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Abstract

Starless cores represent the initial stage of evolution toward (proto)star formation, and a subset of them, known as
prestellar cores, with high density (∼ 106 cm−3 or higher) and being centrally concentrated are expected to be embryos
of (proto)stars. Determining the density profile of prestellar cores therefore provides an important opportunity to gauge
the initial conditions of star formation. In this work, we perform rigorous modeling to estimate the density profiles of
three nearly spherical prestellar cores among a sample of five highly dense cores detected by our recent observations.
We employed multiscale observational data of the (sub)millimeter dust continuum emission, including those obtained
by SCUBA-2 on the James Clerk Maxwell Telescope with a resolution of ∼ 5600 au and by multiple Atacama Large
Millimeter/submillimeter Array observations with a resolution as high as ∼ 480 au. We are able to consistently
reproduce the observed multiscale dust continuum images of the cores with a simple prescribed density profile, which
bears an inner region of flat density and an r−2 profile toward the outer region. By utilizing the peak density and the size
of the inner flat region as a proxy for the dynamical stage of the cores, we find that the three modeled cores are most
likely unstable and prone to collapse. The sizes of the inner flat regions, as compact as ∼ 500 au, signify them as being
the highly evolved prestellar cores rarely found to date.

Unified Astronomy Thesaurus concepts: Molecular clouds (1072); Collapsing clouds (267); Infrared dark clouds
(787); Star formation (1569); Astronomical methods (1043); Astronomy data modeling (1859)

1. Introduction

Starless cores are dense fragments in molecular clouds but
without the association of (proto)stars. A subset of starless
cores that are gravitationally unstable, dubbed prestellar cores
(PSCs), will be prone to collapse and eventually form (proto)

stars (Crapsi et al. 2005; di Francesco et al. 2007). These PSCs,
therefore at the first stage of star formation, offer the best
opportunity to gauge the initial conditions of star formation.
Characterizing their structures, such as density and temperature
profiles, is essential for testing theoretical models and for
understanding the physical processes of star formations (Andre
et al. 2000).
Observationally, the density profile of starless/prestellar

cores can be estimated from the dust continuum emission, the
dust extinction, and/or emission from molecular lines. The
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latter method can be less accurate, as tracer species get depleted
onto the dust grains at the low temperatures and high densities
within the PSCs. Using near-IR extinction observations, Alves
et al. (2001) estimated the density profile of the dark core B68.
They found that the density profile closely fit with the
theoretical description of the Bonner–Ebert (BE) sphere
(Ebert 1955; Bonnar 1956), which represents a class of
externally pressure-bound self-gravitating isothermal cores. In
particular, B68 is found to be a “critical” BE sphere
configuration, suggesting that the core is on the verge of
instability.

Studies by Ward-Thompson et al. (1994), Andre et al.
(1996), Ward-Thompson et al. (1999), and Bacmann et al.
(2000) used millimeter dust continuum observations to estimate
PSC density profiles, finding that the density profile of starless/
prestellar cores can be fitted with power laws that are steeper in
the outer region and shallower in the inner region. Based on
similar observations, Tafalla et al. (2002) suggested that the
density profile of starless cores can be better fit by the
following equation:

( )
( )

( )r
r

=
+ a

r
r a1

, 1c


where r is the radial distance, a is the radial size of the inner flat
region, and α is the power-law index. Now, with α= 2 in
Equation (1), the underlying profiles resemble the BE sphere
model. Dapp & Basu (2009) used this type of equation with a
fixed power law, α= 2, and emphasized that the generic
features of the BE sphere are not unique to equilibrium
conditions but also appear in gravitationally collapsing objects.
Additionally, the authors argued that the flat region size can be
used as a proxy for core evolution. Estimation of the flat region
size of PSCs is therefore important (see also Keto &
Caselli 2008, 2010).

When using optically thin dust emission for characterizing
the density structures of the PSCs and for inferring their
evolution, multiscale observations are indispensable. Single-
dish telescopes can image the full core scale but cannot provide
sufficient angular resolution to capture the central zone.
Interferometric observations typically resolve out the large-
scale structures of the starless core but constrain the size of the
inner flat region. Indeed, for L1544, which is one of the most
studied cores having both single-dish and interferometric
observations (e.g., Ohashi et al. 1999; Caselli et al. 2019),
the derived column density profile based on single-dish
observations varies as r−1, with a flatter region within r
∼ 3000 au (Caselli et al. 2002). Detailed fitting using an
unstable BE sphere model required that the flat extent of L1544
is 1500 au (Keto & Caselli 2010; Keto et al. 2014).

