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Formation and evolution of low-mass protostars

Credit: JPL
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Keplerian rotating disks formed in Class 0 phase?
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HH212: CO: red, H2: green, 350 GHz continuum: contours (Lee+2015)

Class 0 keplerian rotating disk candidates are 
rare: 
 L1527 , VLA 1623, HH212, and L1448-NB  
(Ohashi et al. 2014, Murillo et al. 2013; Codella et 
al. 2014a; Tobin et al. 2016a)

disk+jets of HH212(Lee+2017)

HH212



Duchˆene & Kraus 2013, ARA&A, 51, 269

multiplicity fraction: 

companion star fraction:



The formation of a multiple star system with wide separation 
through turbulent fragmentation of a cloud

(Pineda et al., 2015, doi:10.1038/nature14166)



A triple protostar system formed via fragmentation of a gravitationally unstable disk 
                                   (Tobin et al. 2016 doi:10.1038/nature20094)

ALMA 1.3mm VLA 8mm

Gray scale: ALMA 1.3 mm



   Bi-modal distribution of companion separations

The distribution of companion separations appears bi-modal, with a peak 
at ∼75 au and another peak at ∼3000 au.  

Turbulent fragmentation is likely the dominant mechanism on >1000 au scales  
and disk fragmentation is likely to be the dominant mechanism on <200 au scales.

(Tobin et al., 2016, ApJ, 818, 73)

• A key prediction of turbulent fragmentation is that the seeds 
for multiplicity are produced in the pre-stellar phase.



multi-scale clean are 0, 6, and 18 pixels. The weighting
scheme was “Natural.” We manually selected the emission
mask (clean box) and continued the deconvolution process
until the intensity of the residual image reached the ∼1σ noise
level. We did not apply the self-calibration process, because the
continuum emission of the prestellar sources is quite weak.
Note that we applied the same method and parameters to the
two other different data sets (PROJ4 and PROJ-MC27). Three
targets (MC 5N, MC 31, and MC 33bS) were observed in both
PROJ4 and PROJ6 and had confirmed continuum detection in
the two bands, but we used the PROJ6 (1.3 mm) data alone
throughout the analyses in this manuscript. We manually

selected emission-free pixels from each continuum image to
estimate their rms noise levels. Table 2 summarizes the
resultant beam sizes and sensitivities (see also the individual
properties of each target in Table A1 in Appendix A).
In the present paper, we normally did not use the TP

molecular line data to focus on compact features revealed by
the 7 m array continuum observation alone and to keep the
spatial frequency range of both the line and continuum data
similar. Only in Section 4.2, we used the combined 7 m and TP
array images obtained by the feather task in CASA to
further obtain evidence for realistic substructures within two
prestellar cores, MC 1 and MC 7.

Figure 2. 1.3 mm and 1.2 mm continuum distributions of prestellar/protostellar cores in Taurus. (a) Continuum maps of the prestellar sources. For MC 6, MC 8, and
MC 44, the observed wavelength is 1.2 mm, and we indicated it at the lower-right corners. Table 1 gives the central coordinates of each target. Dashed black lines
indicate where the mosaic sensitivity falls to 50%. The black contours show the continuum emission with the contour levels of 3σ, 6σ, and 9σ. The ellipses in the
lower-left corner in each panel give the angular resolutions. Noise levels and beam sizes of each map are shown in Table A1. Note that the primary beam attenuation is
not corrected for display purposes. (b) Same as (a) but for the protostellar sources. The contour levels are 3σ, 10σ, 30σ, and 100σ.
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The Astrophysical Journal, 899:10 (20pp), 2020 August 10 Tokuda et al.

Starless cores in Taurus cloud (Tokuda+2020)

One third of cores show density >3E5 cm-3 
（see next talk by Tokuda-san）
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Fragmentation and substructures of prestellar cores

  Previous ALMA surveys of starless cores in nearby clouds did not detect such high density substructures 
                                (Dunham et al. 2016; also see Schnee et al. 2010, 2012; Kirk et al. 2017) 

Short-lived or flatten density profiles?



Open questions in studies of low-mass star formation

• Substructure and fragmentation of starless cores 

• How do disk form at Class 0 phase? 

• How to form binary or multiple systems? 

• To investigate the initial conditions of star 
formation, we need a large sample of cold 
cores at the earliest phases of star formation!
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2. ALMASOP: ALMA Survey of 
Orion Planck Galactic Cold Clumps
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Planck is a third generation space based 
cosmic microwave background 
experiment, operating at nine frequencies 
between 30 and 857 GHz  

Planck Catalogue of Galactic Cold Clumps 
(PGCC), 13188 clumps 

The PGCCs are cold (Td~14 K) clumps and 
thus represent the very initial conditions of star 
formation and molecular cloud evolution 

Surveys of Planck Galactic Cold Clumps

The survey team includes more than 150 experts all over the word  (China; Australia, 
Japan, S. Korea, U.K., Taiwan, U.S., Canada, France, Finland…) to follow-up  observe 
1000-2000  PGCCs with multiple state-of-the-art telescopes (TRAO 13.7-m, PMO 
13.7-m, JCMT 15-m, NRO 45-m, SMT 10-m, KVN, IRAM 30-m, SMA, ALMA, 
SOFIA,  Effelsberg 100-m, TianMa 65-m, FAST 500m…) in order to investigate the 
initial conditions of star formation in widely different environments and to address 
the questions raised in the introduction part. 
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All-sky distribution of the 13188 PGCC sources (black dots),  the 2000 PGCC sources selected 
for TOP (blue dots), and 1000 for SCOPE (pink dots) overlaid on the 857 GHz Planck map (Liu 
et al. 2018, ApJS, 234, 28)



The roadmap for the surveys of PGCCs
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Phase 1
CO lines

850 continuum

Dense gas tracers 

Magnetic field

Interferometers

Phase 2

Phase 3

2012-2017

2016-2022?

2018-2024?

PMO TRAO SMT

JCMT SCUBA-2

NRO 45-m IRAM 30-m Efffelsberg TianMa 65-m

JCMT/POL-2 BLAST2 SOFIA

ALMA SMA NOEMA

(TOP)

(SCOPE)

(LP)

(SPACE)

(7项84hrs)

(8hrs in cycle 8)
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ALMASOP cycle 6 project (PI: Tie Liu) 

Targets: 
Starless and Class 0 protostellar cores showing 
high [N2D+/N2H+] ratios in NRO-45m survey 

ALMA 7m+12m observations: 
Resolution: 0.25 arcsec (~100 au) 

Tracers: 
1.3 mm continuum 
J=2-1 of CO, C18O 
J=3-2 of N2D+, DCN, DCO+ 
Complex molecular lines (COMs) 
Hot corino tracers like CH3OH 
Shock tracers like SiO, SO, SO2 

Topics: 
1. Substructures and Fragmentation of starless 

cores 
2. Early evolution of protostellar outflows and 

disks 
3. Multiplicity of protostars 
4. Chemical evolution of cores in earliest phases 



30 Dutta et al.

Figure A1. �-Orionis: The combined TM1, TM2 & 7m ACA continuum images of non-detected dense cores and Class 0
systems (including multiples). The contours are are at 6 and 30 �, where the corresponding �s are tabulated in Table 1.
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2.1 Half of Class 0 protostars are in multiple systems 

(Dutta+Liu+2020)
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2.2 Class 0 protostellar outflows

(Dutta+Liu+2020)



Survey overview 9

Figure 4. Histograms of (a) integrated flux densities (b) en-
velope+disk mass (c) peak emission and (d) geometrical sizes
derived with 2-D Gaussian fitting of 1.3 mm continuum emis-
sion for all the sources (black steps), which includes starless
(blue), Class 0 (green), Class I (red) and unclassified sources.

and redshifted SiO emission is shown in Figure 5. The
identification of the jet-components is marked in Table
5 (column 14), and these sources are considered as jet
sources throughout the paper.
Out of 37 outflow sources, 18 (⇠ 50%) are detected

having knots in the SiO line emission within the CO
outflow cavities. Additionally, two non CO emitting
sources are also identified with SiO emission, where CO
emission is possibly non-detectable due to complex cloud
environment, as discussed above. High-mass molecular
clumps are reported to have ⇠ 50-90% jet detection in
low-angular resolution surveys in SiO(2-1), (3-2), (5-4)
emission lines (e.g., Csengeri et al. 2016; Li et al. 2019;
Nony et al. 2020). It is to be noted that the high-density
shock components could also be detected in more high-

Figure 5. Example of molecular outflow detected at ALMA
12CO(2-1) (grey) is shown for a Class I source G205.46-
14.56S3. The black contours are at 3n�, where n = 1, 2,
..... and � = 0.14 Jy/beam km/s. The blue and red ar-
rows indicate the blueshifted and redshifted emissions, re-
spectively. The magenta contours are 1.3 mm continuum
emission at levels 6⇥(1, 3, 8, 16)�, where � = 6 ⇥ 10�5 Jy
beam�1. The blue and red contours are blue- and redshifted
integrated SiO(5-4) emission at 3⇥(1, 2, 3, 6, 9)�, where � =
0.03 Jy beam�1. The average tangents through the 3� out-
ermost contours at ⇠ 100 and ⇠ 200 from the continuum peak
are drawn in cyan dashed lines. The yellow and green dou-
ble headed arrows indicate the opening angle width [⇥obs]400
and [⇥obs]800, respectively, which are at di↵erent distance of
⇠ 100 and ⇠ 200 from the continuum peak, respectively. A
schematic of opening angle (↵) measurement is also shown
(see text for details).

density tracers e.g., SiO (8-7). So the higher transitions
of SiO could reveal more knot ejecting sources. Addi-
tionally, the knot tracers may vary with the evolution of
the protostars (Lee 2020).

