due to their low S/Ns,
which highlights the advantage of the dbcat compared to the
mbcats.

6. Spectral indices

The spectral index is defined as

α ≡
log(I1/I2)
log(ν1/ν2)

, (1)

where Ii is the monochromatic intensity or brightness at the
frequency νi. In this work, we are discussing the inter-band
spectral index where its subscripts (i = 1, 2) represent 1.3 and
3 mm, respectively. By solving the equation of radiation transfer
without dust scattering yields

Iν = B(ν,T )
(
1 − e−τν

)
= B(ν,T )

(
1 − e−κνΣ

)
, (2)

where B(ν,T ) is the monochromatic blackbody emission at the
temperature T ,

B(ν,T ) =
2hν3

c2

(
ehν/kT − 1

)−1
, (3)

and τν is the monochromatic dust optical depth and can be
expressed by the product of the monochromatic dust absorption
opacity, κν, and the dust surface density, Σ.

We discuss α in different τν regime. In the optically thin case,
Eq. (D.6) gives α = 3.8 assuming a dust emissivity spectral index
β = 1.82. However, recent ALMA observations of high-mass
protostellar cores have shown surface densities Σ ≳ 50 g cm−2

within ≲2000 au scale (e.g., Motte et al. 2018a; Traficante et al.
2023; Xu et al. 2024b,c), which makes dust optically thick. We
adopt the opacity model of protostellar dust grain with ice mantle
(see Fig. D.1) in the 106–108 cm−3 density regime (Ossenkopf &
Henning 1994) and obtain κ1.3 mm = 0.9± 0.1 cm2/g and κ3 mm =
0.18 ± 0.02 cm2/g. Assuming a gas-to-dust ratio of Rgd = 100,
the dust optical depths are then obtained as τ1.3 mm = 0.5 and
τ3 mm = 0.1. As κνΣ increases, Iν converges toward B(ν,T ), and
the spectral index goes to 2.0 according to Eq. (D.7).

6.1. Low spectral indices versus low brightnesses

To remove the effect of different uv samplings between 1.3 mm
and 3 mm ALMA observations, we re-cleaned the 1.3 and 3 mm
continuum images to achieve a common beam (see more details
in Appendix E). We reran the getsf to obtain common-beam ver-
sions of dbcat. The common-beam dbcat is specifically used
for inter-band spectral index calculations. We note that in our
published dbcat (Table B.1), the source extractions are still
from the images with original beams, because common-beam
dbcat will miss detections of blended sources due to its coarser
resolution.

The spectral indices were calculated from common-beam
dbcat using Eq. (1). We define beam-filling peak intensity,
Ibf,peak
ν , which represents the peak intensity when the beam filling

factor is unit. For sources with deconvolved sizes smaller than
the beam size, a beam filling factor of θ2deconv/(θ

2
deconv + θ

2
beam) is

divided from the measured peak intensities to obtain Ibf,peak
ν . The

correction is convenient for comparison in later discussion.
In Fig. 6, the dbcat sources with reliable spectral indices are

displayed in the Ibf,peak
1.3 mm-α plane. The mean and median values of

α are 2.6 ± 0.5 and 2.6 ± 0.2, respectively. As a comparison, we
calculated how MBB (i.e., Eq. (2)) behaves on the α-I plane with
a given temperature (see deduction in Appendix F), which is fur-
ther referred to as the isothermal track in form of Eq. (F.3). To
demonstrate the deviation from MBB emission, α is calculated
for the given Ibf,peak of observed sources following isothermal
track with a temperature from 10 to 30 K and β = 1.8. The dis-
tribution of these α values are shown by color-coded KDEs in
the top panel of Fig. 6. Significantly, the observed α distribution
deviates from the MBB emission with the commonly assumed
β = 1.8 and with the assumed beam filling factor of unity. Such
deviations account for more than 70% of the detections. Since
we observed lower α than MBB expects, we call it “low spectral
index” case.

We now interpret the deviation in another way. In the right
panel of Fig. 6, the observed Ibf,peak spans a wide range from

2 The value is fitted from dust-ice mental models as described in
Ossenkopf & Henning (1994).
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Fig. 6. Beam-filling peak intensity at 1.3 mm (Ibf,peak
1.3 mm) versus dual-band spectral index (α). The black circles with error bars show the dual-band

detections in the common-beam images. Their KDE is outlined by gray contours. The dashed blue and pink lines show the 3σ detection limits at
1.3 and 3 mm, respectively. The triangles in corresponding colors show those only detected in individual bands. Top: KDE of observed spectral
index shown in gray shade. Two special cases including optically thin (α ≃ 3.8) and blackbody (α = 2) emission are marked by vertical dashed
black lines. The colored KDEs represent predicted α values from modified blackbody (MBB) emission. Right: observed Ibf,peak

1.3 mm is shown in gray
shade. The predicted Ibf,peak

1.3 mm from the MBB emission is given in colored KDEs.

0.1 to 100 mJy but peaks at 1 mJy. Following the MBB isother-
mal track with given low spectral indices by observation, the
expected Ibf,peak is given in color-coded KDEs. These distribu-
tions, which peak at ≳10 mJy, cannot account for the observed
values which are significantly lower. We refer to this as the “low
brightness temperature” case. The two cases discussed above
guides us to propose different scenarios and hypotheses in the
following sections.

6.2. Possible explanations

One hypothesis to explain the observed low spectral indices and
low brightnesses is that the flux densities are dominated by spa-
tially compact and optically thick objects that are severely beam
diluted. For example, the flux densities may be dominated by
embedded class 0/I YSOs. In Sect. 6.2.1, we explore what prop-
erties of such compact sources may be in order to explain the
observed spectral indices and brightnesses. On the other hand,
the presence of ≳0.1 mm sized dust grains can also lead to
attenuated Iν and lower spectral indices, due to the high dust
scattering opacity associated with larger grains. In case flux
densities are not necessarily dominated by embedded class 0/I
YSOs in some sources, in Sect. 6.2.2 we explore the extent of
grain growth needed to explain the observed spectral indices
and brightnesses. Finally, sources associated with free-free emis-
sion typically exhibit lower spectral indices, as is discussed in
Sect. 6.2.3.

We note that the three hypotheses are not mutually exclusive.
For example, with the presence of large dust grains, embedded
class 0/I YSOs with larger angular scales (i.e., not severely beam
diluted) can be consistent with the observations, as the attenua-
tion due to both dust scattering and beam dilution helps explain
the observed low brightnesses.

6.2.1. Beam diluted class 0/I YSOs

The hypothesis is motivated by recent ALMA long-baseline
observations of CMZ clouds, revealing a large population of
hundred-au scale compact sources (Budaiev et al. 2024; Zhang
et al. 2025a). Combining with the low brightness (Sect. 6.1) and
the small sizes discussed in Sect. 5.1, our hypothesis is that these
low-α sources could be unresolved class 0/I YSOs, of which the
brightness temperature is significantly beam-diluted when being
observed with a large beam size.

To verify the hypothesis, we retrieve the 1.3 mm contin-
uum sources from the ALMA Survey of Orion Planck Galactic
Cold Clumps (ALMASOP; Dutta et al. 2020) with 140 au res-
olution. A total of 66 sources have been classified as class 0/I
YSOs and four are prestellar core candidates. As is indicated in
Fig. 7a, the sizes of class 0/I YSOs are between 50 and 200 au
(16 and 85% percentile for 1σ), while the prestellar cores are
usually as large as >1000 au, which is consistent with other well-
resolved prestellar cores (e.g., Caselli et al. 2022). We adopted
the dust models of 10-micron-sized grains (see description in
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Fig. 7. Distributions of (a) the size FWHM and (b) the integrated flux of
the ALMASOP sources. The pink and blue histograms show the cases
of class 0/I YSOs and prestellar sources, respectively.

Sect. 6.2.2) and obtained their isothermal tracks with an optically
thick diameter of 50, 100, and 200 au. The isothermal tracks with
temperature range of 30–100 K are shown in shaded regions,
shown with gray, pink, and blue colors in Fig. 8. These mod-
els can cover the observed data points very well. In this case, a
large fraction of the observed flux densities can be contributed
by the embedded, optically thick low-mass class 0/I YSOs that
are much smaller than the sizes of our synthesized beams.

We further perform simulated DUET 1.3-mm observa-
tions of the ALMASOP sources by using the simalma task
in CASA. As is shown in Fig. 7b, the integrated fluxes of
the ALMASOP class 0/I objects are primarily between 5 and
120 mJy (16 and 85% percentile). So we choose four representa-
tive ALMASOP targets, G210.97−19.33S2, G208.68−19.20N3,
G208.68−19.20N1, and G208.68−19.20N2, for simulated obser-
vations. The first three are identified as class 0/I YSO candidates,
with integrated flux covering from 10 to 100 and to 800 mJy. The
last one G208.68−19.20N2 is classified as a prestellar core with
a 150-au extremely dense nucleus (Hirano et al. 2024).

Data from all three arrays combined (C-5, C-2, and ACA)
are used to achieve the highest angular resolution as well as to
recover diffuse emission and large-scale structures especially for
the prestellar core G208.68−19.20N2. Details of the ALMASOP
observations, array configuration combination, and imaging can
be found in Dutta et al. (2020). We extract the emission above
3σ for each image as sky models and put them at the same dis-
tance as our studied CMZ clouds, which are shown in Cols. 1
and 3 of Fig. 9. We set simulated observations with the same
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Fig. 8. Observed peak flux, Iobs,peak
1.3 mm , versus dual-band spectral index,

α. The black circles with error bars show the dual-band detections,
of which the KDE is shown in gray contours. The self-consistent dust
model with micron-sized (amax = 0.01 mm) dust grains (Liu 2019) are
shown with shaded regions that cover a temperature range of 6–48 K.
The blue, pink, and gray colors represent beam diluted class 0/I YSOs
with FWHM sizes of 50, 100, and 200 au, respectively.

array configurations (C40-5 and C40-3 in Cycle 4) and the same
integration time (270 and 90 seconds) as the actual DUET band
6 observations. The simulated visibility data are cleaned, and
the achieved rms noises of cleaned images are 40 µJy beam−1,
consistent with our DUET images.

G210.97−19.33S2 contains two point-like sources that are
identified as class I YSOs, each with an integrated flux of
5–10 mJy. During protostellar evolution, their envelopes have
dissipated, resulting in lower 1.3 mm fluxes compared to class 0
objects. These sources represent the low-flux end of the ALMA-
SOP sample (cf. Fig. 7b). When being placed at the CMZ, such
objects would be challenging to be detected with the DUET
observations. A brighter example is the southern binary system
in G208.68−19.20N3. The system could be marginally detected
at the 3σ level, as shown in the upper panel of Col. 4. So
in our DUET observation, such a binary system could make
up a marginally detected peak intensity of 0.2 mJy beam−1 in
the CMZ. A more extended object is located in the northern
part of G208.68−19.20N3, appearing as a point-like source with
a pseudo-disk or an envelope. In the simulated observation,
the flux of the extended structure is covered inside the beam,
significantly increasing the peak intensity and yielding a >7σ
detection. A more extreme case is G208.68−19.20N1, but likely
harbors a larger protostellar and disk mass. Its simulated images
show a peak intensity of 3 mJy beam−1, which is consistent with
the majority of the actual dbcat sources in Fig. 6. Thus, if the
low-mass protostellar sources observed in the CMZ clouds are
similar to these examples, they are likely at the class 0/I stage,
where envelopes have not yet fully dissipated or retain significant
remnants.

Our simulated observation of G208.68−19.20N2 also proves
the possibility of those sub-milli-Jansky sources to be prestellar
cores. In the Col. 4 bottom panel, G208.68−19.20N2 is detected
above 5σ, with a peak intensity reaching 0.27 mJy beam−1, when
placed at the distance of the CMZ. Given that G208.68−19.20N2
is an extreme case – the brightest and densest prestellar core
in the ALMASOP sample – prestellar cores could plausibly
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Fig. 9. Sky models and simulated observations (Sim. Obs.) by simalma are shown. The beam shape and scale bar of 2000 au are marked. No
contour levels are shown for G210.97−19.33S2, because no pixels brighter than 3σ are found. The contour levels for G208.68−19.20N3 Sim.
Obs. are 3σ, 5σ, and 7σ (1σ =0.04 mJy beam−1). The contour levels for G208.68−19.20N1 Sim. Obs. are 3σ and 30σ. The contour levels for
G208.68−19.20N2 Sim. Obs. are 3σ and 5σ.

account for detections in the range of 0.1 to 0.3 mJy beam−1.
Examples might include SgrC-1mm#208 in the SgrC “Bridge”
and SgrC-1mm#211 in the SgrC “Main” region. However, the
possibility that even brighter sources (>0.3 mJy beam−1) could
also be prestellar cores remains to be verified, as the free-fall
time in such cases might be even shorter, making these objects
exceptionally rare.

There are more supports from recent higher resolution obser-
vations towards the CMZ clouds. For example, there are 199
bright and compact millimeter sources with a median size of
370 au in three massive star-forming clumps in the Sgr C and the
20 km s−1 cloud, which are suggested to be candidates of proto-
stellar envelopes or disks (Zhang et al. 2025a). With a bit lower
spatial resolution of 500–700 au, Budaiev et al. (2024) have also
identified more than 200 sources with similar sizes in the Sgr B2
region, which are argued to be class 0/I YSO candidates with
actively accreting protostars and rotation-supported envelopes or
disks.

6.2.2. Large dust grains

We discuss the hypothesis of millimeter- and/or centimeter-sized
(mm/cm-sized) large dust grains at the scale of thousands of au.
Large grains generally have lower millimeter absorption opac-
ity spectral indices βmm and therefore lower αmm. Theoretically,
Draine (2006) shows that for typical dust in the interstellar
medium, β ≃ 1 at 1.3 mm if the power-law size distribution of
the dust grains (dn/da ∝ a−p with p ≃ 3.5) extends to sizes of
amax ≳ 3 mm. Recently, there are multiband observations in pro-
tostellar cores in Orion attribute the millimeter shallow spectral
indices to larger grain sizes (Schnee et al. 2014; Nozari et al.
2025).

We apply a self-consistent dust grain model which consid-
ers both absorption and scattering (Liu 2019). In the model, the

effective scattering opacity is κsca,eff
ν , which excludes the cross-

section in the forward scattering. So, the total opacity κext
ν writes

κext
ν = κ

abs
ν + κ

sca,eff
ν . (4)

The relative importance between scattering and absorption is
characterized by dust albedo γ ≡ κsca,eff

ν /κext
ν . In the γ ≪ 1

regime, it reduces to the case of the usual MBB emission in
Eq. (D.1). For γ ≳ 1, the effect of dust scattering starts to become
noticeable in the dust spectra at optical thick regime (Birnstiel
et al. 2018). For most of the probable dust compositions (except
for graphitic carbonaceous dust), this occurs when 2πamax ≳ λ.
First, dust scattering leads to attenuation of the observed inten-
sity. Second, it changes the color (i.e., spectral indices), which
depends on how the relative importance between κabs

ν and κsca,eff
ν

varies with frequency. Spectral indices are lowered (as compared
to the dust with zero scattering opacity) in the frequency range
where albedo is increasing with frequency, which was referred to
as anomalous reddening (Liu 2019); conversely, spectral indices
become larger in the frequency range where albedo is decreasing
with frequency.

To demonstrate how the hypothesis explain the observations,
we generated isothermal track based on the dust grain model,
of which the procedure is explained as follows. We first pro-
duced a grid of dust spectra based on various dust temperature,
dust column density, and the maximum grain size amax. The low-
est and highest temperatures are 6 and 48 K, which correspond
to the lower limit of typical interstellar medium (ISM) temper-
ature and Rayleigh-Jeans limit, respectively. We then adopted
the dust opacity tables provided in Birnstiel et al. (2018) which
assume that dust grains are spherical and compact and are com-
posed of water ice, refractory organics, troilite, and astrophysical
silicates. For the grain size, we assumed a power-law grain
size distribution with p ≃ 3.5 between the minimum grain size

A164, page 13 of 23



Xu, F., et al.: A&A, 697, A164 (2025)

1.5 2.0 2.5 3.0 3.5 4.0 4.5
Spectral Index 

10 4

10 3

10 2

10 1

B
ea

m
 F

ill
in

g 
Pe

ak
 In

te
ns

ity
 Ibf

,p
ea

k
1.

3m
m

 (J
y/

be
am

)

amax = 0.01 mm
amax = 1.00 mm
amax = 10.00 mm
Dual-band Sources

Fig. 10. Beam filling peak intensity, Ibf,peak
1.3 mm, versus dual-band spectral

index, α. The black circles with error bars show the dual-band detec-
tions, of which the KDE is shown in gray contours. The self-consistent
dust models (Liu 2019) are shown with shaded regions that cover the
temperature range of 6–48 K. The gray, pink, and blue colors repre-
sent cases for amax = 0.01, 1, and 10 mm, respectively. The tracks start
with the optically thin case from the bottom where Ibf,peak

1.3 mm increases lin-
early with surface density and α keeps invariant. As it becomes optically
thick, Ibf,peak

1.3 mm becomes more saturated, and α decreases down to ≃2 as in
the case of blackbody.

(amin = 0.1 µm) and various amax. The size-averaged opacity is
not sensitive to the assumption of amin. Last, surface densities
start from 10−5 to 30 g cm−2 to generate isothermal tracks from
optically thin through thick cases, with a given amax and tem-
perature. The Mie theory and the Henyey-Greenstein scattering
approximation were considered.

In Fig. 10, the cases for grain sizes amax = 0.01, 1, and 10 mm
are shown with gray, pink, and blue shades, respectively. The
6 and 48 K isothermal tracks are the two extreme temperature
cases to form the boundaries of the color-coded regions. Isother-
mal tracks start with the optically thin case from the bottom
where Ibf,peak

1.3 mm increases linearly with surface density and α keeps
invariant. As it becomes optically thick, Ibf,peak

1.3 mm is saturated, and
α decreases down to ≃2.

For micron-sized (amax = 0.01 mm) dust grains, absorption
dominates over scattering at millimeter bands. As is shown by
the gray region in Fig. 10, the spectral index is close to the case
of Eq. (D.6), so the highest possible spectral index is ∼3.8. As is
discussed in Sect. 6.1, with amax ∼ 0.01 mm, a large amount of
sources with low spectral indices α < 3 cannot be explained.

For mm-sized (amax = 1 mm) dust grains, in the optically
thin regime, the left and right boundaries of spectral indices
shift toward higher values as compared to the case of amax =
0.01 mm. This is because albedo decreases with frequency at
100–200 GHz when amax = 1 mm (see Figures 2 and 3 of
Liu 2019), which leads to higher spectral indices in the regime
of κext

ν Σdust ≳ 0.1. As is shown by the shaded pink region,
the 1 mm sized grain scenario can cover the “high α bump”
that includes detections with α ≃ 4. The high-α bump fea-
ture actually serves as an observational hint for the existence
of intermediate-sized grains in astrophysical environments. In
the optically thick regime, the intensity attenuation is notice-
able as compared with the case of amax = 0.01 mm, which better
explains the data points with low α and low S bf,peak

1.3 mm.

For cm-sized (amax = 10 mm) dust grains, in the optically
thin regime, the left and right boundaries of spectral indices shift
toward lower values as compared to the case of amax = 0.01 mm,
mainly due to the lower β values. The intensity attenuation by
dust scattering is also noticeable. Both features help explain the
sources with low α and low S bf,peak

1.3 mm.
Therefore, a range of maximum grain sizes of 0.01–10 mm

may explain the α and Ibf,peak
1.3 mm values in our observations. We

note that there are two additional outliers with high peak inten-
sities in Fig. 10 which need higher dust temperatures of 60 and
100 K, respectively. These two sources are two massive hot cores
in Sgr C which contain hot molecular species and are reported
to be >100 K in gas temperature by fitting CH3CN lines (Zhang
et al. 2025b). Combining the JWST data with other infrared and
millimeter data, Crowe et al. (2024) use a YSO radiative trans-
fer model (Zhang & Tan 2018) to estimate the envelope dust
temperature to be ∼100 K and stellar mass of ∼20 M⊙.

The origin of mm/cm-sized grains is uncertain. A typical
envelope density of nH ∼ 107−8 cm−3 is insufficient to form
grains of this size. Only at densities of nH ≳ 1010 cm−3 would the
formation of such large grains be feasible (Hirashita & Omukai
2009; Navarro-Almaida et al. 2024). According to coagulation
models, mm-sized grains observed in protostellar envelopes can-
not form locally within the envelopes themselves (Wong et al.
2016; Silsbee et al. 2022). In contrast to the inefficient dust
growth in the envelope, dust can quickly grow to the order of
mm in disks, with a typical timescale of 103 years, thanks to
higher densities in disks even in class 0/I YSOs. Numerical cal-
culations have shown that large grains decoupled from gas can be
ejected from disks through outflows due to the centrifugal force,
enriching dust in envelopes (Wong et al. 2016; Tsukamoto et al.
2021). The timescale is much shorter than the lifetime of YSOs,
allowing large grains to survive in envelopes.

In the context of the three CMZ clouds, ubiquitous molecular
outflows have been identified to be associated with both low and
high-mass protostellar cores (Lu et al. 2021). This fact supports
the idea of outflow-driven large grain enhancement as discussed
above. Additionally, the high density environment in the CMZ
could further enhance this effects by increasing the drag force
on the dust grain (Fdrag ∝ nH2 ) with certain outflow rates,
opening angles, and outflow velocities (Adachi et al. 1976;
McKee et al. 1987).

6.2.3. Free-free emission

Massive protostars can ionize the surrounding gas, which pro-
duces bremsstrahlung (or free-free) emission by electronic brak-
ing. Free-free emission spectrum shows a weak frequency depen-
dence ∝ ν−0.1 in the optically thin regime at short wavelengths
(Kurtz 2005), which can flatten the millimeter spectral index by
MMB emission.

To explore the free-free emission contamination, we use
the archived JVLA 1.3 cm observations with representative fre-
quency of 23 GHz (Lu et al. 2019b) with 1σ rms noise of
0.05–0.15 mJy beam−1 as shown by yellow contours in Fig. G.1.
There exists extended filamentary 1.3 cm emission, which is sug-
gested to have non-thermal origins (Clark & Caswell 1976; Ho
et al. 1985; Lu et al. 2003; Meng et al. 2019; Bally et al. 2024).
For example, the one at the northeast corner of the 20 km s−1

cloud has a spectral index of −0.4 (Ho et al. 1985; Padovani
et al. 2019), which cannot be ascribed to free-free emission. In
our analyses, two elongated structures (the aforementioned one
in the 20 km s−1 cloud and one in cloud e) are excluded, because
they have non-thermal origins.
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At 23 GHz, the thermal free-free emission is optically thin
even for the most compact HCHII regions (>1 × 109; turn-over
frequency ∼15 GHz) reported before (e.g., Yang et al. 2019,
2023). A spectral index of −0.1 is assumed for the free-free
emission in order to extrapolate from 1.3 cm to millimeter wave-
length in the optically thin regime. We discuss the free-free
contamination of all the associated sources in Appendix G.

However, these cases can only explain the low spectral
indices of a limited number of sources that are associated with
detectable radio emission. Below the ∼0.1 mJy sensitivity at
1.3 cm, there could still be some undetected UCHII regions.
Below we quantitatively estimate how much the centimeter con-
tinuum contamination would be in order to significantly reduce
the spectral index. Considering an optically thin source with a
spectral index of 3.8, let the flux at 1.3 mm from pure dust
emission be F1, the expected flux at 3 mm would then be
F2 = (ν2/ν1)3.8F1 ≃ F1/28.5. Taking the free-free emission flux
Fff at both 1.3 and 3 mm into account3, the differentiation of the
spectral index ∆α can be rewritten from Eq. (1) as,

∆α =
∆ log [(F1 + Fff)/(F2 + Fff)]

log(ν1/ν2)

=
∆ log [(28.5 + x)/(1 + x)]

log(ν1/ν2)
=

−31.2∆x
(28.5 + x)(1 + x)

|x→0

= −1.1∆x,

(5)

where x ≡ Fff/F2. For a dusty source with a flux of 1 mJy at
1.3 mm, F2 is about 0.035 mJy. Therefore, any free-free emission
approaching this value could significantly reduce the spectral
index. This is well below the sensitivity of the current JVLA
data. More sensitive centimeter observations will be helpful to
further test this hypothesis.

Given that more than 70% of the sources exhibit low spectral
indices, it is difficult to attribute them entirely to contamination
by free-free emission. First, such a large number of massive pro-
tostars within a single cluster would conflict with expectations
from the IMF, which predicts a decreasing population at the
high-mass end. Second, low-mass protostars are unlikely able
to contribute to the needed free-free emission either. In nearby
molecular clouds (e.g., Corona Australis, Taurus, Ophiuchus,
and Perseus; Liu et al. 2014; Dzib et al. 2015; Coutens et al.
2019; Tychoniec et al. 2018), free-free emission from low-mass
class 0/I objects typically exhibits flux densities of only a few
milli-Jansky or less at centimeter wavelengths. When scaled to
the Galactic center, these emissions would become fainter by
approximately three orders of magnitude, therefore contribut-
ing less than what could result in significant contamination at
millimeter bands. To firmly exclude the possibility, the sensitiv-
ity needs to be at least (sub-)µJy. Indeed, a recent deep JVLA
survey of the high-mass star-forming region G14.225−0.50 (d ∼
2 kpc) indicates that free-free emission from low-mass class 0/I
YSOs in distant star-forming regions is challenging to detect
with current facilities (Díaz-Márquez et al. 2024).

7. Conclusions

To characterize the dense core population and star formation
activities in the CMZ of the Galaxy, we have carried out the
Dual-band Unified Exploration of three CMZ Clouds (DUET)
survey of three representative clouds, the 20 km s−1 cloud, Sgr C,

3 Free-free emission has <10% flux difference at 1.3 and 3 mm due to
the weak frequency dependence (ν−0.1).

and the dust ridge cloud e. DUET adopts cloud-wide mosaicked
observations with ALMA, achieving a comparable resolution of
0.′′2–0.′′3 (about 2000 au at the distance of the CMZ) and a sky
coverage of 8.3–10.4 arcmin2 at the 1.3 and 3 mm bands, respec-
tively. In this first paper of the series, we provide an overview of
the survey, release the continuum images, and report mono-band
and dual-band source catalogs. Our results and discussions are
summarized as follows.

Catalog description: Using the getsf source extraction algo-
rithm, we obtain mono-band catalogs (mbcat) of 563 sources
at 1.3 mm, including 81 in cloud e, 224 in Sgr C, and 258 in
the 20 km s−1 cloud, and 330 sources at 3 mm, including 39 in
cloud e, 128 in Sgr C, and 163 in the 20 km s−1 cloud. Com-
bining the two bands, we obtain dual-band catalogs (dbcat) of
450 sources, including 62 in cloud e, 182 in Sgr C, and 206 in
the 20 km s−1 cloud. The two types of catalogs have their own
advantages: mbcat is optimized for monochromatic complete-
ness, while dbcat improves robustness and enables detections
of faint and blended sources through a dual-band cross-check.

Intrinsic source size and internal structure: By comparing the
source sizes and position angles before and after deconvolution
of the synthesized beam, we find that ∼77% of the sources have
intrinsic source sizes smaller than the 2000-au beam. On the
other hand, we find that almost all the sources have total fluxes
higher than peak intensities, suggesting that they have finite sizes
rather than being true point sources. In this context, we refer to
them as marginally resolved sources.

Low spectral indices and possible explanations: dbcat
sources enable studies of the inter-band (3–1.3 mm) spectral
index (α). To avoid the systematic bias from different uv ranges
during the ALMA observations, we selected the same uv ranges
and re-cleaned the continuum images for both bands. With the
same resolution and maximum recoverable scale, we find that
>70% of the dbcat sources deviate from MBB, being character-
ized either as the “low spectral indices” problem or as the “low
brightness temperature” problem. To interpret the problems, we
raise three hypotheses and discuss their possibilities.
1. Class 0/I YSOs. Assuming optically thick disk sizes of

50, 100, and 200 au, the isothermal tracks were calculated
based on the same dust model. The theoretical tracks can
explain the observations. The hypothesis is further supported
by recent long-baseline ALMA observations towards the
CMZ clouds that have resolved candidates of envelopes or
disks. The hypothesis is also supported by the fact that there
are always a large number of beam-like protostellar objects
regardless of the spatial resolutions of observations, because
they have hardly been resolved.

2. Existence of millimeter or centimeter-sized large grains.
With a self-consistent dust radiation transfer model, we
calculated isothermal tracks with various grain sizes from
10 µm to 10 mm. We find that centimeter-sized grains can
explain most of sources with low α values, because non-
negligible scattering flattens the frequency dependence of
effective opacity and reduces α at millimeter band. More
importantly, there is a “high-α bump” for which a set of
detections with α ≃ 4 can also be explained.

3. Contamination of free-free emission. Cross-matching with
previous K-band JVLA observations, the low spectral
indices of a small amount of sources can be corrected by
subtracting free-free emission contamination. Our calcula-
tion shows that even if free-free emission is only 30 µJy
in the K-band, it can still reduce α by a magnitude of 1
for a milli-Jansky source in our sample. However, the num-
ber of massive protostars (embedded UCHII regions) needed
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is infeasible for the IMF of star clusters (even consider-
ing a top-heavy IMF), whereas the free-free emission from
low-mass YSOs cannot be constrained by current facilities.

Future work aimed at quantifying the SFR in the CMZ based on
the complete protostellar mass spectrum will need to resolve the
ambiguity between these possible explanations.

Data availability

The 1.3 and 3 mm continuum fits files, monochromatic and
dual-band continuum source catalogs, as well as the supplemen-
tary figures are published at 10.5281/zenodo.15068333. The
interactive zoom-in images can be accessed from the webpage
https://xfengwei.github.io/magnifier/index.html
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Appendix A: ALMA 3 mm observation supplements

We present the log of the ALMA 3 mm observations in
Table A.1, and the spectral window in Fig. A.1. The exemplar
observed spectra is averaged from the densest part of the Sgr C
cloud 4.

Appendix B: Source extraction procedure and
catalogs

Two scale-related inputs of the getsf algorithm are 1) the min-
imum size and 2) the maximum size of sources. The minimum
size of sources for the images of the two bands are defined by the
full width at half maximum of the synthesized beams as listed in
column (4) of Table 2. The maximum size is used to avoid false
positive detections of extended structures from flat background
emission. We visually estimate it to be 3–4 beam sizes, and then
give a more conservative value of 5 beam sizes (1.2′′) when
extracting sources. The corresponding physical scale, ∼0.05 pc
or ∼10,000 au at the distance of CMZ, is close to the largest
identified source size in previous surveys with similar resolu-
tion (e.g., Motte et al. 2018b; Pouteau et al. 2022; Xu et al.
2024b). As is shown in Fig. 4, the maximum source size is ∼0.′′8,
which is much smaller than the adopted maximum size. There-
fore, the adopted maximum source size of 1.2′′ will not lead to
incompleteness of the source catalog.

Our getsf procedure is spitted into three rounds. In the
first round, single-wavelength (monochromatic) separation of
structural components of sources and filaments from their back-
grounds is performed individually on the band 3 and band 6
continuum images without primary beam corrections. To avoid
false detections at the image boundary, pixels with a primary
beam response lower than 0.3 are masked and do not participate
in source extraction. This run prepares flattened components of
sources and filaments over selected wavebands.

The second round focuses on creating monochromatic core
catalogs for both 1.3 mm and 3 mm. In this round, the detect
and measure procedures are used to spatially decompose the
flattened components, detect the positions of sources, and then
measure the sources individually for the two bands. Conse-
quently, two mono-band core catalogs (mbcat), which only
contain detections at their individual bands, are obtained. The
mbcats are shown in Table 3 and 4.

In the third round, the detect and measure procedures are
restarted to detect cores and remeasure their properties in the
two bands. Core identification considers both bands simultane-
ously, which means that a marginal detection in one band will be
excluded if there is no significant detection in the other band.
For cores that are detected in one band with high S/Ns, they
are included in the combined dual-band catalog and measured
in the other band. The dual-band catalog (dbcat) is shown in
Table B.1.

Appendix C: Source deconvolution from beam

Astronomical images and therefore the extracted sources are
convolved with a point spread function (radio beam in our case).
The conventional way of deconvolution is to fit the observed
source with the 2D Gaussian model (with FWHM θobs) and then
subtract the contribution of the Gaussian beam (with FWHM
θbeam) to obtain the intrinsic source size following θsource =√
θ2obs − θ

2
beam.

4 With 4′′-radius aperture centered at 17h44m40.3s, −29d28m14.7s.

For interferometric data, the ellipticity of the beam cannot
be ignored. The relative angular position between the observed
source and the beam ellipses must be carefully considered, espe-
cially for unresolved and marginally resolved sources. As is
illustrated in Figure 5, there is a clear peak in the position angle
distribution in the Sgr C 1.3 mm mbcat, which aligns with the
beam position angle. This indicates that a significant number of
sources are marginally resolved, with their measured shapes pre-
dominantly determined by the beam size. Proper deconvolution
of these sources is crucial. To address this, we utilize covariance
matrices for a more accurate solution.

We take both the observed sources and the beam as 2D Gaus-
sians characterized by variance σmaj, σmin, and position angle ϕ.
For the observed elliptical source,

Σobs = R(ϕobs)
(
σ2

maj,obs 0
0 σ2

min,obs

)
RT (ϕobs). (C.1)

For the synthetic beam,

Σbeam = R(ϕbeam)
(
σ2

maj,beam 0
0 σ2

min,beam

)
RT (ϕbeam), (C.2)

where R(ϕ) is the rotation matrix,

R(ϕ) =
(
cos ϕ − sin ϕ
sin ϕ cos ϕ

)
. (C.3)

The deconvolution can be written as,

Σsource = Σobs − Σbeam (C.4)

Diagonalization gives the eigenvalues on the basis where the new
rotation matrix spans,

Σsource = R(ϕsource)
(
σ2

maj,source 0
0 σ2

min,source

)
. (C.5)

The solid deconvolution solution demands the matrix to be pos-
itive definite; that is, the eigenvalues, σ2

maj,source and σ2
min,source,

should be positive. As such, the elliptical model of the source
deconvolved from the beam is obtained as σmaj,source, σmin,source,
and ϕsource. If the matrix is semi-definite (non-negative eigen-
values) or indefinite (negative eigenvalues), the real physical
scenario is that a source is completely unresolved. In such a case,
the source size is undetermined.

Appendix D: Spectral index approximation

We discuss several approximation case of spectral index. In the
optical thin regime, Eq. (2) reduces to,

Iν ≃ B(ν,T )κνΣ. (D.1)

The Taylor expansion of the exponent term in Eq. (3) can be
written as,

ehν/kT − 1 ≃
hν
kT
+

1
2

(
hν
kT

)2

+
1
6

(
hν
kT

)3

· · · . (D.2)

If considering the first two terms in Eq. (D.2), we define the
critical temperature (Tcrit) as the temperature beyond which
the second term accounts for less than ϵ of the first order
approximation. It can be parameterized as,

Tcrit ≃ 36
(
ϵ

10%

)−1 (
ν

150 GHz

)
K. (D.3)

A164, page 18 of 23



Xu, F., et al.: A&A, 697, A164 (2025)

Table A.1: Summary of the ALMA 3 mm observations

Observational Array Baseline range Antenna Calibrators

Dates configuration (km) (kλ) (number) Bnadpass/flux Phase
20 km s−1, Sgr C

2018-11-27 C43-4 0.015–1.3 5–433 44 J1617−5848 J1744−3116
2018-11-27 C43-4 0.015–1.3 5–433 44 J1617−5848 J1744−3116
2018-11-27 C43-4 0.015–1.3 5–433 45 J1924−2914 J1744−3116
2019-08-28 C43-7 0.038–3.6 13–1200 48 J1924−2914 J1744−3116
2019-08-28 C43-7 0.038–3.6 13–1200 48 J1924−2914 J1752−2956
2019-08-29 C43-7 0.038–3.6 13–1200 47 J1517−2422 J1744−3116
2019-08-29 C43-7 0.038–3.6 13–1200 46 J1924−2914 J1744−3116
2019-08-30 C43-7 0.038–3.6 13–1200 47 J1924−2914 J1744−3116
2021-08-02 C43-7 0.047–5.2 16–1733 37 J1924−2914 J1744−3116

cloud e
2018-11-23 C43-4 0.015–1.4 5–466 47 J1924−2914 J1744−3116
2019-08-27 C43-7 0.038–3.6 13–1200 48 J1924−2914 J1744−3116
2021-07-30 C43-7 0.047–5.2 16–1733 41 J1924−2914 J1744−3116

Notes. Two scheduling blocks: the 20 km s−1 cloud and Sgr C are observed in one and cloud e is in another one. The minimum and maximum
baselines are shown with both spatial distance (km) and wavelength number (kλ).
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Fig. A.1: ALMA 3 mm spectral window setting, an example spectrum from the Sgr C protocluster region, and the identification of strong spectral
lines. Complex molecular species (COMs) will be identified in forthcoming papers. Four spectral windows are named spw 1–4 from low to high
frequency. Two setups of spectral correlators are used: the narrow one has 937.5 MHz bandwidth and 0.488 MHz (∼1.67 km s−1) resolution, and
the wide one has 1875 MHz bandwidth and 0.976 MHz (∼2.95 km s−1) resolution.

Eq. (D.3) gives us a quick idea of how high temperature should
be to alleviate deviation from the R-J approximation. It can also
be written as

ϵ ≃ 10%
( T
36 K

)−1 (
ν

150 GHz

)
, (D.4)

which gives how the deviation ϵ changes with temperature
and frequency. In the R-J regime (T > Tcrit), the frequency
dependence of Eq. (3) should be approximated as B(ν,T ) ∼ ν2.

At (sub)millimeter and centimeter wavelengths, κν is approx-
imately expressed by κν ∝ νβ (cf. Hildebrand 1983). To
demonstrate it, we adopt the protostellar opacity model from
(Ossenkopf & Henning 1994) and make an extrapolation for the
1.3 mm and 3 mm wavelengths. As is shown in Figure D.1, we
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Fig. D.1: Dust opacity to the 1 and 3 mm from the coagulation model in protostellar cores. The data points in the main panel are retrieved from
Ossenkopf & Henning (1994). The blue, orange, and green colors represent the dust grain, dust grain with thin ice mantle, and dust grain with thick
ice mantle, respectively. The square and circle line markers represent for the case of volume density of 106 and 108 cm−3, respectively. The subpanel
zooms in the frequency range of ∼0.1–1 THz, i.e., 300 µm to 3 mm. Based on the retrieved data points in a solid line, dust opacity is extrapolated
by a power-law form κν ∝ νβ up to the 3 mm band in a dashed line. The extrapolated dust opacity is κ1mm = 0.9 ± 0.1 cm2/g and κ3mm = 0.18 ± 0.02
cm2/g.

consider the grain either with thin or thick ice mantle, which are
respectively shown in orange and green data points. Since the
structures of our interest are mostly dense cores (≳ 106 cm−3),
the density regime for the model is chosen to be 106 or 108 cm−3.
These two regimes are marked with square and round line mark-
ers. In the zoom-in panel (0.1–1 THz), the four opacity models
are linearly extrapolated by the five nearest data points (0.35–1.3
µm). The extrapolated opacities are κ1.3 mm = 0.9 ± 0.1 cm2 g−1

and κ3 mm = 0.18± 0.02 cm2 g−1. The dust opacity spectral index
β, defined by,

κν ∼ ν
β, (D.5)

is measured to be ∼ 1.8.
In this case, Iν in the optically thin limit (Equation D.1) is

proportional to ν2+β. So one obtains the spectral index as

αthin,RJ = 2 + β ≃ 3.8. (D.6)

In optically thick regime, the high-order term in Eq. (D.2) dom-
inates in the low temperature regime, and the spectral index is

always lower than αthin,RJ. In the extreme case where τ→ ∞, the
spectral index reduces to the case of blackbody,

αblack,RJ = 2. (D.7)

Appendix E: Common uu-range at dual bands

Our dual-band ALMA observations have different uv ranges at
1.3 and 3 mm, so their original synthesized beams and maximum
recoverable scales (MRS) are different. This can bring inconsis-
tency issues of dual-band analyses, especially when absolute flux
matters. In our case, the 3 mm continuum images have generally
larger MRS and then can recover more extended emission. To
this end, we perform another round of continuum image clean-
ing. We use the uvrange parameter in the CASA task tclean
to obtain the same uv ranges for the two bands in each cloud.
The shortest uv length is 8.7622–8.8138 kλ while the longest
uv length is 1718.65–1744.71 kλ. However, even though we have
limited the uv ranges, the resulting beam sizes of the continuum
images of the two bands are still slightly different, because the uv
sample distribution of the two bands in the 2D uv plain are still
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different. Therefore, we additionally perform 2D convolution to
smooth the dual-band continuum images to a common beam in
the image domain.

We perform the same extraction as described in Appendix B
but on the common-beam images to obtain the common-beam
dbcat. We find that the common-beam extraction reduces the
numbers of detections both in 1.3 mm mbcat (from 563 to 484
sources) and dbcat (from 450 to 402 sources), but not in 3 mm.
It is because the common-beam cleaning drops longer baselines
in 1.3 mm observations and shorter baselines in 3 mm obser-
vations. This leads to a lower resolution for the 1.3 mm images
and reduces the number of detections, but for the 3 mm image,
this only leads to a smaller MRS and does not really influence
the detection of compact sources. The caveat of common-
beam dbcat lies in losing the advantage of higher resolution
at 1.3 mm, so some blended sources are not resolved. The
common-beam catalogs are only used for our analyses of spectral
indices.

Appendix F: Modified blackbody isothermal
emission track

Taking advantage of the dual-band observations, one can break
the degeneracy between temperature and surface density in
the optically thick regime. For dual-band observations, MBB
emission Eq. (2) reads asI1 = B1(T )

(
1 − e−κ1Σ

)
I2 = B2(T )

(
1 − e−κ2Σ

) ⇒


e−κ1Σ = 1 −

I1

B1

e−κ2Σ = 1 −
I2

B2

, (F.1)

where Ii, Bi(T ) and κi are the monochromatic values at 1.3 mm
(i = 1) and 3 mm (i = 2). In principle, the solution of (T , Σ) for
each source can be obtained from Eq. (F.1) as long as the other
parameters are measured.

By raising both sides of the second equation of Eq. (F.1) to
the power of Ξ ≡ κ1/κ2, we obtain

e−κ1Σ = 1 −
I1

B1

e−κ1Σ =
[
1 −

I2

B2

]Ξ ⇒ 1 −
I1

B1
=

[
1 −

I2

B2

]Ξ
. (F.2)

Following the definition of spectral index α, one can obtain
a single-variable function mapping from x ≡ I1/B1 to α,

α = f (x) =
log(xΓ) − log

[
1 − (1 − x)1/Ξ

]
log(ν1/ν2)

, (F.3)

where Γ ≡ B1/B2. The inverse function of Eq. (F.3) gives I1 =
B1 f −1(α).

For observations of beam-sized or larger objects, the 1.3 mm
peak flux within the beam should be

Ipeak
1 = I1Ωb,1 = B1Ωb,1 f −1(α), (F.4)

where Ωb,1 is the solid angle of the beam at 1.3 mm. We can also
obtain the 3 mm peak flux in the same way,

Ipeak
2 = I2Ωb,2 = B1 f −1(α)

(
ν1
ν2

)−α
Ωb,2. (F.5)

We refer to them as isothermal tracks, meaning that sources with
a given temperature but with different surface densities should
follow this curve.

Appendix G: Centimeter counterpart cross-match
and free-free emission subtraction

Here we calculate the free-free contamination at the observed
bands by extrapolating 1.3 cm flux densities with a spectral
index of −0.1 for the three clouds. The spatial correspondence
is visually inspected in Fig. G.1.

In Sgr C, there are four radio compact sources H1–H4. H1
has a cm flux of 2.3 mJy, which can contribute 2 mJy at 3 mm.
It is associated with a compact source SgrC-mb#55 that is only
detected in 3 mm with a total flux of 3.6 mJy. We suggest that
this source could be a UCHII region (with a size of ∼ 2000 au)
with more than 50% of its 3-mm flux from free-free emission,
but without detectable dust emission down to 50 µJy at 1.3 mm.
H2 is not associated with any sources. H3 is associated with two
3 mm bright sources (the red dots) SgrC-db#25 and SgrC-db#30.
The millimeter spectral index αmm of SgrC-db#30 is as flat as
−0.1 which is consistent with free-free emission spectrum, while
SgrC-db#25 has αmm of 0.07, suggesting that there is dust emis-
sion. The 3 mm integrated flux of the two sources are 3.1 mJy,
while the expected integrated flux at 23 GHz would be 3.6 mJy if
the 3 mm flux is from free-free emission, which is lower than the
measured cm flux of H3, 5 mJy. However, H4 is more extended
along the north-south direction, so we cannot determine the cm
flux within the extent of SgrC-db#1. Therefore, we only subtract
the peak flux of ∼ 1 mJy to make the correction. The spectral
index changes from 3.3 to 3.5 for SgrC-db#1.

In cloud e, only one compact radio source H1 has been
detected with an integrated cm flux of 0.5 mJy (Lu et al. 2019b).
H1 is spatially overlapped with cloude-db#1. The free-free emis-
sion contribution could be as high as 0.43 mJy at 3 mm and
0.40 mJy at 1.3 mm. It is negligible for 1.3 mm but can contam-
inate the flux by over 10% at 3 mm. For cloude-db#1, α would
decrease from 3.8 to 3.7.

In the 20 km s−1 cloud, there are two radio sources H1 and
H2 identified. H1 has an integrated cm flux of 1.5 mJy and is
associated with a cluster of sources including 20kms-db#7, 18,
20, 21, and 50. But due to the limited resolution, we cannot tell
which one of the DUET sources is associated with H1. There-
fore, we evenly distribute the 1.3 cm flux to the five sources, and
find that their spectral indices would increase from 2.6–3.5 to
2.9–3.9. The other radio source H2 is an extended HII region,
which has a counterpart in our 3 mm continuum image. Two
weak detections 20kms-db#133 and 177 are at the edge of the
HII region. However, the contaminated flux cannot be evaluated,
because of the resolution difference between 1.3 cm and 3 mm
images. So we do not correct their spectral indices.
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Fig. G.1: Cross-matching JVLA 1.3 cm emission with dbcat. The background color map shows the ALMA 1.3 mm (cyan) and 3 mm (red)
continuum emission. The overlaid yellow contours are JVLA 1.3 cm continuum emission. For the the 20 km s−1 cloud, the contour levels are 0.5,
0.8, 1.3, 2.1, 3.4, 5.5, 8.9, 14.4 mJy beam−1. For the cloud e, they are 0.105, 0.210, 0.315 mJy beam−1. For the Sgr C, they are 0.25, 0.50, 1.0,
2.0 mJy beam−1. All the identified UCHII region candidates are marked with “H”s followed by ID numbers.
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