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• ハブフィラメント系: ⼤質量星形成の場。 

• ALMAによる⼤質量protoclusterのdust  
continuum (3 mm)と分⼦輝線の観測。 

• 843 Msunのclumpは6つのコアに 
分裂していることがわかった。 

• C-1Aが最も⼤きく(半径0.04 pc)、 
最も重く(157 Msun)、 
密度の⾼い中⼼領域にある。7, 3 Msunのコアも近くにある。 

• 分裂仮定はthermal Jeans分裂と⼀致。 

• 全てのコアは重⼒的に束縛されている(ビリアルパラメータαvir << 2) 

• 質量-半径の関係より、3つのコアは⼤質量星を形成しうる。 

• H13CO+の積分強度図より、⼤質量clumpはハブフィラメント系(中⼼のハブが4つのフィラメントとつながっている)
と関連している。 

• ハブに向かう鋭い速度勾配が観測されており、フィラメントが活発的にハブに質量を与えていることが⽰唆される。
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ABSTRACT

Hub-filament systems are considered as natural sites for high-mass star formation. Kinematic analysis of the surround-
ings of hub-filaments is essential to better understand high-mass star formation within such systems. In this work, we
present a detailed study of the massive Galactic protocluster IRAS 15394−5358, using continuum and molecular line
data from the ALMA Three-millimeter Observations of Massive Star-forming Regions (ATOMS) survey. The 3 mm
dust continuum map reveals the fragmentation of the massive (M = 843 M⊙) clump into six cores. The core C-1A is
the largest (radius = 0.04 pc), the most massive (M = 157 M⊙), and lies within the dense central region, along with
two smaller cores (M = 7 and 3 M⊙). The fragmentation process is consistent with the thermal Jeans fragmentation
mechanism and virial analysis shows that all the cores have small virial parameter values (αvir << 2), suggesting
that the cores are gravitationally bound. The mass vs. radius relation indicates that three cores can potentially form
at least a single massive star. The integrated intensity map of H13CO+ shows that the massive clump is associated
with a hub-filament system, where the central hub is linked with four filaments. A sharp velocity gradient is observed
towards the hub, suggesting a global collapse where the filaments are actively feeding the hub. We discuss the role of
global collapse and the possible driving mechanisms for the massive star formation activity in the protocluster.

Key words: stars: formation – stars: kinematics and dynamics – ISM: clouds – ISM: individual objects: IRAS
15394−5358
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Figure 1. (a) Two color composite image (24 µm - red and 8 µm - green) of the region towards IRAS 15394−5358. This image shows a
larger field of view of the surrounding area of the star-forming region, which lie on the large IRDC. The white box covers a close region
around IRAS 15394−5358. (b) Three color-composite image (8 µm - red, 4.5 µm - green, and 3.6 µm - blue) of the white box region shown
in (a). The white circle (radius = 0.7′) is the ALMA field of view. The cyan contours are emissions at 870 µm from the ATLASGAL
survey. The contour levels are 0.6, 1, 2, 3, 5, and 10 Jy/beam. Different objects towards the region found in the literature are shown in
different symbols. The white ‘+’ marks are for the EGOs (Cyganowski et al. 2008), the blue star shows the location of 6 GHz CH3OH
maser (Caswell 1998), and the magenta diamond for the position of the 70 µm point source. Scale bars of both images are shown on top
of each frame.

Figure 2. The 3 mm continuum map of the protocluster observed
as part of the ATOMS survey is shown in colour. The magenta
contours are from the same map with contour levels of 3, 5, 10,
15, 25, and 50 times the noise σ, where σ = 0.0004 Jy/beam. The
yellow ellipses, along with labels, are the identified cores. A scale
bar of 0.1 pc is shown on the top, and the beam size is in the
bottom left corner.

3 RESULTS

3.1 Dust continuum emission

3.1.1 Spatial distribution

The emission from the cold dust at 870 µm appears as a sin-
gle clump. However, the ALMA image at a higher angular
resolution of ∼ 2.5′′ can decipher and unfurl the clump’s un-
derlying core structures. In Fig. 2, we show the 3 mm contin-
uum map with its contours overlaid. Above the 3σ level, the
emission shows a central core with a diffuse, filamentary ex-
tension to the southeast harbouring two compact cores. With
proper contrast, the central core also reveals the presence of
substructures. Another separate core is also visible above the
central core. These subsequent cores within the clump indi-
cate the ongoing fragmentation within the massive clump. We
match the morphology of the 3 mm continuum emission with
the Spitzer image shown in Fig. 1. The central dense core of
the 3 mm continuum map is associated with the less bright
24 µm blob along with the EGOs (Cyganowski et al. 2008),
and the 6 GHz CH3OH maser (Caswell 1998). This indicates
that the region surrounding the central core is associated with
high-mass star formation at an early stage of evolution. The
other two brighter cores in the southeast direction are asso-
ciated with the brighter 24 µm region. Thanks to ALMA’s
sensitivity and resolution, we can retrieve the cores within it,
that appear as a single object at the MIR wavelengths. The
massive core is associated with a 70 µm point source. Thus,
the two cores are more evolved compared to the central core.
We use this 3 mm dust continuum map to identify and derive
the physical properties of the cores.

3.1.2 Core identification

The ATOMS 3 mm continuum map reveals cores and thus
allows their identification. We follow a similar approach
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• IRAS 153945358: 1.8 kpcに位置するprotocluster 

• 質量843.3 Msun、半径0.5 pc、ダスト温度20.7 K、光度5.4 x 103 Lsunのa single dust clump (870 µm)

フィラメント(⿊)

⾚: 24 µm、緑: 8 µm

70 µm点源

EGOs: extended green objects

⾚: 8 µm、緑: 4.5 µm、 
⻘: 3.6 µm

⾚紫: 3 mm、⻩: コア
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Table 1. Physical properties of the cores derived from the 3 mm continuum map.

Name RA (2000) DEC (2000) Decon. FWHM PA Peak Flux Int. Flux VLSR Td Rcore Mcore Σcore αvir

(′′ × ′′) (degree) (mJy/beam) (mJy) (km/s) (K) (pc) (M⊙) (g cm−2)

C-1A 15:43:16.55 -54:07:13.61 4.46×3.41 153.0 48.3±3.0 201.0±15.0 −40.0± 3.0 23.5±0.4 0.04 271±155 14.8±8.5 0.07
(39.1±0.02) (157±90) (8.6±4.9) (0.12)

C-1B 15:43:17.21 -54:07:13.72 2.75×1.51 108.0 4.62±0.32 8.87±0.89 −42.4± 1.3 23.5±0.4 0.02 12±7 2.4±1.4 0.54
(39.1±0.02) (7±4) (1.5±0.8) (0.93)

C-1C 15:43:17.29 -54:07:24.12 3.59×1.39 128.0 1.91±0.31 4.32±0.98 −42.6± 0.9 23.5±0.4 0.02 6±3.5 0.9±0.5 0.01
(39.1±0.02) (3.4±2.1) (0.6±0.3) (0.01)

C-2 15:43:18.00 -54:07:32.76 2.52×1.90 93.0 6.77±0.53 13.5±1.5 −42.6± 0.1 25.1±0.5 0.02 17±10 2.9±1.7 0.35
C-3 15:43:18.91 -54:07:35.32 4.54×2.62 108.0 7.69±0.47 27.1±2.1 −42.0± 7.0 25.1±0.5 0.03 34±19.5 2.4±1.4 0.49

(46.8±0.1) (17.5±10) (1.2±0.7) (0.94)
C-4 15:43:16.95 -54:06:58.52 3.14×2.54 145.0 2.08±0.26 5.5±0.92 −41.5± 0.1 19.5±0.8 0.03 9±5 0.9±0.5 0.30

Values in parentheses are obtained with the revised temperature estimation from the 70 µm flux density (see Section 3.1.3). These revised values are used for further analysis of these
cores in this work.
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• 3 mmのdust continuumより、clumpは6つのコアに分裂していることがわかった。 

• 密度の⾼い中⼼領域は214 Msunで、C-1A, C-1B, C-1Cの3つのコアに分かれている。 

• C-1Aが最も⼤きく重く密度が⾼い(半径0.04 pc、157 Msun、8.6 g cm-2)
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⾚紫: 3 mm、⻩: コア

Star formation in IRAS 15394−5358 5

of core identification discussed in Li et al. (2020) and ap-
plied by other works (Liu et al. 2021; Saha et al. 2022). We
use astrodendro algorithm (Rosolowsky et al. 2008), and the
CASA-imfit task to identify the cores and derive their proper-
ties. The astrodendro algorithm decomposes the map into tree
structures such as trunks, branches, and leaves. Leaves are the
smallest structures, which are called cores. The astrodendro

algorithm requires a threshold flux level, a minimum delta
value (contour separation), and the number of pixels to de-
compose the map into different structures. We use the thresh-
old flux as 1 mJy beam−1 (3σ) and the minimum delta as σ.
To ensure proper detection of cores, we choose the number of
pixels equivalent to the synthesized beam area in pixel units.
These parameters are adopted after multiple trials for the
robust detection of cores. As discussed in Liu et al. (2021),
we first use the astrodendro to identify the cores and get
their parameters such as core position, major and minor axes
sizes, peak and integrated flux, and position angle. In the
next step, we use the parameters obtained from astrodendro

as an initial guess to obtain a more accurate estimation using
the CASA imfit . Fig. A1 displays the residual map obtained
from the task. Following the said procedure, we identified six
cores towards IRAS 15394−5358 (see Fig. 2). Three cores are
detected in the central part (C-1A, C-1B, C-1C), two (C-2,
C-3) towards the southeast of the central core, and the other
one (C-4) towards the north of the central core. We called
the central region encompassed within the 3σ contour level
as core C-1. Cores C-1A, C-1B, and C-1C are the substruc-
tures of core C-1. A few dense clumpy structures are seen
towards the edges of the map. However, we did not consider
them because of the higher uncertainty at the edges of the
map. The derived core properties are listed in Table 1. In the
residual map (Fig. A1), a bright region emerges to the south
of the central core C-1A. Most likely, this is a low-mass core
that is not visible in the original map due to the dominance
of C-1A but becomes apparent in the residual map.

3.1.3 Physical properties of cores

We derive several physical properties (such as mass, radius,
and surface density) of the cores. We estimate the mass of
each core using the equation B1 of Liu et al. (2021),

Mcore =
Fint

ν Rgd D2

Bν(Td) κν
, (1)

where, Fint
ν is the integrated flux density obtained for each

core from CASA-imfit, Rgd is the gas-to-dust ratio as-
sumed to be 100, D is the distance to the target source,
Bν is the Planck’s function evaluated at dust temperature
Td, and κν is the opacity assumed to be 0.18 cm2 g−1

(Ossenkopf & Henning 1994). Urquhart et al. (2018) have
mentioned the value of Td = 20.7 K for the whole AT-
LASGAL clump. For a better estimate of each core’s Td

value, we use the dust temperature map generated from Her-

schel images (Marsh et al. 2017). All cores except core (C-4;
Td = 20 K) have similar Td values (∼ 23− 25 K). It is to be
noted that the ALMA ATOMS image and the dust tempera-
ture map from Herschel maps have different resolutions and
different pixel sizes. So, an exact comparison between both
maps can not be incorporated.

The surface density (Σcore) is derived using the expression

Σcore = Mcore/πR
2
core. We present values of all the physi-

cal parameters in Table 1. C-1A is the most massive and
the largest among all the cores. This core holds a mass of
∼ 270 M⊙ within a radius of 0.04 pc. We also derive the
physical properties of core C-1. Since for C-1, we do not have
information of deconvolved size from CASA−imfit, we derive
its physical radius assuming the core to be circular and using
the expression r = (A/π)0.5, where A is the area of the core.
The C-1 core’s derived mass, radius, and surface density are
372.5±212 M⊙, 0.08 pc, and 3.9±2.2 g cm−2, respectively.
The mass of core C-1 is similar to the collective mass of cores
C-1A, C-1B, and C-1C.
In a protocluster complex, the temperatures estimated for

the cores from the dust temperature map using Herschel im-
ages might be an underestimation. To obtain more realis-
tic temperature information, Anderson et al. (2021) derived
temperatures using the flux density obtained from the Hi-
GAL 70 µm Compact Source Catalogue for cores associated
with a 70 µm point source. This is because the 70 µm flux
density is considered as a good tracer of the luminosity of em-
bedded sources (Dunham et al. 2008; Ragan et al. 2012). In
this estimation, the 70 µm flux density is converted into bolo-
metric luminosities (Elia et al. 2017), and the dust tempera-
ture is then derived under the assumption that dust emission
from a protostellar core is optically thin and predominantly
in the FIR.
Here, we follow the same approach, deriving the temper-

atures of the central core C-1 and core C-3, as they are as-
sociated with 70 µm point sources. The derived dust tem-
peratures are 39.1±0.02 K and 46.8±0.1 K for C-1 and C-3,
respectively. As C-1 contains three substructures, the same
temperature is considered for the substructures. These de-
rived temperatures of the cores are higher than the temper-
atures estimated from the dust temperature maps.
With the new temperatures, we derived the physical pa-

rameters of these cores, which are listed in Table 1 within
parentheses, are used for the remainder of the analysis. The
derived mass and surface density of C-1 are 214±121.6 M⊙

and 2.2±1.3 g cm−2, respectively. The cores C-1 and C-3
in our work correspond to the cores MM1 and MM2 in the
work of Anderson et al. (2021), whose derived masses are ap-
proximately twice as high as ours. In their study, they used
a similar image at ∼3 mm. The other cores in our work
are also relatively less massive compared to those derived
by Anderson et al. (2021). The primary reasons for this dif-
ference are the varying distance values, opacity, and dust
temperatures used in the respective studies. In our work, we
adopt a distance of 1.82 kpc, whereas Anderson et al. (2021)
used a higher distance of 2.61 kpc. Nevertheless, given the
high uncertainties associated with these derived physical pa-
rameters, the mass estimates in both the studies agree within
their error limits.

3.1.4 Uncertainties in the physical parameters

The parameters of distance and dust temperature can intro-
duce uncertainties in the determination of the physical prop-
erties of the cores. In the case of our protocluster, we have
a parallax distance estimation of 1.8 kpc (Lumsden et al.
2013). As there are no reported errors on the distance, we
have not factored them into our calculations. The estima-
tion of dust temperature is also subject to variability, influ-
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of core identification discussed in Li et al. (2020) and ap-
plied by other works (Liu et al. 2021; Saha et al. 2022). We
use astrodendro algorithm (Rosolowsky et al. 2008), and the
CASA-imfit task to identify the cores and derive their proper-
ties. The astrodendro algorithm decomposes the map into tree
structures such as trunks, branches, and leaves. Leaves are the
smallest structures, which are called cores. The astrodendro

algorithm requires a threshold flux level, a minimum delta
value (contour separation), and the number of pixels to de-
compose the map into different structures. We use the thresh-
old flux as 1 mJy beam−1 (3σ) and the minimum delta as σ.
To ensure proper detection of cores, we choose the number of
pixels equivalent to the synthesized beam area in pixel units.
These parameters are adopted after multiple trials for the
robust detection of cores. As discussed in Liu et al. (2021),
we first use the astrodendro to identify the cores and get
their parameters such as core position, major and minor axes
sizes, peak and integrated flux, and position angle. In the
next step, we use the parameters obtained from astrodendro

as an initial guess to obtain a more accurate estimation using
the CASA imfit . Fig. A1 displays the residual map obtained
from the task. Following the said procedure, we identified six
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C-3) towards the southeast of the central core, and the other
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3.1.3 Physical properties of cores

We derive several physical properties (such as mass, radius,
and surface density) of the cores. We estimate the mass of
each core using the equation B1 of Liu et al. (2021),

Mcore =
Fint

ν Rgd D2

Bν(Td) κν
, (1)

where, Fint
ν is the integrated flux density obtained for each

core from CASA-imfit, Rgd is the gas-to-dust ratio as-
sumed to be 100, D is the distance to the target source,
Bν is the Planck’s function evaluated at dust temperature
Td, and κν is the opacity assumed to be 0.18 cm2 g−1

(Ossenkopf & Henning 1994). Urquhart et al. (2018) have
mentioned the value of Td = 20.7 K for the whole AT-
LASGAL clump. For a better estimate of each core’s Td

value, we use the dust temperature map generated from Her-

schel images (Marsh et al. 2017). All cores except core (C-4;
Td = 20 K) have similar Td values (∼ 23− 25 K). It is to be
noted that the ALMA ATOMS image and the dust tempera-
ture map from Herschel maps have different resolutions and
different pixel sizes. So, an exact comparison between both
maps can not be incorporated.

The surface density (Σcore) is derived using the expression

Σcore = Mcore/πR
2
core. We present values of all the physi-

cal parameters in Table 1. C-1A is the most massive and
the largest among all the cores. This core holds a mass of
∼ 270 M⊙ within a radius of 0.04 pc. We also derive the
physical properties of core C-1. Since for C-1, we do not have
information of deconvolved size from CASA−imfit, we derive
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the cores from the dust temperature map using Herschel im-
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tic temperature information, Anderson et al. (2021) derived
temperatures using the flux density obtained from the Hi-
GAL 70 µm Compact Source Catalogue for cores associated
with a 70 µm point source. This is because the 70 µm flux
density is considered as a good tracer of the luminosity of em-
bedded sources (Dunham et al. 2008; Ragan et al. 2012). In
this estimation, the 70 µm flux density is converted into bolo-
metric luminosities (Elia et al. 2017), and the dust tempera-
ture is then derived under the assumption that dust emission
from a protostellar core is optically thin and predominantly
in the FIR.
Here, we follow the same approach, deriving the temper-

atures of the central core C-1 and core C-3, as they are as-
sociated with 70 µm point sources. The derived dust tem-
peratures are 39.1±0.02 K and 46.8±0.1 K for C-1 and C-3,
respectively. As C-1 contains three substructures, the same
temperature is considered for the substructures. These de-
rived temperatures of the cores are higher than the temper-
atures estimated from the dust temperature maps.
With the new temperatures, we derived the physical pa-

rameters of these cores, which are listed in Table 1 within
parentheses, are used for the remainder of the analysis. The
derived mass and surface density of C-1 are 214±121.6 M⊙

and 2.2±1.3 g cm−2, respectively. The cores C-1 and C-3
in our work correspond to the cores MM1 and MM2 in the
work of Anderson et al. (2021), whose derived masses are ap-
proximately twice as high as ours. In their study, they used
a similar image at ∼3 mm. The other cores in our work
are also relatively less massive compared to those derived
by Anderson et al. (2021). The primary reasons for this dif-
ference are the varying distance values, opacity, and dust
temperatures used in the respective studies. In our work, we
adopt a distance of 1.82 kpc, whereas Anderson et al. (2021)
used a higher distance of 2.61 kpc. Nevertheless, given the
high uncertainties associated with these derived physical pa-
rameters, the mass estimates in both the studies agree within
their error limits.

3.1.4 Uncertainties in the physical parameters

The parameters of distance and dust temperature can intro-
duce uncertainties in the determination of the physical prop-
erties of the cores. In the case of our protocluster, we have
a parallax distance estimation of 1.8 kpc (Lumsden et al.
2013). As there are no reported errors on the distance, we
have not factored them into our calculations. The estima-
tion of dust temperature is also subject to variability, influ-
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Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
Jeans < λTurb

Jeans and MTh
Jeans < Mobs <

MTurb
Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb

Jeans or Jeans length assuming the
cloud fragmented when its density was 104 cm−3) and 0.1 pc, the
median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.

essential to compare the separation between the cores rather
than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:

∆l = 0.088 ×
(

Rcl

1 pc

)

( nH2

104 cm−3

)0.5
(

tlife
5× 104 yr

)

pc (7)

where, Rcl is the clump radius (Urquhart et al. 2018), and
nH2

= ρ/µH2
mH is the number density of the clump, esti-
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nario in this massive star-forming clump. The velocity gra-
dient observed towards IRAS 15394−5358 is comparable to
those observed on small scales in massive star-forming re-
gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
At such small scales (< 1 pc), the velocity gradient could
primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).

4 STAR FORMATION PROPERTIES OF THE
PROTOCLUSTER REGION

4.1 Virial analysis of cores

We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):

αvir =
5σ2

vRcore

GMcore
, (2)

where G is the gravitational constant, σv is the velocity dis-
persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/

√
8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).

Table 3. Density of clump and derived Jeans parameters.

ρ λTh
Jeans MTh

Jeans λTurb
Jeans MTurb

Jeans
(g cm−3) (pc) (M⊙) (pc) (M⊙)

1.4× 10−19 0.16 4.4 0.30 28.0

λJ = σth

(

π
Gρ

)1/2

and MJ =
π5/2

6
σ3
th

√

G3ρ
, (3)

where ρ is the volume density of the clump derived using the
mass and radius values from Urquhart et al. (2018) ,and σth

is the thermal velocity dispersion given by

σth =

(

kBTkin

µmH

)1/2

, (4)

where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)

σtot =
(

σ2
nt + σ2

th

)1/2
, (5)

where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression

σnt =

√

σ2
line −

kBTkin

mline
, (6)

where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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Table 1. Physical properties of the cores derived from the 3 mm continuum map.

Name RA (2000) DEC (2000) Decon. FWHM PA Peak Flux Int. Flux VLSR Td Rcore Mcore Σcore αvir

(′′ × ′′) (degree) (mJy/beam) (mJy) (km/s) (K) (pc) (M⊙) (g cm−2)

C-1A 15:43:16.55 -54:07:13.61 4.46×3.41 153.0 48.3±3.0 201.0±15.0 −40.0± 3.0 23.5±0.4 0.04 271±155 14.8±8.5 0.07
(39.1±0.02) (157±90) (8.6±4.9) (0.12)

C-1B 15:43:17.21 -54:07:13.72 2.75×1.51 108.0 4.62±0.32 8.87±0.89 −42.4± 1.3 23.5±0.4 0.02 12±7 2.4±1.4 0.54
(39.1±0.02) (7±4) (1.5±0.8) (0.93)

C-1C 15:43:17.29 -54:07:24.12 3.59×1.39 128.0 1.91±0.31 4.32±0.98 −42.6± 0.9 23.5±0.4 0.02 6±3.5 0.9±0.5 0.01
(39.1±0.02) (3.4±2.1) (0.6±0.3) (0.01)

C-2 15:43:18.00 -54:07:32.76 2.52×1.90 93.0 6.77±0.53 13.5±1.5 −42.6± 0.1 25.1±0.5 0.02 17±10 2.9±1.7 0.35
C-3 15:43:18.91 -54:07:35.32 4.54×2.62 108.0 7.69±0.47 27.1±2.1 −42.0± 7.0 25.1±0.5 0.03 34±19.5 2.4±1.4 0.49

(46.8±0.1) (17.5±10) (1.2±0.7) (0.94)
C-4 15:43:16.95 -54:06:58.52 3.14×2.54 145.0 2.08±0.26 5.5±0.92 −41.5± 0.1 19.5±0.8 0.03 9±5 0.9±0.5 0.30

Values in parentheses are obtained with the revised temperature estimation from the 70 µm flux density (see Section 3.1.3). These revised values are used for further analysis of these
cores in this work.
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nario in this massive star-forming clump. The velocity gra-
dient observed towards IRAS 15394−5358 is comparable to
those observed on small scales in massive star-forming re-
gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
At such small scales (< 1 pc), the velocity gradient could
primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).

4 STAR FORMATION PROPERTIES OF THE
PROTOCLUSTER REGION

4.1 Virial analysis of cores

We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):

αvir =
5σ2

vRcore

GMcore
, (2)

where G is the gravitational constant, σv is the velocity dis-
persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/

√
8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).

Table 3. Density of clump and derived Jeans parameters.

ρ λTh
Jeans MTh

Jeans λTurb
Jeans MTurb

Jeans
(g cm−3) (pc) (M⊙) (pc) (M⊙)

1.4× 10−19 0.16 4.4 0.30 28.0

λJ = σth

(

π
Gρ

)1/2

and MJ =
π5/2

6
σ3
th

√

G3ρ
, (3)

where ρ is the volume density of the clump derived using the
mass and radius values from Urquhart et al. (2018) ,and σth

is the thermal velocity dispersion given by

σth =

(

kBTkin

µmH

)1/2

, (4)

where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)

σtot =
(

σ2
nt + σ2

th

)1/2
, (5)

where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression

σnt =

√

σ2
line −

kBTkin

mline
, (6)

where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so

MNRAS 000, 1–23 (2015)

※ 
なら重⼒崩壊をする

• 分裂過程 

Star formation in IRAS 15394−5358 17

Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
Jeans < λTurb

Jeans and MTh
Jeans < Mobs <

MTurb
Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb

Jeans or Jeans length assuming the
cloud fragmented when its density was 104 cm−3) and 0.1 pc, the
median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.

essential to compare the separation between the cores rather
than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:

∆l = 0.088 ×
(

Rcl

1 pc

)

( nH2

104 cm−3

)0.5
(

tlife
5× 104 yr

)

pc (7)

where, Rcl is the clump radius (Urquhart et al. 2018), and
nH2

= ρ/µH2
mH is the number density of the clump, esti-
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Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
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Jeans and MTh
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Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb

Jeans or Jeans length assuming the
cloud fragmented when its density was 104 cm−3) and 0.1 pc, the
median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.

essential to compare the separation between the cores rather
than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:

∆l = 0.088 ×
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mH is the number density of the clump, esti-
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Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
Jeans < λTurb

Jeans and MTh
Jeans < Mobs <

MTurb
Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb
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cloud fragmented when its density was 104 cm−3) and 0.1 pc, the
median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.
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than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:
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Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
Jeans < λTurb

Jeans and MTh
Jeans < Mobs <

MTurb
Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb

Jeans or Jeans length assuming the
cloud fragmented when its density was 104 cm−3) and 0.1 pc, the
median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.

essential to compare the separation between the cores rather
than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:
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Figure 13. The position-velocity diagram of H13CO+ is extracted
along the white horizontal line shown in Fig. 12 (at DEC = −54 :
07 : 13.80) and compressed over the entire declination range. The
coloured filled contours range from 10% to 90% of the peak value
(0.045 Jy/beam) in steps of 10%. The red lines represent the fitted
velocity gradients from both the eastern and western sides of the
central hub.

that the sum of lengths of all straight lines is minimum. In our
analysis, the nodes are the locations of cores, and the straight
lines connecting the nodes provide spatial separation between
the cores. Due to the projection effect, the derived separation
between the cores is smaller than the actual separation by a
factor of (2/π) (Sanhueza et al. 2019; Saha et al. 2022). We
derive the core separations in the range of 0.03−0.14 pc with
a median value of 0.07 pc. For cores, the mass lies in the
range of 3.4−157 M⊙ with the median value of 13 M⊙.

In our case λobs < λTh
Jeans < λTurb

Jeans and MTh
Jeans < Mobs <

MTurb
Jean . To compare the thermal and turbulent Jeans frag-

mentation, Wang et al. (2014) have analyzed the core mass
distribution with core separation. The same procedure has
also been used by Xu et al. (2023); Morii et al. (2024). In this
work, we follow the same procedure to compare the thermal
and turbulent Jeans fragmentation mechanism. In Fig. 14,
we show the mass separation distribution for all six cores in
this work. The straight black lines (dotted and solid) and the
shaded region are plotted following discussions of Wang et al.
(2014); Xu et al. (2023). The caption of the figure has the de-
tails of the lines and shaded regions.

The observed core separation matches the thermal Jeans
length, whereas the thermal Jeans mass is significantly less
than the observed median value. However, it is close to the
lowest mass among all cores. In Fig. 14, C-1A lies above the
green shaded region, whereas cores C-2 and C-3 lie within it.
Among the other three cores, C-1C is within the blue shaded
region, C-4 is very close, and C-1B is nearer when considering
its error. However, caution should be taken when interpret-
ing the mechanism responsible for fragmentation. The recent
work by Vázquez-Semadeni et al. (2024) suggests that tur-
bulence might not be an effective mechanism to counteract
gravity, and to understand the fragmentation mechanism, it is

Figure 14. Fragment mass vs. the nearest separation. Here, the
fragment masses are the core masses. The blue-filled circles repre-
sent the associated cores of IRAS 15394−5358. The dotted, solid
black line and the shaded regions are plotted following the outlines
described in Wang et al. (2014); Xu et al. (2023). Spatial and 3σ
mass sensitivity of IRAS 15394−5358 with ALMA Band-3 observa-
tions is shown as an orange-shaded region. The 3σ mass sensitivity
estimated using the 3σ flux density and dust temperature of 100 K.
The black dotted line is for thermal Jeans fragmentation with T
= 15 K and density n = [102, 108 cm−3]. The blue-shaded region
corresponds to the same density range, but for temperatures, T =
[10, 30] K. The solid black line is for the turbulent Jeans fragmen-
tation corresponding to velocity dispersion σ = 0.7 km s−1 and
density n = [102, 108 cm−3]. The green shaded region is for the
same density but with velocity dispersion σ = [0.4, 1.2] km s−1.
All cores are labelled on the plot. Due to their similar masses, cores
C-2 and C-3 overlap with each other. The red vertical dashed lines
mark the location of 0.3 pc (λTurb
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median value of the observed core separation, respectively. The red
arrow shows the length of 0.2 pc, highlighting the difference.

essential to compare the separation between the cores rather
than the mass of the cores.
In the protocluster, the observed median separation be-

tween the cores is approximately 0.1 pc, whereas it is 0.3 pc
as derived from turbulent Jeans fragmentation (see Fig. 14).
Assuming that fragmentation took place when the cloud was
104 cm−3 and at 20 K, this yields a Jeans length of approx-
imately 0.3 pc. It is possible that fragmentation occurred at
an earlier stage of evolution. To understand this delay, we re-
fer to the discussions in Xu et al. (2024), which explain that
the core separation would tighten over time by a length (∆l),
which is expressed as follows:
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nario in this massive star-forming clump. The velocity gra-
dient observed towards IRAS 15394−5358 is comparable to
those observed on small scales in massive star-forming re-
gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
At such small scales (< 1 pc), the velocity gradient could
primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).

4 STAR FORMATION PROPERTIES OF THE
PROTOCLUSTER REGION

4.1 Virial analysis of cores

We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):

αvir =
5σ2

vRcore

GMcore
, (2)

where G is the gravitational constant, σv is the velocity dis-
persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/

√
8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).

Table 3. Density of clump and derived Jeans parameters.

ρ λTh
Jeans MTh

Jeans λTurb
Jeans MTurb

Jeans
(g cm−3) (pc) (M⊙) (pc) (M⊙)

1.4× 10−19 0.16 4.4 0.30 28.0

λJ = σth

(

π
Gρ

)1/2

and MJ =
π5/2

6
σ3
th

√

G3ρ
, (3)

where ρ is the volume density of the clump derived using the
mass and radius values from Urquhart et al. (2018) ,and σth

is the thermal velocity dispersion given by
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, (4)

where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)
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where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression

σnt =

√

σ2
line −

kBTkin

mline
, (6)

where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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nario in this massive star-forming clump. The velocity gra-
dient observed towards IRAS 15394−5358 is comparable to
those observed on small scales in massive star-forming re-
gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
At such small scales (< 1 pc), the velocity gradient could
primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).

4 STAR FORMATION PROPERTIES OF THE
PROTOCLUSTER REGION

4.1 Virial analysis of cores

We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):

αvir =
5σ2

vRcore

GMcore
, (2)

where G is the gravitational constant, σv is the velocity dis-
persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/

√
8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).
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where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)
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where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression
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where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).
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We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):
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persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/
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8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).
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where ρ is the volume density of the clump derived using the
mass and radius values from Urquhart et al. (2018) ,and σth
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where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)
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where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression
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where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
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primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).
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4.1 Virial analysis of cores

We carry out the virial analysis to asses the gravitational
stability and kinematics of the cores. We calculated the virial
parameter using the expression (Bertoldi & McKee 1992):
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vRcore
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where G is the gravitational constant, σv is the velocity dis-
persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
σv = ∆V/
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8ln2, where ∆V is the full width half maximum

(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
2014; Palau et al. 2015; Sanhueza et al. 2017, 2019).
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mass and radius values from Urquhart et al. (2018) ,and σth
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where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
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from the observed lines using the following expression
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where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
clumps might become more complex and chaotic, with evo-
lution leading to the mass growth of the associated cores
(Rigby et al. 2024). However, on a larger scale (> 1 pc), the
velocity gradient could be much smaller (< 5 km s−1pc−1),
showing signatures of global collapse (Zhou et al. 2022, 2023;
Seshadri et al. 2024).
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stability and kinematics of the cores. We calculated the virial
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persion, Rcore, and Mcore are the radius and mass of the
core, respectively. The above equation neglects the effect
of magnetic field. The velocity dispersion is expressed as
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(FWHM) velocity width. To estimate this parameter, we use
the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
of stars.

4.2 Fragmentation

The ALMA 3 mm continuum image reveals the presence of
multiple cores within the single ATLASGAL clump. If the
fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
break into smaller objects defined by the Jeans length (λJ)
and Jeans mass (MJ). These are given by (e.g., Wang et al.
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where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
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where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so

MNRAS 000, 1–23 (2015)

Star formation in IRAS 15394−5358 15

nario in this massive star-forming clump. The velocity gra-
dient observed towards IRAS 15394−5358 is comparable to
those observed on small scales in massive star-forming re-
gions (Zhou et al. 2022; Xu et al. 2023; Hacar et al. 2023;
Mai et al. 2024) and in simulation studies (Smith et al. 2020).
At such small scales (< 1 pc), the velocity gradient could
primarily be gravity-driven (Zhou et al. 2022), leading to
mass inflows and variations in density structures due to
local conditions. This velocity gradient in the protocluster
clearly indicates a globally collapsing scenario, where mass
inflow through the filaments is evident (e.g., Peretto et al.
2013). In such a scenario, the gravity-driven inflows within
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the H13CO+ (1−0) line, which can be optically thin in na-
ture. The FWHM velocity width of the cores is obtained by
fitting their H13CO+ spectra. The derived value of αvir for
all the cores are listed in the last column of Table 1.

For a core to undergo gravitational collapse, it needs to
be subvirial, for which αvir ! 2. In contrast, if the core
is supported against the gravitational collapse, it must be
supervirial. Such cores must expand or might stay con-
fined under the effect of external pressure or magnetic force
(Kauffmann, Pillai & Goldsmith 2013). For all cores, the
value of αvir lies in the range of 0.01 − 0.94. This indicates
that all the cores are subvirial and gravitationally bound.
These cores are expected to collapse leading to the formation
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4.2 Fragmentation
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fragmentation is happening by the criteria of thermal Jeans
instabilities, then the homogenous self-gravitating clump will
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where kB, Tkin, µ and mH are Boltzmann’s constant, kinetic
temperature, mean molecular weight, and the mass of hy-
drogen atom, respectively. We assume the clump’s kinetic
temperature is the same as the dust temperature of 20 K
and µ=2.37 (Kauffmann et al. 2008; Potdar et al. 2022). Im-
porting other parameters into the above equations, we obtain
the thermal Jeans length and Jeans mass to be 0.16 pc and
4.4 M⊙, respectively.
It is also essential to consider the non-thermal contribu-

tion arising from turbulence in the calculations. To take into
account the non-thermal contribution, the thermal velocity
dispersion needs to be replaced with total velocity disper-
sion as follows (Wang et al. 2014; Liu, Stutz & Yuan 2019;
Li et al. 2023)

σtot =
(

σ2
nt + σ2

th

)1/2
, (5)

where the non-thermal velocity dispersion can be derived
from the observed lines using the following expression

σnt =

√

σ2
line −

kBTkin

mline
, (6)

where, σline is the velocity dispersions observed from the
molecular line transition, mline is the molecular mass of the
molecule. We use the optically thin H13CO+ line to obtain
the velocity dispersion σline. We determine the velocity dis-
persion from spectra obtained from a region away from the
cores. This is to ensure that the measured velocity dispersion
is not affected by the current star formation activity of the
complex. We derive the turbulent Jeans length and mass as
0.30 pc and 28 M⊙, respectively. Table 3 gives all the derived
Jeans parameters.

4.3 Thermal versus turbulent Jeans fragmentation

In this section, we try to understand the dominant mechanism
responsible for the fragmentation of the clump into several
cores. For this purpose, it is necessary to compare the core
separation and masses. Here we apply the minimum spanning
tree (MST) method to derive the core separation. Using MST,
we can generate a set of straight lines connecting a set of
points or nodes. This algorithm generates the straight lines so
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Figure 1. (a) Two color composite image (24 µm - red and 8 µm - green) of the region towards IRAS 15394−5358. This image shows a
larger field of view of the surrounding area of the star-forming region, which lie on the large IRDC. The white box covers a close region
around IRAS 15394−5358. (b) Three color-composite image (8 µm - red, 4.5 µm - green, and 3.6 µm - blue) of the white box region shown
in (a). The white circle (radius = 0.7′) is the ALMA field of view. The cyan contours are emissions at 870 µm from the ATLASGAL
survey. The contour levels are 0.6, 1, 2, 3, 5, and 10 Jy/beam. Different objects towards the region found in the literature are shown in
different symbols. The white ‘+’ marks are for the EGOs (Cyganowski et al. 2008), the blue star shows the location of 6 GHz CH3OH
maser (Caswell 1998), and the magenta diamond for the position of the 70 µm point source. Scale bars of both images are shown on top
of each frame.

Figure 2. The 3 mm continuum map of the protocluster observed
as part of the ATOMS survey is shown in colour. The magenta
contours are from the same map with contour levels of 3, 5, 10,
15, 25, and 50 times the noise σ, where σ = 0.0004 Jy/beam. The
yellow ellipses, along with labels, are the identified cores. A scale
bar of 0.1 pc is shown on the top, and the beam size is in the
bottom left corner.

3 RESULTS

3.1 Dust continuum emission

3.1.1 Spatial distribution

The emission from the cold dust at 870 µm appears as a sin-
gle clump. However, the ALMA image at a higher angular
resolution of ∼ 2.5′′ can decipher and unfurl the clump’s un-
derlying core structures. In Fig. 2, we show the 3 mm contin-
uum map with its contours overlaid. Above the 3σ level, the
emission shows a central core with a diffuse, filamentary ex-
tension to the southeast harbouring two compact cores. With
proper contrast, the central core also reveals the presence of
substructures. Another separate core is also visible above the
central core. These subsequent cores within the clump indi-
cate the ongoing fragmentation within the massive clump. We
match the morphology of the 3 mm continuum emission with
the Spitzer image shown in Fig. 1. The central dense core of
the 3 mm continuum map is associated with the less bright
24 µm blob along with the EGOs (Cyganowski et al. 2008),
and the 6 GHz CH3OH maser (Caswell 1998). This indicates
that the region surrounding the central core is associated with
high-mass star formation at an early stage of evolution. The
other two brighter cores in the southeast direction are asso-
ciated with the brighter 24 µm region. Thanks to ALMA’s
sensitivity and resolution, we can retrieve the cores within it,
that appear as a single object at the MIR wavelengths. The
massive core is associated with a 70 µm point source. Thus,
the two cores are more evolved compared to the central core.
We use this 3 mm dust continuum map to identify and derive
the physical properties of the cores.

3.1.2 Core identification

The ATOMS 3 mm continuum map reveals cores and thus
allows their identification. We follow a similar approach
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(Zapata et al. 2009). SDC335-MM1 has a mass of ∼ 550 M⊙

within a radius of ∼ 0.05 pc. Along with other low-mass ob-
jects, this core has the potential of forming a massive star of
∼ 50 − 100 M⊙. The other massive protostellar core W51-N
has a mass of 110 M⊙. According to Zapata et al. (2009), this
core is hosting a massive star of ∼ 65 M⊙ with an accreting
disc of ∼ 40 M⊙. Compared with these protostellar cores, it
is expected that the core C-1A can potentially host a mas-
sive O/B-type star(s). Theoretical studies suggest that in the
case of compact cores, the amount of matter accreted onto
the star is ∼ 50% of the core mass (McKee & Tan 2003).
We have to take into account the uncertainty (see Section
3.1.4) involved in mass estimations of the cores. With the
uncertainty and also taking into consideration the unresolved
components within, it is possible that core C-1A can poten-
tially form a cluster with at least one single massive star with
mass greater than 8− 10 M⊙.

Except for C-1B and C-1C, all other cores associated
with IRAS 15394−5358 are more massive than 8 M⊙. As
depicted in Fig. 16, all the cores except C-1C lie outside
the low-mass star-forming zone and meet the criterion of
m(r) > 870M⊙(r/pc)1.33 (Kauffmann et al. 2010), suggest-
ing that these cores might foster the formation of massive
stars within themselves. As discussed earlier, compact cores
typically utilise a significant fraction of their mass to form
the most massive object. Cores C-2 and C-3 have masses of
∼17 M⊙. Taking into account the uncertainty in mass along
with unresolved components into consideration, it is likely
that the cores can potentially form a cluster of low or inter-
mediate mass stars. Similarly, the remaining cores, C-1B, C-
1C, and C-4, have masses of 7, 3.4, and 9 M⊙, respectively,
and it is highly likely that low-mass stars will form within
these cores. Consequently, the region of IRAS 15394−5358 is
likely evolving into a stellar cluster, where the most massive
member could potentially be a massive O/B-type star.

5 DISCUSSION

5.1 Mass transfer to the central hub

We detect a network of four filaments extending from the
massive central core, thus creating a hub-filament system. As
discussed earlier, in such a system, the hub serves as a progen-
itor for the formation of massive stars, where the filaments
help in funnelling matter into the hub (Peretto et al. 2013;
Chen et al. 2019; Chung et al. 2019, 2021; Liu et al. 2023).
Here, we attempt to study any such mass infall into the cen-
tral hub through the filaments.

We observe a velocity gradient in the protocluster region
(Section 3.2.6 and 3.2.7). To further explore the velocity gra-
dient along the filaments, we extract H13CO+ average spectra
within circular regions (2.5′′) equivalent to the beam size. In
Fig. 17, we provide the LSR velocity values obtained from
the H13CO+ average spectra within the circular regions. The
LSR velocities’ distribution also reveals the velocity gradi-
ent along the filaments. Also, we extract spectra within the
rectangular boxes shown in Fig. 8 to analyze such infall sig-
natures within the region. In Fig. 18 we show the H13CO+

spectral profile of cores C-1A, C-2, and C-3. Also, we plot
the average spectra taken over rectangular regions on all the
filaments. It is interesting to notice that the velocity of fil-
aments F1 and F4 are shifted to the lower side of C-1A, or

Figure 16. Radius vs. mass. The blue-filled circles mark the
positions of the cores associated with IRAS 15394−5358. The
blue-filled star and square represent the hub C-1 and the
whole clump. Cores from literature (Peretto, Hennebelle & André
2007; Zapata et al. 2009; Rathborne et al. 2011; Wang et al. 2011;
Peretto et al. 2013; Saha et al. 2022) are also shown in the plot
as magenta-filled circles. SDC335-MM1 (Peretto et al. 2013), and
W51-N (Zapata et al. 2009) are displayed as green and red-filled
circles, respectively. The blue and red lines represent the sur-
face density thresholds of 116 M⊙ pc−2 (∼ 0.024 g cm−2) and
129 M⊙ pc−2 (∼ 0.027 g cm−2) from Lada, Lombardi & Alves
(2010) and Heiderman et al. (2010), respectively. The shaded re-
gion is for the low-mass star formation, which does not satisfy the
criteria of m(r) > 870 M⊙ (r/pc)1.33 (Kauffmann et al. 2010). Sur-
face density thresholds of 0.05 g cm−2 (Krumholz & McKee 2008),
and 1 g cm−2 (Urquhart et al. 2014) are shown as dashed black
lines. The green dashed line is for a core mass of 8 M⊙.

they are blue-shifted, and the filaments F2 and F3 are shited
to the higher side of C-1A or they are red-shifted. The shift
(∼ 3 km s−1) of filament F4 is highest compared to all other
filaments. The LSR velocities of the filaments F1 and F4 dif-
fer by ∼ 2−3 km s−1 from the systemic velocity, whereas it is
∼ 1 km s−1 for filaments F2 and F3. This suggests that more
matter might be funnelled to the hub by F1 and F4 com-
pared to the filaments F2 and F3. This further supports the
fact that the observed velocity gradient is due to gas inflow to
the central hub, as indicated by the PV-map (Fig. 13). In the
protocluster region SDC 335, Peretto et al. (2013) have ob-
served a similar mass inflow to the hub from its surroundings
and with high-resolution data Xu et al. (2023) observed the
presence of condensations within the massive core MM1 of
the source SDC 335. All condensations can grow due to the
mass infall into the central hub. In our case, further deep,
higher-resolution data would enable us to observe the pres-
ence of condensations within the central hub C-1/core C-1A
and their mass accretion features.
It is clear that an active mass transfer is happening to the

central hub C-1 from its surroundings. This is also evident
in moment2 map (Fig. 11(b)), where the central hub region
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Figure 17. The background image is the moment0 map of the
H13CO+ molecular line transitions. LSR velocities obtained within
circular regions (2.5′′), equivalent to the beam size, are overplot-
ted on the image. The colour coding of the circles represents the
variation in LSR velocities. The colour bar of the variation is also
shown in the plot. The scale bar is shown on the top, and the beam
size is shown in the bottom left corner.

has higher velocity dispersion compared to its surroundings.
The value is ∼ 2 km s−1, and we assume it as the infall rate
(Vin) to make an empirical estimate of mass accretion rate in
the protocluster region of IRAS 15394−5358. Using the ex-
pression Ṁin = 3V3

in/2G (Pineda et al. 2012), we obtain the
mass infall rate to be 3× 10−3 M⊙ yr−1. Assuming a typical
free-fall time scale of 5×104 yr (Rosen et al. 2019), the mass
infall rate can collect matter of 150 M⊙ in the central hub.
This accretion is enough to gather matter similar to the mass
of hub C-1 over a few free-fall times. This suggests that most
of the central hub’s mass is collected through a large-scale
molecular cloud collapse over a few free-fall times. A simu-
lation study by Schneider et al. (2010) also shows that such
mass accumulation to the central hub is possible through a
large parsec-scale molecular cloud collapse. Note that a bet-
ter estimation of infall velocity is essential to derive the mass
accretion rate in the complex.

5.2 Driving mechanism for massive star formation in IRAS
15394−5358

In the introduction, we discuss the several models proposed
to understand the massive star formation process. Our kine-
matic analysis using the ATOMS data helps to shed light
on the possible driving mechanism at work for massive star
formation in the protocluster complex IRAS 15394−5358.
A hub-filament system is seen in the protocluster complex,
where four filaments are linked with the hub. A velocity gradi-
ent is seen from the surroundings towards the centre, indicat-
ing a collective mass inflow towards the hub. In this section,
we discuss the possible mechanisms at work for massive star
formation in the protocluster.

All the dense cores of the protocluster complex have

Figure 18. H13CO+ average spectra for the cores C-1A, C-2, and
C-3 and over all filaments. The spectra are taken within the boxes
shown in Fig. 8. Gaussian fits to all spectra are shown as red curves.
Spectras of C-2, C-3, and filaments F2 to F4 are scaled up for a
better representation. The vertical blue dashed line shows the LSR
velocity of the central core.

low virial parameters (αvir < 1), suggesting they
are gravitationally bound in nature. Competitive ac-
cretion would be possible for a case of αvir < 1
(Krumholz, McKee & Klein 2005). Also, this model requires
global hierarchical collapse (Ballesteros-Paredes et al. 2011;
Vázquez-Semadeni, González-Samaniego & Coĺın 2017) as-
suming initial fragmentation of a molecular cloud into Jeans
core masses. The cores near the gravitational potential min-
imum are favoured with higher mass accretion. In the pro-
tocluster, the most massive core (C-1A) is present within
the hub, and its location could be the primary reason for
its higher mass compared to other dense cores of the com-
plex. Also, it is observed that the other two dense cores, C-2
and C-3, with masses of ∼17 M⊙, are present on the fila-
ment F4, which has the maximum velocity gradient among
all the filaments. This higher velocity gradient might have
helped to form these cores by supplying enough material. This
morphology also supports the role of the GHC model, where
multiscale infall motions are possible, with varying velocity
gradients along filaments at different scales. The IF model
suggests large-scale, converging, inertial flows occurring due
to turbulence. Both the GHC and IF models predict very
small velocity gradients (< 5 km s−1 pc−1) at large scales
(> 1 pc). A recent study of 26 IRDC clouds reports that the
majority of these clouds are self-gravitating, ranging from
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Figure 11. Moment1 (a) and moment2 (b) maps of H13CO+ line transition. Filaments, along with their labels, are overplotted on the maps.
The ‘+’ marks are the locations of the dense cores. Both the moment maps are generated within velocity range of [-48.1, -29.7] km s−1

and considering pixels above 5σ, where σ = 0.009 Jy/beam. Scale bar and beam size are also shown on the maps.

panel displays the emission within a specific velocity range,
capturing the dynamic motions of gas within the system. As
the velocity increases from −46 km s−1 to −34 km s−1, we
observe distinct shifts in the intensity and spatial distribution
of the emission.

At higher velocities (e.g., −46 kms−1 to −44 kms−1), the
intensity is predominantly associated with filament F4, which
may imply active gas flows along this structure. Between ve-
locities −44 km s−1 and −42 km s−1, the emission becomes
more prominent around filament F1 as well as F4. The emis-
sion is dominated by filament F1 within the velocity range of
−42 km s−1 to −41 km s−1. The velocity range of −41 km s−1

to −39 km s−1 shows significant emission from filaments F2
and F3. In the lower velocity ranges (e.g., −39 km s−1 to
−34 km s−1), the intensity around filaments F2 and F3 starts
to fade, and the emission appears as a red spot towards the
centre. The significant red regions on the maps highlight ar-
eas of higher gas density, many of which are associated with
the identified dense cores of the protocluster. These channel
maps suggest that the filaments in the protocluster are cru-
cial conduits for channelling gas into the central region and
the dense cores, especially filaments F1 and F4. The dense
cores, marked by plus signs, are consistently located along
these filaments, indicating that they are focal points for gas
accumulation and potential star formation.

This kinematic structure illustrates how gas is funnelled
along the filaments towards the dense cores, supporting the
ongoing star formation processes in the hub-filament system.
The observed velocity gradients further corroborate the in-
formation regarding velocity gradients seen in the H13CO+

moment1 map shown in Fig. 11(a), where filaments F1 and F4
appear blue-shifted, and filaments F2 and F3 are red-shifted
with respect to the central hub. This scenario is depicted in
Fig. 18 and discussed in Section 5.1.

To further explore the velocity gradient and the funnel-

ing of gas towards the central hub, we generated the PV-
map along the white horizontal line shown in Fig. 12, com-
pressing it over the entire declination range. The PV-map,
shown in Fig. 13, provides complete velocity information
across the protocluster, spanning the full right ascension
range. The PV-map reveals a typical V-shaped structure, usu-
ally attributed to strong velocity streams converging towards
the central location (Tokuda et al. 2019; Neelamkodan et al.
2021; Arzoumanian et al. 2022). This V-shaped structure in-
dicates a velocity gradient from both the eastern and western
sides towards the central hub. The velocity gradients on the
eastern and western sides predominantly correspond to the
velocity structures of filaments F4 and F1, respectively. Al-
though filaments F2 and F3, located on the western side of
the hub, also show velocity gradients, their gradients are shal-
lower compared to filament F1. The presence of this gradient
feature in the protocluster is further discussed in Section 5.1
and illustrated in Figures 17 and 18.

We fitted the two velocity streams and found that the east-
ern side has a higher gradient of 24.41 ± 1.11 km s−1pc−1,
while the western side has a lower gradient of 13.95 ±
1.13 km s−1pc−1. This is nearly half the gradient observed
on the eastern side of the hub. This may imply that the
eastern side is more active in funnelling mass to the hub,
due to filament F4. This observation is also supported by
the discussions in Section 5.1 and Fig. 18, where it is evi-
dent that filament F4 is relatively more blue-shifted and may
be more active in channelling gas to the hub compared to
the other filaments. The mean velocity gradient towards the
hub is ∼ 20 km s−1pc−1, facilitating the channelling of gas
through the filaments towards the hub, thereby increasing its
mass and aiding in the formation of massive star(s) within
the hub.

Given the significant mean velocity gradient observed, it
can be interpreted as indicative of a globally collapsing sce-
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Figure 8. Integrated intensity map of H13CO+. The filaments are
shown as yellow lines and labelled from F1 to F4. The 3 mm con-
tinuum emission is shown as magenta contours, with the same
contour levels as of Fig. 2. The ‘+’ marks display the locations
of the identified dense cores in the region. The cyan boxes on the
central core and the filaments are the regions where spectra are
extracted to analyze the infall signature in that region.

The filaments (F1 to F4) are the yellow lines. In a next sec-
tion, we discuss the nature of infall onto the central core
through the filaments.

3.2.4 Gas kinematics

In this section, we discuss the kinematics of the central
hub of the protocluster complex. To obtain the kinemat-
ics of the hub, we extract the spectra over the core C-1.
This will provide a global kinematic property of the central
part of the protocluster region. In Fig. 9, we show the av-
erage spectra of the ten molecular line transitions. Spectra
of H13CO+, CH3OH, HC3N, CCH, SiO, CS, and SO show
single profiles. Extended line wings are seen especially in SiO,
CS, and SO is a signature of outflows. The multiple peaks in
H13CN and HCN are due to their hyperfine nature.

3.2.5 Molecular outflows

Towards the protocluster, we conducted a search for outflows
in the SiO, CS, and SO lines. The blue and red-shifted gas
in these lines were integrated within the velocity ranges of
[-56.25, -44.87] and [-37.92, -27.17] km s−1 for SiO, [-49.24,
-43.27] and [-37.29, -28.33] km s−1 for CS, and [-45.57, -42.62]
and [-38.20, -33.77] km s−1 for SO. The outflow lobes identi-
fied from these lines are illustrated in Fig. 10.

The outflow emissions appear extended and exhibit simi-
lar morphology for the SiO and CS lines, whereas the out-
flow is more compact in SO. It is plausible that the low-
level extended emission of SO lies below the sensitivity level
of the observations. The outflows extend diagonally in the

northwest and southeast directions emanating from the cen-
tral massive core, with the blue-shifted gas extending in the
southeast direction and the red-shifted gas extending in the
northwest direction. The detection of outflows from the cen-
tral core indicates underlying star formation activity.

3.2.6 Velocity gradient and activity within central hub

Fig. 11 presents the H13CO+ moment1 and moment2 im-
ages of IRAS 15394−5358. The moment1 map is displayed
in Fig. 11(a). From this map, we can see a gradual gradi-
ent in velocity along the filamentary structures. The gradient
is blue-shifted on the hub’s eastern side and red-shifted on
its western side. The filaments F1 and F4 are located along
the blue-shifted gas, whereas the filaments F2 and F3 lie on
the red-shifted gas. So, essentially, the gas is transferred to
the hub from its surroundings. We discuss the nature of the
velocity gradients along the filaments in section 5.
Fig. 11(b) illustrates the moment2 map. This map exhibits

a higher value (∼ 1.8 km s−1) in the hub compared to its
surrounding region. The other prominent cores, C-2 and C-3,
do not show significantly enhanced linewidths. The increased
linewidth of the central core reflects underlying feedback-
driven activity. It could also indicate core rotation, not re-
solved by the current observations. The primary reason be-
hind the enhanced linewidth is likely the energetic outflows
and stellar winds from the massive protostars. Additionally,
inflows dominated by gravity or turbulence towards the hub
could contribute to the higher linewidth values.
The H40α line does not exhibit any emission towards the

protocluster. We also searched for radio emission towards
the region from surveys such as the 843 MHz SUMSS (Syd-
ney University Molonglo Sky Survey; Mauch et al. 2003)
and 21 cm continuum SGPS (The Southern Galactic Plane
Survey; McClure-Griffiths et al. 2005) and found no emis-
sion towards the protocluster. Previous studies also reported
non-detection of radio emission towards IRAS 15394−5358
(Garay et al. 2006). Also, no luminous young stellar object
(YSO) or UC H II region has been detected from these sur-
veys or previous studies towards the region (Liu et al. 2021;
Zhang et al. 2023).
The core C-1 is associated with massive star formation and

is at an early stage of evolution, as evidenced by the pres-
ence of a 6 GHz CH3OH maser (Caswell 1998) and EGOs
(Cyganowski et al. 2008). It is likely that the dynamical mo-
tion of the inflows driven by gravity/turbulence, along with
outflows and stellar winds, are playing a significant role in
the enhanced linewidth. The map displays a few pixels with
higher values (near filament F2). These higher values appear
as red spots in the linewidth map, which might be due to
local gas distributions but could also be artifacts.

3.2.7 Velocity-integrated channel and position-velocity maps

For a deeper understanding of the kinematics of the hub-
filament system, we generated velocity-integrated channel
and position-velocity (PV) maps using the H13CO+ line. In
Fig. 12, we present the channel maps generated by integrat-
ing the line in steps of 1 km s−1, starting from −46 km s−1

to −34 km s−1. The channel maps provide a detailed view
of the kinematic properties of the hub-filament system. Each
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Figure 11. Moment1 (a) and moment2 (b) maps of H13CO+ line transition. Filaments, along with their labels, are overplotted on the maps.
The ‘+’ marks are the locations of the dense cores. Both the moment maps are generated within velocity range of [-48.1, -29.7] km s−1

and considering pixels above 5σ, where σ = 0.009 Jy/beam. Scale bar and beam size are also shown on the maps.

panel displays the emission within a specific velocity range,
capturing the dynamic motions of gas within the system. As
the velocity increases from −46 km s−1 to −34 km s−1, we
observe distinct shifts in the intensity and spatial distribution
of the emission.

At higher velocities (e.g., −46 kms−1 to −44 kms−1), the
intensity is predominantly associated with filament F4, which
may imply active gas flows along this structure. Between ve-
locities −44 km s−1 and −42 km s−1, the emission becomes
more prominent around filament F1 as well as F4. The emis-
sion is dominated by filament F1 within the velocity range of
−42 km s−1 to −41 km s−1. The velocity range of −41 km s−1

to −39 km s−1 shows significant emission from filaments F2
and F3. In the lower velocity ranges (e.g., −39 km s−1 to
−34 km s−1), the intensity around filaments F2 and F3 starts
to fade, and the emission appears as a red spot towards the
centre. The significant red regions on the maps highlight ar-
eas of higher gas density, many of which are associated with
the identified dense cores of the protocluster. These channel
maps suggest that the filaments in the protocluster are cru-
cial conduits for channelling gas into the central region and
the dense cores, especially filaments F1 and F4. The dense
cores, marked by plus signs, are consistently located along
these filaments, indicating that they are focal points for gas
accumulation and potential star formation.

This kinematic structure illustrates how gas is funnelled
along the filaments towards the dense cores, supporting the
ongoing star formation processes in the hub-filament system.
The observed velocity gradients further corroborate the in-
formation regarding velocity gradients seen in the H13CO+

moment1 map shown in Fig. 11(a), where filaments F1 and F4
appear blue-shifted, and filaments F2 and F3 are red-shifted
with respect to the central hub. This scenario is depicted in
Fig. 18 and discussed in Section 5.1.

To further explore the velocity gradient and the funnel-

ing of gas towards the central hub, we generated the PV-
map along the white horizontal line shown in Fig. 12, com-
pressing it over the entire declination range. The PV-map,
shown in Fig. 13, provides complete velocity information
across the protocluster, spanning the full right ascension
range. The PV-map reveals a typical V-shaped structure, usu-
ally attributed to strong velocity streams converging towards
the central location (Tokuda et al. 2019; Neelamkodan et al.
2021; Arzoumanian et al. 2022). This V-shaped structure in-
dicates a velocity gradient from both the eastern and western
sides towards the central hub. The velocity gradients on the
eastern and western sides predominantly correspond to the
velocity structures of filaments F4 and F1, respectively. Al-
though filaments F2 and F3, located on the western side of
the hub, also show velocity gradients, their gradients are shal-
lower compared to filament F1. The presence of this gradient
feature in the protocluster is further discussed in Section 5.1
and illustrated in Figures 17 and 18.

We fitted the two velocity streams and found that the east-
ern side has a higher gradient of 24.41 ± 1.11 km s−1pc−1,
while the western side has a lower gradient of 13.95 ±
1.13 km s−1pc−1. This is nearly half the gradient observed
on the eastern side of the hub. This may imply that the
eastern side is more active in funnelling mass to the hub,
due to filament F4. This observation is also supported by
the discussions in Section 5.1 and Fig. 18, where it is evi-
dent that filament F4 is relatively more blue-shifted and may
be more active in channelling gas to the hub compared to
the other filaments. The mean velocity gradient towards the
hub is ∼ 20 km s−1pc−1, facilitating the channelling of gas
through the filaments towards the hub, thereby increasing its
mass and aiding in the formation of massive star(s) within
the hub.

Given the significant mean velocity gradient observed, it
can be interpreted as indicative of a globally collapsing sce-

MNRAS 000, 1–23 (2015)
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ATOMS: ALMA Three-millimeter Observations of Massive Star-forming regions −  
XVII. High-mass star-formation through a large-scale collapse in IRAS 15394−5358

• H13CO+のmoment 2によると、ハブに向かって線幅が広がっており(~ 1.8 km s-1)、 
中⼼領域で星形成が活発化していることが⽰唆される。

moment 1: ガスの平均速度 
moment 2: ガスの速度分散



• ガス流⼊速度が中⼼のハブの速度分散と同じ(~ 2 km s-1)と仮定すると、質量降着率は3 x 10-3 Msun yr-1。 

• C-1の質量を⾃由落下時間(5 x 104 yr)の数倍で降着できる。 

• global hierarchical collapseモデルによるcompetitive accretion(競争的降着?)と整合的か。 

• 初期に、分⼦雲がJeans core質量へ分裂した。 

• 最も質量の⼤きいコア(C-1)がハブに位置している。 

• 他の密度の⾼いコアC-2, C-3は、最も速度勾配の⼤きいフィラメントF4に位置している。
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ATOMS: ALMA Three-millimeter Observations of Massive Star-forming regions −  
XVII. High-mass star-formation through a large-scale collapse in IRAS 15394−5358

20 Das et al.

Figure 17. The background image is the moment0 map of the
H13CO+ molecular line transitions. LSR velocities obtained within
circular regions (2.5′′), equivalent to the beam size, are overplot-
ted on the image. The colour coding of the circles represents the
variation in LSR velocities. The colour bar of the variation is also
shown in the plot. The scale bar is shown on the top, and the beam
size is shown in the bottom left corner.

has higher velocity dispersion compared to its surroundings.
The value is ∼ 2 km s−1, and we assume it as the infall rate
(Vin) to make an empirical estimate of mass accretion rate in
the protocluster region of IRAS 15394−5358. Using the ex-
pression Ṁin = 3V3

in/2G (Pineda et al. 2012), we obtain the
mass infall rate to be 3× 10−3 M⊙ yr−1. Assuming a typical
free-fall time scale of 5×104 yr (Rosen et al. 2019), the mass
infall rate can collect matter of 150 M⊙ in the central hub.
This accretion is enough to gather matter similar to the mass
of hub C-1 over a few free-fall times. This suggests that most
of the central hub’s mass is collected through a large-scale
molecular cloud collapse over a few free-fall times. A simu-
lation study by Schneider et al. (2010) also shows that such
mass accumulation to the central hub is possible through a
large parsec-scale molecular cloud collapse. Note that a bet-
ter estimation of infall velocity is essential to derive the mass
accretion rate in the complex.

5.2 Driving mechanism for massive star formation in IRAS
15394−5358

In the introduction, we discuss the several models proposed
to understand the massive star formation process. Our kine-
matic analysis using the ATOMS data helps to shed light
on the possible driving mechanism at work for massive star
formation in the protocluster complex IRAS 15394−5358.
A hub-filament system is seen in the protocluster complex,
where four filaments are linked with the hub. A velocity gradi-
ent is seen from the surroundings towards the centre, indicat-
ing a collective mass inflow towards the hub. In this section,
we discuss the possible mechanisms at work for massive star
formation in the protocluster.

All the dense cores of the protocluster complex have

Figure 18. H13CO+ average spectra for the cores C-1A, C-2, and
C-3 and over all filaments. The spectra are taken within the boxes
shown in Fig. 8. Gaussian fits to all spectra are shown as red curves.
Spectras of C-2, C-3, and filaments F2 to F4 are scaled up for a
better representation. The vertical blue dashed line shows the LSR
velocity of the central core.

low virial parameters (αvir < 1), suggesting they
are gravitationally bound in nature. Competitive ac-
cretion would be possible for a case of αvir < 1
(Krumholz, McKee & Klein 2005). Also, this model requires
global hierarchical collapse (Ballesteros-Paredes et al. 2011;
Vázquez-Semadeni, González-Samaniego & Coĺın 2017) as-
suming initial fragmentation of a molecular cloud into Jeans
core masses. The cores near the gravitational potential min-
imum are favoured with higher mass accretion. In the pro-
tocluster, the most massive core (C-1A) is present within
the hub, and its location could be the primary reason for
its higher mass compared to other dense cores of the com-
plex. Also, it is observed that the other two dense cores, C-2
and C-3, with masses of ∼17 M⊙, are present on the fila-
ment F4, which has the maximum velocity gradient among
all the filaments. This higher velocity gradient might have
helped to form these cores by supplying enough material. This
morphology also supports the role of the GHC model, where
multiscale infall motions are possible, with varying velocity
gradients along filaments at different scales. The IF model
suggests large-scale, converging, inertial flows occurring due
to turbulence. Both the GHC and IF models predict very
small velocity gradients (< 5 km s−1 pc−1) at large scales
(> 1 pc). A recent study of 26 IRDC clouds reports that the
majority of these clouds are self-gravitating, ranging from

MNRAS 000, 1–23 (2015)



• ⼤質量星であるB型星 
周りの惑星形成は、 
極限的環境という 
意味で重要。 

• Scorpius-Centaurus  
associationにおける 
若いB型星(平均16 Myr) 
周りの巨⼤惑星の存在頻度を調べた。 

• SPHEREのBEAST survey (B-star Exoplanet Abundance Study)の⾼コントラスト直接撮像を⽤いた。 

• ⾮検出の場合には検出限界を導出した。 

• 42個の星の周りに2つのsubstellar companions (b Centauri b, μ2 Sco B)を⾒つけた。 

• 質量は13⽊星質量(deuterium burning limit)に近いが、主星との質量⽐は⽊星のものに近かった。 

• B型星周りの巨⼤惑星の存在頻度は11+7-5 %であった。 

• substellar companionsの存在頻度は、B型星も太陽型星も同程度であることがわかった。 

• B型星のほうが質量⽐が低く、軌道⻑半径が⼤きい。
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ABSTRACT

Context. Exoplanets form from circumstellar protoplanetary discs whose fundamental properties (notably their extent, composition, mass, tem-
perature and lifetime) depend on the host star properties, such as their mass and luminosity. B-stars are among the most massive stars and their
protoplanetary discs test extreme conditions for exoplanet formation.
Aims. This paper investigates the frequency of giant planet companions around young B-stars (median age of 16 Myr) in the Scorpius-Centaurus
association, the closest association containing a large population of B-stars.
Methods. We systematically search for massive exoplanets with the high-contrast direct imaging instrument SPHERE using the data from the
BEAST survey, that targets an homogeneous sample of young B-stars from the wide Sco-Cen association. We derive accurate detection limits in
case of non-detections.
Results. We found evidence in previous papers for two substellar companions around 42 stars. The masses of these companions are straddling the
⇠13 Jupiter mass deuterium burning limit but their mass ratio with respect to their host star is close to that of Jupiter. We derive a frequency of
such massive planetary mass companions around B stars of 11+7

�5%, accounting for the survey sensitivity.
Conclusions. The discoveries of substellar companions b Centauri b and µ2 Sco B happened after only few stars in the survey had been observed,
raising the possibility that massive Jovian planets might be common around B-stars. However our statistical analysis show that the occurrence rate
of such planets is similar around B-stars and around solar-type stars of similar age, while B-star companions exhibit low mass ratios and larger
semi-major axis.

Key words. techniques: high angular resolution - stars: planetary systems - stars: brown dwarf - planets and satellites: detection

1. Introduction

Though exoplanets have been found around a wide variety of
stellar hosts, notably around very low mass stars (from Earth-
mass planets (Gillon et al. 2016, e.g. TRAPPIST b-f) to giants,
(Chauvin et al. 2004, e.g. 2M1207b)) their presence around
stars more massive than a few Solar masses has not been thor-
oughly investigated as of now. Their intrinsic rarity, large radii,
masses, strong activity and scarce emission or absorption line
density makes them unsuited for radial velocity surveys and
poor targets for transit surveys, while their intense brightness
o↵ers unfavourable contrast for direct imaging. Re↵ert et al.
(2015); Woltho↵ et al. (2022) have shown from radial veloc-
ity surveys of GK giants (which are the evolved counterparts of
young A and late B stars) that short separation giant exoplanets
are more frequent with increasing stellar masses up to around
2 M� and then decrease. The prospects on the theoretical side
are not more promising for giant exoplanet formation around
massive stars, with the strong UV flux of B-type stars quickly
photo-evaporating their protoplanetary discs and thus making
such massive stars an unfavorable environment for planet for-
mation by core accretion. The first large direct imaging surveys
conducted with the new generation AO instruments, SHINE (us-
ing SPHERE, Vigan et al. 2021) and GPIES (using GPI, Nielsen

? Based on data obtained with the ESO/VLT SPHERE instrument un-
der programs 1101.C-0258(A/B/C/D).

et al. 2019a) target mostly solar type stars and found that while
massive giant planets did exists around such stars they were rela-
tively rare. However direct imaging has recently shown that mas-
sive stars do harbor planetary mass companions at large separa-
tions (Janson et al. 2021a; Squicciarini et al. 2022; Chomez et al.
2023b). Though most of them are very massive (11–15 MJup)
in absolute mass, these companions have mass-ratios relative to
their host stars that are below 0.2%, lower than those of most im-
aged exoplanets and close to that of Jupiter. Interestingly these
companions have been found at very large separations, hundreds
of au from their host stars. Though Squicciarini et al. (2022)
shows that the expected stellar irradiation of the protoplanetary
disc at the present-day separation (⇡ 290 au) of µ2 Sco b is
similar to that of early Jupiter, the exoplanets discovered by the
YSES survey (Bohn et al. 2020, 2021), targeting solar-type stars
of the Sco-Cen young association show that these lower mass
stars do also harbour very large separation giant planets.

