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Abstract

TMC-1A is a protostellar source harboring a young protostar, IRAS 04365+2353, and shows highly asymmetric
features of a few 100 au scale in its molecular emission lines. Blueshifted emission is much stronger in the CS
(J= 5–4) line than redshifted emission. This asymmetry can be explained if the gas accretion is episodic and takes
the form of cloudlet capture, given that the cloudlet is approaching toward us. The gravity of the protostar
transforms the cloudlet into a stream and changes its velocity along the flow. The emission from the cloudlet
should be blueshifted before the periastron, while it should be redshifted after the periastron. If a major part of
cloudlet has not reached the periastron, the former should be dominant. We perform hydrodynamical simulations to
examine the validity of the scenario. Our numerical simulations can reproduce the observed asymmetry if the orbit
of the cloudlet is inclined to the disk plane. The inclination can explain the slow infall velocity observed in the
C18O (J= 2–1) line emission. Such episodic accretion may occur in various protostellar cores since actual clouds
could have inhomogeneous density distributions. We also discuss the implication of the cloudlet capture on
observations of related objects.

Unified Astronomy Thesaurus concepts: Protostars (1302); Interstellar medium (847); Interstellar molecules (849);
Young stellar objects (1834); Star formation (1569)
Supporting material: animations

1. Introduction

Young stellar objects often show signatures of rotating disks,
and their formation is an integral part of star formation. The
disks are roughly symmetric around the rotation axis, though
some of them have spirals and other substructures (see, e.g.,
Andrews et al. 2018; Sakai et al. 2019; Nakatani et al. 2020).
Thus, we often assume implicitly that they are almost symmetric
from birth. However, some young stellar objects show highly
asymmetric features according to high-resolution molecular line
observations with the Atacama Large Millimeter/submillimeter
Array (ALMA; see, e.g., Yen et al. 2014, Sakai et al. 2016,
Pineda et al. 2020, and Artur de la Villarmois et al. 2019, for
L1489, TMC-1A, Per-emb-2, and GSS30-IRS5, respectively),
even though they are not close binaries. In addition, nonaxisym-
metric distribution of the infalling gas around the protostar is
often suggested from the asymmetry of spectral line profiles,
although it is spatially unresolved (e.g., L483 and B335, for Oya
et al. 2017 and Imai et al. 2019, respectively). More recently,
Garufi et al. (2022) have reported streamers in DG Tau and HL
Tau. Even for the Class II source GM Aur, the asymmetric infall
of the gas of a remnant envelope or a cloud component has been
reported (Huang et al. 2021).

Star-forming gas clouds are turbulent and inhomogeneous
(see, e.g., the review by Hennebelle & Falgarone 2012). Hence,
the gas accretion onto young stellar objects can be variable on a
short timescale, though the accretion rate is thought to decrease
along its evolution (Küffmeier et al. 2017). Based on the above

recognition, Dullemond et al. (2019) have proposed that the gas
accretion is sporadic in the late stage of star formation and that
some Class II objects have secondary disks formed by the
capture of a cloudlet (see also Küffmeier et al. 2020). More
recently, Küffmeier et al. (2021) have made numerical
simulations in which the captured cloud forms an outer disk
surrounding a preexisting inner disk.
The argument by Dullemond et al. (2019) is supported by the

large arc-like feature observed in some sources such as AB Aur
(Fukagawa et al. 2004). Their hydrodynamical simulations
reproduce the arc-like feature. Their model is an interesting
idea to be examined further, though the arc-like feature may be
produced by another mechanism such as Rossby wave
instability (Miranda et al. 2016).
Capture of a cloudlet may take place in an earlier stage of

star formation. A few years earlier than Dullemond et al.
(2019), an asymmetric molecular distribution was reported in
the prestellar source TMC-1A (Sakai et al. 2016). TMC-1A,
which harbors the Class I protostar IRAS 04365+2535, is a
typical example showing such asymmetry in the molecular
emission lines (see, e.g., Bjerkeli et al. 2016; Sakai et al. 2016;
Harsono et al. 2021) and specifically shows clear blue–red
asymmetry in its lines. Blueshifted emission in its east part is
much stronger than redshifted emission in the west. The
morphology and degree of asymmetry depend on the chemical
species emitting lines. The highly asymmetric morphology is
unlikely to be ascribed to different chemical compositions or
excitation conditions. This asymmetry may be short lived, since
rotation around the protostar should reduce the asymmetry on
the local Keplerian timescale.
In order to explain the observed features of TMC-1A, Sakai

et al. (2016) introduced a ballistic model in which only the
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Table 1 summarizes the models shown in the following
sections. The cloudlet is 500 au away from the central star at
the initial stage except for in model ¢A . The orbit of the cloudlet
is coplanar to the disk in models A, ¢A , and D, while it is
inclined by 30° in models B and C.

2.3. Mock Observation

We evaluate the emission expected from our numerical
simulations as a post-process for comparison with the observed
molecular line emission. We assume that our line of sight is
parallel to
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where χobs denotes the disk position angle on the sky. We
define the position angle so that it increases counterclockwise
from the north. Then, we can define the Cartesian coordinates,

= + +r n n nX Y s , 261 2 3 ( )
where X and Y denote the projected distance from the protostar
to the west and that to the north, respectively.

Our evaluation is based on the simple assumption that the
opacity at the line center is the same in the whole region. In
other words, we ignore possible variation in the excitation
temperature and abundance. Then, the optical depth is
evaluated to be
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where V, κ0, and σ denote the radial velocity, the opacity at the
line center, and velocity dispersion, respectively. We assume
σ= 0.153 km s−1 to be slightly smaller than the velocity
resolution of the observation (0.4 km s−1) so that we obtain
smooth channel maps. The intensity is evaluated to be

t= - -I X Y V I X Y V, , 1 exp , , , 300( ) { [ ( )]} ( )
where I0 denotes the intensity at the saturation level and should
coincide with the Planck function at the excitation temperature
of the line-emitting molecule. When the line is optically thin,
Equation (30) reduces to

k= SI X Y V I X Y V, , , , . 310 0( ) ( ) ( )
Thus, we compare the column density per unit velocity, Σ(X, Y,
V ), with the observed intensity, since our numerical model
cannot evaluate the opacity and excitation temperature
quantitatively. The integrated intensity should be proportional
to the column density along the line of sight as far as the line is
optically thin and the temperature is uniform.