To date, only a few PSCs have been studied in detail (e.g.,
Crapsi et al. 2004; Schmalzl et al. 2014) owing to the limited
number of candidate cores. The lack of known PSCs is most
likely due to a combination of source structure and limited
sensitivity (see introduction section of Sahu et al. 2021, for
more details). In particular, the structure of the innermost
region within the PSCs had been least studied (Caselli et al.
2019). Recently, Sahu et al. (2021) detected five PSCs in
Orion, which are centrally dense and have peak densities that
are quite high (106–107 cm−3) relative to other known PSCs,
such as L1544 (∼106 cm−3 ), and “starless” cores L1498 and
L1517B (Tafalla et al. 2004).

The primary motive of the present work is to estimate the
density profile from small (1000 au) to large (∼10,000s au)
scales toward the three comparatively spherical PSCs among
the above five, namely G209.94-19.52N, G212.10-19 15N1,
and G205.46-14.46M3 (hereafter G209N, G212N1, and
G205M3, respectively). We estimate the peak density and the
size of flat regions of these PSCs consistently through
multiscale observations, and we use these measurements as
proxies for the cores’ dynamical state.
The paper is organized as follows: In Section 2 we describe

the observations. In Sections 3 we introduce the physical model
and the methodology. Results of the modeling are described in
Section 4. The limitations and implications of the model results
are discussed in Section 5. Finally, in Section 6 we summarize
our findings. Other relevant information is provided in the
appendices.

2. Observations

2.1. Single-dish Observations

As a part of the James Clerk Maxwell Telescope (JCMT)
SCOPE survey (proposal code: M16AL003), 58 Planck
Galactic Cold Clumps (PGCCs) were observed across the
Orion A, Orion B, and λ Orionis molecular clouds. The
Submillimetre Common-User Bolometer Array 2 (SCUBA-2)
instrument (Holland et al. 2013) at the JCMT was used to map
the 850 μm dust continuum emission at an angular resolution
∼14″; details of the full data set are described by Yi et al.
(2018). Figure 1 uses gray contours to plot the JCMT 850 μm
dust continuum emission toward the three Orion cores G209N,
G212N1, and G205M3.

2.2. Interferometric Observations: ALMA

ALMASOP (project ID: 2018.1.00302.S) Atacama Large
Millimeter/submillimeter Array (ALMA) observations were
carried out in Cycle 6 toward 72 fields selected from the above
JCMT SCOPE survey. The observations were executed in the
1.3 mm band using three different array configurations: 12 m
C43-5 (TM1), 12 m C43-2 (TM2), and 7 m ACA, resulting in
angular resolutions ranging from 0 34 to 5 5. The correlator
was configured into four spectral windows with 1.875 GHz
bandwidth each. We adopted a coarse velocity resolution of
1.129 MHz, equivalent to 1.5 km s−1, to facilitate efficient
continuum observations and maximize spectral line coverage.
The remaining details of the observational parameters are
presented in Dutta et al. (2020).
The visibility data were calibrated with the Common

Astronomy Software Applications (CASA; McMullin et al.
2007) 5.4 pipeline script as delivered by the observatory. The
visibility data for all configurations and executions toward each
of the 72 fields were then separated into continuum and spectral
lines and imaged jointly. The 1.3 mm continuum images of
each field were generated through CASA’s tclean task with the
“automask” on, the hogbom deconvolver, and a robust
weighting of 0.5 for data acquired with different arrays. The
ACA-only 1.3 mm continuum images toward the three cores,
G209N, G212N1, and G205M3, are shown in Figure 1 in blue,
with red contours at a 5 5 resolution. In addition, all three
cores were also detected by the 12 m array in configuration
TM2 in combination with ACA at 1 2 resolution. Figure 2
shows a magnified view of the cores using the high-resolution
TM2 observations in color and ACA observations overplotted

2
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in contours. As noted in Sahu et al. (2021), these PSCs are
resolved out by the 12 m TM1 array at a resolution ∼ 0 3.

3. Physical Model and Methodology

For inferring the density profile of the observed PSCs, we
adopt the parametric function proposed in Dapp & Basu
(2009),

⎧
⎨
⎩

( ) ( )r
r

= +
>

r
a

r a
r R

r R

for ,

0 for .

2
c

2

2 2


Here ρc is the peak volume density (nc, corresponding number
density), a is the size of the inner flat region, and R is the outer
radius of the core.

An analytical column density profile can be integrated from
Equation (2) as shown by Dapp & Basu (2009):

⎡

⎣
⎢

⎛

⎝
⎜

⎞

⎠
⎟

⎤

⎦
⎥

( )
( )

( )
( )

( ) ( )

S =
S

+

´
-
+

+

x
x a

c x a

x a
c d

1

arctan
1

arctan , 3

c

2

2 2

2


where Σc is the peak column density and c= R/a. The flat
radius is given by

( )
=

r
a k C

G
s

c

, where Cs is the sound speed, G

is the gravitational constant, and k is a free variable
proportionality constant. The peak column density is related
to the peak density via the relation ( )S = a n c2 arctanc c . In the
equation above, we include an additional term d to represent
the gas column density due to the extended ambient cloud

Figure 1. The 1.3 mm dust continuum emission of the three PSCs (in blue) as observed with ACA-ALMA; red contours correspond to 5σ, 10σ, and 15σ, where σ
(rms) are 1.0, 2.0, and 1.0 mJy beam−1, respectively. The gray contours correspond to 0.85 mm SCUBA-2 emission with similar contour levels where σ(rms) = 44.5,
13.9, and 16.4 mJy beam−1, respectively. The beams of SCUBA-2 and ACA are shown in the middle panel.

Figure 2. The 1.3 mm dust continuum emission of the three PSCs—color scale from ACA+TM2 combined data (resolution∼1 2 ). The red contours correspond to
ACA observations similar to those shown in Figure 1. The beam sizes of the ACA and TM2+ACA configuration are represented in the middle panel.
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surrounding the PSC. It is to be noted that the underlying
assumption of Equation (2) is the isothermal condition.
Subsequently, we assume a constant temperature and opacity
through the cores. The above assumption works well with the
scope of this study, and we discuss further in Section 5.1 the
possible implications.

To extract the underlying density profile of each observed
core, we first estimate the column density profile from the
annular-averaged dust continuum intensity profile at 850 μm
observed with the JCMT by assuming that the emission is
optically thin with a dust absorption coefficient (κ) ∼ 2.23 cm2

g−1 and that the dust temperature is 10 K throughout (Figure 3).
These profiles are then compared against the analytic column
density profile (Equation (3)) after the latter gets convolved
with a Gaussian profile representing the JCMT beam FWHM
∼14″. By fitting the radial profiles, we determine the outer
boundary R of each PSC and the constant offset d due to
the cloud. We also determine a rough estimate of the peak
density ρc and the flat radius a guiding the multiscale imaging
synthesis and fitting.

With the outer edge of each PSC R determined, we generate
a set of 2000 synthetic model 1.3 mm continuum images by
varying a with 40 linearly spaced values between 10 and 4000
au and nc with 50 logarithmic-spaced points between 105 and
109 cm−3 , as input models for the radiative transfer code
SPARX.24A dust temperature of 10 K throughout the cores
and a dust absorption coefficient of ∼ 0.9 cm2 g−1 from
Ossenkopf & Henning (1994) corresponding to thick icy dust at
106 cm−3 are adopted. The radiative transfer code, with fixed
temperature, ensures that any nonnegligible optical depth near
the core center is properly taken into account during the
calculation.

The telescope-related interferometric effects are further
considered through imaging simulations using CASA. We
incorporate the same telescope configuration as in the original
ALMA observations, process the above synthetic model
images using the “simobserve” task, and produce visibility

data sets for each of the 2000 synthetic models. We use the
“tclean/simanalyse” task, as we did for the real observed
images, to further produce mock continuum emission maps,
which can then be directly compared with the observed images.
We estimate the best-fit parameters by comparing the radial

intensity profiles between the observed and simulated images
using χ2

fitting. For each core, separate χ2
fittings were

conducted for the images observed at multiple scales with the
JCMT and the ALMA ACA and TM2 configurations. The
multiscale approach is necessary, as the core emission at large
physical, and hence angular, scales is best detected by single-
dish telescopes and not the interferometric observations.
Contrariwise, the inner radial features, smaller than 2800 au
in size, are poorly constrained by the JCMT SCUBA-2
observations, given the 14″ beam size of SCUBA-2 at the
distance of the Orion cores (∼ 400 pc).
We present the Δχ2 plots corresponding to 1σ value (see

Figures C1, C2, C3) for each set of observations in order to
estimate consistent model parameters for the observed images
at all scales. The best parameters for minimizing χ2 over the
individual maps and for the global optimization are given in
Table 1. We find that the flat radius a of the cores is small,
300–1400 au, and describe below the results for each individual
core in detail.

4. Results

The major aim of our multiscale imaging modeling is to
estimate the overall size of the PSC, R, the size of the inner flat
region at the center of the core, a, and the associated peak
density, ρc, using the assumed physical model (Equation (2)).
As the cores are found with R/a> 10, their masses are
also approximated as M∼ 4 π ρca

2R, within an uncertainty of
<15% (Dapp & Basu 2009). The size of the inner flat region
acts as a proxy of PSC evolution, and based on our estimation,
the PSCs presented here possibly are the most evolved and
compact (i.e., have the smallest flat region) compared to the
PSC samples found in the literature. Below, we discuss the
three PSCs individually.

Figure 3. Azimuthally averaged column density profile of the three PSCs as obtained from SCUBA-2 dust continuum emission. The error bars in the profile are the
statistical errors obtained by ( )s n , where σ is rms noise obtained from the emission map and “n” is the number of pixels corresponding to the radial distance bin
used to obtain the radially averaged flux values.

24 https://sparx.tiara.sinica.edu.tw/
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4.1. G205M3

Among the sample PSCs, G205M3 is the only core that
shows substructure at the 1000 au scale (see Figure 2 and Sahu
et al. 2021, for details). The SCUBA-2 image (see Figure 1)
shows that the core is clearly separated from another nearby
core to the SE.

Within the core, however, a fainter second peak, roughly
20″ SW from center, can be seen in both the SCUBA-2 and
ACA maps. Despite the substructure, the approximation of a
spherically symmetric structure for the radial profile derivation
is reasonable given the weakness and distance of the secondary
feature.

Figure 4 shows that the radial profile of G205M3 flattens out
beyond a radial distance of about 12,000 au. The constant
though noisy profile beyond 12,000 au may be due to the
ambient molecular cloud environment. From fitting the
SCUBA-2 column density profile, we find an outer radius of
∼ 11,000 au. Combining all the estimations from different
observing configurations, the best global fit values are
nc = 1.1× 107 cm−3 and a∼ 500 au. The global parameter
values can be estimated from the plot (see Figure C1)—the

values corresponding to the common region of Δχ2 contours.
The estimated PSC mass is 2.2Me, implying that roughly 30%
of the emission was resolved out by the ACA observations
(mass 1.7Me, for a temperature of 10 K and the same dust
opacity; see Sahu et al. 2021).
We note that for G205M3 the derived average number

density within the flat region (500 au) is ∼ 7× 106 cm−3, about
two times higher than that of ∼ 3.0× 106 cm−3 toward L1544
found by Keto & Caselli (2010).

4.2. G209N

The G209N core is comparatively larger and more elongated
than G205M3, with no substructure present at the single-dish
scale (∼ 10,000 au). In the higher-resolution interferometric
observations, unlike G205M3, G209N shows a dense central
peak with a nearly circular shape.
Through an analysis similar to that for G205M3, the

outer radius, R, of G209N is found to be 42 5 or ∼17,000
au at a distance of 400 pc (see Figure 5). The best-fit
parameters, using our multiscale observations, are constrained
to be nc ∼ 2.9× 106 cm−3 and a ∼ 1300 au. These values are
listed in Table 1 (see also Figure C2). For G209N, the average
number density within the flat region ∼2× 106 cm−3 may be
slightly smaller than or similar to that of L1544 (Keto &
Caselli 2010; Caselli et al. 2019). The mass inferred for G209N
is 10.5Me. Given its large outer radius, a significant fraction of
emission was resolved out by the ACA, which detected a mass
of only 2.7Me (Sahu et al. 2021).

4.3. G212N1

Toward G212N1, a secondary peak can be seen ∼25″ to the
SE in the SCUBA-2 map (Figure 1). Assuming that this nearby
source, beyond 8500 au, is a separate entity, we focus on the
densest substructure detected by ALMA (ACA and TM2
configurations) toward the field center (see Figure 2). The core
radius, R, is found to be ∼7400 au from the column density
profile fitting, and the profile plots related to each of the
observing configurations are presented in Figure 6.
From the Δχ2 plots (see Figure C3), there is no obvious

common parameter region corresponding to the SCUBA-2,
ACA, and TM2 observations, though the contours are quite
close and have partial overlap. Thus, the best-fit results for each
different observational setup are noted in Table 1. The peak
density ∼5.2× 106 cm−3 and the size of the flat region a
∼320 au corresponding to the global fit do not simultaneously
fit well the observed intensity profiles from different observa-
tions. The small flat inner region is determined from the 12 m
TM2 observation and the corresponding profile. Fixing the
best-fit peak density ∼5.2× 106 cm−3 , we find a somewhat
larger flat region a ∼520 au for the ACA and SCUBA-2
observations. Within a reasonable uncertainty, a peak density
∼5.2× 106 cm−3 and a ∼320–520 au closely describe the
central zone across the multiscale observations.
The core radius, R, of G212N1 is significantly smaller,

∼7000 au, than for the other two Orion PSCs, and the dust
continuum emission is more likely fully recovered by the ACA
observations—the theoretically estimated core mass is ∼0.95
Me, close to the value of 1.0 Me observed with the ACA (Sahu
et al. 2021).

Table 1
Fitting Results for the Three Cores

Core Parameters

Method nc (cm
−3 ) (a in au ) (au)

G205M3

Analytical model fit 1.35 × 106 (0.91) 924 (410) 10720 (1983)
SCUBA cont fit* 3.4 × 107 214.6 L
ACA cont fit 1.1 × 107 521 L
TM2+ACA cont fit 1.3 × 107 419 L
Global fit 1.1 ×107 521 L
Plotted values 1.1 ×107 419, 521 L

G209N

Analytical model fit 6.08 × 105 (0.76) 2891 (254) 17178 (770)
SCUBA cont fit 1.4 × 106 2158.4 L
ACA cont fit 2.4 × 106 1749 L
TM2+ACA cont fit 3.6 × 106 1135 L
Global fit 2.9 ×106 1340 L
Plotted values 2.9 ×106 1340 L

G212N1

Analytical model fit 8.6 × 105 (7.18) 1009 (548) 7357 (214)
SCUBA cont fit 2.9 × 106 726 L
ACA cont fit* 1.3 × 106 1544 L
TM2+ACA) cont fit 9.1 × 106 214 L
Global fit 5.2 ×106 316 L
Plotted values 5.2 ×106 316, 521 L

Note. The core radii obtained using the analytical fitting are presented in row 1,
with its error bar shown in parentheses. The best-fit values obtained from grid
search for different telescope configurations are presented in rows 2−5; note
that the uncertainties are not noted in the table and visually presented in
Appendix C. The global fit represents the best-fit parameter values considering
multiscale observations. For G205M3, Figure 4 shows the profile plots with the
“global fit” parameter values for ACA and 12 m TM2 observations, while for
the case of SCUBA-2, “a” ∼ 419 au is used. For G209N, Figure 5 shows a
similar plot with the global parameter values obtained. In the case of G212N1,
Figure 6 is a plot using global parameter values for the TM2 configuration,
while for the ACA and SCUBA-2 case nc ∼ 5.2 × 106 cm−3 and “a” ∼ 521 au
is used.
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5. Discussion

5.1. Model Uncertainties from the Assumptions of Temperature
and Dust Opacity

We have assumed a uniform temperature of 10 K for the
cores both in the initial column density profile fitting for
determining the outer radius and in the radiative transfer
calculation for generating synthetic maps on the parameter
grids. In the central region of the cores, however, the density is
presumably higher and the temperature may be correspond-
ingly lower as compared to the outer layers owing to efficient
dust continuum cooling. Quantitatively, Crapsi et al. (2007),
using high-resolution interferometric observations of NH3

emission, found a drop in the gas temperature of ∼5 K, and
therefore well-coupled dust temperature, in the center of
L1544.

To check the effect of a varying temperature profile on the
inferred model parameters, we consider the temperature profile

given by Chacon-Tanarro et al. (2019):

( )
( )= -

-

+
T T

T T

1
, 4

r

a

out out
out in

1.7


estimated via a radiative transfer calculation for the PSC
L1544. As the PSCs presented here are at least as centrally
dense as L1544, we assume a similar temperature profile with
Tin= 6.9 K and Tout= 12 K (Crapsi et al. 2007; Chacon-
Tanarro et al. 2019). Using this temperature profile and the
same parameter space as studied earlier, we find that, for
G205M3, the best-fit peak density and flat radius (for 12 m
TM2+ACA combined observations; compare with row 4 of
Table 1) are ≈1.9× 107 cm−3 and 320 au, respectively
(Figure 7). Thus, qualitatively, the results imply that the
inferred peak densities may be slightly higher (∼50%) and the
inner flat cores somewhat more compact (∼25%). The

Figure 4. Radial column density profile fitting for the G205M3 core. (a) Simple analytical model fitting to determine the extent of core radius. (b) Profile fitting for
SCUBA-2 observation with the profile from the model images corresponding to the end row values of Table 1. (c) Similar to the case of panel (b), but for ACA
observations. (d) Similar to panels (b) and (c), but for ACA+TM2 observations. The model parameters are noted in Table 1. A comparison between the modeled
images and the observed maps is shown in Figure B1.
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estimated values of peak density and flat radius will be
similarly affected for other cores too.

Another assumption in the imaging modeling process, in
addition to an isothermal temperature, is the choice of dust
opacity used. For instance, Keto et al. (2014, and references
therein) were successful in reproducing the molecular line and
continuum observation of L1544 by considering temperature
variations (Crapsi et al. 2007), but only if an increased/scaled
dust opacity was included. Indeed, variations in dust opacity
within molecular clouds have been deduced in recent years
(see, e.g., Juvela et al. 2015; Sadavoy et al. 2016). The reasons
for such opacity behavior are not clearly understood and highly
uncertain. Recently, however, Chacon-Tanarro et al. (2019)
studied in detail the effect of opacity on the density profile of
the PSC L1544. By considering a radial opacity variation, they
found that the corresponding best-fit density profile is
comparatively flatter than that derived by Crapsi et al.
(2007). Consequently, the peak density was also lower by a
factor of 25%. Applying a radial temperature variation, we
have already shown that the peak density becomes higher by
about 50% and the source becomes more compact by around

25%. Thus, guided by the results of Chacon-Tanarro et al.
(2019), we expect that our estimated parameters assuming
isothermal and constant opacity conditions do not differ much
from those if we consider the combined effect of temperature
and opacity variations.

5.2. Choice of the Density Profile

Though their assumptions may differ, the theoretical models
for star-forming cores such as the Larson core (Larson 1969),
the inside-out collapse of a singular isothermal sphere (SIS;
Shu 1977), and the quasi-equilibrium (QE) BE sphere
(Bonnar 1956) all suggest that the gas densities in the outer
region of a spherical core can be asymptotically described by
the r−2 profile while the inner region exhibits a shallower radial
dependence. Even nonspherical models that consider the effect
of ambipolar diffusion and large-scale turbulence produce
similar r−2 outer density profiles (Ciolek & Basu 2000).
Observational studies of starless/prestellar cores indeed

seemed to find a central plateau in addition to power-law
density profile in the outer region (e.g., Whitworth & Ward-

Figure 5. Similar to the fitting plots in Figure 4, but for the core G209N. The model parameters are noted in Table 1. A comparison between the modeled images and
the observed maps is shown in Figure B2.
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Thompson 2001). For more general cases, Shirley et al. (2000),
for example, found that the density profiles of low-mass cores
lie in the range of r−1.5 to r−2.6 from a survey of 21 cores,
including starless and protostellar objects. Hung et al. (2010)
found two types of cores from their analysis of starless/
prestellar cores—the “steep type,” which can be fit by a power-
law slope of −2.5, and the “shallow type,” which can be
described by a power-law slope ∼−1.2. Such more “exotic”
shallow or steep power-law profiles may result from fitting the
inner flat region and outer r−2 profile by a single power law, or
the object is more prostellar in type instead of being starless
(also see Kwon et al. 2009).
While protostellar cores are usually found to exhibit a power

law of r−2 in their density profile (e.g., Shirley et al. 2000;
Kwon et al. 2009), observational studies of starless/prestellar
cores, in contrast, found that a central plateau in addition to a
power law in the outer region indeed provides a better
description for their density profile (e.g., Whitworth & Ward-
Thompson 2001). For more general cases, Hung et al. (2010),

Figure 6. Similar to the fitting plots in Figure 4, but for the core G212N1. The model parameters are noted in Table 1. A comparison between the modeled images and
the observed maps is shown in Figure B3.

Figure 7. Effect of temperature variation for a example core G205M3. Here the
model image’s nc and “a” are 1.9 × 107 cm−3 and 316 au, respectively. These
values can be compared with the values in Table 1, row 4.
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for example, found two types of cores from their analysis of
starless/prestellar cores—the “steep type,” which can be fit by
a power-law slope of −2.5, and the “shallow type,” which can
be described by a power-law slope ∼−1.2. Their results
suggested that the steeper-type starless cores are more evolved
compared to the shallow type of cores. Gomez et al. (2021)
indicated that the observed density profiles for starless cores
with slopes steeper than −2.0 in fact could be mostly remedied
by various observational uncertainties.

Motivated by the above, we adapted the proposition of Dapp
& Basu (2009), an analytical density profile with an inner flat
region and an outer r−2 profile as described in Equation (2).
This model profile resembles that of the BE sphere but without
the assumption of the core being in equilibrium. In addition, the
temperature is treated as an input parameter for the model, as is
done for our purposes. With the assumed r−2 profile, we were
able to better determine the outer boundary of the cores, which
helps to reduce the degeneracies between the central density,
the flat region size, and the core size for a given peak column
density.

5.3. Implications of the Flat Region Model Parameters

The model parameters of the flat region, including its central
density and size, provide useful insights about the dynamical
state of the core under consideration. In their work of modeling
of starless cores, Keto & Caselli (2008) considered starless
cores in two categories—those being thermally subcritical and
those being thermally supercritical. The classification depends
on whether their central density is below or above a few×105

cm−3 , respectively. The central densities of the cores presented
here are much higher than a few×105 cm−3 , so the cores are
arguably dynamically unstable and prone to dynamical
collapse. The peak central density and the small flat region of
G205M3, for example, may furthermore correspond to roughly
a young dynamical age of a few × 105 yr to 1Myr in the model
of Keto & Caselli (2010, see their Figure 1).

Indeed, Dapp & Basu (2009) also indicated that as the core
evolves the core’s central density increases and the size of the
flat region reduces. The inner flat region appears during the
core evolution when the sound-crossing time is less than the
freefall time and any density perturbations are rapidly
smoothed up by the pressure waves within. Following this
logic, the flat region size a value can be estimated as the
product of sound speed, which depends on the gas temperature
(which is assumed to be a constant here), and the freefall time,
which inversely depends on the square root of the mean density
of the enclosed mass and therefore drops as the central density
increases. More explicitly, the flat region size can be expressed
as

( )
=

r
a k C

G
s

c

, where k is the constant of proportionality and

the latter part is the Jeans length. The analytical estimation
from Dapp & Basu (2009) shows that for a BE sphere the core
would be collapsing (i.e., supercritical) if k∼0.6 or higher. In
the case of G205M3, with a flat region size of ≈500 au and a
peak density of ≈1.1×107 cm−3 , the k value is ∼0.7.
Similarly, for G209N, the k value is 0.9. If the temperature
of the inner region is lower than 10 K, the k value would be
even higher than those estimated values. Therefore, the cores
G205M3 and G209N are likely to be collapsing to form
protostar/protostars. For G212N1, the value of k ∼ 0.5 is at the
borderline for a collapsing core, and thus this core may be on
the verge of collapse. Nevertheless, the set of PSCs represent
the most compact (smaller flat region size) PSCs known to

date, and future spectral line observations toward the sample
may provide direct evidence of collapsing signatures.

