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Abstract

Only a handful of massive starless core candidates have been discovered so far, but none of them have been fully
confirmed. Within the MM1 clump in the filamentary infrared dark cloud G34.43+4-0.24 that was covered by the
Atacama Large Millimeter/submillimeter Array (ALMA) ATOMS survey at Band 3 (~2", 6000 au) and the
ALMA-QUARKS survey at Band 6 (~0”3, 900 au), two prestellar core candidates MM1-C and E1 with masses of
71 and 20 M, and radii of 21004400 au were discovered. The two cores show no obvious sign of star formation
activities. In particular, MM1-C is a very promising massive prestellar core candidate with a total gas mass of
71 M. Within MM1-C, we detected two extremely dense substructures, C1 and C2, as characterized by their high
densities of ny, ~ 1089 cm—3. Moreover, evidence of further fragmentation in C2 was also revealed. We have
detected the primordial fragmentation in the earliest stage of massive star formation, and we speculate that MM 1-C
would be the birthplace of a massive multiple system. However, we cannot fully rule out the possibility that the
massive prestellar core MM 1-C will just form a cluster of low-mass stars if it undergoes further fragmentation.

Unified Astronomy Thesaurus concepts: Star formation (1569); Star forming regions (1565); Dark interstellar
clouds (352); Interstellar medium (847)

1. Introduction

Massive stars with their enormous UV radiation and large
mechanical energy output profoundly impact the surrounding
interstellar medium (ISM) and play a pivotal role in the
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molecular clouds surrounding them. Consequently, the forma-
tion of massive stars remains enigmatic, which has led to very
diverse ideas on the mechanisms involved. For instance, the
turbulent core model (e.g., McKee & Tan 2003) proposes that
massive stars form in the same way as low-mass stars, by
gradually accumulating gas from their natal cores (sizes
~0.1 pc). In this case, massive prestellar cores should thus be
the progenitors of massive stars. Conversely, the “clump-feed”
models such as competitive accretion (e.g., Bonnell et al.
2001), the inertial inflow (e.g., Padoan et al. 2020), and the
global hierarchical collapse model (Vazquez-Semadeni et al.
2009, 2019) suggest that massive stars form from low-mass
cores within clouds amassing through further gas accretion
from their natal clumps or even clouds.

Hunting for massive prestellar cores is one of the most
straightforward ways to distinguish among different scenarios.
Due to their rapid evolution, only a few promising massive
prestellar core candidates have been identified to date: e.g.,
Barnes et al. (2023; core C2cla in the dragon cloud), Nony et al.
(2018; W43-MM1#:6), Liu et al. (2017; G9.62+-0.19MM9), etc.
However, none of these massive starless core candidates have
been fully confirmed, indicating that the search for massive
prestellar core candidates warrants further observational efforts.
Given that the current sample size is small, a comprehensive
understanding requires persistent efforts in identifying additional
samples of massive prestellar core candidates. On the other hand,
surveys aiming to identify massive prestellar cores in the earliest
phases of massive clumps have yielded no conclusive results in
their favor (Sanhueza et al. 2017, 2019; Morii et al. 2021; Li
et al. 2023; Morii et al. 2023). Specifically, Morii et al. (2023)
reported the absence of massive prestellar cores within a
substantial sample of 70 um dark IRDCs, encompassing over
800 cores. Sanhueza et al. (2019) suggested that if massive
prestellar cores do indeed exist, they are likely embedded in the
more evolved environment. Recently, in an Atacama Large
Millimeter/submillimeter Array (ALMA) 0.87 mm survey of 11
clumps, Xu et al. (2024) confirmed that starless cores are
becoming more massive in evolved clumps as compared to
early-stage clumps, through continuous gas accretion. Therefore,
it might be more promising to search for massive starless cores
in a protocluster environment.