3.2.3. Outflow Opening Angle

Among the main characteristics of outflows, opening
angle (↵) is one of the less-explored observational pa-
rameters to date. In the low-velocity regime, the CO
delineates two-cavity walls open in the blue and red-
shifted directions. Measuring the ↵ is quite complicated
for the sources with no well-defined cavity walls through-
out the full observed extent due to the presence of a com-
plex cloud environment (e.g., G200.34-10.97N, G205.46-
14.56S1, G209.55-19.68S1), or secondary outflows (e.g.,
G209.55-19.68N1) (see Appendix, Figure A5). For both,

10 Dutta et al.

Figure 6. Position-Velocity diagram of 12CO molecular out-
flow emission along jet-axis for G205.46-14.56S3. The black
contour levels are at 3⇥(1, 2, 3, 4, 6, 10, 15)�, where �
= 0.001 Jy beam�1. The systemic velocity of the source
is ⇠ +12±4 km s�1. Prominent nearly-continuous emission
can be seen up to �98 and +108 km s�1 in the blue- and
redshifted lobe, respectively. Including the near-source over-
lapping blue- and resdhifted emission, the velocity extents
are obtained as �VB ⇠ 114 km s�1 and �VR ⇠ 106 km s�1

for blue- and redshifted lobes, respectively.

blue- and redshifted directions, if the conical structures
appear to be symmetrical, then one can find the apex
by extrapolating the cavity boundaries (e.g., Wang et al.
2014). However, the real complexity of finding the apex
position appears for asymmetrical outflow lobes, even if
we assume the continuum peak to be the apex position,
the tangent will be needed to allow us to trace back to
that apex location. Hence we may miss a significant
fraction of the cavity-width near the source. In that
case, we also do not know the outflow-launching radius
for the source, which essentially varies from source to
source. Thus, we adopt a consistent approach for all
the sources, where the outflow cavity width (⇥obs) is
measured perpendicular to the outflow axis.
Firstly, the outflow axis of each lobe is derived from

their knot structures in SiO emission (Figure 5). For
the sources having no SiO emission, CO-jets are uti-
lized to find the jet-axis from the dense CO-emission
near the middle of the outflow cavity walls. Some of the
sources show neither SiO knots nor CO jets; in those
cases, their outflow axis was assumed to be in the mid-
dle of the outflow cavity. Secondly, we draw an average
tangent at the outermost 3� contours at the local point

of consideration (cyan dashed lines in Figure 5). Now,
the width perpendicular to jet-axis of the 3� cavity wall
at 100 (i.e., [⇥obs]400 at ⇠ 400 au; yellow double headed
arrow) and 200 (i.e., [⇥obs]800 at ⇠ 800 au; green double
headed arrow) distance from continuum peak represents
the opening angle at the corresponding distance from
the stellar core. As shown in the schematic diagram on
top of Figure 5, if the opening angle width is measured
as [⇥obs]D at a distance D from the continuum peak,
from right angle trigonometry the half of opening an-
gle is, ↵

2 = tan�1( [✓obs]D/2
D ). We also measured [✓obs]D

at distances > 200, and found that ↵ measurements are
quite consistent for the outflows with well-defined cavity
walls. However, we prefer to present [✓obs]D close to the
source, i.e. at 100 and 200, for all the sources to minimize
the environmental e↵ects on the measurements, and as
shown in Figure 7a-b, the overall trends of [✓obs]D with
Tbol remain the same for both the distances. The exact
envelope boundaries and other environment e↵ects to-
wards each of the outflow lobes are also unknown, which
could lead to unequal deformation on both the outflow
lobes. Thus, we have taken an average of blue- and
redshifted opening angles to measure the final ⇥obs to
reduce the unknown contamination. From the present
analyses, we are able to estimate [⇥obs]D of 22 outflow
sources, and the values of the final [⇥obs]D are listed in
Table 5.
The CO outflow cavities have an opening angle width

at 100 (⇠ 400 AU) ranging from 0.006�3.009 (i.e., typically
↵ = 33.�4 � 125.�7 near the source) with a median value
1.0064. The median value for 19 Class 0 sources is 1.0060
and 3 Class I sources is 2.0070 (see section 3.3 for objects
classification).
These measured quantities of opening angles are not

corrected for inclination angle, i. As in Figure 5, the
continuum emission is apparently shifted towards the
the blueshifted lobes, which is most probably an inclina-
tion e↵ect, and at the same distance from the continuum
peaks, the blue lobes appear wider than the red lobes.
Measuring inclination angle needs well-defined outflow
cavity walls with their full spatial extent. We, therefore,
need high-velocity resolution and wide field-of-view for
the outflows, which we lack in the present datasets. Note
that, we need to define the exact shell structure to esti-
mate the real-age opening angle, for a rotating outflow
it is complex to search the corresponding shell cavity in
low-velocity resolution observations. In such cases, we
assume the outer boundary as the outflow shell, which
introduces error in the ⇥obs. Thus, theoretical mod-
els are necessary to reduce the environmental e↵ects of
complex cloud dynamics, envelope emission, and inter-
acting outflows. Further high velocity resolution and