6. Conclusion

From our past ALMA observations we have found five
highly dense and centrally compact PSCs, namely, G205.46-
14.46M3, G208.68-19.20N2, G209.29-19.65S1, G209.94-
19.52N, and G212.10-19 15N1 in Orion. Among the five
PSCs, we found that three—G205.46-14.46M3, G209.94-
19.52N, and G212.10-19 15N1 (in short G205M3, G209N1,
and G212N1, respectively) are suitable to estimate the density
profile with the assumption of underlying spherical shape. We
further studied in detail the density profile of the three cores,
considering the multiscale observations with beam sizes
ranging from 5600 au (single-dish SCUBA-2) to 480 au
(ALMA). To reproduce these cores’ density profile, we
consider a physical model that includes a flat central region
at the center and r−2 profile outside. The cores were assumed to
be isothermal at 10 K. For two cores, G205M3 and G209N1,
we found the density profile and dust continuum observation
from the multiscale observations to be closely consistent with
the assumed physical model. A slight deviation from the
theoretical profile may be present for the third core G212N1,
which has a prominent substructure at large scales (∼10,000
au). The peak density, flat region size, and outer radius of the
cores are found to be ≈(1×107 cm−3 , 500 au, 11,000 au),
(3×106 cm−3 , 1300 au, 17,000 au), and (5×106 cm−3 , 300
au, 7000 au), respectively, for G205M3, G209N, and G212N1.
Though we do not consider variations in core temperature and
dust opacity, we found that these factors do not significantly
affect the estimated peak density and flat region size. We used
the estimated flat region size to gauge the dynamical state of the
PSCs. The sizes of the flat regions imply that the cores are
unstable and gravitationally collapsing or on the verge of
collapse. Based on the estimated peak density and flat radius
sizes, the cores in our current study belong to a rare sample of
highly evolved PSCs known to date.
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Appendix A
The Five Prestellar Cores

In the article, we discussed only the three cores among the
five sample cores that were detected by Sahu et al. (2021);
Figure A1 shows them all. Two of the five sample cores,
G208N2 and G209S1, are very elongated and have asymmetric
structures and are often treated as filaments (Ohashi et al.
2018). Hence, the radial profile estimation on the assumption of
a spherically symmetric core is likely unsuitable in these cases
and is excluded from the analysis.

Figure A1. The 1.3 mm dust continuum emission of the five PSCs (in blue); red contours correspond to 5σ, 10σ, and 15σ, where σ(rms) is 1.0, 6.0, 3.3, 2.0, and 1.0
mJy beam−1, respectively, for the cores G205M3, G208N2, G209N1, G209N, and G212N1. The gray contours correspond to 0.85 mm SCUBA-2 emission with
similar contour levels where σ(rms) = 44.5, 64.2, 31.3, 13.9, and 16.4 mJy beam−1, respectively. The beams of SCUBA-2 and ACA are shown in the bottom right
panel.
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Appendix B
Comparison of Emission Maps

In this appendix, Figures B1, B2, and B3 shows observed
dust continuum versus synthetic model images of the three
cores, G205M3, G209N, and G212N1, respectively. In the
current analysis, the three cores are presented in this article.

Figure B1. Top panels show the observed dust continuum from SCUBA-2, ACA, and TM2, respectively, toward the G205M3 core. The corresponding modeled
synthetic images are shown in the bottom panels. The model images are based on the best-fit results that are presented in Figure 4 and Table 1.
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Figure B2. Top panels show the observed dust continuum from SCUBA-2, ACA, and TM2, respectively, toward the G209N core. The corresponding modeled
synthetic images are shown in the bottom panels. The model images are based on the best-fit results that are presented in Figure 5 and Table 1.
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Figure B3. Top panels show the observed dust continuum from SCUBA-2, ACA, and TM2, respectively, toward the G212N1 core. The corresponding modeled
synthetic images are shown in the bottom panels. The model images are based on the best-fit results that are presented in Figure 6 and Table 1.
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Appendix C
Δχ2 and Uncertainty Estimation

In this appendix, Figures C1, C2, and C3 shows Δχ2 plot
obtained from the parameter space and used to fit the multiscale
observations, respectively, for G205M3, G209N, and G212N1.

Figure C1. Δχ2 plot as obtained from the parameter space used to fit the multiscale observations from SCUBA-2 to ALMA for the G205M3 core.

Figure C2. Δχ2 plot for the G209N core, similar to Figure 12.

Figure C3. Δχ2 plot for the G212N1 core, similar to Figure 12.
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