The B-star Exoplanet Abundance Study (BEAST) is a di-
rect imaging high-contrast survey with the extreme adaptive op-
tics instrument SPHERE, targeting 85 B-type stars in the young
Scorpius-Centaurus (Sco-Cen) region with the aim to detect gi-
ant planets at wide separations and constrain their occurrence
rate and physical properties. The individual discoveries of b Cen-
tauri b and µ2 Sco B, achieved during an early stage of survey
(respectively first and 7th stars observed over the 85 stars in the
sample) raised the possibility that massive Jovian planets might
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Fig. 5. Average detection probability of a companion of given mass/sma
in the BEAST intermediary survey using the cond atmospheric model.
The two detected planets in this survey are also represented with the
mass / sma extracted from Janson et al. (2021a) and Squicciarini et al.
(2021). Jupiter is also added to provide comparison. In the case of b
Centauri b, no semi-major axis estimation is available, so we repre-
sented its projected separation.

of other imaged exoplanets and close to the 0.1% of Jupiter rel-
ative to the Sun. Since planetary formation takes place in discs
around young stars, and since the properties of these protoplane-
tary discs are heavily related to the stellar mass, the mass ratio is
quite informative to investigate the nature and possible formation
mechanisms of substellar companions. We therefore converted
each detection probability map expressed in Jupiter masses into
detection probability maps expressed in q-ratio, that is the planet
to primary star mass ratio, using the nominal masses listed in Ta-
ble B.1. Once each individual q-ratio map has been computed,
we interpolate them into a common q-ratio / sma grid and aver-
age them to produce the final average detection probability map
presented in Figure 6. This figure clearly shows that µ2 Sco B
and b Cen b populate a mass-ratio range that is close to that of
Jupiter and in the same range as the lowest mass imaged exo-
planets, 51 Eri b and AF Lep b. In the case of b Centauri b, the
mass ratio can be as low as that of Jupiter if we follow Janson
et al. (2021a), and consider the total mass of the central binary
(6–10M�) instead of only the primary star (5.9±0.6M�)for the
mass ratio calculation. Though the sma of the BEAST planets
are much larger than Jupiter’s, Squicciarini et al. (2022) high-
lighted that the stellar flux at their observed separation is also
quite similar to that of Jupiter by the Sun. However such a con-
tinuity in planetary formation from the Sun to supernovae pro-
genitor such as µ2 Sco could come as surprising. And there are
some hints this similarity might be coincidental: µ2 Sco and b
Centauri are among the 20% most massive stars of BEAST, and
while we have the detection capability to detect planets with
Jupiter-like mass ratios and insulation around lower mass B stars
observed by BEAST, we found none, hinting that the population
of exoplanets around B stars might di↵er depending on their
mass. However we know that lower mass late B stars can host
substellar companions, with HIP79098AB and HIP78530 which
are two lower mass B stars outside of BEAST survey that are
known to host substellar companions at large separation (Jan-
son et al. 2019; Lafrenière et al. 2011). Our current sample is
too small to be split into a higher-than-median-mass and lower-
than-median-mass sub-samples to provide statistically meaning-
ful constraints on possible variations of giant planet compan-
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Fig. 6. Same as Figure 5 but expressed in companion to primary star
mass-ratio. Several emblematic systems are added to the plot, repre-
sented by the hollow diamonds. Data are extracted from Zurlo et al.
(2022) for HR 8799 bcde, Desgrange et al. (2022) for HD 95086 b,
Blunt et al. (2023) for HIP 65426 b, Lagrange et al. (2020) for � Pic-
toris b, Brown-Sevilla et al. (2023) for 51 Eri b and Zhang et al. (2023)
for AF Lep b.

ions frequency with B star mass. The future analysis of the full
BEAST sample should provide more informative results on this
question.

6.2. Frequency of companions around B-stars

We want to estimate the frequency of planetary systems, so stars
having at least one planetary mass companion. The average sur-
vey sensitivity (or completeness) for planetary companions be-
low the IAU maximal mass, and detectable by our data (2–13
MJup) with sma between 10 and 1000 au is 64.1%. In this range,
our sample of 34 stars therefore translates into an e↵ective sam-
ple number of 21.8. With one exoplanet found in this range, a
first order estimation of the frequency of such companions is
4.6%. However the second companion, µ2 Sco B just straddles
the 13MJup limit. If we associate it with the population of Exo-
planets and Low-mass Brown Dwarfs that we defined in section
4, the average survey sensitivity for such ELBD companions (2-
30 MJup) with sma between 10 and 1000 au is 70.5%, resulting
into an e↵ective sample number of 24.0. Since we found two
ELBD, a first order estimation of the frequency of such compan-
ions is 8.5% .

We now refine these rough estimates using bayesian prob-
ability to be able to derive reliable confidence intervals for the
frequency of planetary systems around B-stars. We followed the
approach described in Carson et al. (2012); Rameau et al. (2013);
Lannier et al. (2016) and derived the posterior distributions on
the frequency of B-star systems with no stellar companion within
0.1" to 6" that host at least 1 substellar companion between 10
to 1000 au in various mass ranges.

For a given target j among the N stars within our sam-
ple, the mean detection probability to find a companion of a
given mass at a given semi-major axis is p j. p j is derived
from the 2D detection limit maps described above. We de-
note f the fraction of stars around which there is at least one
planet, with a mass included in the interval [2,mmax]MJup ( with
mmax = 13, 30, 73.3MJup for exoplanets, ELBD and substellar
companions respectively), and for separations inside the interval
[10, 1000] au. Then, f p j is the probability to detect a companion
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Table 1. Sample of stars used for this study’s statistical analysis.

Name Age (Myr) Mass (M�) Sp. type

HIP58452 20+5
�5 3.0 ± 0.3 B8.5V

HIP58901 13+3
�3 2.9 ± 0.3 B9V

HIP60009 12+4
�2 6.5 ± 0.6 B2.5V

HIP60379 13+3
�3 3.8 ± 0.4 B7V

HIP60823⇤1 17+3
�3 7.2 ± 0.7 B2V

HIP61585⇤1 15+3
�3 9.8+1.1

�1.0 B2V

HIP62058 15+3
�3 3.4 ± 0.3 B

HIP62327⇤1 17+3
�3 5.4 ± 0.5 B2.5V

HIP63003 16+3
�3 7.1 ± 0.7 B2V

HIP65112 15+3
�3 4.0 ± 0.4 B5V

HIP66454 17+3
�3 4.0 ± 0.4 B8V

HIP67464⇤1 18+3
�5 8.2 ± 0.8 B2V

HIP67669⇤1 17+3
�3 4.8 ± 0.5 B5V

HIP67703 16+3
�3 3.4 ± 0.3 B8V

HIP68245 17+3
�3 7.9 ± 0.8 B2V

HIP68282⇤1 21+4
�2 6.6 ± 0.7 B2V

HIP69011 17+3
�3 2.3 ± 0.2 B9.5V

HIP70300 17+3
�5 5.9 ± 0.6 B2V

HIP70626 15+3
�3 3.3 ± 0.3 B9V

HIP71352 15+3
�3 9.7 ± 1.0 B2V

HIP71536⇤2 14+4
�4 6.2 ± 0.6 B3.5V

HIP71865⇤2 14+3
�3 5.9 ± 0.6 B2.5V

HIP74950⇤1 18+3
�3 4.4 ± 0.4 B7V

HIP76591 17+3
�3 3.0 ± 0.3 B9V

HIP76600⇤1 13+4
�3 7.5 ± 0.7 B2.5V

HIP76633 7+3
�2 2.4 ± 0.2 B9V

HIP77562 17+3
�3 2.9 ± 0.3 B9V

HIP77968 17+5
�2 3.4 ± 0.3 B8V

HIP78207 0.5+0.5
�0.2 4.7 ± 0.5 B5V

HIP79044⇤1 17+3
�3 2.7 ± 0.3 B9V

HIP80911 16+4
�4 8.8 ± 0.9 B2V

HIP82514⇤1 20+4
�4 10.0 ± 1.0 B1V

HIP82545 20+4
�4 9.1 ± 0.3 B2V

Notes. ⇤ Star is a short separation (<0.1") binary. Binarity source : ⇤1,
from Gratton et al. (2023); ⇤2, from Rizzuto et al. (2013) Spectral types
are from Simbad.

three times the binary sma, we manually set the completeness of
these observations to zero for any companion mass to account
for the fact that these two observations could never detect any
exoplanet companions in this range where their orbit would be
quickly unstable. This is equivalent to removing them from our
sample only within the separation range from which we know

Table 2. Intermediate separation binaries in sample

Name Sep.(mas) PA (°) Epoch Contrast

HIP50847 2212±5 352.4±0.4 2019-01-26 �K=5.6

HIP52742 1191 ±2 9.3±0.1 2018-05-14 �J=7.7

HIP59173 1270 ±1 130.1±0.1 2020-03-02 �K=5.3

HIP600091 146 ±4 171.4±0.5 2019-02-23 �K=5.7

HIP62434 4173 ± 2 121.8±0.1 2019-04-01 �K=8.2

HIP63005 262 ±1.5 171.7±2.5 2019-03-05 �K=4.0

HIP63945 1555±2 261.8±0.1 2018-04-23 �K=3.3

HIP74100 549±1 277.4±0.1 2019-03-24 �K=3.8

Notes. 1 HIP60009 was not excluded from the statistical sample.

putative exoplanet companions cannot have stable orbits. We ac-
knowledge that projected separation do not translate directly into
sma and that the Holman & Wiegert (1999) stability criterion
value of three times the sma is an approximation, but since the
final exoplanet frequency is negligibly a↵ected by varying its
value by plus or minus 50% (the e↵ect on the median of the pos-
terior of exoplanet frequency is at the 0.1% level, much smaller
than our formal error bars), we are confident this bias correction
is acceptable.

The 34 stars that we kept in the sample and use in the fol-
lowing statistical study are shown in Table 1, together with their
revised properties. Even if we did not use the stars we excluded
from the sample in the statistical analysis, we did look for bound
substellar companions around all of them. We found none and
we present in the appendix the detection limits we achieved
around these stars, along with the detection limits achieved
around the stars we kept into the statistical sample. The median
age of this statistical sample is 16.5Myr, while the median mass
of the primary stellar hosts is 4.8M�.

3. Observations and data processing

3.1. Observation setup

All of the observations were taken using SPHERE (Beuzit et al.
2019) in pupil stabilized mode. This mode introduces a field of
view (FoV) rotation during the sequence, allowing the use of
angular and spectral di↵erential imaging (ASDI, Marois et al.
2006) based post-processing techniques. Each observation uses
the infrared dual-band imager and spectrograph (IRDIS, Dohlen
et al. 2008) with the N-ALC-YJH-S coronagraph to observe in
the K1/K2 bands (except dedicated followup observations) in
combination with the YJH bands for the integral field spectro-
graph (IFS, Claudi et al. 2008).

Each observation follows the same observational sequence:
first, an unsaturated, noncoronagraphic image – point spread
function (PSF) – of the primary is obtained for flux calibration
purposes. Second, a coronagraphic exposure with a wa✏e pat-
tern applied to the deformable mirror (Cantalloube et al. 2019),
for centering purposes. Then, the main coronagraphic exposures
are recorded. Finally, another coronagraphic exposure with a
wa✏e pattern is taken, followed by another PSF.

All of the observations were taken in service mode, ensuring
the fulfilment of a set of atmospheric conditions for an observa-
tion to be accepted. All observations were scheduled to be taken
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• 星のサンプル: 
42→34個に減らしたが、 
減らした星も 
companionsはなかった。

11

• 検出した2つの惑星の軌道⻑半径 vs 質量/主星との質量⽐ 
b Centauri b: 11±2 MJup, mass ratio 0.1–0.17%, 560 au 
μ2 Sco B: 14±1 MJup, mass ratio < 0.2%, 290 au 

• (1)系外惑星 < 13 MJup: 1検出 
(2)系外惑星・低質量褐⾊矮星(ELBD) < 30 MJup: 2検出 
(3)Substellar objects < 73.3 MJup: 2検出



• 2–13 MJup, 10–1000 auの惑星の 
average survey sensitivity (or completeness): 64.1% 

• 34個のサンプル → 有効サンプル数21.8 (= 34 x 0.641) 

• 1つの系外惑星検出 → 存在頻度4.6% 

• 2–30 MJup, 10–1000 auの惑星の 
average survey sensitivity (or completeness): 70.5% 

• 34個のサンプル → 有効サンプル数24 (= 34 x 0.705) 

• 2つのELBD検出 → 存在頻度8.5% 

• ベイズ推定:
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Table 3. Derived occurrence rates for companions within various mass
ranges around our sample of B stars.

Occurrence : Median 68% confidence 95% confidence

Exoplanet1 7.7% [3.3–14.6]% [1.1–24.3]%

ELBD 2 11.0% [5.8–18.4]% [2.6–28.0]%

Substellar3 10.5% [5.5–17.5]% [2.5–26.7]%

Notes. 1: <13MJup; 2: <30MJup; 3: <73.3 MJup

around the star j given its mean detection probability p j and the
fraction of stars f hosting at least one companion, and 1� f p j is
the probability not to find it. The detections and non-detections
that are reported for a survey are denoted d j: d j = 1 for stars
around which we found a planet, and 0 otherwise. The likeli-
hood function, L(d j| f ), of the data represents the probability that
an observation gives d j given the planet fraction f . We have:

L(d j| f ) =
NY

j=1

(1 � f p j)1�d j ⇥ ( f p j)d j (2)

Bayes’ theorem provides the probability density of f , the frac-
tion of stars hosting at least one ELBD given the observed data
d j: this probability density is the posterior distribution that rep-
resents the distribution of f given the observed data d j.

P( f |d j) =
L(d j| f )P( f )

R 1
0 L(d j| f )P( f )d f

(3)

In the former equation, P( f ) is called the prior distribution. This
prior is a distribution reporting any preexisting belief concerning
the distribution of f , and can strongly impact the posterior result
when scant observational evidence is available. To minimise the
impact of the prior choice, we therefore chose a range in sma
and companion masses where our survey sensitivity is good. For
the sake of comparison with previous studies we used a uniform
distribution in planetary frequency space as a prior P( f ) = 1 :

The median of the resulting posteriors, as well as the 68.27%
confidence intervals (equivalent to ±1�) and 95.45% confidence
intervals (equivalent to ±2�) are shown in Table 3.

6.3. Comparison with the frequency of companions found

around solar-type stars

We use the results from Vigan et al. (2021) SHINE-F150 survey
as a comparison to explore whether the companion population is
di↵erent around B-stars and around Sun-like stars.

To account for the observational biases of the SHINE-F150
survey that attributed very high observational priority to some
systems where the presence of planets was already known or
suspected, we use the statistical weight from Table 1 of Vigan
et al. (2021) to each F150-detection. This attributes to each de-
tection a weight ( 1) that corresponds to the probability that
such stellar system would have been observed if the survey had
been unbiased and observations carried out only on the basis of
the survey-defined a priori merit function. Following this ap-
proach we attribute 3.4 detections of stellar systems with at
least one exoplanet companion to SHINE F150 (accounting for
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Fig. 7. Comparison of the normalised posterior distribution for the fre-
quency of systems with at least one companion below a given mass,
between the SHINE-F150 survey targeting mostly solar-type stars and
the BEAST survey targeting only B stars.The shaded areas highlight the
95% confidence interval for each distribution and the vertical dashed
line highlight the posterior maximum.

HIP65426, �Pictoris , HR8799, HD95086, 51 Eri), 4.96 with at
least one ELBD (adding HIP107412 B, HIP 78530 B, GSC8047-
0232 B and AB Pic B) and 8.56 with at least one substellar com-
panion (adding HIP64892 B, ⌘ Tel B, CD-35 2722 B, Pz Tel B ).
We then used the same bayesian statistical framework described
above to derive the posterior distribution on the fraction of sys-
tems hosting at least one companion from the SHINE-F150 sur-
vey. One di↵erence is that we only had access to the average
survey sensitivity and not the individual detection maps for the
SHINE-F150 survey, and therefore set f p j to this average sensi-
tivity in Equation 2 for every star within this survey.

As can be seen in Figure 7, there is no statistically signifi-
cant di↵erence in the occurrence rate of either exoplanet, ELBD
or brown dwarf companions. ELBDs might be more common
around B stars, but the significance is below 2� and this possi-
ble trend needs to be confirmed by the study of larger samples. In
fact the main di↵erence in the companion properties observed in
the BEAST sample is their very large separation from their host
star which is replicated by none of the exoplanet or ELBD within
the Vigan et al. (2021). However the YSES survey (Bohn et al.
2020), targeting solar-type stars located in Sco-Cen (as BEAST
stars) shows that these lower mass stars also harbour exoplanets
and ELBDs at very large separations. It is unclear if the absence
of such very large separation companions in the SHINE-F150 is
a random e↵ect of small number statistics or is caused by some
physical underlying processes.

6.4. Comparison to population synthesis models

In order to discuss the formation of observed planets, it is help-
ful to compare them with synthetic populations that result from
population synthesis calculations. Such comparisons, however,
are limited, because most population synthesis studies of the disk
instability (DI) scenario are still lacking some physical processes
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Table 3. Derived occurrence rates for companions within various mass
ranges around our sample of B stars.

Occurrence : Median 68% confidence 95% confidence

Exoplanet1 7.7% [3.3–14.6]% [1.1–24.3]%

ELBD 2 11.0% [5.8–18.4]% [2.6–28.0]%

Substellar3 10.5% [5.5–17.5]% [2.5–26.7]%

Notes. 1: <13MJup; 2: <30MJup; 3: <73.3 MJup

around the star j given its mean detection probability p j and the
fraction of stars f hosting at least one companion, and 1� f p j is
the probability not to find it. The detections and non-detections
that are reported for a survey are denoted d j: d j = 1 for stars
around which we found a planet, and 0 otherwise. The likeli-
hood function, L(d j| f ), of the data represents the probability that
an observation gives d j given the planet fraction f . We have:

L(d j| f ) =
NY

j=1

(1 � f p j)1�d j ⇥ ( f p j)d j (2)

Bayes’ theorem provides the probability density of f , the frac-
tion of stars hosting at least one ELBD given the observed data
d j: this probability density is the posterior distribution that rep-
resents the distribution of f given the observed data d j.

P( f |d j) =
L(d j| f )P( f )

R 1
0 L(d j| f )P( f )d f

(3)

In the former equation, P( f ) is called the prior distribution. This
prior is a distribution reporting any preexisting belief concerning
the distribution of f , and can strongly impact the posterior result
when scant observational evidence is available. To minimise the
impact of the prior choice, we therefore chose a range in sma
and companion masses where our survey sensitivity is good. For
the sake of comparison with previous studies we used a uniform
distribution in planetary frequency space as a prior P( f ) = 1 :

The median of the resulting posteriors, as well as the 68.27%
confidence intervals (equivalent to ±1�) and 95.45% confidence
intervals (equivalent to ±2�) are shown in Table 3.

6.3. Comparison with the frequency of companions found

around solar-type stars

We use the results from Vigan et al. (2021) SHINE-F150 survey
as a comparison to explore whether the companion population is
di↵erent around B-stars and around Sun-like stars.

To account for the observational biases of the SHINE-F150
survey that attributed very high observational priority to some
systems where the presence of planets was already known or
suspected, we use the statistical weight from Table 1 of Vigan
et al. (2021) to each F150-detection. This attributes to each de-
tection a weight ( 1) that corresponds to the probability that
such stellar system would have been observed if the survey had
been unbiased and observations carried out only on the basis of
the survey-defined a priori merit function. Following this ap-
proach we attribute 3.4 detections of stellar systems with at
least one exoplanet companion to SHINE F150 (accounting for
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Fig. 7. Comparison of the normalised posterior distribution for the fre-
quency of systems with at least one companion below a given mass,
between the SHINE-F150 survey targeting mostly solar-type stars and
the BEAST survey targeting only B stars.The shaded areas highlight the
95% confidence interval for each distribution and the vertical dashed
line highlight the posterior maximum.

HIP65426, �Pictoris , HR8799, HD95086, 51 Eri), 4.96 with at
least one ELBD (adding HIP107412 B, HIP 78530 B, GSC8047-
0232 B and AB Pic B) and 8.56 with at least one substellar com-
panion (adding HIP64892 B, ⌘ Tel B, CD-35 2722 B, Pz Tel B ).
We then used the same bayesian statistical framework described
above to derive the posterior distribution on the fraction of sys-
tems hosting at least one companion from the SHINE-F150 sur-
vey. One di↵erence is that we only had access to the average
survey sensitivity and not the individual detection maps for the
SHINE-F150 survey, and therefore set f p j to this average sensi-
tivity in Equation 2 for every star within this survey.

As can be seen in Figure 7, there is no statistically signifi-
cant di↵erence in the occurrence rate of either exoplanet, ELBD
or brown dwarf companions. ELBDs might be more common
around B stars, but the significance is below 2� and this possi-
ble trend needs to be confirmed by the study of larger samples. In
fact the main di↵erence in the companion properties observed in
the BEAST sample is their very large separation from their host
star which is replicated by none of the exoplanet or ELBD within
the Vigan et al. (2021). However the YSES survey (Bohn et al.
2020), targeting solar-type stars located in Sco-Cen (as BEAST
stars) shows that these lower mass stars also harbour exoplanets
and ELBDs at very large separations. It is unclear if the absence
of such very large separation companions in the SHINE-F150 is
a random e↵ect of small number statistics or is caused by some
physical underlying processes.

6.4. Comparison to population synthesis models

In order to discuss the formation of observed planets, it is help-
ful to compare them with synthetic populations that result from
population synthesis calculations. Such comparisons, however,
are limited, because most population synthesis studies of the disk
instability (DI) scenario are still lacking some physical processes
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• 太陽型星とB型星周りのcompanion存在頻度の 
⽐較: あまり変わらない



• B型星周りでの系外惑星・低質量褐⾊矮星(ELBD)の形成過程: コア分裂、重⼒不安定、惑星捕獲、コア降着 

• 重⼒不安定: companionsはより⼤質量になる。2つのELBDsだけ観測したのと整合的でない。 

• 磁場を考慮すれば観測と⼀致するかもしれない。 

• コア分裂: 多重星や褐⾊矮星/系外惑星系を形成する。重⼒不安定と同様の問題を持つ。 

• コア降着: B型星のように熱く明るい星の周りの円盤光蒸発の⾮常に速いタイムスケールよりも、コア降着によ
る巨⼤惑星形成のタイムスケールのほうが⼤きいという問題がある。 

• 惑星捕獲: 観測されたELBDの数を説明できない。 

• どのシナリオもB型星周りの惑星数を説明できそうにない。
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