Survey overview 11

Figure 7. Opening angle ⇥op (00), that is the average width of blue- and redshifted outflow cavity (a) at ⇠ 400 AU and (b) at
⇠ 800 AU from continuum peak, as a function of Tbol (K) for the protostars of the survey sample. (c) Lbol(L�) as function of
Tbol (K). The blue data points with grey error bars represent all the outflow sources having a good detection in both, blue and
redshifted, outflow lobes. The red squares indicate the sources with SiO knot detection (i.e., jet emission). The dotted vertical
lines in all three panels are indicating Tbol = 70 K, a boundary between Class 0 to Class I sources (see text for details).

single dish observations are also very important to de-
termine the envelope boundary and inclination angle.

3.3. Protostellar Signatures

3.3.1. Multiwavelength catalog

The surrounding envelopes are dissipated during pro-
tostellar evolution. They gradually appear from sub-
mm, mid-infrared (MIR) to near-infrared (NIR) wave-
lengths hence they become less sensitive to 1.3 mm
emission. Thus, we searched for the sub-mm, MIR
and NIR counterpart of each dense core in the archived
Two-Micron All-Sky Survey (2MASS; Cutri et al. 2003),
UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence
et al. 2007), Spitzer Space Telescope survey of Orion A-
B (Megeath et al. 2012), Wide-field Infrared Survey Ex-
plorer (WISE; Wright et al. 2010), AKARI (Doi et al.
2015), Herschel Orion Protostellar survey (HOPS; Stutz
et al. 2013; Tobin et al. 2015), Atacama Pathfinder Ex-
periment (APEX; Stutz et al. 2013), the 850 µm JCMT
(Yi et al. 2018). In addition to these catalogs, we include
our present ALMA 1.3 mm emission to estimate a more
accurate bolometric temperature (Tbol) and luminosity
(Lbol) than that of Yi et al. (2018).
The final multiwavelength catalogue was obtained by

cross-matching all the catalogues described above. Ini-
tially, we adopted a matching radius of rm ⇠ 300 for
all the catalogues (see also Dutta et al. 2015, for de-
tails), which best suits the relatively high resolution cat-
alogues, 2MASS, UKIDSS, Spitzer and ALMA. For the
relatively poor resolution catalogues, WISE, AKARI,
Herschel, APEX, JCMT, we further checked the images

within their corresponding resolution limits to consider
the counterpart of an object. For the possible close
binary in the present analysis, with the available ob-
servations, it is di�cult to determine the exact source
of infrared emission since the binary system is embed-
ded in a common envelope. We therefore assigned the
same measurements to both protostars. The final cross-
matched catalogue is presented in Table 6. Finally, the
objects with good photometric accuracy (signal-to-noise
ratio: SNR > 10 for 2MASS, UKIDSS, Spitzer-IRAC
and Spitzer-MIPS; SNR > 20 for WISE and ALMA;
SNR > 50 for AKARI, JCMT, Herschel, APEX) were
utilized for the further analyses (e.g., Dutta et al. 2018).
For the HOPS fluxes, we adopted the uncertainty flags
as provided in Furlan et al. (2016).
The Tbol and Lbol were estimated with trapezoid-rule

integration over the available fluxes, assuming the dis-
tance as ⇠ 389 ± 3, 404 ± 5, and 404 ± 4 pc for Orion
A, Orion B and �-Ori sources, respectively (Kounkel
et al. 2018), and the measured values are listed in Table
5. Following Myers & Ladd (1993), the flux weighted
mean frequencies in the observed spectral energy distri-
butions (SEDs) were utilized to obtain Tbol. We assume
Tbol = 70 K as a quantitative transition temperature
from Class 0 to Class I (e.g., Chen et al. 1995). Our dis-
tribution of Tbol and Lbol are close to the measured val-
ues of the HOPS catalog (Furlan et al. 2016), the HOPS
IDs are marked in column 18 of Table 5. Some di↵er-
ences are expected since we are using [additional] mid in-
frared data not included in the HOPS catalog. For some
sources, the mid-infrared observations (e.g., AKARI and

12 Dutta et al.

Figure 8. Maximum outflow velocity (�V) for (a)
blueshifted, (b) redshifted and (c) average of both velocity
components as a function of [⇥obs]400 (00). The symbols are
same as Figure 7. The linear regression is shown with brown
line in panel (c).

Herschel) are not available, therefore our measurements
should give the lower limit for those sources (Kryukova
et al. 2012).
The distribution of Tbol can be seen in Figure 7(a),

(b) (see also Figure 9 and Figure 10). Figure 7(c) shows
the distribution of Lbol with the Tbol of our protostel-
lar sample. Two separate wings are prominent in Figure
7(c), where the nearly horizontal wing represents the in-
crement from Class 0 to Class I sources. The nearly ver-
tical wing possibly originates from the combined lumi-

Figure 9. Maximum outflow velocity (�V) for (a)
blueshifted, (b) redshifted and (c) average of both velocity
components as a function of Tbol. The symbols are same as
Figure 7. The majority of the Class 0 sources (i.e., Tbol <
70 K) follow an increasing trend in all three panels.

nosity of multiple stellar components, since they possess
a common envelope and the present available infrared
resolution is not enough to distinguish their emission
components. We estimated the bolometric temperature
of 53 sources, those having 5 or more wavelength detec-
tions, which also includes all sources in multiple systems.

Outflow properties
Opening angle Maximum flow velocity

(Dutta+2020)
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  2.3 Large disk surrounding Class 0 protostar

(Dutta+Liu+2020)

We detected large Class 0 disks with sizes>100 au



             2.4 Chemistry of hot corinos(Hsu+Liu+2020)

 21

We have detected four new hot 
corinos in Orion clouds. They could 
be good sites to search for organic 
molecules and molecules of 
prebiotic interest. 
No luminosity threshold (4 Lsun; 
Belloche+2020) for hot corinos.

Identified molecules： 

Organic molecules：CH3OH, CH2DOH, (13)CH3OH, C2H5OH? 
CH3CHO， CH3OCHO，NH2CHO (甲酰胺)

Long carbon-chain lines：HC3N 

Other simple lines：
H2CO, D2CO,CO, C(18)O,H2S, (13)CS, OCS, (34)SO, SO2，  
DCN, HNCO, N2D+, SiO
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High density (n>107 cm-3) prestellar cores in ALMASOP

1.3 mm continuum emission of four prestellar cores. (Sahu+Liu+2020, ApJL, submitted) 
       Contours: ACA observations; color images: ACA+12m observations
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Table 1. ALMA-ACA and ACA+TM2 configuration 1.3 mm continuum results of five presetellar cores

Source RA DEC FWHM S⌫ (1.3 mm) Mgas nH2 NH2 Diameter LJ *

(J2000) (J2000) (00) (mJy) (M�) (cm�3) (cm�2) (au) (au)

ACA results
G205.46-14.56M3 05:46:05.99 -00:09:32.37 8.4 ⇥ 7.0 79.8 0.76-1.69 6.4 � 14.2 ⇥ 10

6
1.9 � 4.34 ⇥ 10

23 3067 1561
G208.68-19.20N2 05:35:20.72 -05:00:54.09 26.7 ⇥ 7.7 724.0 6.93-15.36 8.9 � 19.7 ⇥ 10

6
5.1 � 11.3 ⇥ 10

23 5735 1325
G209.29-19.65S1 05:34:56.04 -05:46:05.28 21.5 ⇥ 7.5 266.0 2.55-5.64 4.7 � 10.4 ⇥ 10

6
2.4 � 5.4 ⇥ 10

23 5087 1826
G209.94-19.52N 05:36:11.39 -06:10:45.93 14.2 ⇥ 7.2 129.1 1.24-2.74 4.5 � 9.9 ⇥ 10

6
1.8 � 4.0 ⇥ 10

23 4059 1868
G212.10-19.15N1 05:41:21.27 -07:52:27.01 11.6 ⇥ 6.0 47.1 0.45-1.00 2.9 � 6.5 ⇥ 10

6
1.0 � 2.2 ⇥ 10

23 3337 2306
Combined ACA+TM2 results

G205.46-14.56M3 05:46:05.96 -00:09:32.45 6.0 ⇥ 4.8 53.2 0.51-1.13 1.2 � 2.8 ⇥ 10
7

2.7 � 5.9 ⇥ 10
23 2146 1119

G208.68-19.20N2 05:35:20.76 -05:00:55.21 16.3 ⇥ 3.6 325.0 3.11-6.89 2.6 � 5.7 ⇥ 10
7

7.9 � 17.0 ⇥ 10
23 3087 781

G209.29-19.65S1 05:34:55.84 -05:46:04.81 7.8 ⇥ 3.9 98.6 0.94 - 2.09 2.1 � 4.7 ⇥ 10
7

4.7 � 10.0 ⇥ 10
23 2205 856

G209.94-19.52N 05:36:11.38 -06:10:45.65 10.7 ⇥ 6.5 89.3 0.86-1.89 0.6 � 1.2 ⇥ 10
7

1.8 � 4.1 ⇥ 10
23 3344 1680

G212.10-19.15N1 05:41:21.28 -07:52:27.50 7.7 ⇥ 4.2 31.8 0.30 - 0.67 0.6 � 1.4 ⇥ 10
7

1.4 � 3.2 ⇥ 10
23 2264 1568

⇤ upper limit of Jeans length (LJ ) calculated at 10 K

Table 2. Substructure in G205-M3

Source FWHM S⌫ (1.3 mm) Mgas nH2

(00) (mJy) (M�) (cm�3)

Results from 2D-Gaussian fitting
B1 5.5 ⇥ 3.5 39.4 0.38-0.84 2.0e+07-4.5e+07
B2 2.8 ⇥ 1.5 8.8 0.08-0.19 4.4e+07-9.8e+07

Results from dendrogram

B1 2.3 ⇥ 2.3
* 7.51 0.07-0.16 2.6e+07-5.7e+07

B2 1.1 ⇥ 1.1
* 1.64 0.016-0.03 5.8e+07-1.3e+08

⇤ modify??This is equivalent diameter (D) obtained from ‘leaves’ area (A);
D=2 ⇥

p
A/⇡

analysis) and min delta= 2�(minimum spacing between iso-219

contours). Two substructures are clearly identified and pre-220

sented in Figure 3 (red contours).221

4. DISCUSSION222

Our ALMASOP program, as alluded earlier, have detected223

with ACA 1.3 mm continuum emission in 16 starless cores.224

A subset of five cores presented in this letter remain detected225

with the ALMA TM2, suggesting the presence of central226

compact dense structures. These cores were earlier observed227

with the JCMT SCUBA-2 in 1.3 mm continuum (Yi et al.228

2018) and their extents were found to be 0.03 -0.18 pc by229

SCUBA-2. The sizes of the dense structures detected by230

ACA are about a factor of 2 smaller than those above. The231

dense region can be compared with the well known prestel-232

lar core ‘kernel’ in L1544 (a centrally dense region defined233

as ‘kernel’ (Caselli et al. 2019)). The average and peak den-234

sities of the five prestellar cores are at least 10 times higher235

than that of the L1544 core, although the sizes of the regions236

are comparable.237

Figure 3. Figure shows the result of dendrogram analysis. The
red-contours show the condensations/blobs as identified using den-
drogram. The diameter equivalent to the area under the contours
is presented in table 2. White ellipses corresponds to FWHM size
of the two component Gaussian fitting of the condensations B1 and
B2. Dotted contours corresponds to 1.3mm dust continuum at 0.800

resolution with the levels 4,7,10,13� where �=0.1 mJy/beam.

4.1. Stability considerations238

Assuming an isothermal molecular core being supported239

only by its thermal pressure against gravity, one can estimate240

the Jeans length scale beyond which gravitational collapse241

would prevail. The Jeans length is defined by: LJ =
q

⇡Cs
2

G⇢0
,242

where G is the gravitational constant, ⇢0 is mass density and243

Cs is the speed of sound:Cs =
q

KBT

µpmH

. The derived jeans244

lengths of the five cores are presented in the last column245
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Table 1. ALMA-ACA and ACA+TM2 configuration 1.3 mm continuum results of five presetellar cores

Source RA DEC FWHM S⌫ (1.3 mm) Mgas nH2 NH2 Diameter LJ *

(J2000) (J2000) (00) (mJy) (M�) (cm�3) (cm�2) (au) (au)

ACA results
G205.46-14.56M3 05:46:05.99 -00:09:32.37 8.4 ⇥ 7.0 79.8 0.76-1.69 6.4 � 14.2 ⇥ 10