3. Results

3.1. Model A

First we examine a prototypical model, named A, in which
the cloudlet has a radius ac= 100 au and is located at
rc= 500 au at the initial stage, t= 0 yr. The mass and average
density of the cloudlet are Mcl= 1.27× 10−5Me and r =cl¯

´ - -1.80 10 g cm18 3, respectively. The latter corresponds to
the average number density, = ´ -n 4.73 10 cmc

5 3. The initial
velocity of the cloudlet is 1.37 km s−1. The disk half-thickness
is set to be 20 au (β= 0.2).
Figure 1 shows the initial stage, t= 0, and an early stage of

the collision of the cloudlet with the disk, t= 1498 yr. The head
of the cloudlet touches the disk edge at t= 1130 yr. The color
denotes the density on the planes x= 0, y= 0, and z= 0 in
each panel. The distribution of the cold gas is also shown by
the volume rendering. The color scale on the top of each panel
is for the cross sections, although a similar color scale is used
for the volume rendering. The cloudlet shaves an outer part of
the disk by ram pressure. When colliding, the density is a little
higher in the disk than in the cloudlet. Still, the ram pressure
exceeds the disk gas pressure since the infall velocity is much
higher than the sound speed.
Figure 2 shows the deformation of the cloudlet in the period

t� 1800 yr. Each curve denotes the surface of the cloudlet
projected on the z= 0 plane. We evaluated the cloudlet surface
from the surface density of the cloudlet,
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where j j=x y r r, cos , sin( ) ( ). The tidal force of the
protostar stretches the cloudlet in the direction of infall; the
front side is accelerated more than the rear side. The cloudlet is
confined by the warm gas and does not expand appreciably. At

Table 1
Model Parameters

Model rout
a zout

b rc
c ac

d ψc
e

A 624 au 246 au 500 au 100 au 0°
¢A 1254 au 246 au 1000 au 100 au 0°

B 624 au 392 au 500 au 100 au 30°
C 775 au 535 au 500 au 200 au 30°
D 775 au 336 au 500 au 200 au 0°

Notes.
a The outer radius of the computation domain.
b The half height of the computation domain.
c The initial radial distance of the cloudlet.
d The initial radius of the cloudlet.
e The inclination of the cloudlet orbital plane to the disk plane. See
Equation (20) for more details.
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Figure 7 gives a zoom-in view of model B at t= 1397 yr and
t= 1860 yr. The cloudlet is stretched by the tidal force to have
a tail. The collision of the cloudlet induces a spiral wave in the
disk. The impact is clearly seen in the left panel of Figure 7. At
the same time, the density is increased by the strike and a
fraction of the disk is shaved. The cloudlet breaks the disk and
goes through the disk’s midplane. The periastron of the
cloudlet is located under the midplane. The cloudlet gas returns
to the upper side of disk after the passage of periastron. The
right panel shows the collision of the cloudlet with the disk at a
later stage.

Figure 8 shows the cloudlet and disk at t= 1860 yr
separately while the enclosed animation shows the time
evolution. Though the same stage is shown in the right panel of
Figure 7, the viewing angle and coordinates are different.

Figure 8 employs the Cartesian coordinates, ¢ ¢x y z, ,( ), where
¢ =  + x x ycos 37 .5 sin 37 .5, 33( )
¢ = -  + y x ysin 37 .5 cos 37 .5, 34( )

to avoid degeneracy of the axes on the figure. Thus, the cross
sections denote the gas distribution in the plane of ¢ =x 0 and
¢ =y 0. The viewing angle is specified by i= 55°, jobs= 50°,
and χobs= 20°. We use the same viewing angle in the Mock
observation shown in Section 4. As shown in the panel, gas is
ejected from the disk by the collision with the cloudlet.

3.4. Models C and D

We have constructed model C to examine the effects of the
initial cloudlet size. The model parameters of model C are the

Figure 5. The same as Figure 1 but for model ¢A at 3784 and 4202 yr.

Figure 6. The left panel shows the initial gas distribution in model B while the right panel denotes that at t = 1311 yr. The animation shows the evolution of the
density distribution in model B from t = 0 to 2831 yr.

(An animation of this figure is available.)
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gravity of the protostar is assumed to act on an accreting gas
element. We aim to reexamine this picture by using hydro-
dynamic simulations in which we take account of the collision
of the infalling gas with the disk. Another issue of TMC-1A is
the mass of the protostar: it is highly uncertain and ranges from
0.25Me to 0.7Me (Aso et al. 2015; Bjerkeli et al. 2016; Sakai
et al. 2016). This uncertainty is in part due to the differences in
the molecular emission lines used for the mass estimate. We
should remember that the derived mass depends on the
inclination of the gas motion to the line of sight. The current
estimate is based on the assumption that the gas flow is
confined in the disk plane. This assumption may be invalid.

Our numerical simulations are similar to those of Dullemond
et al. (2019) and Küffmeier et al. (2020, 2021), but are updated
in some respects. First, we take account of the presence of a
rotating disk around the protostar and its dynamical interaction
with the infalling gas. Second, we take account of warm gas
surrounding the disk and protostar. The cloudlet and disk gas
are cold and dense while the pressure is the same as that of the
surrounding warm gas. The temperature is assumed to remain
nearly constant at a few tens Kelvin and several hundreds
Kelvin in the cold and warm gases, respectively. The pressure
of the warm gas prevents the dispersal of a cloudlet seen in the
isothermal model of Küffmeier et al. (2020). Our model is
similar to their adiabatic model but the specific heat ratio is
assumed to be γ= 1.05. This low specific heat ratio mimics the
short thermal timescale. The temperature of the gas increases
temporally through kinetic energy dissipation by shock but
goes back to its initial one on a timescale much shorter than the
dynamical timescale. The gas temperature increases little in our
model since it is proportional T∝ ργ−1.

Our hydrodynamic model can reproduce the blue asymmetry
of the CS emission observed in TMC-1A under the assumption
that the CS molecules are contained only in the cloudlet. This
assumption is reasonable since CS molecules are often
abundant in an infalling-rotating envelope but not in disks
(Sakai et al. 2014a). It can also explain the shift of the SO
emission peak to the disk center (Sakai et al. 2016).
Furthermore, it can explain the slow infall velocity observed
in the C18O emission line (Aso et al. 2021) if the orbital plane
of the cloudlet is nearly face-on.

This paper is organized as follows. We describe our model
and numerical methods in Section 2, and results in Section 3.
We compare our models with observations in Section 4, and
discuss their implications in Section 5.

2. Model

2.1. Basic Equations

We solve the hydrodynamic equations on cylindrical
coordinates according to Hanawa & Matsumoto (2021). They
have succeeded in conservation of the the z-component of the
angular momentum and free stream preservation. The latter
guarantees that it can solve a uniform flow without truncation
errors; see Hanawa & Matsumoto (2021) for more technical
details including numerical tests.

We use the hydrodynamical equations,

r
r¶

¶
+ =v

t
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r r r ¶
¶

+ + = - Fv vv I
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to describe gas accretion onto a protostar associated with a gas
disk. The symbols ρ and P denote the density and pressure,
respectively, while v and Φ denote the velocity and gravita-
tional potential, respectively. The gas pressure is expressed as

r=P
k
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T , 3
¯

( )

where T, k, and m̄ denote the temperature, Boltzmann constant,
and mean molecular weight, respectively.
We assume that the gas consists of cold and warm

components. The disk and cloudlet are composed of the cold
molecular gas, while they are surrounded by a warm atomic
gas. We assume the mean molecular weights to be 2.3mH and
1.27mH for the cold and warm gases, respectively, where mH
denotes the mass of a hydrogen atom. The assumed mean
molecular weight means that the cloud gas is molecular while
the warm gas is atomic and neutral. Both the cold and warm
gases maintain their temperatures since their thermal timescales
are much shorter than the dynamical one. In order to mimic the
nearly isothermal change, we assume that the gas is adiabatic
with the specific heat ratio, γ= 1.05. Then we can use the
energy conservation
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to follow the change in the pressure.
We introduce a color field,

=
-

c
1 cloudlet
0 warm gas

1 gas disk
. 6

⎧⎨⎩
( )
( )
( )

( )

to trace the cloudlet and gas disk. The color (scalar) field is
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We use cylindrical coordinates, (r, j, z), in our computation.
We locate the protostar at the origin, r= z= 0. We also use the
Cartesian coordinates j j=x y z r r z, , cos , sin ,( ) ( ) in our
presentation. For simplicity, we ignore the self-gravity of the
gas. This simplification is justified since we consider a cloudlet
of 10−4Me and gas disk of <10−2Me. Then the gravita-
tional potential is expressed as
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where M and a denote the mass of the protostar and the length
scale, respectively. The mass of the protostar is uncertain and
different values are adopted in the literature (0.68. 0.4, and 0.25
Me in Aso et al. 2015, Bjerkeli et al. 2016, and Sakai et al.
2016, respectively). In this paper we adopt an intermediate
value of M= 0.53Me. The velocity and timescale given in this
paper are proportional to the square root of the mass (∝M1/2),
while the temperature is proportional to the mass (∝M). We
take the length scale to be a= 50 au to avoid numerical
difficulties due to strong gravity in the region of r� 50 au.
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0.25Me to 0.7Me (Aso et al. 2015; Bjerkeli et al. 2016; Sakai
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should remember that the derived mass depends on the
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temporally through kinetic energy dissipation by shock but
goes back to its initial one on a timescale much shorter than the
dynamical timescale. The gas temperature increases little in our
model since it is proportional T∝ ργ−1.
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of the CS emission observed in TMC-1A under the assumption
that the CS molecules are contained only in the cloudlet. This
assumption is reasonable since CS molecules are often
abundant in an infalling-rotating envelope but not in disks
(Sakai et al. 2014a). It can also explain the shift of the SO
emission peak to the disk center (Sakai et al. 2016).
Furthermore, it can explain the slow infall velocity observed
in the C18O emission line (Aso et al. 2021) if the orbital plane
of the cloudlet is nearly face-on.

This paper is organized as follows. We describe our model
and numerical methods in Section 2, and results in Section 3.
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Abstract

TMC-1A is a protostellar source harboring a young protostar, IRAS 04365+2353, and shows highly asymmetric
features of a few 100 au scale in its molecular emission lines. Blueshifted emission is much stronger in the CS
(J= 5–4) line than redshifted emission. This asymmetry can be explained if the gas accretion is episodic and takes
the form of cloudlet capture, given that the cloudlet is approaching toward us. The gravity of the protostar
transforms the cloudlet into a stream and changes its velocity along the flow. The emission from the cloudlet
should be blueshifted before the periastron, while it should be redshifted after the periastron. If a major part of
cloudlet has not reached the periastron, the former should be dominant. We perform hydrodynamical simulations to
examine the validity of the scenario. Our numerical simulations can reproduce the observed asymmetry if the orbit
of the cloudlet is inclined to the disk plane. The inclination can explain the slow infall velocity observed in the
C18O (J= 2–1) line emission. Such episodic accretion may occur in various protostellar cores since actual clouds
could have inhomogeneous density distributions. We also discuss the implication of the cloudlet capture on
observations of related objects.

Unified Astronomy Thesaurus concepts: Protostars (1302); Interstellar medium (847); Interstellar molecules (849);
Young stellar objects (1834); Star formation (1569)
Supporting material: animations

1. Introduction

Young stellar objects often show signatures of rotating disks,
and their formation is an integral part of star formation. The
disks are roughly symmetric around the rotation axis, though
some of them have spirals and other substructures (see, e.g.,
Andrews et al. 2018; Sakai et al. 2019; Nakatani et al. 2020).
Thus, we often assume implicitly that they are almost symmetric
from birth. However, some young stellar objects show highly
asymmetric features according to high-resolution molecular line
observations with the Atacama Large Millimeter/submillimeter
Array (ALMA; see, e.g., Yen et al. 2014, Sakai et al. 2016,
Pineda et al. 2020, and Artur de la Villarmois et al. 2019, for
L1489, TMC-1A, Per-emb-2, and GSS30-IRS5, respectively),
even though they are not close binaries. In addition, nonaxisym-
metric distribution of the infalling gas around the protostar is
often suggested from the asymmetry of spectral line profiles,
although it is spatially unresolved (e.g., L483 and B335, for Oya
et al. 2017 and Imai et al. 2019, respectively). More recently,
Garufi et al. (2022) have reported streamers in DG Tau and HL
Tau. Even for the Class II source GM Aur, the asymmetric infall
of the gas of a remnant envelope or a cloud component has been
reported (Huang et al. 2021).

Star-forming gas clouds are turbulent and inhomogeneous
(see, e.g., the review by Hennebelle & Falgarone 2012). Hence,
the gas accretion onto young stellar objects can be variable on a
short timescale, though the accretion rate is thought to decrease
along its evolution (Küffmeier et al. 2017). Based on the above

recognition, Dullemond et al. (2019) have proposed that the gas
accretion is sporadic in the late stage of star formation and that
some Class II objects have secondary disks formed by the
capture of a cloudlet (see also Küffmeier et al. 2020). More
recently, Küffmeier et al. (2021) have made numerical
simulations in which the captured cloud forms an outer disk
surrounding a preexisting inner disk.
The argument by Dullemond et al. (2019) is supported by the

large arc-like feature observed in some sources such as AB Aur
(Fukagawa et al. 2004). Their hydrodynamical simulations
reproduce the arc-like feature. Their model is an interesting
idea to be examined further, though the arc-like feature may be
produced by another mechanism such as Rossby wave
instability (Miranda et al. 2016).
Capture of a cloudlet may take place in an earlier stage of

star formation. A few years earlier than Dullemond et al.
(2019), an asymmetric molecular distribution was reported in
the prestellar source TMC-1A (Sakai et al. 2016). TMC-1A,
which harbors the Class I protostar IRAS 04365+2535, is a
typical example showing such asymmetry in the molecular
emission lines (see, e.g., Bjerkeli et al. 2016; Sakai et al. 2016;
Harsono et al. 2021) and specifically shows clear blue–red
asymmetry in its lines. Blueshifted emission in its east part is
much stronger than redshifted emission in the west. The
morphology and degree of asymmetry depend on the chemical
species emitting lines. The highly asymmetric morphology is
unlikely to be ascribed to different chemical compositions or
excitation conditions. This asymmetry may be short lived, since
rotation around the protostar should reduce the asymmetry on
the local Keplerian timescale.
In order to explain the observed features of TMC-1A, Sakai

et al. (2016) introduced a ballistic model in which only the
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components of the CS map (7.56–9.16 km s−1), which is also
consistent with model C. Panel (c) of Figure 3 and the right
panel of Figure 8 show the disk at t= 1853 yr in model A
and at t= 1860 yr, respectively. Both the disks have a partial
loss in the northern side of the disk. The loss formed by the
collision with the cloudlet rotates faster than the cloudlet.

The disk rotation assimilates the loss and is weaker in model
B than in model A.

5. Discussion

So far, the physical structure of the disk/envelope system of
TMC-1A has been discussed by using observations of a single

Figure 11. Velocity channel maps of the CS J = 5–4 line taken by ADS/JAO.ALMA#2013.0.01102.S (see details in Sakai et al. 2016). The lowest contour and the
contour interval are 50 mJy. The cross marks represent the positions of the continuum peak.
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molecule at a time. For instance, Aso et al. (2015) analyzed the
C18O data by a combination of a Keplerian model and an
infalling model, while Sakai et al. (2016) analyzed the CS data
by an infalling-rotating envelope model (Oya et al. 2014; Sakai
et al. 2014b). Sakai et al. (2016) also pointed out the weak
shock feature around the centrifugal barrier of the infalling-
rotating envelope. These results gave important information on
local physical processes in the complex disk/envelope system,
but their origins and mutual relations have not been clarified

under a broader picture. As shown in the previous sections, our
cloudlet capture model can reasonably explain overall features
observed in the line emissions of CS, C18O, and SO. It
validates the picture presented by Sakai et al. (2016). A
cloudlet reaches the centrifugal barrier and a part of it recedes
from the protostar again. Since the orbit of the receding gas
does not intersect with the approaching gas, the infall continues
unless the preexisting disk is a serious obstacle. A cloudlet
transforms into an arc or a stream during the infall, as shown in

Figure 12.Mock channel maps of model C at t = 1860 yr. The color denotes the density integrated over the line of sight, i.e., Σ(X, Y, V ), given by Equation (28). The
observer’s line of sight is specified by θobs = 125° (i = 55°), jobs = 355°, and χobs = 60° . The line-of-sight velocity increases from the top left, V = 4.50 km s−1, to
the bottom right, 8.36 km s−1, where the systemic velocity is assumed to be 6.40 km s−1.
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A B S T R A C T 
The radial extent of millimetre dust in protoplanetary discs is often far smaller than that of their gas, mostly due to processes such 
as dust growth and radial drift. However, it has been suggested that current millimetre continuum observations of discs do not 
trace their full extent due to limited sensitivity. In this letter, we present deep (19 µJy beam −1 ) moderate resolution (0.37 arcsec) 
ALMA observations at 1 mm of the nearest protoplanetary disc, TW Hya. Using the visibility analysis tool frank , we reveal a 
structured millimetre intensity distribution out to 100 au, well beyond previous estimates of 60–70 au. Our analysis suggests the 
presence of a new millimetre continuum gap at 82 au, coincident with similar features seen in optical/near-infrared scattered light 
and millimetre molecular line observations. Examination of the fit residuals confirms the presence of the previously reported 
au-scale continuum excess at 52 au (P.A. = 242.5 ◦). Our results demonstrate the utility of combining deep, moderate-resolution 
observations with super-resolution analysis techniques to probe the faintest regions of protoplanetary discs. 
Key words: techniques: interferometric – protoplanetary discs – stars: individual: TW Hya – submillimetre: planetary systems. 

1  I N T RO D U C T I O N  
Observations of planet-forming discs have shown that the radial 
extent of their millimetre dust component is, generally, smaller than 
the extent of molecular gas in the disc (e.g. Pani ́c et al. 2009 ; Andrews 
et al. 2012 ). Initially, this difference was attributed to limited 
sensitivity (see Dutrey et al. 1998 ), but further observations revealed 
that the gas and dust cannot be reproduced with the same surface 
density profile (Hughes et al. 2008 ). In particular, observations 
with the Atacama Large Millimetre/submillimetre Array (ALMA) 
demonstrated that a sharp decrease in dust surface at the outer edge 
is required (e.g. de Gregorio-Monsalvo et al. 2013 ; Andrews et al. 
2016 ). 

A proposed explanation for these differing radial extents involves 
the growth and inward drift of dust grains through the disc. Ob- 
servations of discs at cm wavelengths have confirmed that dust can 
grow to mm-cm sizes (see, e.g. Rodmann et al. 2006 ; Ricci et al. 
2012 ) and that the maximum grain size increases towards the inner 
disc (P ́erez et al. 2012 ; Tazzari et al. 2016 ). These characteristics are 
predicted by models of growth and radial drift (Birnstiel et al. 2010 ; 
Birnstiel, Klahr & Ercolano 2012 ). Indeed, such models naturally 
result in a sharp outer edge of the dust distribution (or sharp decrease 
in the dust-to-gas mass ratio) that is compatible with observations 
! E-mail: j.d.ilee@leeds.ac.uk 

(Birnstiel & Andrews 2014 ). Howev er, observ ed continuum fluxes 
and radial extents suggest that drift needs to be halted (or significantly 
slowed) in the majority of discs (Pinilla et al. 2012 ). This can be 
achieved via local pressure maxima induced by substructure in discs, 
e.g. rings and gaps (see Andrews 2020 ). 

Despite this apparently self-consistent picture, Rosotti et al. ( 2019 ) 
suggested that even the most recent observations of the millimetre 
dust continuum in discs are still limited by sensitivity. In contrast to 
Birnstiel & Andrews ( 2014 ), they argue that currently measured disc 
radii do not trace the sharp outer edge in the dust distrib ution, b ut 
rather the radius out to which the grains are large enough to possess 
significant (sub-)millimetre opacity. The dust surface density extends 
further, but in these regions the grains are small and the opacity 
significantly lower (factor ∼10). If this interpretation is correct, then 
observations of the outer regions of discs in the (sub-)millimetre 
should reveal faint emission, given sufficient sensitivity. 

Such observations require optimal targets for which the surface 
brightness sensitivity can be maximized. TW Hya is a young star of 
spectral type M0.5, stellar mass ∼0.6 M $, and age ∼8 Myr (Sokal 
et al. 2018 ). It is surrounded by a well-studied protoplanetary disc, 
due to its close proximity (59.5 pc, Bailer-Jones et al. 2018 ) and 
near face-on inclination (5 ◦, Huang et al. 2018 ). The TW Hya disc 
has been characterized across multiple wavelengths, from scattered 
light (Debes et al. 2017 ; van Boekel et al. 2017 ) to both thermal 
dust and molecular line emission (Andrews et al. 2016 ; Teague et al. 
2017 ; Huang et al. 2018 ; Tsukagoshi et al. 2019 ; Mac ́ıas et al. 2021 ; 

© The Author(s) 2022. 
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Figure 1. Left: Our fiducial frank fit compared to the real component of the visibilities Re(V) shown in 20 k λ bins. The lower panels show the residuals 
between fit and data ( " ) in terms of the uncertainty on the weighted mean σ , and the imaginary component Im(V). Right: The radial intensity profile derived 
from our fiducial frank fit (solid blue) shown alongside the intensity profiles of the deprojected tclean image (orange) and the fiducial frank fit convolved 
with the tclean beam (dashed blue). The shaded regions give the standard deviation for each bin. The newly identified dark gap (D82) and bright ring (B91) 
are marked. 

Figure 2. Left: Zoom-in of the real component of the visibilities at the longest baselines in our observations, compared with our fiducial frank fit (solid blue) 
and extrapolations to longer baselines as discussed in Section 3.1 . Right: The corresponding intensity profiles based on these extrapolations. 
uncertainty, we propagate a representative uncertainty based on the 
γ = 3.0 mJy extrapolation in all subsequent analysis. 

We also considered other extrapolations, such as a constant 
visibility amplitude (a point source) and varying the oscillation 
wavelength by a factor 2. Although not shown, they produce very 
similar levels of variation as discussed abo v e. In addition, we tested 
frank intensity profiles truncated at 80 au, which produced residual 
images with ! 10 σ artefacts out to ∼100 au, further demonstrating 
the increased radial extent of the disc in our observations. 
4  D ISC U SSION  
4.1 The intensity profile compared to previous obser v ations 
Huang et al. ( 2018 ) present high-resolution (0.13 arcsec) obser- 
vations of TW Hya at 290 GHz, providing a useful comparison. 
The y reco v er the previously identified continuum gaps D25, D41, 
and D47 au, with their emission dropping below detectable levels 
in the range 60–70 au. Fig. 3 (top) shows a comparison between 

our fiducial frank intensity profile and the Huang et al. ( 2018 ) 
observations calculated with GoFish (Teague 2019 ) assuming the 
geometry discussed abo v e. The profiles show excellent agreement 
both in terms of absolute flux level, slope, and substructure. Even 
with the limited spatial resolution of our observations (a CLEAN 
beam size of ∼22 au) we reco v er the D25 gap, ho we ver the D41 
and D47 gaps are likely too shallow and narrow to be visible in our 
data. We highlight the respective rms of our observations, which is 
a factor ∼100 lo wer, allo wing us to detect the millimetre continuum 
emission beyond 60–70 au. 

We can also compare our millimetre continuum intensity profile 
with observations at other wavelengths, particularly those in scattered 
light. Debes et al. ( 2017 ) present observations of TW Hya with 
HST /STIS in the R band (1.6 µm) tracing emission out to 180 au, 
noting the presence of a wide gap at a radius of 1.43 arcsec 
(85 au). Similarly, van Boekel et al. ( 2017 ) observed TW Hya with 
VLT/SPHERE at H band (1.6 µm) detecting a gap centred at 1.52 
arcsec (90.5 au). Fig. 3 (bottom) shows the normalized radial profiles 
of these data scaled by R 2 to account for geometric dilution of the 
illuminating starlight. The location of our newly identified millimetre 
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Figure 1. Left: Our fiducial frank fit compared to the real component of the visibilities Re(V) shown in 20 k λ bins. The lower panels show the residuals 
between fit and data ( " ) in terms of the uncertainty on the weighted mean σ , and the imaginary component Im(V). Right: The radial intensity profile derived 
from our fiducial frank fit (solid blue) shown alongside the intensity profiles of the deprojected tclean image (orange) and the fiducial frank fit convolved 
with the tclean beam (dashed blue). The shaded regions give the standard deviation for each bin. The newly identified dark gap (D82) and bright ring (B91) 
are marked. 

Figure 2. Left: Zoom-in of the real component of the visibilities at the longest baselines in our observations, compared with our fiducial frank fit (solid blue) 
and extrapolations to longer baselines as discussed in Section 3.1 . Right: The corresponding intensity profiles based on these extrapolations. 
uncertainty, we propagate a representative uncertainty based on the 
γ = 3.0 mJy extrapolation in all subsequent analysis. 

We also considered other extrapolations, such as a constant 
visibility amplitude (a point source) and varying the oscillation 
wavelength by a factor 2. Although not shown, they produce very 
similar levels of variation as discussed abo v e. In addition, we tested 
frank intensity profiles truncated at 80 au, which produced residual 
images with ! 10 σ artefacts out to ∼100 au, further demonstrating 
the increased radial extent of the disc in our observations. 
4  DISCUS SION  
4.1 The intensity profile compared to previous obser v ations 
Huang et al. ( 2018 ) present high-resolution (0.13 arcsec) obser- 
vations of TW Hya at 290 GHz, providing a useful comparison. 
The y reco v er the previously identified continuum gaps D25, D41, 
and D47 au, with their emission dropping below detectable levels 
in the range 60–70 au. Fig. 3 (top) shows a comparison between 

our fiducial frank intensity profile and the Huang et al. ( 2018 ) 
observations calculated with GoFish (Teague 2019 ) assuming the 
geometry discussed abo v e. The profiles show excellent agreement 
both in terms of absolute flux level, slope, and substructure. Even 
with the limited spatial resolution of our observations (a CLEAN 
beam size of ∼22 au) we reco v er the D25 gap, ho we ver the D41 
and D47 gaps are likely too shallow and narrow to be visible in our 
data. We highlight the respective rms of our observations, which is 
a factor ∼100 lo wer, allo wing us to detect the millimetre continuum 
emission beyond 60–70 au. 

We can also compare our millimetre continuum intensity profile 
with observations at other wavelengths, particularly those in scattered 
light. Debes et al. ( 2017 ) present observations of TW Hya with 
HST /STIS in the R band (1.6 µm) tracing emission out to 180 au, 
noting the presence of a wide gap at a radius of 1.43 arcsec 
(85 au). Similarly, van Boekel et al. ( 2017 ) observed TW Hya with 
VLT/SPHERE at H band (1.6 µm) detecting a gap centred at 1.52 
arcsec (90.5 au). Fig. 3 (bottom) shows the normalized radial profiles 
of these data scaled by R 2 to account for geometric dilution of the 
illuminating starlight. The location of our newly identified millimetre 
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A B S T R A C T 
The radial extent of millimetre dust in protoplanetary discs is often far smaller than that of their gas, mostly due to processes such 
as dust growth and radial drift. However, it has been suggested that current millimetre continuum observations of discs do not 
trace their full extent due to limited sensitivity. In this letter, we present deep (19 µJy beam −1 ) moderate resolution (0.37 arcsec) 
ALMA observations at 1 mm of the nearest protoplanetary disc, TW Hya. Using the visibility analysis tool frank , we reveal a 
structured millimetre intensity distribution out to 100 au, well beyond previous estimates of 60–70 au. Our analysis suggests the 
presence of a new millimetre continuum gap at 82 au, coincident with similar features seen in optical/near-infrared scattered light 
and millimetre molecular line observations. Examination of the fit residuals confirms the presence of the previously reported 
au-scale continuum excess at 52 au (P.A. = 242.5 ◦). Our results demonstrate the utility of combining deep, moderate-resolution 
observations with super-resolution analysis techniques to probe the faintest regions of protoplanetary discs. 
Key words: techniques: interferometric – protoplanetary discs – stars: individual: TW Hya – submillimetre: planetary systems. 

1  I N T RO D U C T I O N  
Observations of planet-forming discs have shown that the radial 
extent of their millimetre dust component is, generally, smaller than 
the extent of molecular gas in the disc (e.g. Pani ́c et al. 2009 ; Andrews 
et al. 2012 ). Initially, this difference was attributed to limited 
sensitivity (see Dutrey et al. 1998 ), but further observations revealed 
that the gas and dust cannot be reproduced with the same surface 
density profile (Hughes et al. 2008 ). In particular, observations 
with the Atacama Large Millimetre/submillimetre Array (ALMA) 
demonstrated that a sharp decrease in dust surface at the outer edge 
is required (e.g. de Gregorio-Monsalvo et al. 2013 ; Andrews et al. 
2016 ). 

A proposed explanation for these differing radial extents involves 
the growth and inward drift of dust grains through the disc. Ob- 
servations of discs at cm wavelengths have confirmed that dust can 
grow to mm-cm sizes (see, e.g. Rodmann et al. 2006 ; Ricci et al. 
2012 ) and that the maximum grain size increases towards the inner 
disc (P ́erez et al. 2012 ; Tazzari et al. 2016 ). These characteristics are 
predicted by models of growth and radial drift (Birnstiel et al. 2010 ; 
Birnstiel, Klahr & Ercolano 2012 ). Indeed, such models naturally 
result in a sharp outer edge of the dust distribution (or sharp decrease 
in the dust-to-gas mass ratio) that is compatible with observations 
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(Birnstiel & Andrews 2014 ). Howev er, observ ed continuum fluxes 
and radial extents suggest that drift needs to be halted (or significantly 
slowed) in the majority of discs (Pinilla et al. 2012 ). This can be 
achieved via local pressure maxima induced by substructure in discs, 
e.g. rings and gaps (see Andrews 2020 ). 

Despite this apparently self-consistent picture, Rosotti et al. ( 2019 ) 
suggested that even the most recent observations of the millimetre 
dust continuum in discs are still limited by sensitivity. In contrast to 
Birnstiel & Andrews ( 2014 ), they argue that currently measured disc 
radii do not trace the sharp outer edge in the dust distrib ution, b ut 
rather the radius out to which the grains are large enough to possess 
significant (sub-)millimetre opacity. The dust surface density extends 
further, but in these regions the grains are small and the opacity 
significantly lower (factor ∼10). If this interpretation is correct, then 
observations of the outer regions of discs in the (sub-)millimetre 
should reveal faint emission, given sufficient sensitivity. 

Such observations require optimal targets for which the surface 
brightness sensitivity can be maximized. TW Hya is a young star of 
spectral type M0.5, stellar mass ∼0.6 M $, and age ∼8 Myr (Sokal 
et al. 2018 ). It is surrounded by a well-studied protoplanetary disc, 
due to its close proximity (59.5 pc, Bailer-Jones et al. 2018 ) and 
near face-on inclination (5 ◦, Huang et al. 2018 ). The TW Hya disc 
has been characterized across multiple wavelengths, from scattered 
light (Debes et al. 2017 ; van Boekel et al. 2017 ) to both thermal 
dust and molecular line emission (Andrews et al. 2016 ; Teague et al. 
2017 ; Huang et al. 2018 ; Tsukagoshi et al. 2019 ; Mac ́ıas et al. 2021 ; 

© The Author(s) 2022. 
Published by Oxford University Press on behalf of Royal Astronomical Society. 
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Figure 4. (a): The fiducial frank intensity profile swept in azimuth and reprojected to the observed inclination and position angle of TW Hya. Overlaid on 
all panels are ellipses showing the radial location of the gap at 82 au (dotted) and ‘edge’ of the disc at 100 au (dashed). (b): 290 GHz continuum image of 
TW Hya at a resolution of 0.13 arcsec (Huang et al. 2018 ). (c): Brightness temperature of the 12 CO J = 3–2 emission towards TW Hya (Teague et al. 2019 ), 
clipped in the range 20–70 K to highlight emission in the outer disc. The gap at 82 au coincides with a ‘break’ in 12 CO emission. (d): Imaged residuals from our 
fiducial frank fit, where contours of ±3, 5 σ are shown ( σ = 48 µJy beam −1 ). A white cross marks the position of the localized continuum excess identified 
by Tsukagoshi et al. ( 2019 ) and a green arc traces the position of spiral structure identified in 12 CO emission by Teague et al. ( 2019 ). Finally, a blue dotted line 
shows the shape of a spiral launched by a hypothetical planet (location marked with ⊕) as modelled by Sturm, Rosotti & Dominik ( 2020 ). 
adopted the same imaging parameters as outlined in Section 2 , but 
explored various robust parameters, finding that R = 2 provided the 
best image fidelity (with beam size 0.46 × 0.41 arcsec and position 
angle −71.0 ◦). The resulting residual image is shown in Fig. 4 (d). 
The strongest residual feature is a localized excess at a position of 
" RA = −0.74 arcsec, " Dec . = 0 . 38 arcsec , corresponding to a 
radial distance of 50 ± 4 au (P.A. = 242.5 ◦) from the central star. 
It is detected at approximately 8 σ with an integrated flux density of 
0.46 ± 0.16 mJy. A blue cross marks the position of the small-scale 
continuum excess first identified in Tsukagoshi et al. ( 2019 ), 
coincident with the peak of our excess within 0.05 arcsec (3 au, close 
to the astrometric precision of ALMA). Estimating the dust mass of 
the continuum excess assuming optically thin emission and adopting 
the same assumptions as Tsukagoshi et al. ( 2019 ) (but extrapolated 
to our observing frequency) gives a value of (3.1 ± 1.1) × 10 −2 M ⊕, 
in good agreement with their dust mass of (2.83 ± 0.06) × 10 −2 M ⊕. 
This suggests our deep observations are tracing the same feature 
within the disc, which is impressi ve gi ven the size of our nominal 

beam (0.44 arcsec, 26 au) compared to the resolved size of the excess 
(2–3 au). 

In addition to the localized excess, there are several arc-like 
structures in the residuals between radii of 40–120 au detected with an 
S/N of 2–6. We can compare their morphology to non-axisymmetric 
structure that has been previously identified in the TW Hya disc. 
Teague et al. ( 2019 ) identified spiral structure in the intensity of 
12 CO J = 3–2 emission in the disc, o v erlaid Fig. 4 (d) as a green 
line, which appears coincident with our continuum residuals in 
this region. Sturm et al. ( 2020 ) further analysed these residuals, 
finding that a hydrodynamic model with planet at a radius of 1.65 
arcsec (100 au) would generate a spiral w ak e consistent with their 
observed morphology. We have overlaid this spiral morphology 
on Fig. 4 (d) with a blue dotted line, demonstrating remarkable 
agreement with the continuum residual arcs. It therefore appears that 
our residual map is detecting the millimetre continuum counterpart 
to the spiral structure previously identified in 12 CO molecular line 
emission. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/515/1/L23/6609934 by D
AN

KO
O

K U
N

IV user on 29 July 2022

Ø 孷ַ؅وشٔ؟ꢜ׀յ2⠘ס狜ꝴ⮆鉮耆ס鈝峮
H2018כ┉舙ն

Ø HST 1.6 µm85ך au gap, VLT 1.6 µm95ך ringն

L26 J. D. Ilee et al. 

MNRASL 515, L23–L28 (2022) 

Figure 3. Top: Radial profile from our fiducial frank fit compared with 
that from the 290 GHz continuum image from Huang et al. ( 2018 ) (H2018). 
Image plane rms values are shown with horizontal dashed lines. Bottom: 
Radial profiles from scattered light observations with VLT/SPHERE ( H band) 
and HST /STIS ( R band) as presented in van Boekel et al. ( 2017 ) and Debes 
et al. ( 2017 ), respectively. The vertical dotted lines mark the location of 
the previously identified millimetre continuum gaps (D). The D82 feature 
coincides with the outer gap seen in scattered light observations. 
gap (D82) is coincident with the location of these scattered light gaps 
to within several au. Variations between the precise gap locations are 
not une xpected, giv en that the millimetre continuum and scattered 
light observations are tracing different-sized grains and also due to 
different physical mechanisms (thermal emission and scattered light, 
respectively). 

We can also examine how our derived intensity profile would 
appear on the sky. Fig. 4 (a) shows the profile swept in azimuth and 
reprojected to the observed position angle and inclination of TW 
Hya. Fig. 4 (b) shows the corresponding 290 GHz continuum image 
from Huang et al. ( 2018 ) o v erlaid with the location of the D82 gap 
and profile edge at 100 au, which lie beyond the radial extent probed 
by these high-resolution observations. 

Given the extended radial range across which our newly identified 
substructure lies, we can compare it to observations of molecular 
line emission at similarly large radii. Fig. 4 (c) shows the brightness 
temperature of the 12 CO J = 3–2 emission towards TW Hya as 
presented in Huang et al. ( 2018 ) and Teague et al. ( 2019 ). The 
intensity scale has been cropped to highlight the ‘break’ in emission 
in the range 80–100 au, the beginning of which is coincident with 
the continuum gap D82. It is also interesting to note that the D82 gap 
shares a similar radial location to the gap in CS J = 5–4 emission 
at ∼1.6 arcsec (95 au) presented in Teague et al. ( 2017 ). In addition, 
Nomura et al. ( 2021 ) recently presented high-resolution maps of 
13 CO J = 3–2, C 18 O J = 3–2, CS J = 7–6, and CN N = 3–2 towards 
TW Hya, all of which show breaks in emission in the range 80–90 au 
that are coincident with D82. Taken together, these observations are 
consistent with a scenario in which there is a large gas surface density 
depletion close to these radii, and that slight offsets can be attributed 
to imaging limitations or the fact that each molecular line is probing 
a slightly different region of the depletion. Therefore, it appears that 

our millimetre continuum intensity profile shares a similar structure 
to both the gas and micron-sized dust in the outer disc. 
4.2 The extent of the millimetre continuum emission 
Our detection of millimetre emission in the outer disc has several im- 
plications. First, our observations appear to support the hypothesis of 
Rosotti et al. ( 2019 ), in that we confirm that deep observ ations re veal 
faint continuum emitting material beyond what has been previously 
reported as the outer edge of millimetre dust in the TW Hya disc. 
Ho we ver, our observ ations are unable to differentiate whether this 
emission originates from grains of a different size that would support 
the idea of an ‘opacity cliff’, or whether the faint millimetre emission 
reflects a change in surface density. To investigate this, similarly deep 
observations at multiple wavelengths would be required to calculate 
a spectral index in these outer disc regions. 

Secondly, disc sizes are commonly calculated with respect to some 
radius enclosing a percentage of total flux, e.g. the 68 per cent radius 
( R 68 ). Our frank radial intensity profile has R 68 = 44.2 au, very 
close to previous measurements for TW Hya at similar frequencies 
(e.g. 45.8 ± 0.6 au; Tripathi et al. 2017 ). Ho we ver, this is clearly 
not an accurate representation of the ‘true’ continuum disc based on 
our results. In order to capture the larger extent enclosing this faint 
outer emission, much higher percentage flux radii are required (e.g. 
we find R 95 = 64.8 au, and R 99 = 88.1 au). If this faint millimetre 
emission at large radii is a common feature amongst many other 
protoplanetary discs beyond TW Hya, then this would ef fecti vely 
steepen correlations between disc size and other quantities (such as 
mass and luminosity) based on observations with lower sensitivity 
(e.g. Andrews et al. 2018 ; Hendler et al. 2020 ). 
4.3 Characteristics of the outermost gap at 82 au 
The potential detection of the millimetre counterpart of the outermost 
gap in TW Hya raises questions as to its origin, in particular whether 
such a gap could be opened by a planet in the disc. Following 
the procedure of Rosotti et al. ( 2016 ), we measure a gap width 
of 11.7 ± 3.2 au at 82 au, which translates to a planet mass of 
10.4 ± 4.8 M ⊕. Previous studies have performed a similar analysis 
on the gap observed in scattered light. Debes et al. ( 2013 ) placed 
an upper limit of the mass of the planetary companion of between 
6 and 28 M ⊕ based on HST observations, and van Boekel et al. 
( 2017 ) found their observed VLT/SPHERE gap depth could be 
reproduced by a 34 M ⊕ mass planet. Taken as a range of possibilities, 
these values are in agreement with our derived planet mass based 
on the millimetre continuum. Taking a slightly different approach, 
Mentiplay, Price & Pinte ( 2019 ) used hydrodynamic models coupled 
with radiative transfer to simulate multiple observations of TW Hya. 
They found that planets with masses in the range 32–95 M ⊕ were able 
to reproduce the outermost gap seen in scattered light, but note that 
such planets excite a spiral arm in the disc that should be apparent in 
scattered light observations (but is as yet undetected). These masses 
are somewhat higher than our estimate from D82, but are within a 
factor of ∼3. The addition of the extra constraints provided by our 
intensity profile in the range 60–100 au may help refine this planet 
mass for future studies. 
4.4 Investigating non-axisymmetric structure 
Despite the axisymmetric nature of our intensity profile, we can 
inv estigate an y potential non-axisymmetric features in the observa- 
tions by imaging the residual visibilities of the fiducial frank fit. We 
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Abstract

Mono-deuterated methanol is thought to form during the prestellar core stage of star

formation. Observed variations in the CH2DOH/CH3OD ratio suggest that its forma-

tion is strongly dependent on the surrounding cloud conditions. Thus, it is a potential

tracer of the physical conditions before the onset of star formation. A single-point phys-

ical model representative of a typical prestellar core is coupled to chemical models to

investigate potential formation pathways towards deuterated methanol at the prestellar

stage. