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1. My Scientific Background

Star Formation > Protostars > Kinematics, Evolution, etc.

the specific angular momenta increase linearly at outer radii
(i.e., rigid-body rotation; Terebey et al. 1984; Shu et al. 1987;
Yen et al. 2013). At the onset of the collapse, only the central
part of the envelope with less angular momentum falls toward
the center, and thus the mass of the protostellar source and the
radius of the Keplerian disk are smaller. As the collapse
proceeds outward, more material with larger angular momenta
will be carried into the central region, raising the protostellar
mass and radius of the Keplerian disk. In this picture, the
dependence of Rkep on t (time) and M* can be expressed as
shown in Yen et al. (2013):
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where ω and cs denote the angular velocity and the sound speed
of the envelope, respectively, rinf is the outermost radius of the
infalling region, and Ṁ is the mass infalling rate. A typical
value of ω has been estimated as ω 1 km s pc1 1~ - - =
3.2 10 s14 1´ - - (Goodman et al. 1993). In Figure 13(b) lines
of Equation (10) with twice and half of the typical value of ω
are drawn, with cs = 0.19 km s 1- (i.e., Tk = 10 K). Almost all
the sources with transitions are within the area expected from
Equation (10), suggesting that the identified positive correlation
between M* and Rkep can be reproduced with the picture of the
conventional analytical disk formation model with inside-out
collapse.

More realistically, effects of magnetic fields on disk
formation and growth, which are ignored in the model
described above, must be taken into account (Li et al. 2014;
Machida et al. 2014). Our ALMA observations of TMC-1A
and L1527 IRS have found that the infalling velocities are a
factor of a few slower than the corresponding free-fall
velocities derived from the central protostellar masses, while
in L1489 IRS the infalling velocity is consistent with the free-
fall velocity. As discussed in the previous section, the slow
infall velocities might be due to magnetic fields, while in the
case of L1489 IRS, the magnetic field may not be effective any
more because the surrounding envelope that anchors the
magnetic field is almost dissipated in the late evolutionary
stage (Yen et al. 2014). The latest theoretical simulations by
Machida & Hosokawa (2013), which include magnetic fields,
have successfully demonstrated the growth of protostars and

disks, as well as the deceleration of infall and the dissipation of
envelopes in the late evolutionary stage. Their models also
predict that, in the last phase of evolutionary stage, the growth
of the central Keplerian disk stops while the protostellar mass
itself is still growing (Visser et al. 2009; Machida &
Hosokawa 2013; Machida et al. 2014). Currently, our
observational samples do not show any clear evidence for
such a saturation of the disk radius. Future large-scale ALMA
surveys of a number of protostellar sources may reveal such a
saturation, as well as a comprehensive observational picture of
disk formation and growth around protostellar sources.

6. CONCLUSIONS

Using ALMA in Cycle 0, we observed a Class I protostar in
Taurus star-forming regionTMC-1A in the 1.3 mm dust
continuum,12CO (J = 2–1), and C18O (J = 2–1) lines. The
main results are summarized below.
1. The 1.3 mm dust continuum shows a strong compact

emission with a weak extension to the west. The gas mass of
the dust emission is estimated from its flux density to be
Mdust = 4.2 × 10−2 M assuming an opacity κ1.3 mm =
1.2 cm2 g−1, Tc = 28 K, and a gas/dust mass ratio of 100,
which is 10 times larger than the gas mass estimated from the
C18O flux.
2. The 12CO line traces the molecular outflow with the axis

perpendicular to the elongation of the 1.3 mm continuum
emission. Velocity gradients are seen both along and across the
outflow axis. The velocity is accelerated along the outflow axis
(Hubble law). Across the outflow axis, the higher-velocity
component is located closer to the axis, which can be explained
by an outflow driven by a parabolic wide-angle wind.
3. The C18O emission shows the velocity gradient along the

major axis of the disk traced in the 1.3 mm continuum
emission. This velocity gradient is due to rotation. The power-
law indices of the radial profile of the rotation velocity are
estimated from fittings to the major-axis PV diagram to be
pin = 0.54 for the inner/high-velocity component and
pout = 0.85 for the outer/low-velocity component. This
indicates the existence of the inner Keplerian disk surrounded
by the outer infalling envelope.
4. In order to investigate the nature of the Keplerian disk, χ2

fittings are performed to the C18O channel maps at high
velocities with the rotating disk models. In the model fitting,

Figure 13. Correlation between (a) bolometric temperatures and central protostellar masses, (b) Lbol/Lsubmm and central protostellar masses, and (c) central stellar
masses and sizes of Keplerian disks around protostars. The data values are listed in Table 3. Red filled circles correspondto the protostars for which the transitions
from infall motions to Keplerian rotations are identified well.
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with lower angular resolutions than this work. The peak
position is also measured from the Gaussian fitting to be

2000 04 39 53. 88, 2000 26 03 09. 55h m sa d= = +  ¢ ( ) ( ) , which
is consistent with previous measurements (Yen et al. 2013;
Ohashi et al. 2014). We define this peak position and the major-
axis direction as the central protostellar position of L1527
IRS and the orientation angle of its dust disk/envelope,
respectively, in this paper. The peak intensity and the total flux
density of the emission derived from the Gaussian fitting are
101.4 0.2 mJy beam 1 - and 164.6 0.5 mJy , respectively,
while the total flux density is 176 mJy when measured in the
whole region of Figure 1. By assuming that the dust continuum
emission is optically thin and dust temperature is isothermal,
total mass can be calculated with the total flux density
(Andrews & Williams 2005). The total fluxes derived above
correspond to a mass of M M0.013gas ~ ☉ by assuming a dust
opacity of 220 GHz 0.031 cm g2 1k = -( ) (Tobin et al. 2013), a
dust temperature of 30 K (Tobin et al. 2013), and a standard gas
to dust mass ratio, g/d, of 100.

3.2. C18O J=2−1

The C18O J 2 1= - emission was detected above 3s level at
the relative velocity range from −3.3 to 3.2 km s 1- in the LSR
frame with respect to the systemic velocity V 5.8 km sLSR

1= - .
Figure 2 shows the total integrated intensity (moment 0) map
in white contours and the intensity-weighted-mean velocity
(moment 1) map in color; both are derived from the above
velocity range with 3s cutoff. The moment 0 map overall shows
an elongated structure perpendicular to the outflow axis, centered
at the protostellar position. In more detail, lower contours
(∼3–6s) show extensions to north-northeast, north-northwest,
south-southeast, and south-southwest. The moment 0 map also
shows two local peaks on the northern and southern sides of the

central protostar with a separation of 1~ . This double peak is due
to a “continuum subtraction artifact”; the continuum emission was
subtracted even at channels where the C18O emission has low
contrast with respect to the continuum emission and is resolved
out by the interferometer. Subtraction of the continuum thus
results in negative intensity at the protostellar position. Regardless
of the double peak, the map was fitted with single 2D Gaussian to
measure the overall structure of the C18O emission; a deconvolved
size of the C18O emission is estimated to be 2. 17 0. 04   ´
0. 88 0. 02   , with P.A. 1.8 0.7= -   . Peak integrated
intensity and total flux measured in the whole region of
Figure 2 are 0.20 Jy beam km s1 1- - and 2.2 Jy km s 1- . The
moment 1 map shows a velocity gradient in the north-south
direction, which is perpendicular to the outflow axis. The
morphology of C18O emission indicates that it traces a flattened
gas envelope and/or a gas disk around L1527 IRS and thus the
velocity gradient seen in the C18O emission is mainly due to their
rotation, as already suggested by Ohashi et al. (2014) and Yen
et al. (2013). Because the C18O emission shows a more
complicated structure than the continuum emission, we assume
the orientation angle of the gas disk/envelope to be the same as
that of the dust disk/envelope in this paper.
Figure 3 shows channel maps of the C18O emission, which

enable us to investigate velocity structures in more detail. In
higher blueshifted- and redshifted velocities (V 1.6 km s 1 -∣ ∣ ),
emissions show overall circular shapes, and their sizes at 3s
level are smaller than 1. 5~  . The emission peaks are located on
the southern side in the blueshifted range, while on the northern
side in the redshifted range they make a velocity gradient from
the south to the north, as seen in Figure 2. In a middle velocity
range ( V0.4 1.5 km s 1  -∣ ∣ ), more complicated structures

Figure 1. Continuum emission map of L1527 IRS. Contour levels are
3, 3, 6, 12, 24 ,... s- ´ , where 1σ corresponds to 0.2 mJy beam 1- . A blue-

filled ellipse at the bottom right corner denotes the ALMA synthesized beam;
0. 47 0. 37, P.A. 0.4 ´  = - . The elongation direction (1.5°) is shown with a
white dashed line. Blue and red arrows show the direction of the molecular
outflow (east-west) from single-dish observations toward L1527 IRS in
12CO J 1 0= - (Narayanan et al. 2012).

Figure 2. Integrated intensity map (moment 0; white contours) and mean
velocity map (moment 1; color) of the C18O J 2 1= - emission in L1527
IRS, where the velocity is relative LSR velocity with respect to the systemic
velocity V 5.8 km sLSR

1= - . Contour levels of the integrated intensity map are
from 5s to 30s in steps of 5s and then in steps of 10s, where 1s corresponds
to 2.3 mJy beam km s1 1- - . A central black plus sign shows the position of the
central protostar (continuum emission peak). A blue-filled ellipse at the bottom
right corner denotes the ALMA synthesized beam; 0. 50 0. 40, P.A. 3.1 ´  = .
Blue/red arrows and a white dashed line show the direction of the molecular
outflow and the major-axis direction of the continuum emission, respectively,
as shown in Figure 1.
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redshifted range. Furthermore, some blueshifted channels
(−0.65 and 0.48 km s 1- - ) show an extension from the
protostar to the northwest. In the other lower velocities,
emissions are strongly resolved out and negative emission can
be seen from 0.02 to 0.35 km s 1- . This redshifted negative
emission is due to a continuum subtraction artifact with an
extended infalling envelope around L1527 IRS as Ohashi et al.
(2014) confirmed using a infalling envelope+Keplerian disk
model with radiative transfer calculation. The infall motion in
the envelope is also suggested by Tuan-Anh et al. (2016). The
higher angular resolution than that found in Ohashi et al. (2014)
can make the negative emission deeper and result in a double
peak in Figure 2 that did not appear in Ohashi et al. (2014).
Other recent observations reported that spatial thickness of the
envelope decreases outward from a radius of∼150 au by a factor
of two in CCH (N 4 3= - , J 9 2 5 2= - , F 5 4= - and
4−3) line emission (Sakai et al. 2017). No such structure,
however, can be confirmed in our results in C18O emission,
which is considered to be a better tracer of the overall column
density and H2 gas distribution. The CCH emission has a higher
critical density than the C18O emission by three orders of
magnitude and thus traces only dense regions in the envelope.

In the moment 1 map and channel maps, L1527 IRS shows a
velocity gradient from the south to the north. The PV diagrams
along the major and minor axes are considered to represent a
velocity gradient due to rotation and radial motion, respec-
tively, toward disk-like structures as discussed in previous
work. Figures 4(a) and (b) show PV diagrams of the C18O
emission cutting along the major and minor axes, respectively.
The overall velocity gradient from the south to the north can be
confirmed in the PV diagram along the major axis. In more
detail, the so-called “spin up” rotation can also be seen in
V 1.5 km s 1 -∣ ∣ ; that is, an emission peak at a velocity
channel is closer to the central position at higher velocity. We
will analyze the dependence of rotational velocity on radial

distance from the central position in Section 4.1. In
V0.6 1.4 km s 1  -∣ ∣ , a strong compact emission and a

more extended emission appear to be superposed, which
corresponds to the plateau structures seen in the channel maps
(Figure 3). In the PV diagram along the minor axis, there are
four strong peaks in the western redshifted and blueshifted
components, and the eastern blueshifted and redshifted ones in
V 1.5 km s 1 -∣ ∣ , while the emission is mainly concentrated
on the central position in the higher velocity range. The western
blueshifted component extends to higher velocities than the
eastern blueshifted one, and also the eastern redshifted
component extends to higher velocities than the western
redshifted one. These extensions can be interpreted as a small
velocity gradient from the west to the east, which was detected
in observations in CS J 5 4= - line emission and considered
to be due to infalling motion in the protostellar envelope by
Oya et al. (2015).

4. Analysis

4.1. Rotation Profile

In the previous section we identified rotation in the
C18O gaseous component tracing either a flattened envelope,
a disk, or both. In this section the radial profile of the rotation
will be investigated with the PV diagram along the major
axis (Figure 4) so as to characterize the nature of the observed
rotation. The method used in this section to obtain the
radial profile of rotational velocity is based on the analyses
presented by Yen et al. (2013) and also explained by Aso
et al. (2015) in detail. The representative position at each
velocity channel of the PV diagram along the major axis
is measured as the intensity-weighted 1D mean position,
x v xI x v dx I x v dx, ,m ò ò=( ) ( ) ( ) . Pixels having intensity
more than 5s are used to calculate the sum. The error bar of

Figure 4. PV diagrams of the C18O J 2 1= - emission in L1527 IRS along (a) the major axis and (b) the minor axis of the continuum emission (the major axis
corresponds to the white dashed line in Figure 1, P.A. 1.5= ). The width of cut is one pixel, 0. 02 . These PV diagrams have the same angular and velocity resolutions
as those of the channel maps shown in Figure 3. Contour levels are 5s spacing from 3s, where1s corresponds to 2.6 mJy beam 1- . Central vertical dashed lines show
the systemic velocity and central horizontal dashed lines show the protostellar position. Blue and red points with error bars in panel (a) are mean positions derived
along the position (vertical) direction at each velocity.
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addition, the mean molecular weight 2.37 is adopted to change
the mass column density of gas to the number column density
of H2 molecules.

Similarly, the observed line intensity before continuum
subtraction is

I B T B T e1 , 2line bg gas dust= - -n n
t t- +( ( ) ( ))( ) ( )( )

where Iline and τgas are the observed line intensity and the
optical depth of the molecular line. By applying Equation (2) to
the observed C18O emission above the 3σ level at each channel,
we can derive the optical depth at each channel. We assume
LTE and the same gas temperature as the dust. The C18O
column density at each channel is derived from the optical
depth at each channel, and the total column density is derived
by summing up the column density at each channel. The
fractional abundance of C18O relative to H2, X(C18O) is then
derived from the ratio of the two column densities.

Figure 11 shows the spatial distribution of the derived C18O
abundance. The abundance is 10−8 at the SMM4B position,
which is 50 times lower than the one in the interstellar
medium (ISM) (e.g., 5×10−7, Lacy et al. 1994; Wilson &
Rood 1994). On the other hand, Figure 11 shows that the
abundance in the surrounding region is ∼5×10−8 on a
∼1500 au scale, which is consistent with measurement on a
∼5000 au scale (Duarte-Cabral et al. 2010). The derived optical
depth of the C18O line is 1. The abundance would be slightly
lower if we assumed purely optically thin emission. In addition,
higher temperatures result in higher C18O abundances because
of a smaller population in the upper level of the transition
J=2–1; 15–40 K provides X(C18O)=(0.3–3)×10−8 at the
SMM4B position. The C18O abundance is thus at least 10 times
smaller than the ISM value in this temperature range.

We are unable to carry out the same analysis for SMM4A as
the C18O line shows negative intensities probably due to
foreground absorption.

5. Discussion

5.1. Possible Mechanisms of the Bending Outflow

In Section 4.1, we found that the SMM4B 12CO outflow
bends at an angle ∼40°. Since similar bending outflows have
been reported in previous observations of protostars (e.g.,
Ching et al. 2016; Tobin et al. 2016; Aso et al. 2017a;

Yen et al. 2017), it is worth considering possible mechanisms
of this apparently common outflow bending. In the case of
SMM4B, one of the simplest possibilities is the orbital motion
between SMM4A and SMM4B. It is, however, not likely, even
if the two protostars are gravitationally bound, because their
projected separation corresponds to ∼5″ (2100 au). Such a
wide orbit only yields an orbital velocity of 1 km s 1- with a
central stellar mass of ∼1M, for example, which is negligible
compared to the outflow velocity of several tens of km s 1- . The
possible orbital motion, therefore, cannot explain the bending
of the SMM4B outflow. It is also unlikely either that SMM4B
itself is a unresolved close binary system having a separation
smaller than several tens of au. In the case of such a close
binary system, the orbital motion produces a wiggling pattern
in the outflow lobes (Masciadri & Raga 2002; Wu et al. 2009),
rather than a large bending angle. Dynamical interaction with
dense gas also has the potential for bending the outflow
(Umemoto et al. 1991). The Serpens Main region was observed
with CARMA at an angular resolution of ∼7 5 in a dense gas
tracer, HCN (1–0) (Figure 3 in Lee et al. 2014). HCN (1–0) has
a critical density ∼2 orders of magnitude higher than that of
C18O J=2–1, although it could trace less dense regions
depending on optical depth. Their result shows strong compact
emission in the vicinity of SMM4A and relatively strong

Figure 10. Same as Figure 9 but for visibilities of SMM4A (a) and SMM4B (b). Color shows the relative position angles from the major axes of (a) SMM4A,
P.A.=145° and (b) SMM4B, P.A.=94°. The CLEAN components were divided into those associated with SMM4A and those associated with SMM4B by the
dashed line shown in the inset, which is the same as Figure 1. The curve in panel (a) denotes the Fourier transform of a uniform (boxcar) disk with a radius of 240 au.
The thick curve in panel (b) denotes the Fourier transform of a double Gaussian profile with radii (HWHMs) of 590 and 56 au, while the thin curves denote each
Gaussian component.

Figure 11. Map of C18O abundance estimated from the observed C18O and
continuum emission. Coordinates are offsets from the SMM4B position, where
1″ corresponds to 429 au. The contours and the synthesized beam (red ellipse)
are the same as those in Figure 1. Pixels are masked if the continuum intensity
is below the 3σ level.
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12CO outflow or a Spitzer source (Dunham et al. 2015), which
suggests that Group 2 members are starless. The gravitational
stability of the Group 2 cores is assessed through a Jeans
analysis. Central densities are calculated from the 1.3 mm
continuum intensities in Table 3. First, the peak intensity is
converted to a column density of molecular hydrogen within

the ∼0 5 (∼210 au) beam. We adopt a dust opacity coefficient
of ( )k m = -850 m 0.035 cm g2 1 (Andrews & Williams 2005),
an opacity index, β=1, and a temperature of 10 K because the
Group 2 members have no central heating sources. Second, the
H2 column density is converted to the central number density
nH2 by assuming a Gaussian density profile along the line of
sight with an FWHM of the geometrical mean of the
deconvolved sizes along the major and minor axes listed in
Table 3. Then, the Jeans length λJeans is calculated as

( )l p m= c G m nJ s H H2 , where cs, G, μ, mH are the sound
speed at 10 K, the gravitational constant, the mean molecular
weight (=2.37), and the mass of atomic hydrogen.
Figure 8 shows the relation between nH2 and the ratio

FWHM/λJeans for Group 2. The errors in this figures are
calculated from those of the peak intensity, major axis, and
minor axis through propagation of uncertainty. In addition, if
the dust opacity index β is close to the interstellar value ∼2, the
central H2 density is ∼50% higher, and the ratio FWHM/λJeans
is ∼20% higher. If the dust is more evolved (β∼0), these
quantities are lower by the same factor. If the temperature is
relatively high as prestellar sources, ∼15 K, the density is two
times lower, and the ratio is ∼40% lower. The absolute flux
error ∼10% also causes uncertainties of ∼10% and ∼3% for

Figure 6. Results of the fitting to the 12CO moment 0 maps and PV diagrams using the wind-driven shell model. Contour levels of the PV diagrams are 5, 10, 20, 40,
...×σ, where 1σ corresponds to 2.6 -mJy beam 1. The moment 0 maps are the same as the ones in Figure 2(b) except SMM4A. The integrated velocity range of
Figure 2(b)(i) is selected to include emission from both SMM4A and SMM4B, while the integrated velocity range for SMM4A is −18–10 -km s 1, and 1σ of the
SMM4A moment 0 map is - -50 mJy beam km s1 1.

Figure 7. Dynamical time τdyn and opening angles θflow of the Group 1
outflows. Both abscissa and ordinate values are inclination-corrected using the
inclination angles in Table 5. Mean values are plotted for the outflows with
blueshifted and redshifted lobes.
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The 90°-rotated segments (Figure 1(b)) are supposed to trace
the direction of magnetic fields in the protostar on the 1000 au
scale observed with the SMA. The 90° rotated segments have
relative angles to the disk minor axis (P.A. ∼−15°; see
Section 4.2), ranging from ∼20° to ∼50° in the northwest,
while the relative angles range from ∼−80° to ∼−60° in the
southeast. The inferred magnetic field morphology shows
symmetry with respect to the depolarized layer. The inferred
field appears to be drawn from the northeast to the southwest
turning the direction at the depolarized layer. When the
variation of the field is smaller than an observational beam size,
the region appears to be depolarized. Hence, the drawn
morphology of the magnetic fields may explain the observed
depolarized layer. The depolarization due to such field variation
is numerically simulated (Kataoka et al. 2012) and observed in
other protostellar systems (e.g., Kwon et al. 2019).

3.2. ALMA Polarized 1.3 mm Continuum

Figure 2 shows the polarization continuum emission at 1.3mm
observed with ALMA. The spatial scale is five times smaller than
the SMA figure, Figure 1. The Stokes I emission consists of a
compact, strong component (50 au in radius or a signal-to-noise
ratio of S/N 150σ) and an extended component having sizes in
radius of ∼200 au in the direction of P.A.= 75° (the disk major
axis in Section 4.2) and ∼120 au in the direction of P.A.= 165°
(the disk minor axis in Section 4.2) at the 3σ level. The peak
intensity and total flux density measured in our ALMA observation
are 0.120 Jy beam−1 and 0.236 Jy, respectively. The direction of

the major elongation is consistent with previous 1.3mm
observations at a spatial resolution of ∼8 au (Bjerkeli et al.
2016; Harsono et al. 2018). Because the Stokes I emission shows
the compact and extended components, double-Gaussian fitting is
more appropriate for this Stokes I emission than single-Gaussian
fitting is. Double-Gaussian fitting provides a peak position
of ( ) ( )a d= =  ¢ J2000 04 39 35.200 , J2000 25 41 44.229h m s for
the compact component, while ( )a =J2000 04 39 35.202 ,h m s

( )d =  ¢ J2000 25 41 44.235 for the extended component. We
adopt the peak position of the compact component as the
protostellar position of TMC-1A in this paper. The deconvolved
sizes of the compact and extended components are 0.25″× 0.15″
(P.A.= 76°) and 1.09″× 0.63″ (P.A.= 73°), corresponding to
35× 21 and 153× 88 au, respectively.
The polarized fraction is shown in the region where Stokes I

is detected above the 3σ level. The polarization angles are
de-biased with the 3σ level. The polarization fraction is
typically ∼0.7% at the center, where the de-biased polarization
is detected. This central polarized region is surrounded by a
depolarized ring with a radius of ∼40–60 au showing a
polarization fraction of 0.3%. The polarization angle in the
central region is overall in the disk minor axis (Section 4.2),
whereas it also has the azimuthal component particularly in the
outer part of this region. The results of the Gaussian fitting is
summarized in Table 3.
A similar depolarized ring is also reported in the disk around

a massive protostar, GGD27 MM1 (Girart et al. 2018). In
addition to the ring, the disk around GGD27 MM1 shows
spatial distribution of polarization fraction similar to that of

Table 3
Results of Gaussian Fitting to the SMA and ALMA 1.3 mm Continuum Images

Observations Flux (mJy) Center Deconvolved FWHM P.A.

SMA 169.8 ± 0.9 04h39m35.202ˢ4ˢ ± 0.0005s 0.66″ ± 0.09″ 66° ± 28°
 ¢   25 41 44. 145 0.006 0.50″ ± 0.10″

ALMA compact 111.66 ± 0.03 04h39m35.199945ˢ ± 0.000003s 0.2502″ ± 0.0002″ 75.8° ± 0.1°
 ¢   25 41 44. 22931 0.00005 0.1542″ ± 0.004″

ALMA extended 66.8 ± 0.2 04h39m35.2017ˢ ± 0.0001s 1.085″ ± 0.004″ 73.4° ± 0.3°
 ¢   25 41 44. 235 0.001 0.632″ ± 0.03″

Note. The fitting to the ALMA image adopts a double-Gaussian function.

Figure 2. The continuum emission at 1.3 mm observed with ALMA. The contour map shows Stokes I with contour levels of 3, 6, 12, 24,K × σ, where 1σ
corresponds to 25 μ Jy beam−1. The color map shows polarization fraction, not de-biased, in the region where Stokes I is above the 3σ level. The segments show (a)
polarization angles and (b) those rotated by 90°, de-biased with the 3σ (75 μ Jy beam−1) cutoff. The diagonal lines denote the major (P.A. = 75°) and minor (165°)
axes of the TMC-1A disk (Section 4.2), centered at the protostellar position. The filled ellipse denotes the ALMA synthesized beam.

4

The Astrophysical Journal, 920:71 (16pp), 2021 October 20 Aso et al.

the midplane. The middle column of Figure 2 shows Rinf
overlaid on the distribution of the ratio vinf/Vrot in the
midplane. In the panels, the positive sign of the velocities
Vinf and Vrot means the infall motion and counterclockwise
rotation, respectively.

Finally, we describe Rden, determined by the density contrast
in the midplane. Because it is expected that the circumstellar
disk has a density profile described as a power-law function of

r overall, we define the radius as the peak of the power-law
index r-d d rln ln in each direction. Then, the radius is
azimuthally averaged and defined as Rden. The right column
of Figure 2 shows Rden overlaid on the distribution of the
molecular-hydrogen number density in the midplane.
These radii are denoted in the top-right corner of each panel

in Figure 2. The figure indicates that Rden is the largest and Rinf
is larger than Rrot at any epoch (i.e., Rden>Rinf>Rrot). When

Figure 2. Three radii, Rrot, Rinf, and Rden, defined from physical quantities on the midplane in the simulation. The epochs are the same as in Figure 1. The central stellar
mass is denoted in the top-left corner of each panel. In each panel, the light blue points represent the radius defined in each azimuthal direction, while the blue circle
indicates the azimuthally averaged radius. Left: Rrot, the outermost radius within which the centrifugal force is stronger than 90% of the gravitational force,
Mrot�0.9Mpot, whereMrot andMpot are defined asMrot≡rvrot

2/G andMpot≡(df/dr) r2/G, respectively. The color map indicates the ratioMrot/Mpot. Middle: Rinf,
the outermost radius within which the infall velocity is smaller than 10% of the rotational velocity, vinf�0.1vrot. The color map indicates the ratio of the infall and
rotation velocities. Right: Rden, the radius at which r-d d rln ln has a (local) peak where the density changes most significantly. The color map indicates the density.
The measured radius is denoted in the top-right corner in each panel.
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3. Motivation for the Proposal

Protostars
in Taurus

12CO component are similar to those of C18O (J = 2–1), as will
be shown later.

The compactness of the continuum emission with its position
angle perpendicular to the outflow axis suggests that the
continuum emission arises from a compact disk and the major
axis of the expected disk should be at P.A. = 73° (white dashed
line in Figure 1). Although the uncertainty of the elongation
direction of the continuum emission is relatively large (±16°),
we hereafter adopt this position angle as the disk major axis
around TMC-1A. The ratio of minor axis to major axis
corresponds to the inclination angle of i = 42° and 55° if
assuming a geometrically thin disk and H/R = 0.2,
respectively.

3.2. C18O J = 2–1

C18O (J = 2–1) is detected at more than a 3σ level at LSR
velocities ranging from 2.7 to 10.4 km s 1- . In Figure 4, the
moment 0 (MOM0) map integrated over this velocity range is
shown in white contours, overlaid on the moment 1 (MOM1)
map shown in color. The overall distribution of the C18O
integrated intensity exhibits an elongated structure almost
perpendicular to the molecular outflow, with a peak located at
the protostar position. The deconvolved size of MOM0 map is
3 3 ± 0 1 × 2 2 ± 0 1 with P.A. = 67° ± 2°. This
morphology showing elongation perpendicular to the outflow
axis (P.A. = −17°) indicates that the C18O emission mainly
traces a flattened envelope around TMC-1A, as was also
suggested by Yen et al. (2013). In addition, there are weak
extensions to the north, the northwest, and the east. The overall
velocity gradient is seen from northeast to southwest, which is
almost perpendicular to the outflow axis. These results are quite
consistent with previous observations in C18O (J = 2–1) using
SMA (Yen et al. 2013), although their map did not show the
weak extensions detected in our ALMA observations.
In order for us to see more detailed velocity structures, channel

maps shown in Figure 5 are inspected. At high velocities, VLSR �
4.9 km s 1- and �7.9 km s 1- (which are blueshifted and red-
shifted, respectively, by more than 1.5 km s 1- with respect to
the systemic velocity of 6.4 km s 1- ), there are compact emissions
with strong peaks located nearby the protostar position. The
sizes of these emissions are smaller than ∼3″ or 420 AU. The
peaks of these emissions are located on the east side of
the protostar at blueshifted velocities, while those for
redshifted velocities are located on the west side, making a
velocity gradient from east to west. This direction is roughly
perpendicular to the outflow axis (P.A. = −17°). On the other
hand, at lower blueshifted and redshifted velocities (5.0 km s 1- �
VLSR � 6.0 km s 1- ), extended structures become more dominant.
At lower blueshifted velocities, structures elongated from
northwest to southeast with additional extensions to the north-
eastern side and the southern side appear, while at lower

Figure 2.Moment 0 (white contours) and 1 (color) maps of the 12CO (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 0.034 Jy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 02 × 0 90, P.A. = −178°. 12CO clearly traces the molecular outflow from
TMC-1A, and the axis of the outflow (∼ −17°) is shown with a dashed line.

Figure 3. PV diagrams of the 12CO (J = 2–1) emission in TMC-1A along the
outflow axes (PA = −17°). Contour levels are 6σ spacing from 3σ (1σ = 20
mJy beam 1- ). Central vertical dashed lines show the systemic velocity
(Vsys = 6.4 km s 1- ), and central horizontal dashed lines show the central
position.

Figure 4.Moment 0 (white contours) and 1 (color) maps of the C18O (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 8.1 mJy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 06 × 0 90, P.A. = −176°. Blue and red arrows show the direction of the
molecular outflow from TMC-1A observed in 12CO (J = 2–1) line (Figure 2).

4

The Astrophysical Journal, 812:27 (20pp), 2015 October 10 Aso et al.

The Astrophysical Journal, 796:131 (11pp), 2014 December 1 Ohashi et al.

3 4 5 6 7 8 9

8

6

4

2

0

LSR Velocity (km s–1)

3 4 5 6 7 8 9

LSR Velocity (km s–1)

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 (

K
)

8

6

4

2

0

–2

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 (

K
)

Obs
Model 1

Obs
Model 1

Obs
Model 2

Obs
Model 2

8

6

4

2

0

8

6

4

2

0

–2

(a) C18 6 OS )(b1-2 O 5-54

(c) C18O 2-1 (d) SO 65-54

Figure 1. Line profiles of C18O 2–1 and SO 65–54 obtained at the central star position within an area of 0.′′75 × 0.′′75. The vertical dashed line in each panel shows
the systemic velocity of 5.9 km s−1. Observed line profiles are shown in black lines, whereas those calculated by models are shown in red lines. C18O line profiles are
presented in panels (a) and (c), whereas SO line profiles are presented in panels (b) and (d).
(A color version of this figure is available in the online journal.)
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Figure 2. Integrated intensity (moment 0) shown in contours and intensity-weighted mean velocity (moment 1) maps shown in color of C18O 2–1 (left-hand side) and
SO 65–54 (right-hand side). Contours are drawn from 3σ to 15σ in steps of 3σ and in steps of 5σ for more than 15σ . The cross and the blue ellipse at the bottom right
corner in each panel show the position of the central protostar L1527 IRS and the synthesized beam.
(A color version of this figure is available in the online journal.)

through the line perpendicular to the rotation axis (Figure 3(a))
clearly demonstrates that the rotation is differential with a larger
angular velocity at a smaller radius.

The total integrated intensity of C18O is measured to be
2.7 Jy km s−1, from which the total H2 gas mass of the C18O
envelope is estimated to be 1.1 × 10−3 M⊙, on the assumption
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Figure 3. Moment 0 map (contour) overlaid on the moment 1 map (color) of the C18O (2–1) emission in L1489 IRS. A filled ellipse in the bottom right corner denotes
the beam size. A cross shows the protostellar position. Contour levels are from 3σ to 15σ in steps of 3σ , from 15σ to 50σ in steps of 5σ , and then from 50σ to 90σ
in steps of 10σ , where 1σ is 10 mJy beam−1 km s−1.
(A color version of this figure is available in the online journal.)

Figure 4 shows the velocity channel maps of the C18O
emission in L1489 IRS. The C18O emission is detected above the
3σ level over 62 velocity channels fromV= −5.1 to 5.0 km s−1,
and we binned 3 channels together to reduce the total number of
panels for presentation. At V ! −2.9 km s−1 and "2.6 km s−1,
the C18O emission shows a compact, single-peaked blob to
the east and the west of the protostar, respectively. From V =
−2.4 to −1.4 km s−1, an additional emission component to the
northeast of the inner compact blob becomes apparent. Around
the systemic velocity (V = −0.88 to 0.12 km s−1), the C18O
emission is elongated toward the southeast, the direction of
the blueshifted molecular outflow, and thus in these velocities
the C18O emission is likely contaminated by the outflow. The
brightest emission peaks at these velocities, however, appear
to be associated with the central protostar. At V = 0.62 and
1.1 km s−1, the C18O emission shows an extended, curved
structure to the southwest. At V = 1.6 and 2.1 km s−1, two
emission components appear; the one closer to the protostar
appears to be the same component as that seen in the highest
redshifted velocities (V" 2.6 km s−1), and the other is originated
from the curved feature.

To present the main features of the C18O emission at different
velocities, in Figure 5 we show the moment 0 maps of the C18O
emission integrated over three velocity regimes, high velocities
(V = −5.1 to −2.5 km s−1 and 2.5 to 5.0 km s−1), medium
velocities (V = −2.4 to −1.0 km s−1 and 0.6 to 2.3 km s−1),
and low velocities (V = −0.9 to 0.5 km s−1). The high-velocity
C18O emission shows blueshifted and redshifted compact blobs

with sizes of ∼0.′′7 (∼100 AU) and positional offsets of ∼0.′′6
(∼80 AU) to the east and the west of the protostar, respectively.
The position angle of the axis passing through the peak positions
of these two blobs is ∼70◦, consistent with the elongation of the
observed 1.3 mm continuum emission. The high-velocity 12CO
(Figure 2) and C18O emission show similar elongations and
directions of the velocity gradients, and both likely trace the
inner part (∼100 AU scale) of the rotational motion seen on
hundreds of AU scale (Brinch et al. 2007b; Yen et al. 2013).
The medium-velocity C18O emission exhibits blueshifted and
redshifted peaks located at ∼2′′ (∼280 AU) to the northeast
and the southwest, respectively, and shows an elongation with
a position angle of ∼55◦. The protrusions seen in Figure 3 are
clearly seen at the medium velocities. The low-velocity C18O
emission shows a central component close to the protostar as
well as extensions toward the direction of the blueshifted outflow
at both the redshifted and blueshifted velocities. The extensions
at the low velocities are likely related to the outflow.

3.4. SO (56–45) Emission

Figure 6 shows the moment 0 and 1 maps of the SO (56–45)
emission in L1489 IRS. The SO emission is elongated from
northeast to southwest and exhibits a clear velocity gradient
along the major axis as in the case of the C18O emission.
Figure 7 shows the velocity channel maps of the SO emission.
The SO emission is detected above the 3σ levels over 35 velocity
channels fromV=−2.6 to 3.1 km s−1, and we binned 3 channels
together to reduce the total number of the panels for presentation.
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ALMA in the 12CO J=2−1 (230.538 GHz), SO
JN=65−54 (219.949 GHz), and C18O J=2−1 (219.560
GHz) lines and the 1.3 mm continuum. Serpens Main,
extending over a scale of 104 au, is a good target for this
purpose because it has a high number density of protostars and
a high protostellar fraction (Li et al. 2019), suggesting that this
region is in an early evolutionary state with active disk
formation. The distance to Serpens Main is 429 pc (Dzib et al.
2011). Our targets are the submillimeter condensations SMM2,
SMM4, SMM9, and SMM11 identified with the James Clerk
Maxwell Telescope (JCMT; Davis et al. 1999).

Figure 1 shows an entire map of Serpens Main including the
submillimeter condensations. Serpens Main consists of the
northwest and southeast subclusters, as shown in the 850 μm
map. The Class 0 protostar S68N is the 70 μm source at the
center of the westernmost ALMA field of view (FoV) near “9”
in Figure 1. SMM9 is elongated from S68N to the northeast at
850 μm (Figure 1). SMM11 is located in a 0.1 pc scale filament
extended from the southeast subcluster to the south identified
by observations in N2H

+ J=1−0 using the Combined Array
for Research in Millimeter-wave Astronomy (CARMA) (Lee
et al. 2014). Spitzer observations identified Class 0 protostars in
SMM2, SMM4, and SMM9, and Class I protostars in SMM2,
SMM9, and SMM11 (Dunham et al. 2015). In addition, one
Class 0 protostar was identified in SMM11 by recent
observations using CARMA (Lee et al. 2014) and ALMA (Aso
et al. 2017a) at millimeter wavelengths. The ALMA observa-
tions also identified two other Class 0 protostars, SMM4A and
SMM4B, revealing a ∼500 au-sized disk around SMM4A (Aso
et al. 2018). JCMT observations found several 12CO outflows
over the entire region of Serpens Main (Davis et al. 1999).
The fractional abundance of C18O relative to H2 is also

estimated from JCMT and Institut de radioastronomie milli-
métrique (IRAM) 30 m observations to be (2–10)×10−8 in
this region, which is ∼10 times lower than the canonical
interstellar value (Duarte-Cabral et al. 2010).
This paper is organized as follows. Our ALMA observations

and data reduction are described in Section 2. In Section 3, we
present the results of the continuum and molecular lines
derived from the ALMA observations in 16 sources, and divide
them into Groups 1, 2, and 3. The spectral energy distributions
(SEDs) of two Group 1 sources are also shown here. Further
analyses are performed in Section 4 to investigate the
morphology and velocity structures of the Group 1 outflows,
Jeans instability of the Group 2 members, and the fractional
abundance of C18O for all the groups. Evolutionary trends in
the Group 1 members and nature of Group 3 will be discussed
in Section 5. We present a summary of the results in Section 6.

2. ALMA Observations

We observed five regions, highlighted by the cyan circles in
Figure 1, in Serpens Main using ALMA in Cycle 3 on 2016
May 19 and 21. The results of the SMM11 and SMM4
condensations were reported in Aso et al. (2017a) and Aso
et al. (2018), respectively. This paper reports comprehensive
results including all the detected sources. The on-source
observing times for each FoV except SMM4 were 4.5 and
9.0 minutes for the first and the second days, respectively;
those for SMM4 were 4.5 and 10.5 minutes, respectively. The
numbers of 12 m antennas were 37 and 39 fir the first and the
second days, respectively, and the antenna configuration of
the second day was more extended than that of the first day. The
minimum projected baseline length was 15 m. This minimum
projected baseline limits the response of our observations; if
observed emission is a Gaussian component with an FWHM of
8 0 (3400 au), ∼50% of its flux is missed. (Wilner &
Welch 1994). Spectral windows for the 12CO (J=2−1),
C18O (J=2−1), and SO (JN=65−54) lines have 3840,
1920, and 960 channels covering 117, 59 and 59 MHz
bandwidths at frequency resolutions of 30.5, 30.5, and
61.0 kHz, respectively. When maps are generated, 32, 2, and
4 channels are binned for the 12CO, C18O, and SO lines and the
resultant velocity resolutions are 1.27, 0.083, and 0.33 -km s 1,
respectively. Two other spectral windows covering 216–218
GHz and 232–234 GHz were assigned to the continuum
emission.
All imaging was carried out with Common Astronomical

Software Applications (CASA); the CASA version for the
calibration procedure is 4.7.0. The visibilities were Fourier-
transformed and CLEANed with a Briggs robust parameter of
0.0 and a threshold of 3σ for all the lines and continuum data.
Multi-scale CLEAN was adopted, where CLEAN components
were point sources or Gaussian sources with an FWHM
of ∼1 5.
We also performed self-calibration for the continuum data of

the fields of SMM11 and SMM4 using tasks in CASA (clean,
gaincal, and applycal). Only the phase was calibrated first, with
a solution interval of three scans (∼18 s). Then, using the
derived table, the amplitude and the phase were calibrated
together. Successful self-calibration improved the rms noise
level of the continuum maps by a factor of ∼2. The obtained
calibration tables for the continuum data were also applied to
the line data. We did not adopt the self-calibrated results for the
other three fields because the rms noise level was not improved

Figure 1. Serpens Main at JCMT 850 μm (contours) and Herschel 70 μm
(color). Contour levels are from 3σ to 15σ in 3σ steps and from 15σ in 15σ
steps, where 1σ corresponds to -0.15 Jy beam 1. The pixel size of the Herschel
image is 3 2. The green marks indicate YSO positions identified by Spitzer
observations (Dunham et al. 2015). Submillimeter continuum condensations
(Davis et al. 1999) are labeled with numbers. The cyan circles indicate the
FWHM of the primary beams in our ALMA observations. The filled ellipse at
the bottom left corner denotes the JCMT beam size (14″).
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3.1. Group 1

Figure 2(a) shows 1.3 mm continuum images of the Group 1
members. All of the Group 1 members show components as
large as ∼1000 au or more extended in the 1.3 mm continuum.
The peak brightness temperatures Tb of the 1.3 mm continuum
emission range from ∼2 to ∼20 K. The highest Tb, ∼20 K, is
measured in SMM4A. This value is as high as a gas
temperature estimated from CARMA observations at a spatial
resolution of 3000 au (Lee et al. 2014). This indicates that the
1.3 mm emission is optically thick in SMM4A. Peak positions
were determined by 2D Gaussian fittings to the continuum
images. The deconvolved FWHMs listed in Table 3 were also
derived from the Gaussian fittings. The peak intensity I1.3mm

peak

and total flux density F1.3mm were measured within the 3σ
contours enclosing each source after primary-beam correction.
For the spatially resolved emission, the uncertainty of each flux
density was calculated from the rms noise level of intensity σi
in the unit of Jy beam−1 and the integrated area Ω in the unit of
beam as s W4i , where the factor 4 is due to the Nyquist

sampling. The measured parameters are listed in Table 3. S68N
was identified as a Class 0 protostar by Spitzer observations
(Dunham et al. 2015). SMM11, SMM4A, and SMM4B were
also reported as Class 0 protostars in previous observational
studies using ALMA (Aso et al. 2017a, 2018). S68Nb1 and
S68Nc1 are also identified as Class 0 protostars based on their
SEDs, as inspected in Section 3.4.
Figure 2(b) shows integrated intensity (moment 0) and mean

velocity (moment 1) maps of the 12CO J=2−1 line in the
Group 1 members. The 12CO emission exhibits elongated or
fan-shaped morphologies originating from the continuum
sources. The 12CO emission can be interpreted as an outflow
associated with each source. The apparent lengths at the 3σ
level of these outflows range from ∼1000 to ∼6000 au.
S68Nb1 and SMM4A have monopolar outflows, whereas the
other four sources have bipolar outflows consisting of
blueshifted and redshifted lobes. Interestingly, the outflows in
S68Nc1 and SMM11 are extending roughly parallel to the
major axes of their continuum emission (P.A. in Table 3). The

Figure 2. Continuum (a) and line (b–d) maps of Group 1. In the line maps, the contour and color maps show integrated intensity (moment 0) and mean velocity
(moment 1) maps, respectively. The 1σ level in the unit of - -mJy beam km s1 1 are written in each panel. (a) The 1.3 mm continuum. Contour levels are

s´3, 6, 12, 24 ,... , where 1σ corresponds to -0.1 mJy beam 1. (b) The 12CO J=2−1 line. Contour levels are in 5σ steps. The V-shaped green lines denote the
intensity-weighted outflow opening angles measured in Section 4.1. The integrated velocity ranges are (i) −40–56, (ii) −15–30, (iii) −45–45, (iv) 9–18 , and (v)
−8–23 -km s 1. (c) The SO JN=65−54 line. Contour levels are in 3σ steps. The integrated velocity ranges are (i) 2–14, (ii) −7–21, (iii) −1–17, (iv) 8–10 plus
14–16, and (v) −2–18 -km s 1. (d) The C18O J=2−1 line. Contour levels are in 3σ steps. The integrated velocity ranges are (i) 6.0–9.0 (ii) 6.0–8.0 plus 8.8–10.4,
(iii) 6.2–8.2 plus 8.9–10.1, (iv) 6.3–10.1, and (v) 8.3–9.9 -km s 1. The plus signs denote the peak positions of the 1.3 mm continuum emission as derived from 2D
Gaussian fittings. The filled ellipses at the bottom left corners denote the ALMA synthesized beams.
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morphology and velocity structures of the outflows in the six
sources will be investigated in detail in Section 4.1.

Figure 2(c) shows images of the SO line, which is detected at
6σ levels in all the members of Group 1. SO emission traces
various parts of protostellar systems in other star-forming
regions: for example, a ring between a disk and an envelope in
L1527 IRS (Ohashi et al. 2014), a ring in a disk in L1489 IRS
(Yen et al. 2014), a jet in HH212 (Lee et al. 2007), a disk wind
in HH211-mms (Lee et al. 2018), ambient gas in Barnard 1
(Fuente et al. 2016). In the case of Group 1, the SO emission
traces outflows as seen in Figure 2(c). Note that the SO
emission from SMM4A and that from SMM4B in Figure 2(c)
(i) are distinct from each other because of the different velocity
ranges (Aso et al. 2018). The SO emission appears to surround
the 12CO outflows or lies in the outer parts of the 12CO outflow
in SMM4A, SMM4B, S68N, and S68Nc1, suggesting that SO
traces cavity walls of these 12CO outflows. However, the SO in
S68Nb and SMM11 is stronger in the inner parts of the 12CO
outflows. In addition to the outflows, the SO emission was also
detected at the central protostellar positions of SMM4B, S68N,
and S68Nc1.

Figure 2(d) shows images of the C18O line. Emission was
detected in SMM4B, S68N, S68Nc1, and SMM11. SMM4A

shows absorption due to its optically thick continuum emission.
It was not detected in S68Nb1, despite extended C18O
J=1−0 emission in IRAM 30 m observations (Duarte-
Cabral et al. 2010).
The C18O emission in S68Nc1 and SMM11 is elongated in

the directions of their 12CO outflow axes, and velocity
gradients of their C18O emission are also similar to those of
their 12CO outflows. The C18O emission in S68N consists of
three components, one centered at the continuum peak position,
another in the southwest, and the other in the northeast. The
central and southwestern components are much stronger than
the northeastern component. The C18O emission is elongated in
the associated outflow direction at lower contour levels (<12σ)
around the central component, with its velocity gradient similar
to that of the 12CO outflow.
The peak-integrated intensity and the total flux of the C18O

line in each source were measured inside the 3σ contour
enclosing each source after primary-beam correction. The
uncertainties of the integrated intensities and the total fluxes are
estimated in the same manner as those of the continuum
intensities and the continuum flux densities, respectively. When
the C18O emission is not detected, the 3σ upper limits were

Table 3
Intensities, Fluxes, and Sizes of the 1.3 mm Sources Detected with Our ALMA Observations

I1.3mm
peak F1.3mm

1.3 mm Deconvolved FWHM
IC O18 FC O18 Group in

( -mJy beam 1) (mJy) (au×au) (P.A.) error ( - -Jy beam km s1 1) ( -Jy km s 1) this paper

SMM4A 196.4±0.1 492±1 322×196 (145°) 5×5 (2°) absorption absorption 1
SMM4B 29.1±0.1 173±2 300×229 (95°) 26×19 (16° 0.307 ± 0.007 4.99 ± 0.13 1
S68N 40.4 ± 0.1 208 ± 2 314×217 (38°) 19×20 (9°) 0.154±0.006 1.59±0.07 1
S68Nc1 25.6±0.1 114±2 516×238 (87°) 25×13 (2°) 0.098±0.008 1.01±0.09 1
S68Nb1 60.2±0.2 108±2 160×143 (86°) 6×4 (17°) <0.027 <0.027 1
SMM11 93.3±0.1 167±1 160×134 (80°) 6×5 (10°) 0.037±0.004 0.17±0.02 1

S68Nc2 5.5±0.1 9.9±0.7 203×122 (19°) 25×39 (19°) <0.009 <0.009 2
S68Nc3 12.3±0.1 52.3±0.9 567×280 (90°) 34×18 (3°) 0.010±0.003 0.047±0.003 2
S68Nc4 3.3±0.1 11.4±0.6 497×253 (88°) 137×82 (22°) <0.009 <0.009 2
S68Nc5 2.8±0.1 17.5±0.9 892×471 (63°) 99×56 (7°) 0.037±0.003 0.062±0.003 2

S68Nb2 18.0±0.2 18.0±0.2 30×26 (98°) 12×16 (76°) <0.024 <0.024 3
SMM2A 3.8±0.1 4.1±0.1 <55×41 L 0.027±0.007 0.16±0.04 3
SMM2B 3.5±0.1 3.5±0.1 point L 0.028±0.006 1.78±0.08 3
SMM2C 3.1±0.2 3.6±0.2 121×31 (33°) 27×58 (25°) <0.039 <0.039 3
SMM11B 25.5±0.4 26.9±0.4 68×22 (95°) 3×6 (3°) <0.042 <0.042 3
SMM11C 8.0±0.4 8.6±0.4 <99×51 L <0.042 <0.042 3

Note. The intensities fluxes, and their uncertainties are primary-beam-corrected, and the upper limits of them are the 3σ level. IC O18 is the integrated intensity at the
continuum peak position. FC O18 is the total flux of the C18O line.

Figure 3. Same as Figure 2 but for Group 2. The panel sizes are the same as those of columns (a) and (d) in Figure 2. The contour levels are the same as those of
Figure 2. (a) The 1.3 mm continuum. (b) The 12CO J=2−1 line. The integrated velocity range is −41–62 -km s 1. (c) The SO JN=65−54 line. The integrated
velocity range is −1–17 -km s 1. (d) The C18O J=2−1 line. The integrated velocity range is 7.1–7.7 -km s 1.
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derived from dirty maps in Section 2) were adopted as the
intensity for weighting.

The intensity-weighted mean velocities vflow (absolute
values) were also measured from the 12CO data cube using
the equation ∣ ( ) ∣º å - åv F v v Fk k k k kflow sys , where Fk is the

total flux of 12CO emission associated with each outflow lobe
at each velocity channel, vk, and vsys is the systemic velocity.
This definition provides an uncertainty of each mean velocity
calculated from the uncertainty of the velocity at each channel
(i.e., velocity resolution) through propagation of uncertainty,

Figure 4. Same as Figure 2 but for Group 3. The panel sizes are the same as those of columns (a) and (d) in Figure 2. The contour levels are the same as those of
Figure 2. (a) The 1.3 mm continuum. (b) The 12CO J=2−1 line. The integrated velocity ranges are (i) 9–18, (ii) −6–17, (iii) 3–5 plus 11–17, and (iv) 2–5 plus
10–21 -km s 1. (c) The SO JN=65−54 line. The integrated velocity ranges are (i) 8–10 plus 14–16, (ii) 6–10, (iii) 6–10, and (iv) −2–18 -km s 1. (d) The C18O
J=2−1 line. The integrated velocity ranges are (i) 6.3–10.1, (ii) 5.3–9.6, (iii) 5.3–9.6, and (iv) 8.3–9.9 -km s 1.

Figure 5. Spectral energy distribution of S68Nb1 and S68Nc1. The blue points denote the measured flux densities, while the green points denote detection limits. The
uncertainties for the measured values, which are smaller than the symbol size, are listed in Table 4.
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4. Original Proposal — Contents

Ø Two fragmentation scenarios for forming wide binary/multiple systems.
Ø The fragmentation occurs on <0.1 Myr. ß We identified a candidate.
Ø The thermo-graviational fragmentation produces sinusoidal patterns in 

a filament that hosts cores on the ~1000 au scale. 

NoTIME ESTIMATES OVERRIDDEN ?NONESCHEDULING TIME CONSTRAINTS

 Total # Science Goals : 1
N N 8.000 0.550 - 0.350 3  ICRS 18:29:48.7200, 01:16:55.600 Science Goal 

NON-STANDARD 
MODEACA?LAS.(")ANG.RES.(")BANDPOSITIONSCIENCE GOAL

REPRESENTATIVE SCIENCE GOALS (UP TO FIRST 30)

DUPLICATE OBSERVATION 
JUSTIFICATION:

N. Hirano, T. Hsieh, Y. Aso, N. Harada, S. Ohashi, K. Tokuda, S. Liu 
INVESTIGATOR 
NAME(S): 
 (in random order) 
 

0.0 hESTIMATED NON-STANDARD
MODE TIME (12-M):0.0 hESTIMATED

ACA TIME:10.7 hESTIMATED
12M TIME:

ISM, star formation and astrochemistrySCIENCE CATEGORY:

Two scenarios are suggested for wide binary/multiple systems (separation ~ 1000 au): turbulent fragmentation versus 
thermos-gravitational fragmentation. These two scenarios can be distinguished from configuration and velocity structures of 
1000-au-scale substructures in dense cores. However, insufficient sensitivity and the short time scale of fragmentation (a few 100 
kyr) have prevented us from identifying such a substructure. To tackle this issue, we propose to observe prestellar candidates in 
Serpens Main in 3 mm continuum and the N2H+ 1-0 line in Band 3. The candidates were newly identified on 1000 au scales in our 
previous ALMA observations in Band 6. They are not identified by Spitzer and do not have outflows traced in CO 2-1, either. The 
combination of Band 3 and 6 provides the dust opacity index. The two scenarios will be distinguished in our targets through an 
accurate density estimate using the opacity index and the derived velocity information, such as velocity widths or sinusoidal patterns. 
The 3 mm continuum and the N2H+ line were also observed by CARMA at an 8" resolution. The ALMA and CARMA observations 
cover all mass distributed on scales from 240 to a few 10^4 au.

ABSTRACT

2019.1.00311.SVelocity of Prestellar Cores: Turbulence vs. Gravity

 
C - 1

12 m x 11 hours, Band 3 (molecular lines with one setup)
Resolution ~ 0.45", MRS ~ 8".



4. Original Proposal — FiguresFigure 2 shows the 12CO emission of the 1.3 mm sources in SMM9 detected in our ALMA obser-
vations. S68Nb1, b2, c1 and S68N (Figure 2a, c and d) show clear bipolar or monopolar outflows in
the 12CO line, indicating that they are protostars. In contrast to those 12CO outflows, the sources
S68Nc2-5 show only ambient 12CO emission not associated with themselves, suggesting that these
sources are starless cores. This is also consistent with the fact that none of the sources S68Nc2-5 are
identified with Spitzer (Dunham et al. 2015).

(a)

(c)

(b)

(d)

σ = 25

σ = 150 σ = 100

σ = 35

Prestellar candidates12CO J=2–1

Figure 2: Integrated intensity (moment 0; contours) and mean velocity (moment 1; color) maps in
the 12CO J = 2�1 line. The spatial scale is di↵erent among the panels (see the scale bars). Contour
levels are in 5� steps; 1� in mJy beam�1 km s�1 is denoted below the scale bar in each panel. Plus
signs and filled ellipses are the same as in Figure 1. The sources S68Nc2-5 do not have outflows,
unlike the nearby protostars, suggesting that the sources S68Nc2-5 are starless cores.

To investigate the gravitational stability of S68Nc2-5, we calculated their central density and Jeans
length (Figure 3) from their 1.3 mm flux density and deconvolved FWHM assuming the dust opacity
(850 µm) = 0.035 cm2 g�1 (Andrews & Williams 2005) and the index � = 1. S68Nc2-5 have ⇠ 10
times lower density than the Class 0 protostars observed in the same observations. S68Nc2-5 are also
marginally Jeans unstable. These results suggest that S68Nc2-5 are gravitationally bound. Their
central density nH2 ⇠ 108 cm�3 is consistent with a prestellar model using the Bonner Ebert sphere
on the 200 au scale (Aikawa et al. 2008). The relation between C18O results (Figure 4) and the
density also supports that they are prestellar cores: the C18O abundance relative to H2 is estimated
to be ⇠ 10�8 in S68Nc5, which has the lowest density, while it is < 10�9 in S68Nc2-4. This is
consistent with the picture of prestellar cores that CO molecules are frozen out more severely in
denser cores because of less heating by cosmic rays (Evans et al. 2001). These prestellar candidates
are in a sub-cluster consisting of protostars but no other young stellar objects (Li et al. 2019). It is
thus plausible that the sub-cluster includes prestellar cores right before star formation.

2

Class 0 Protostars
Prestellar candidates Figure 3: Central density and the

ratio between FWHM and the
Jeans length of prestellar candi-
dates and Class 0 protostars ob-
served in our ALMA Cycle 3 obser-
vations (SMM11; Aso et al. 2017,
SMM4AB; Aso et al. 2018). These
quantities were calculated from the
flux density and size of the 1.3
mm emission. The calculation as-
sumes a dust opacity, (850 µm) =
0.035 cm2 g�1 and � = 1.

Figure 4: The C18O J = 2 � 1 results of the prestellar candidates. (a) Integrated intensity and
mean velocity maps. Spatial scale is the same as Figure 2b. Contour levels are in 3� steps (� =
3 mJy beam�1 km s�1). (b) Line profile in a 0.005⇥ 0.005 square centered at the S68Nc5 position.

In summary, we have found four prestellar candidates on a 1000 au scale associated with a filamen-
tary structure in Serpens Main. Their marginal Jeans instability may prefer the thermo-gravitational
fragmentation scenario, whereas Hull et al. (2017) reported strong turbulence around the protostar
S68N near S68Nc2-5, which may support the turbulent fragmentation scenario. Also, the Jeans
analysis depends on the assumed opacity index �. It is, therefore, crucial to investigate velocity
structures and measure � in the prestellar candidates through the proposed observations.

2 Proposed Observations and Science Goals

Here we propose follow-up observations of the prestellar candidates in N2H+ J = 1 � 0 (93.2 GHz)
and NH2D (94.8 GHz), as well as 3 mm continuum, at the same angular resolution 0.0055 (240 au;
C43-6) and the same largest angular scale 800 (3400 au; C43-3) as our Cycle 3 observations. The
velocity resolution is 0.2 km s�1. ALMA’s field of view (FoV) in Band 3 can also include four
protostars (S68N, S68Nb1, b2, and c1) for comparison (Figure 1b). Our immediate objectives for
distinguishing the two scenarios are:
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Figure 4: The C18O J = 2 � 1 results of the prestellar candidates. (a) Integrated intensity and
mean velocity maps. Spatial scale is the same as Figure 2b. Contour levels are in 3� steps (� =
3 mJy beam�1 km s�1). (b) Line profile in a 0.005⇥ 0.005 square centered at the S68Nc5 position.

In summary, we have found four prestellar candidates on a 1000 au scale associated with a filamen-
tary structure in Serpens Main. Their marginal Jeans instability may prefer the thermo-gravitational
fragmentation scenario, whereas Hull et al. (2017) reported strong turbulence around the protostar
S68N near S68Nc2-5, which may support the turbulent fragmentation scenario. Also, the Jeans
analysis depends on the assumed opacity index �. It is, therefore, crucial to investigate velocity
structures and measure � in the prestellar candidates through the proposed observations.

2 Proposed Observations and Science Goals

Here we propose follow-up observations of the prestellar candidates in N2H+ J = 1 � 0 (93.2 GHz)
and NH2D (94.8 GHz), as well as 3 mm continuum, at the same angular resolution 0.0055 (240 au;
C43-6) and the same largest angular scale 800 (3400 au; C43-3) as our Cycle 3 observations. The
velocity resolution is 0.2 km s�1. ALMA’s field of view (FoV) in Band 3 can also include four
protostars (S68N, S68Nb1, b2, and c1) for comparison (Figure 1b). Our immediate objectives for
distinguishing the two scenarios are:
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4. Original Proposal — Review Comments

It was not the peer review yet at that time.

Strengths:
• Straightforward proposal aiming to disentangle two scenarios.
• Good characterization of pre-stellar nature in the target.

Weaknesses:
• Vague link to understandings of the whole star formation.
• The sample is likely to follow the gravity scenario. Then, the proposal 

should discuss other observations related to the turbulent scenario.
• Sensitivity is not enough if the cores are spatially resolved.



5. Accepted Proposal — New Idea

Dr. Changwon Lee kindly showed his interest when I presented 
this result at a seminar in KASI.
When discussing the result in more detail, he pointed out that 
their less fluxes than those of the outflowing protostars 
suggest very low core masses.

Then he said, "They must be pre-Brown-Dwarf cores."



5. Accepted Proposal — Background

• Definition and ubiquity (importance) of brown dwarfs.
• Difficulty in forming BDs <~0.01x  a typical Jeans mass.
• Scenarios that must be verified by observations toward "pre-BD":

supersonic turbulent compression vs. self-gravity.
• Previous observations identified only one pre-BD.
• Thus, we aim the identification as well as the scenario verification.

NoTIME ESTIMATES OVERRIDDEN ?NONESCHEDULING TIME CONSTRAINTS

 Total # Science Goals : 2

N  
N 

10.000  
10.000 

1.200 - 0.800  
1.200 - 0.800 

3  
3 

ICRS 18:29:48.6000, 01:17:00.000  
ICRS 18:29:48.6000, 01:17:00.000 

N2H+ in Band 3  
13CO in Band 3 

ACA?LAS.(")ANG.RES.(")BANDPOSITIONSCIENCE GOAL
REPRESENTATIVE SCIENCE GOALS (UP TO FIRST 30)

DUPLICATE OBSERVATION 
JUSTIFICATION:

0.0 hESTIMATED
TP TIME:0.0 hESTIMATED

7-M TIME:16.9 hESTIMATED
12-M TIME:

ISM, star formation and astrochemistrySCIENCE CATEGORY:

We propose to observe four pre Brown-dwarf (BD) core candidates, labeled as c2, c3, c4 and c5, in the Serpens Main region. 
BDs have too little mass to fuse hydrogen. Whereas theoretical studies suggest several scenarios for BD formation (e.g., turbulent 
fragmentation), observational studies have not confirmed BDs in the prestellar phase, so-called pre-BD cores, except for only one 
case. The proposed study will thus be the first step to study the initial condition of BD formation without sample bias. The targets 
were identified in ALMA archival data. The virial analysis for c3 and c5 using the C18O J=2-1 line and the Jeans analysis for c2 to 
c5 using the 1.3 mm continuum emission suggest that they are gravitationally unstable or marginal. The cores are also 
associated with a dusty filamentary structure, and a velocity gradient along it is detected in the N2H+ 1-0 line using the CARMA, 
which may give a hint of mass supply to or robbery from the pre-BD core candidates. We will examine gravitational boundness, 
future growth, and turbulence of c2 to c5, by observing them in the N2H+ 1-0 and 13CO 1-0 lines at an angular resolution of 1 
(440 au).

ABSTRACT

2021.1.00390.SIdentification of New Pre-BD Cores and Study of Mass Transfer to 
the Cores

 
C-1

12 m x 17 h, Band 3 (molecular lines with two setups)
Resolution ~ 1", MRS ~ 10".



5. Accepted Proposal — Previous Results
• This region is the best because of its high protostellar fraction.
• We identified four starless cores associated with a filamentary structure.

Pre-BD candidates
• Reasons why they are starless and marginally unstable.
• Their small core masses in the BD regime. 
à Need to complete the virial analysis with accurate masses.

Filamentary structure
• Velocity observed with CARMA in N2H+ (in ALMA Band 3) at a coarse resolution.
• C18O with ALMA is not detected enough.
à Need gas motion to the cores from the neighbor protostars,
      filamentary structures, and the JCMT core.



5. Accepted Proposal — Objective

1. Gravitational instability by the virial analysis. 
2. Mass transfer to verify whether the cores are still growing. 
3. Whether turbulence (velocity dispersion) is dissipated in a core. 

• Once a pre-BD core is identified (gravitational binding and little future 
growth) in a different region from the only one example, it is the first step 
for understanding BD formation without sample bias. 

• Prediction about each bullet: e.g.,
- With the mass and size of the cores, a sinusoidal pattern is detectable.
- Hierarchical collapse predicts turbulence dissipation.  

Propose to observe the CARMA N2H+ line and 13CO as well as the continuum.



5. Accepted Proposal — Settings

• 13CO traces warm gas, while N2H+ traces cold gas.
• CARMA covered the ACA scale (thus we don't need ACA).
• There is also JCMT and IRAM 30-m data available.

• The requested angular resolution of ~1" can distinguish each core.
• The requested velocity resolution is the same as in the previous 

ALMA observation and resolved the detected C18O line as well as cs.
• The requested sensitivity will detect the signal at >10σ even in the 

worst case.
• Only ALMA can achieve this.



5. Accepted Proposal — Figure & Table

1 Scientific Justification

1.1 Background: brown-dwarf formation and lack of pre-BD cores

Brown-dwarfs (BDs) are not massive enough to fuse hydrogen (M⇤ < 0.08 M�) and as numerous as
hydrogen-burning stars (Chabrier 2002). Their mass is, however, 100 times smaller than the average
Jeans mass in star-forming clouds (Padoan & Nordlund 2004). To overcome this limit, the turbulent
fragmentation scenario (Padoan & Nordlund 2004) suggests compression by supersonic turbulence,
while self-gravity is more important in other scenarios: e.g., less massive core (Machida et al. 2008),
global hierarchical collapse (Vázquez-Semadeni et al. 2019), or disk fragmentation (Stamatellos &
Whitworth 2009).
Those scenarios must be verified by observations toward BDs in the prestellar phase,

i.e., pre-BD cores. However, previous observations identified only one pre-BD core, Oph B-11,
with a mass of 0.02–0.03 M�, larger than the virial mass, and a radius of < 460 au (N2H+ 1-0; André
et al. 2012). We thus propose ALMA observations to identify more pre-BD cores and verify the
scenarios, in particular, whether supersonic turbulence is more important than self-gravity.

1.2 Candidates of pre-BD cores in the Serpens Main region

Serpens Main is one of the best regions to study pre- and protostellar phases because of its extremely
high protostellar fraction, indicating a very young phase of star formation (Li et al. 2019). Using
ALMA, Aso et al. (2019) have identified four low-mass starless cores c2 to c5, associated with a
8000-au long filamentary structure in the Serpens Main region. We reduced the ALMA archival data
(2015.1.01478.S) of the cores c2 to c5 in the 1.3 mm continuum and the 12CO and C18O J = 2 � 1
lines at a ⇠ 0.0055 (240 au) resolution. Figure 1 shows the 1.3 mm continuum and C18O line emission
in these starless cores c2 to c5, as well as a protostar c1.

Figure 1: Pre-BD core candidates c2 to c5 and a protostar, c1. (a) The color map shows the 1.3 mm
continuum emission. The contour map shows the C18O intensity integrated over 8.86-9.36 km s�1.
The contour levels are 3, 5, 7, ... ⇥ � (1� = 2.5 mJy beam�1 km s�1 or 0.19 mK km s�1). The filled
ellipse is the ALMA synthesized beam (⇠ 0.0055). (b) The C18O line profile at c3. The green curve
shows the best-fit Gaussian profile. (c) Same as (b) but for c5.

Pre-BD core candidates— The cores c3 and c5 are detected in the C18O line. On the other
hand, none of c2 to c5 is detected with Herschel 70 µm or Spitzer (Dunham et al. 2015). Furthermore,
the 12CO emission is not associated with these cores but traces ambient gas with a large velocity
range, ⇠ 10 km s�1 (Figure 2). These facts suggest that c2 to c5 are in the prestellar phase. In fact,
the 12CO morphology around c2 to c5 is clearly di↵erent from the outflow morphology in the Class
0 protostar c1, identified in Herschel 70 µm in the same field of view (FoV).

1

Figure 2: Integrated intensity
(contours) and mean velocity
(color) maps in the 12CO J =
2 � 1 line. Contour levels are in
5� steps. Plus signs are the con-
tinuum peak positions of the pre-
BD core candidates c2 to c5 and
a nearby protostar c1. The filled
ellipse is the ALMA synthesized
beam (FWHM⇠ 0.0055).

The 1.3 mm and C18O results enable us to investigate gravitational stability of the cores c2 to
c5. We calculated their central densities and Jeans lengths from their 1.3 mm flux densities and de-
convolved FWHMs by assuming the dust opacity (850 µm) = 0.035 cm2 g�1 (Andrews & Williams
2005), the index � = 1, the gas to dust mass ratio 100, and the temperature 10 K. The virial mass
is also calculated as Mvir = 5r�2

tot/G, where r is 2⇥HWHM, �tot is the total velocity dispersion
estimated from the C18O velocity dispersion (Figure 1b and 1c), and G is the gravitational constant.
Table 1 summarizes the results. In particular, the analyses suggest that c3 is gravitationally un-
stable. The others are overall marginally unstable (r/�Jeans ⇠ 1 and Mcore/Mvir ⇠ 1), within large
uncertainties of these analyses. Note that Mvir of c2 and c4 cannot be derived because the C18O
emission is not detected, which may be explained by a fact that CO molecules tend to be frozen out
in the prestellar phase because of low temperature (Aikawa et al. 2008).
The masses of c2 to c5 Mcore . 0.2 M� suggest that these cores cannot form hydrogen-burning

stars (> 0.08 M�) with a typical core-to-star e�ciency, ⇠ 30% (Alves et al. 2007). Because of their
gravitational instability and BD-like mass, we propose c2 to c5 as candidates of pre-BD cores. In
order to identify these pre-BDs, the gravitational instability must be verified by the virial analysis
in c2 and c4, and whether the cores gain more mass must be verified by observing gas kinematics.

Table 1: The Jeans and virial analyses for the pre-BD core candidates.

name r (au) Mcore (M�) r/�Jeans Mcore/Mvir

c2 160 0.04 0.7 –
c3 410 0.23 1.7 3.9
c4 360 0.05 0.8 –
c5 660 0.08 1.0 0.4

A firamentary structure— The pre-BD core candidates c2 to c5 are associated with a filamen-
tary structure with a ⇠ 8000-au length in the 1.3 mm continuum emission. Figure 3(a) shows that a
larger-scale core, identified at JCMT 850 µm, is elongated in the direction of the filamentary struc-
ture. CARMA archival data of the CLASSy project (Lee et al. 2014) show a velocity structure along
the filamentary structure on the several 1000s au scale in the cold gas tracer N2H+ 101�012 line. The
filamentary structure should be a key to understand mass supply in BD formation from the JCMT
(⇠ 0.1 pc) and CARMA (⇠ 5000 au) scales to the ALMA scale (< 1000 au). However, the ALMA
C18O J = 2�1 observations did not trace the filamentary structure, possibly because of freezing-out,
and the CARMA N2H+ observations did not spatially resolve the pre-BD core candidates with the
700 beam (Figure 3a). Hence, a higher spatial resolution for N2H+ and a more abundant warm-gas
tracer (e.g., 13CO) are crucial to investigate mass supply (or robbery) among each pre-BD candidates,
neighboring protostars, the ALMA filamentary structure, and the JCMT core.
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The 1.3 mm and C18O results enable us to investigate gravitational stability of the cores c2 to
c5. We calculated their central densities and Jeans lengths from their 1.3 mm flux densities and de-
convolved FWHMs by assuming the dust opacity (850 µm) = 0.035 cm2 g�1 (Andrews & Williams
2005), the index � = 1, the gas to dust mass ratio 100, and the temperature 10 K. The virial mass
is also calculated as Mvir = 5r�2

tot/G, where r is 2⇥HWHM, �tot is the total velocity dispersion
estimated from the C18O velocity dispersion (Figure 1b and 1c), and G is the gravitational constant.
Table 1 summarizes the results. In particular, the analyses suggest that c3 is gravitationally un-
stable. The others are overall marginally unstable (r/�Jeans ⇠ 1 and Mcore/Mvir ⇠ 1), within large
uncertainties of these analyses. Note that Mvir of c2 and c4 cannot be derived because the C18O
emission is not detected, which may be explained by a fact that CO molecules tend to be frozen out
in the prestellar phase because of low temperature (Aikawa et al. 2008).
The masses of c2 to c5 Mcore . 0.2 M� suggest that these cores cannot form hydrogen-burning

stars (> 0.08 M�) with a typical core-to-star e�ciency, ⇠ 30% (Alves et al. 2007). Because of their
gravitational instability and BD-like mass, we propose c2 to c5 as candidates of pre-BD cores. In
order to identify these pre-BDs, the gravitational instability must be verified by the virial analysis
in c2 and c4, and whether the cores gain more mass must be verified by observing gas kinematics.

Table 1: The Jeans and virial analyses for the pre-BD core candidates.

name r (au) Mcore (M�) r/�Jeans Mcore/Mvir

c2 160 0.04 0.7 –
c3 410 0.23 1.7 3.9
c4 360 0.05 0.8 –
c5 660 0.08 1.0 0.4

A firamentary structure— The pre-BD core candidates c2 to c5 are associated with a filamen-
tary structure with a ⇠ 8000-au length in the 1.3 mm continuum emission. Figure 3(a) shows that a
larger-scale core, identified at JCMT 850 µm, is elongated in the direction of the filamentary struc-
ture. CARMA archival data of the CLASSy project (Lee et al. 2014) show a velocity structure along
the filamentary structure on the several 1000s au scale in the cold gas tracer N2H+ 101�012 line. The
filamentary structure should be a key to understand mass supply in BD formation from the JCMT
(⇠ 0.1 pc) and CARMA (⇠ 5000 au) scales to the ALMA scale (< 1000 au). However, the ALMA
C18O J = 2�1 observations did not trace the filamentary structure, possibly because of freezing-out,
and the CARMA N2H+ observations did not spatially resolve the pre-BD core candidates with the
700 beam (Figure 3a). Hence, a higher spatial resolution for N2H+ and a more abundant warm-gas
tracer (e.g., 13CO) are crucial to investigate mass supply (or robbery) among each pre-BD candidates,
neighboring protostars, the ALMA filamentary structure, and the JCMT core.
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Figure 3: (a) Moment 0 (white contour) and 1 (color) maps of N2H+ integrated over 8.0-10.0 km s�1.
The contour levels are 3� steps from 6� (1� = 0.32 K km s�1). The black contours show the associated
JCMT 850 µm core with contour levels at 35, 63, and 90 mK. The mapped area is similar to the
FoV in Band 3 (r ⇠ 3400). (b) The 1.3 mm map convolved to 100 (contours) and 200 (color) beams.
Contour levels are 3, 6, 12, 24, · · ·⇥ � (� = 0.15 mJy beam�1).

2 Immediate Objectives of Proposed Observations

Here we propose observations of the pre-BD core candidates in the cold gas tracer N2H+ (93.2 GHz)
and the warm gas tracers 13CO (110.2 GHz) and C18O (109.8 GHz), as well as the 3 mm continuum,
at an angular resolution of 100 (440 au) and a velocity resolution similar to the previous one. The
pre-BD core candidates and four protostars are in a single FoV at Band 3 (Figure 3a). Our immediate
objectives for understanding mass supply in BD formation are the following:

1. To verify the gravitational instability of the pre-BD core candidates by the virial analysis.

2. To examine mass transfer among the pre-BD core candidates, the filamentary structure, and
the JCMT core (Figure 4) to verify whether the cores are still growing.

3. To compare velocity dispersion in the pre-BD core candidates and the filamentary structure to
verify whether turbulence is more dominant than self-gravity.

Once a pre-BD core is identified (gravitational binding and little future growth) in a

di↵erent region from the only one example at present Oph B-11, it is the first step for

understanding BD formation without sample bias. The proposed observations also allow us to
verify features predicted in each scenario for BD formation. In detail, mass accretion onto prestellar
or pre-BD cores shows a sinusoidal pattern if the cores are aligned along a filamentary structure
(Hacar & Tafalla 2011), as seen on the CARMA scale (Figure 3a). We suggest two possibilities that
mass is supplied to or robbed from a pre-BD core near protostars (Figure 4). The robbery suggests
that the core stops growing. The peak-to-peak amplitude of the sinusoidal pattern is expected to
be ⇠ 0.6 km s�1 from a typical gas mass ⇠ 0.05 M� and radius ⇠ 300 au in c2 to c5, when the
inclination angle is assumed to be ⇠ 45�. If a sonic Mach number of 10 (FWHM⇠ 4.7km s�1) is
observed, turbulence is more important than self-gravity in BD formation (Padoan & Nordlund 2004).
If the Jeans length is measured, more accurately, to be larger than the core sizes, it also supports
the turbulent fragmentation scenario. Conversely, if the observed velocity width is narrower in the
cores than in their vicinity, it suggests turbulence dissipates during BD formation, as predicted in
the global hierarchical collapse scenario (Vázquez-Semadeni et al. 2019). Even if the velocity fields
around c2 to c5 show narrow velocity widths and no significant velocity gradient, it may suggest that
mass supply terminated before those cores acquire enough mass to be hydrogen-burning stars.
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The 13CO is expected to trace the filamentary structure because CO molecules are not frozen-out
with low densities outside the cores. Even if CO molecules are frozen out, the N2H+ line can trace
the filamentary structure in such a case.

Low mass
protostar

pre-BD

(a) Pre-BD can acquire 
mass and thus grow.

(b) Protostars rob 
mass for pre-BD

Figure 4: Line-of-sight (LoS) velocity
fields in two di↵erent cases; blue and
red denotes blue- and redshifted LoS ve-
locities. (a) Mass is supplied to a pre-
BD core. In this case, the neighboring
protostars do not interrupt mass accre-
tion onto the pre-BD core. (b) Mass
is robbed by the neighboring protostars.
In this case, the clustering environment
contributes to BD formation.

The requested largest angular scale (LAS) 1000 is larger than the CARMA beam 700 (3000 au).
Thus, we will investigate the mass, velocity structure, and velocity width on a scale larger than the
LAS by using the CARMA data. Even larger scales can also be studied by referring to the JCMT
and IRAM 30 m observations (450 and 850 µm; Davis et al. 1999, C18O/13CO 1-0, 2-1, and 3-2;
Duarte-Cabral et al. 2010).

3 Observing Strategy

The spatial angular resolution 100 (440 au) can distinguish emission from each core (contours in Figure
3b). The requested velocity resolution 0.098 km s�1 is similar to the previous ALMA observations
and can resolve the velocity widths of c3 and c5 (FWHM=0.31 and 0.49 km s�1 in Figure 1), as well
as the thermal velocity width in the prestellar environment, i.e., T = 10 K.
The CARMA N2H+ map (Figure 3a) shows the filamentary structure is detected at 2.0 K km s�1

over 2 km s�1, and thus the average brightness is 1.0 K or 350 mJy/700. The requested sensitivity, 0.33
K (2.35 mJy), will detect the N2H+ emission at a 3� level if the emission is spatially uniform. In such
a case, we will increase S/N to > 6 by smoothing the image to a 200 beam, as explained in Technical
Justification. The 200 beam can distinguish the filamentary structure and nearby protostars (color
in Figure 3b). The same sensitivity 0.4 K is requested for the 13CO J = 1 � 0 line. The brightness
temperature of the 13CO J = 1� 0 line is expected to be ⇠ 3 K with the kinetic temperature 10 K,
the H2 density 104 cm3, and the abundance ratio 13CO/C18O=7, when the brightness temperature
of the C18O J = 2 � 1 line is Tb ⇠ 3 K (Figure 1b and 1c). Tb ⇠ 3 K may be reduced to ⇠ 0.6 K
when observed with the 100 beam. As a result, the 13CO J = 1�0 emission will be detected at > 10�
in the filamentary structure. At present, only ALMA can achieve these high sensitivity and high
angular resolution at Band 3 with reasonable observing time.
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Previous results and comparison 
with an outflowing protostar

The virial 
analysis is not 
completed yet.

(a) CARMA velocity
(b) 1" beam is ok
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the growing and terminated 
cases.



6. Review Comments — Strengths

1: Objectives and setup are reasonably justified.
2: Good goals, targets, and objectives.
2: The question is important for star formation. ALMA is necessary.
3: The objectives are promising.
3: BD formation is now known well. The targets are promising.

Score

Strengths for good scores seem simple.

general words
specific in my proposal



6. Review Comments — Strengths

5: Multiple scenarios are discussed.
     Clear demonstration of the goal and analysis.
5: Well plan and clear goal.
5: Increasing the pre-BD sample is important.
7: N2H+ is a good idea. The robbery case is interesting.
8: The question seems essential.
     The filament enables the supply-robbery check.

Score

Strengths for bad scores sound more specific than for good scores.
à Were the reviewers careful when giving a bad score?

general words
specific in my proposal



6. Review Comments — Weaknesses

1: Can distinguish various motions? The analyses are only for isolated cores.
2: Need more justification for the lower resolution.
2: Why pre-BD is important in star formation? The S/N seems borderline.
3: Other regions are ~2x closer. Not really unstable. Dust β is low.
3: CARMA is enough for the filament. The fragmentation needs a better res.

Score

Weaknesses for good scores are actually critical but make sense.

setup including target
my science
my intention not conveyed



6. Review Comments — Weaknesses

5: Need the justification for the C18O line and 3 mm continuum.
5: Nothing.
5: IR does not put a good upper limit. All CO would be frozen out.
     No outflow may be because of the crowded environment.
7: <0.01 MJeans in the background. Why a larger sample?
     CO is larger and N2H+ is smaller than the core scale. 
8: Discussion about the objectives is not well linked to the mechanisms.

Score

Weaknesses for the worst scores 
sound to include misunderstanding.
à The simpler, the better? Inevitable? 

setup including target
my science
my intention not conveyed



6. Review Comments — Probability?

Ø Only a 6% chance that my score 
≤4.1 in the random case.

Ø Each score ±1 could change the 
percentile to ±4-5.

à Luck may not be dominant, but 
neither can it be ignored.

If the score is random, 70% are in [4.5, 6.5].

⇒

Ø If the proposal quality follows a normal distribution, the 
top quartile corresponds to score≲4.

Ø The uncertainty of each score is ~1. That of the mean 
score is ~0.3.

μ±1σ of 
mean score

±0.3



7. Summary & Lesson

Ø I have tried various, many proposals by extending previous studies.
Ø Changing the scientific topic of a proposal could raise its score even 

when it uses the same data.
Ø Good-score reviews show general strengths and scientific weaknesses.

à The entire impression could dominate a good score.
Ø Bad-score reviews show specific strengths and unexpected weaknesses.

à Misunderstanding could overwhelm specific strengths.

After Bomhyun's talk, today's last section is allocated for free group discussion 
about review comments. Did you look over the six review sets?