6
1.9 � 4.34 ⇥ 10

23 3067 1561
G208.68-19.20N2 05:35:20.72 -05:00:54.09 26.7 ⇥ 7.7 724.0 6.93-15.36 8.9 � 19.7 ⇥ 10

6
5.1 � 11.3 ⇥ 10

23 5735 1325
G209.29-19.65S1 05:34:56.04 -05:46:05.28 21.5 ⇥ 7.5 266.0 2.55-5.64 4.7 � 10.4 ⇥ 10

6
2.4 � 5.4 ⇥ 10

23 5087 1826
G209.94-19.52N 05:36:11.39 -06:10:45.93 14.2 ⇥ 7.2 129.1 1.24-2.74 4.5 � 9.9 ⇥ 10

6
1.8 � 4.0 ⇥ 10

23 4059 1868
G212.10-19.15N1 05:41:21.27 -07:52:27.01 11.6 ⇥ 6.0 47.1 0.45-1.00 2.9 � 6.5 ⇥ 10

6
1.0 � 2.2 ⇥ 10

23 3337 2306
Combined ACA+TM2 results

G205.46-14.56M3 05:46:05.96 -00:09:32.45 6.0 ⇥ 4.8 53.2 0.51-1.13 1.2 � 2.8 ⇥ 10
7

2.7 � 5.9 ⇥ 10
23 2146 1119

G208.68-19.20N2 05:35:20.76 -05:00:55.21 16.3 ⇥ 3.6 325.0 3.11-6.89 2.6 � 5.7 ⇥ 10
7

7.9 � 17.0 ⇥ 10
23 3087 781

G209.29-19.65S1 05:34:55.84 -05:46:04.81 7.8 ⇥ 3.9 98.6 0.94 - 2.09 2.1 � 4.7 ⇥ 10
7

4.7 � 10.0 ⇥ 10
23 2205 856

G209.94-19.52N 05:36:11.38 -06:10:45.65 10.7 ⇥ 6.5 89.3 0.86-1.89 0.6 � 1.2 ⇥ 10
7

1.8 � 4.1 ⇥ 10
23 3344 1680

G212.10-19.15N1 05:41:21.28 -07:52:27.50 7.7 ⇥ 4.2 31.8 0.30 - 0.67 0.6 � 1.4 ⇥ 10
7

1.4 � 3.2 ⇥ 10
23 2264 1568

⇤ upper limit of Jeans length (LJ ) calculated at 10 K

Table 2. Substructure in G205-M3

Source FWHM S⌫ (1.3 mm) Mgas nH2

(00) (mJy) (M�) (cm�3)

Results from 2D-Gaussian fitting
B1 5.5 ⇥ 3.5 39.4 0.38-0.84 2.0e+07-4.5e+07
B2 2.8 ⇥ 1.5 8.8 0.08-0.19 4.4e+07-9.8e+07

Results from dendrogram

B1 2.3 ⇥ 2.3
* 7.51 0.07-0.16 2.6e+07-5.7e+07

B2 1.1 ⇥ 1.1
* 1.64 0.016-0.03 5.8e+07-1.3e+08

⇤ modify??This is equivalent diameter (D) obtained from ‘leaves’ area (A);
D=2 ⇥

p
A/⇡

analysis) and min delta= 2�(minimum spacing between iso-219

contours). Two substructures are clearly identified and pre-220

sented in Figure 3 (red contours).221

4. DISCUSSION222

Our ALMASOP program, as alluded earlier, have detected223

with ACA 1.3 mm continuum emission in 16 starless cores.224

A subset of five cores presented in this letter remain detected225

with the ALMA TM2, suggesting the presence of central226

compact dense structures. These cores were earlier observed227

with the JCMT SCUBA-2 in 1.3 mm continuum (Yi et al.228

2018) and their extents were found to be 0.03 -0.18 pc by229

SCUBA-2. The sizes of the dense structures detected by230

ACA are about a factor of 2 smaller than those above. The231

dense region can be compared with the well known prestel-232

lar core ‘kernel’ in L1544 (a centrally dense region defined233

as ‘kernel’ (Caselli et al. 2019)). The average and peak den-234

sities of the five prestellar cores are at least 10 times higher235

than that of the L1544 core, although the sizes of the regions236

are comparable.237

Figure 3. Figure shows the result of dendrogram analysis. The
red-contours show the condensations/blobs as identified using den-
drogram. The diameter equivalent to the area under the contours
is presented in table 2. White ellipses corresponds to FWHM size
of the two component Gaussian fitting of the condensations B1 and
B2. Dotted contours corresponds to 1.3mm dust continuum at 0.800

resolution with the levels 4,7,10,13� where �=0.1 mJy/beam.

4.1. Stability considerations238

Assuming an isothermal molecular core being supported239

only by its thermal pressure against gravity, one can estimate240

the Jeans length scale beyond which gravitational collapse241

would prevail. The Jeans length is defined by: LJ =
q

⇡Cs
2

G⇢0
,242

where G is the gravitational constant, ⇢0 is mass density and243

Cs is the speed of sound:Cs =
q

KBT

µpmH

. The derived jeans244

lengths of the five cores are presented in the last column245

• The dense structures in the five cores have sizes significantly 
greater than their correspondingly Jeans lengths,  implying that 
they are Jeans unstable.  

(Sahu+Liu+2020, ApJL, submitted) 
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Figure 3. Figure shows the result of dendrogram analysis. The
red-contours show the condensations/blobs as identified using den-
drogram. The diameter equivalent to the area under the contours
is presented in table 2. White ellipses corresponds to FWHM size
of the two component Gaussian fitting of the condensations B1 and
B2. Dotted contours corresponds to 1.3mm dust continuum at 0.800

resolution with the levels 4,7,10,13� where �=0.1 mJy/beam.

gravitationally unstable (Yi et al. 2018). We have found sim-274

ilar results for the cores on ACA (600) and TM2(⇠ 100 scale275

observations (see Table 1). One of the major uncertainties of276

these calculations is the temperature of the cores. Yi et al.277

(2018) suggested the dust temperature (Td) in Orion A and278

B molecular cloud is 13-14 K, as dust and gas well couple279

in high (nH > 105cm�3) densities, so the upper limit of gas280

temperature would be similar to this value. Kim et al. (2020)281

from molecular line observations ( N2H+ and N2D+) have282

found that under LTE conditions the gas temperature of the283

five cores are in the range of 10.8 -17.3 K. These values are284

good approximations for the cores at larger scales with an285

average density (⇠ 105cm�3). However, the five cores are286

highly denser (� 100 factor), so temperatures of the central287

dense regions are likely to be lower. A good example of a288

centrally dense core is L1544, for which Caselli et al. (2019)289

assumes the core temperature to be 6.5 K, as the core is quite290

dense (⇠ 106cm�3). The average density of our core sample291

is at least an order higher than L1544, so 6.5 K may be a good292

approximation for the dense core temperatures. At this tem-293

perature all the cores are Jeans unstable. However, if we as-294

sume a conservative value of 10 K, except G212.10-19.15N1295

all the cores are still Jeans unstable. As the cores are found to296

be gravitationally unstable at larger scale (SCUBA-2) and ad-297

ditionally, these cores are chemically evolved as found from298

its higher molecular deuterium fractionation (N2D+/N2H+
299

> 0.1 (Kim et al. 2020)); therefore these cores are prestellar,300

in the onset of star-formation.301

4.2. Centrally dense prestellar cores302

Starless/prestellar cores are extremely cold objects, so303

high sensitivity is needed to observe starless/prestellar cores.304

Though interferometer like ALMA is sensitive enough, but305

many observational effort failed to detect it (see the introduc-306

tion section and also introduction by Caselli et al. (2019)) as307

only prestellar cores with high volume densities within cen-308

tral compact region (⇠ 2000 AU or so) can be detected using309

interferometer. These centrally dense cores are dynamically310

evolved, short lived and on the verge of star formation (André311

et al. 2014); therefore this type of cores are rare and difficult312

to detect. This can be understood from our ALMASOP re-313

sults: about 11 undetected, 16 detected (using ACA) and a314

subset of 5 cores show central dense structure within prestel-315

lar cores (TM2 detection). For the first time, we have de-316

tected such a number of centrally dense cores from a single317

survey.318

4.3. substructures toward G205-N1 at 1000 AU scale319

Observations indicate that the multiplicity fraction and the320

companion star fraction are highest in Class 0 protostars and321

decrease in more evolved protostars (Chen et al. 2013; Tobin322

et al. 2016). It implies that multiple systems may form even323

an earlier phase. Offner et al. (2010) predicted that fragmen-324

tation begins in the starless core stage. Here we discuss the325

role of ‘gravity’ and ‘turbulence’ in G205-N1 prestellar core326

where two substructures/condensations are detected. Addi-327

tionally, we discuss whether these condensation can lead to328

stellar multiplicity.329

4.3.1. role of turbulence and gravity330

From velocity dispersion (�v) of optically thin lines we331

can calculate thermal and non-thermal velocity contribu-332

tion from this relation: �v
2 = �th

2 + �2

nt
. Though our cur-333

rent data (spectral resolution ⇠ 1.3 km s�1) is not enough334

to get the line parameters, we can use previous observa-335

tional results to have an rough estimate of mutual role of336

‘gravity’ and ‘turbulence’. Takahashi et al. (2013) used337

the observed velocity width FWHM= 0.88 km s�1, based338

on NH3 line width (single dish observation, beam 4000) in339

the northern region of OMC (Cesaroni & Wilson 1994) to340

study the fragmentation in OMC-3 cores. Considering this341

value, �v (FWHM/
p
8ln2) becomes 0.37 km s�1, �th�H2 (342

�th = (kBT/µmH)1/2; ) becomes 0.24 km s�1 (assuming343

µH2=2.8 and T=20 K); at a scale of the observation ( ⇠0.15344

pc), the �nt ⇠ 0.36 km s�1 (as �th�NH3=0.07). Therefore,345

at a scale 0.15 pc molecular cloud is turbulent. Following346

similar calculation from NRO-45m line observations (Kim347

et al. 2020), especially for G205-N1 core (N2D+, FWHM=348

(Sahu+Liu+2020, ApJL, submitted) 

turbulence has decayed at such small scale,  
fragmentation is regulated by thermal instability



           3. Summary for the ALMASOP project

• (1). ALMASOP has observed 72 cold cores in Orion 
clouds with extremely high-resolution (~100 au) 

• (2). ALMASOP data are used for studying fragmentation 
of starless cores, disk formation, protostellar outflow 
evolution and chemical evolution of cold cores. 

• (3). Early results indicate high density substructures 
and possible fragmentation inside five prestellar cores 

• (4). Higher spatial and spectral resolution, more 
sensitive molecular line follow-up observations are 
needed to figure out the physical and chemical 
properties of the very inner parts of prestellar cores.



Thanks!

Photo taken by Tie Liu at Chajnantor plateau in 2014