Located 3.0 kpc away from the Sun (Mai et al. 2023), the
filamentary IRDC G34.43+40.24 (hereafter G34) is a well-
studied high-mass star-forming region (Garay et al. 2004;
Rathborne et al. 2005; Sanhueza et al. 2010, 2012; Sakai et al.
2013; Foster et al. 2014; Xu et al. 2016; Soam et al. 2019; Liu
et al. 2020a). Molecular outflows have been reported for the
dense core G34-MM!1 by Sanhueza et al. (2010) and Yang et al.
(2018) at low resolution (~18"). Given that molecular outflows
are one of the earliest signatures of star formation activities
(Yang et al. 2022), the dense core G34-MM1 in the IRDC G34
is supposed to be in the early stage of star formation. Liu et al.
(2022) have extensively studied this complex using the high-
angular-resolution (~2") data of the ATOMS survey (Liu et al.
2020b), and identified six dense cores in its G34-MM1 clump
with masses ranging from 20 to 122M..*° However, the
evolutionary stages of these cores need to be explored further.
The ALMA-QUARKS survey (Liu et al. 2023, see also
Section 2) observed the densest kernels of the ATOMS sources

26 The mass in Liu et al. (2022) was estimated based on the kinematic distance
(Simon et al. 2001, 2006). Those values in this paper are corrected using the
parallax distance in Mai et al. (2023).
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at Band 6 with a much higher resolution of ~0”3, providing
the possibility of verifying the existence of massive starless
cores in G34-MMI in a spatial resolution of ~1000 au. In this
Letter, we revisit these cores and report the discovery of the
two cores MM 1-C and MM1-E1, situated close to the boundary
of G34-MMI1 clump, as candidate massive prestellar cores
containing extremely dense substructures.

2. Observations

G34-MM1 was observed as part of the ALMA project
“ALMA Three-millimeter Observations of Massive Star-forming
regions” (ATOMS, Project ID: 2019.1.00685.S; PI: Tie Liu). The
observations were conducted with the 7 m Atacama Compact
Array (ACA) and 12 m arrays (C43-2 or C43-3) at Band 3. The
observation setup and data reduction can be found in Liu et al.
(2020b). The angular resolution and maximum recoverable scales
(MRS) for the ACA and 12 m array are 13”3 and 76”9, and 1”5
and 19”4, respectively. The ACA and 12 m combined data have
resulted in a resolution of ~2” for continuum emission. The
combined continuum image of G34-MM1 reaches an rms noise
level of 0.3 mJy beam '. Eight spectral windows (SPWs) were
set including six SPWs with high spectral resolution and two
wide SPWs with 1875 MHz bandwidth. The spectral data reaches
a noise level of 12mJy beam ' per 0.062MHz channel
(~02-04km s ") for six SPWs, and 3.6mly beam ' per
0.488 MHz channel (~1.6km s™") for wide SPWs.

G34-MM1 was also observed as part of a new ALMA project,
“Querying Underlying mechanisms of massive star formation
with ALMA-Resolved gas Kinematics and Structures”
(QUARKS, PIs: Lei Zhu, Guido Garay and Tie Liu). The
QUARKS project targets are the same objects as in the ATOMS
survey but with a much higher resolution of ~0”25 at Band 6
(ALMA Project IDs: 2021.1.00095.S and 2023.1.00425.S; PI:
Lei Zhu). The observations were conducted with ACA and 12 m
arrays (C43-2 and C43-5) at Band 6. The observation setup and
data reduction of QUARKS are described in Liu et al. (2023).
The ACA and 12 m combined data were resulting in an angular
resolution of 0”3, and the corresponding combined continuum
image achieves a rms noise level of 0.25 mJy beam™'. Four wide
SPWs with 1875 MHz bandwidth were set, resulting in a noise
level of 5mly beam ! per 0.488 MHz channel (~0.6 km sfl).

3. Results
3.1. Detection of Massive Starless Core Candidates

Figure 1 presents the ALMA Band 3 (3 mm) and Band 6
(1.3 mm) continuum emission maps of the G34-MM1 clump.
Reexamination of the Band 3 continuum emission revealed that
the MMI1-E core identified in Liu et al. (2022) is in fact two
separate cores (namely El, E2) instead of one single core, as
clearly seen from higher-resolution 1.3 mm emission. We
performed two-component two-dimensional Gaussian fitting
toward E1 and E2 following the same procedure as in Liu et al.
(2021a), which is a combination of Dendrogram (Rosolowsky
et al. 2008) and CASA-imfitfor consistency. The measured
core properties of these two cores are summarized in Table 1.
In this work, we only focus on the two massive starless core
candidates MM1-C and MM1-El.

Since the MRS of the Band 3 data is 2 times larger than that
of the Band 6 data and the 3 mm continuum emission is
relatively optically thin than the 1.3 mm continuum emission,
we use the 3 mm continuum emission to calculate the total gas
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Figure 1. ALMA Band 3 and 6 continuum emission of G34.43+0.24 MM1 and the detected prestellar cores MM1-C and MM1-El. Panel (a) shows Band 6
continuum emission overplotted with Band 3 continuum emission (Liu et al. 2022) using white contours of [3, 5, 7, 9, 15, 20, 50, 100, 200] x o3, where
0p3 = 0.3 mJy beam ™ '. The yellow solid ellipses labeled A—D and F and the dashed ellipse labeled E identify the cores extracted in Liu et al. (2022). The solid ellipses
labeled E1 and E2 represent the reestimated FWHM sizes of core E1 and E2. Panel (b) shows the contours of Band 6 continuum emission overplotted on the same
color map as panel (a). The white contours are at levels of [3, 5, 7, 9, 20, 50, 100, 200] X ov,6, Where 0,6 = 0.25 mly beam ™. The orange dashed contour outlines the
303 boundary of Band 3 continuum emission. Panel (c) zooms toward core MM 1-C. The contours are at [3, 5, 7, 9] X oys. The solid contour highlights the 306
boundary. Panel (d) zooms toward core MM1-E1 with contours at [3, 5, 7] X oy6. The solid contour also emphasizes the 30,6 boundary. The color bars of both panels
(c) and (d) are set to start from O and end at their peak intensities to display the morphology of MM 1-C and MM1-E1 more clearly. The blue ellipses in panels (c) and
(d) correspond to the FWHM sizes estimated from the two-dimensional Gaussian fitting. The restoring beams are shown as black ellipses in each panel. The black
solid contours outline the condensations identified by dendrogram. The black dashed contour is at [—2, —1] X ope.

masses of dense cores MM1-C and MM1-El. Assuming that
the 3 mm continuum emission is optically thin under local
thermodynamic equilibrium (LTE) conditions, the core masses
can be calculated as (e.g., Liu et al. 2021b)

RoaS, D?

—, ey
kv By (Taust)

gas —

where S, is the integrated 3 mm continuum flux, D is the distance
to the region (3.0 kpc), and B (T4, is the Planck function at dust
temperature Ty, The dust temperature T,y = 14.2 and 22.6 K for
MMI-C and EIl respectively are taken as the gas kinetic
temperature of NH3 from Very Large Array observations at the
resolution of ~3” (Lu et al. 2014). We assume a typical gas-dust
mass ratio Ry of 100. A value for x, of 0.18 cm? gfl is
adopted from the “OHS5” model (Ossenkopf & Henning 1994;
Pollack et al. 1994) and extended to the longer wavelength by

Young & Evans (2005). Furthermore, by assuming a spherical
geometry, the number density can be estimated as
ny, = 3M / (47r,uH2mHRC30re), where the molecular weight per
hydrogen molecule jiy, is 2.8, and my is the mass of a proton. The
effective radii of the cores Ry are estimated as
(FWHMpPE™ x FWHMbso™): /2 x D where FWHMpeo

major major
and FWHMPE" are the deconvolved FWHM of the major and
minor axis, respectively.

Several sources of uncertainty can influence the mass
determination. Following Sanhueza et al. (2017, 2019), we
conservatively assign the uncertainties of 25% for Ry, and
Ky, 5% for the absolute flux uncertainty at Band 3?7 and the
distance (3.0370{7 kpc). The combined uncertainty of mass

2T ALMA proposal guide: https://almascience.eso.org/proposing/proposers-
guide#autotoc-item-autotoc-79.
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Table 1
Core Properties
Source RA. Decl. FWHMPeeo PA Refr S, Tgas Mo, i,
(32000) (J2000) (arcsec) (deg) (au) (mJy) (K) M.) (10" cm™3)
Band 3*
MM1-C 18:53:18.30 1:25:13.60 35x%x24 16.0 4390 + 239 9.1 14.2 712+334 26+ 13
MMI-El 18:53:18.74 1:25:26.84 23 x 1.3 2.1 2169 + 142 42 22.6 203 +9.6 35+ 1.8
Band 6
MM1-C1 18:53:18.32 1:25:13.56 0.62 x 0.35 27.9 701 + 38 6.1 14.2 21+1.1 184+ 11.2
10 37+ 1.7 32.7+16.0
6.5 82+38 71.7£359
MMI-C2 18:53:18.27 1:25:13.85 1.09 x 0.77 55.6 1387 £75 21.2 14.2 73+34 84+44
10 129 £6.0 149+£75
6.5 28.4+13.2 328 +£16.3
MMI1-El 18:53:18.73 1:25:26.30 0.83 x 0.45 66.8 925 + 50 10.2 22.6 20£09 7.6+38
Note.

 The coordinate, position angle PA, and integrated flux of MM1-C are taken from Liu et al. (2022), the rest of the parameters are recalculated based on the parallax
distance. The uncertainties for Reg, M, and ny, are the propagation from the uncertainty in the parallax distance, opacity, flux, and gas-dust ratio.

determination is ~50%. The mass, deconvolved size, number
density, and column density estimated from Band 3 continuum
emission are summarized in Table 1. We find that the cores
MMI1-C and El are massive and dense, having masses of 71
and 20 M., respectively, on a scale of approximately
4000-8000 au (0.02-0.04 pc). Their densities reach up to
~3 x 10" em™>. Considering a star formation efficiency (a
conversion efficiency of core mass into star mass; €.ore) of 50%,
which is reasonable and maybe even conservative for extreme
density cores (Bontemps et al. 2010; Palau et al. 2013; Motte
et al. 2018; Pouteau et al. 2022), the two massive and dense
cores in G34-MM1 clump (MM1-C and El) will have the
potential to form a massive star or a small star cluster with a
stellar mass My, > 8 M, eventually.

Figure 2 shows the core-averaged spectra of MM1-C and El in
four wide-band spectral windows at Band 6, and two wide-band
spectral windows at Band 3. For comparison, we also plot the
spectra of the hot molecular core MMI1-A, which has already
formed high-mass protostars (Qin et al. 2022). It can be easily
noticed that very few lines are detected toward MMI1-C and El1,
which is in strong contrast with the “line forest” of MM1-A. Some
absorption features in the spectra of molecules including H,CO,
BCO, C'®0, and CH;0H are likely caused by the missing flux
issue as a result of interferometer observations due to sidelobes or a
lack of shorter baselines and total power data. As shown in the
moment-0 maps in Figure Al, no clear emission or absorption
features of CH;0H with signal-to-noise ratios (S/Ns) larger than
30 were detected toward both MM1-C and El. In addition, as
shown in Figure B1, the beam-averaged spectra at Band 6 toward
the continuum emission peak of MM1-C1 show no absorption
features in either H;CO or CH3OH lines, which could be caused by
warm or hot continuum background sources (or protostars) within
MMI-CI.

Additionally, Liu et al. (2022) identified six outflow lobes
in the MM1 clump, but none of them seem to come from
MMI-C or El. We also carefully checked the '*CO J=2-1
and SiO J=15-4 lines toward the two cores and found no
evidence of high-velocity emission. We present the CO
outflows in Figure C1. Both MMI-C and El are far away
from CO outflow lobes. Also, no radio jets are detected by the
GLOSTAR survey (Dzib et al. 2023) associated with these
two cores (Yang et al. 2023). Taking into account both the

paucity of spectral lines and the absence of outflows, we
postulate that there is no ongoing star formation activity
within cores MM1-C and El. Thus, we classify these two
cores as starless cores, among which MM1-C is a more
promising massive starless core (>30M.; e.g., Sanhueza
et al. 2017).

3.2. Detection of Extremely Dense Substructures within Core
MMI-C

Panels (c) and (d) in Figure 1 show high-resolution Band 6
(1.3 mm) continuum emission at a resolution of ~0”3 toward
the two massive cores MM1-C and MM1-E. MM1-El shows
no evidence of fragmentation, remaining a single condensation
at this resolution, whereas two prominent condensations
(namely, C1 and C2) are clearly seen in MMI-C. The
fragmentation could be interferometric artifacts, as discussed
in Caselli et al. (2019). However, the detection was at the 3o
level in their synthetic observations, while in our observations,
the detection of the fragments is more reliable, at ~100 level.
In particular, the fragments are well separated by 2400 au
(about three beam sizes, or 0”8 at 3 kpc), and can be reliably
identified by the Dendrogram algorithm. Therefore, we argue
that core MM1-C shows obvious fragmentation.

As shown by the black contour in panel (c) in Figure 1, two
condensations were identified by Dendrogram.”® Due to the
proximity, we performed a simultaneous 2D Gaussian fitting of
the cores. The estimated sizes of C1 and C2 are 701 and 1381
au, respectively. We also assign the uncertainties of the
parameters in Equation (1) as in Section 3.1, with the exception
of the absolute flux, which has an uncertainty of 10% at Band 6
(see also the ALMA proposal guide). For x, at Band 6, we
adopt a value of 0.9cm”g ' (Ossenkopf & Henning 1994).
Assuming they have the same temperature as the natal core, the
masses of C1 and C2 are ~2.1 and ~7.3 M., respectively. The
derived densities are remarkably high, of the order ~10% cm .
Negative temperature gradients of prestellar cores have been
reported (Crapsi et al. 2007; Spear et al. 2021). The core-
average temperature is possibly an upper limit, and therefore

% An intensity threshold of 2.50v, step of 10v,6, and a minimum pixel number
contained in a restoring beam, 44 in this case, were fed into the
Dendrogram algorithm.
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Figure 2. Core-averaged spectra of all four windows at Band 6 and two windows at Band 3 at the positions of two candidate prestellar cores MM1-C (red) and MM1-
E1 (green), and the hot core MM 1-A(blue) for comparison (Qin et al. 2022). The spectra are averaged over a circular area of 2”5 in diameter (shown as green circles in
Figure A1). The offset of intensity for MM1-E1 and MM1-A is for visual clarity. The intensity of the spectra from MM1-A was divided by 5 for SPW 1, 2, 3 at Band
6, and by 4 for SPW 1, 2 at Band 3, and SPW 4 at Band 6. The spectra show the line-poor characteristics of MM1-C and MM1-El1 indicating their possible prestellar
nature, and the clear detection of N,D™ indicating the cold environment. Appendix B also shows the beam-averaged spectra.

the estimated masses are lower limits. We further calculate their
masses assuming lower temperatures of 10 and 6.5 K. The
corresponding parameters of Cl1 and C2 are also listed in
Table 1. The mass of MM1-C2 can be as high as 10-30 M, if
Taust < 10 K. In addition, MM 1-C2 could further accumulate its
mass through accreting gas from its collapsing natal core as
well as a cold filament (see Section 4.2). Within such a small-
scale region (~1000 au) containing extremely high density
(~10%cm ™) gas, a higher e ~ 50%—100% could be
possible (Bontemps et al. 2010; Palau et al. 2013; Benedettini
et al. 2018; Motte et al. 2018; Pouteau et al. 2022). Thus, it is
possible that MM1-C2 can form a massive star (M, > 8 M)
in the future.

4. Discussion
4.1. Stability and Dynamical State

Dense cores or condensations will form stars only when they
are presently collapsing or will be collapsing in the future. To
assess the dynamical state of the dense core MM1-C and its
two extremely dense substructures (C1 and C2), we estimated
their virial parameters. We use molecular line data of N,D™
J=3-2 from Band 6 observations and H>CO™" J = 1-0 from
Band 3 observations (Liu et al. 2022) to estimate the thermal
velocity dispersion oy, and nonthermal (turbulence) velocity

dispersion . The total velocity dispersion is 02 = o3 + 02,
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where oy, = JkgT/pumy. On the core scale, we obtain
0,=0.73kms ' for N,D" and 0.46kms™' for H*CO™. We

note that the velocity dispersion measured from Gaussian fit of
N,D" should be treated as an upper limit because of its
hyperfine structure. We use the same o, for the two
condensations in virial analysis. If we assume the gas
temperature is 14.2 K, the thermal sound speed is c¢;=

0.22kms~'. The nonthermal VelOCltP’ dispersion o, =
0.72kms~ ' for N,D* and 0.45kms~ ' for H>CO". The
effective sound speed considering thermal and turbulent motion

et = 2 + 02 is 076 and 0.50kms ' for N,D' and
H”CO+ respectively. The virial parameter awir = Myir/Mgas =

503DReff/ GM,,,, where the 3D velocity dispersion is

o3p = J3 cseff. The derived virial parameters are listed in
Table 2. We also derive virial parameters assuming a gas
temperature of 10 or 6.5 K.

The virial parameter of the core MM1-C is ay; = 0.3-0.8,
lower than the critical limit, which suggests that the whole core
is likely collapsing if additional support from the magnetic field
is ignored. Therefore, MM1-C is a good candidate to be a
massive prestellar core. We note that the condensation C1 is
trans- or subvirial except for the temperature of 14.2 K, while
C2 is always subvirial. Note also, that the parent core MM1-C
appears more bound than the substructures. This is consistent
with Gémez et al. (2021), which shows that for any collapsing
object with a density profile shallower than r ~, the central
region will appear unbound. However, half of the superviral
objects in the simulation of Camacho et al. (2016) are
contracting instead of being unbound, indicating that the
external turbulent compressions provide the assembly of the
gas. As their masses grow, gravitational contractions will take
over. Since the natal core is in overall collapse, the Mg, of C1
and C2 should further grow continuously via gas accretion.
Therefore, both C1 and C2 are already contracting or will likely
be gravitationally bound in the future.

A core or condensation will fragment if the physical size is
larger than Jeans length, when the internal pressure (thermal
+turbulence) cannot prevail over gravity. The Jeans length is
given as (e.g., Wang et al. 2014)

1/2
L] = C,eff _7T
s Gp

1/2
g, n
=0.06 pc Y , 2
P (o.lsskms—')(1o5cm—3) )

and the corresponding Jeans mass is given by

71.S/ZCSeffS

6G3p

0.8 o n 3
— 0.8 M. v :
O(0.188 km s*l)(105 Cm*S) ®

We use N,D™ and H*CO™ to determine the stability of C1
and C2. The Jeans lengths and the estimated Jeans masses are
summarized in Table 2. As the temperature is varied from 6.5
to 14 K, C1 has a size larger than the Jeans length when T, is
slightly higher than 6.5 K, suggesting C1 is Jeans unstable only
when T, $6.5 K. C2 has a size larger than the Jeans length
corresponding to Ty, of 10-14 K, suggesting that C2 is likely
Jeans unstable and would undergo further fragmentation.

My =

Mai et al.

Table 2
Jeans and Virial Analysis

oy nop+ = 0.74 km 7! 0y ni3co+ = 0.46 km s~!

Source
Tgas Ly M; « Ly M @
X) (au) M) (au) Mc)

MMI1-C 14.2 0.76 0.28

MMI-C1 14.2 2146 7.25 3.86 1276 1.52 1.69
10 1685 5.69 2.13 1002 1.20 0.91
6.5 1139 3.85 0.95 677 0.81 0.40

MMI1-C2 14.2 3248 10.97 2.06 1931 2.31 0.90
10 2521 8.52 1.21 1499 1.79 0.52
6.5 1704 5.76 0.54 1013 1.21 0.23

Note. The effective diameters of MM1-C1 and C2 are 1400 and 2760 au,
respectively.

Interestingly, alongside the two notable condensations Cl
and C2, two looming substructures are seen inside C2 with a
separation of 073 (~900 au). As this separation is comparable
to the synthesis beam size, Dendrogram cannot resolve these
two peaks. These two substructures indicate that C2 itself is
already undergoing further fragmentation, which can be tested
by future higher-resolution observations.

Compact substructures have been detected in low-mass
prestellar cores such as G205-M3 (Sahu et al. 2021), while
fragmentation in massive prestellar cores is rarely reported. We
have detected extremely dense substructures within MM1-C,
representing the primordial fragmentation within a massive
prestellar core. Statistic surveys of massive multiple systems
reveal that the distribution of the mass ratio ¢ = Mcomp/Mprim
exhibits a peak at 0.3-0.5 for wide multiple systems, where
M omp is the mass of the companion and My, is the mass of
the primary, accompanied by the negative power-law index
(Duchéne & Kraus 2013; Offner et al. 2023; and references
therein). That is to say, the massive wide multiple systems
favor low-mass companions. Therefore we speculate that the
massive prestellar core MM 1-C will eventually form a multiple
stellar system with one massive primary and 1-2 lower-mass
companions. However, we cannot fully rule out the possibility
that the massive prestellar core MM1-C could undergo further
fragmentation and give birth to a cluster of low-mass stars
eventually.

4.2. Cold Filaments Traced by N,D"

As shown in Figure 2, N,D" is detected firmly toward core
MMI-C. To increase the S/N, the N,D* data were smoothed
to 1” resolution. Shown in Figure 3, MM1-C appears to be
situated at one end of a 0.3 pc-long thin structure traced by
N,D" with a clear velocity gradient. This thin structure seems
to trace two filaments connecting dense cores: the southern
filament is a gas bridge connecting MM1-C and MM1-F, and
the northern filament extends to the filament hub region close
to MM1-A.

We extracted a position—velocity (PV) diagram along the
filaments. By fitting the PV dlagram we determined the
velocity gradients of ~15 and 10 kms™ pc ! for the southern
and northern filaments, respectively. The velocity gradients are
quite comparable with the velocity gradients along small-scale
filaments in other observations of massive star-forming
regions (Sanhueza et al. 2021; Zhou et al. 2022; Xu et al.
2023; Hacar et al. 2023) and also in simulations (e.g.,
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Figure 3. The left and middle panels show moment-0 and moment-1 maps of N,D™, respectively. The overlaid gray contours show Band 6 continuum emission as in
Figure 1. The letter-labeled black ellipses show the same cores extracted by Liu et al. (2022) as in Figure 1. The right panel displays the position—velocity diagram
extracted from the region represented by the black solid line and polygon in the left and middle panels. The white contours are at the levels of [3, 5,
7] x 8 mJy beam ™. The orange solid line is the peak velocity at each offset, and the gray shaded area corresponds to the 1o velocity dispersion. The red and blue
dashed lines represent the fitted velocity gradients of the southern and northern filaments, respectively.

Smith et al. 2020). Through the filaments, cold unbounded gas
from the envelope of the clump could be channeled to dense
cores (Kirk et al. 2013), further increasing their gas masses.

4.3. Indications to High-mass Star Formation Models

Our observations reveal a very promising massive prestellar
core (MMI1-C) that seems to align with the turbulent core
model. However, the presence of internal fragmentation and the
identification of a cold gas filament connecting to the core
(MM1-C) challenges the model’s expectation of forming a
high-mass star through monolithic collapse of an isolated and
centrally concentrated core. On the contrary, the presence of a
cold filament seem to follow the competitive accretion scenario
or other “clump-fed” models that suggest dynamical mass
inflow beyond cores in high-mass star formation. However, the
initial conditions in those “clump-feed” models do not favor the
existence of a massive prestellar core with such a large gas
mass. The complexities in our observations pose questions
about the dynamics of massive star formation. The coexistence
of massiveness with internal fragmentation and ongoing
accretion in core MMI1-C underscores the need for more
comprehensive comparisons between theories and observations
in future studies.

5. Conclusions

We present the new ALMA Band 6 continuum and line
observations toward the G34-MMI clump. Accompanied by
ATOMS Band 3 data, we report the discovery of two massive
prestellar core candidates MM1-C and El. The line-poor
spectra and the absence of outflows suggest their prestellar
nature. Their total gas masses are 70 and 20 M., for MM1-C
and El, respectively. Band 6 observations of ~0”3 resolution
show that MM1-El remains a singular condensation at this
resolution. On the other hand, MMI1-C is found to be
fragmented into two condensations Cl1 and C2, with mass
estimates ranging 1.9-7.0 and 6.5-24.3 M., respectively,
assuming the temperature is in the range of 6.5-14.2 K. The
effective radii are 700 and 1380 au for C1 and C2, resulting in
an extremely high density of ny, ~ 108~ cm~3. Condensation

Cl is found to be Jeans stable if Ty, 2 6.5 K, while C2 is Jeans
unstable when T, < 14.2 K. In addition, C2 seems to have
begun to further fragment into two substructures, hinting at its
thermal instability. We also detected two gas filaments in N,D™*
line emission, one connecting core MM1-C to MMI-F, and
another extending from MMI-F to the central hub region. Both
filaments show a clear velocity gradient of 10-15 kms™' pc™".
The core MM 1-C may further accumulate gas mass along the
filament.

To conclude, we detected a fragmenting massive prestellar
core candidate, which may give birth to a multiple stellar
system containing high-mass stars.
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Appendix A
Integrated Intensity Maps of CH3;OH Lines

Figure Al shows the integrated intensity maps of CH;OH
4, — 3, (rest frequency: 218.440063 GHz; E,=45.46 K) at
Band 6 and another low-excitation transition CH;OH 2(1,1)-1
(1,0)A (rest frequency: 97.582798 GHz; E,, = 21.56 K) at Band
3. Panel (a) in Figure Al with negative and positive contours
demonstrates that the absorption features like CH;OH seen in
the spectra in Figure 2 could be due to the missing flux issue in
interferometric observations. As shown in Panel (b), the low-
excitation transition line CH;OH 2(1,1)-1(1,0)A as extended as
the high-excitation one shown in panel (a), while no emission
or absorption is detected toward MM1-C. That means CH;0H
is still frozen onto dust grain in such a relatively cold
environment. The other molecules such as H,CO and C'®0 are
similar to CH;OH toward MM1-C.
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Figure A1l. Panel (a) shows CH;0H 4, — 3, integrated intensity at Band 6. The grayscale background image and black contours are Band 6 continuum emission with
the same levels as Figure 1. The blue and red contours are at —30 and [3, 5, 7, 9, 15, 30] x o, respectively, where o = 0.08 Jy beam ' km s~ . Panel (b) shows
CH;0H 2(1,1)1(1,0)A integrate intensity at Band 3. The grayscale background image and black contours are Band 3 continuum emission with the same levels as
Figure 1. The red contours are at [3, 5, 7, 9, 15, 30] x o, where o = 0.07 Jy beam™' km s~'. The green circles in both panels represent the areas where the core-

averaged spectra in Figure 2 were taken.
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Appendix B
Spectra at the Continuum Emission Peak of MM1-C1
Figure Bl presents the beam-averaged spectra at Band 6
toward the continuum emission peak of MMI-C1. No
absorption features are seen in H,CO and CH3;OH lines,
indicating that there are no warm or hot continuum background
sources within MM1-C1.
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Figure B1. Beam-averaged (0”3 in diameter) spectra at Band 6 centered at the continuum peaks of MM1-C1, MM1-C2, and MMI1-E.
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Appendix C
CO Outflows

To better illustrate the starless characteristics of core MM 1-
C, we integrated the blue and red wings of the CO high-
velocity emission. As Figure C1 shows, G34-MMI1 clump
shows complicated outflow activities, which will be fully
explored in a forthcoming paper. However, no CO outflow
emission originates from either core MM1-C or MM1-E1.
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Figure C1. Outflow emission traced by CO overlaid on Band 6 continuum emission as in Figure 1. Blue and redshifted emission is integrated over [-10, 47] and
[67, 107] km s~ '. The grayscale background image and black contours are Band 6 continuum emission.
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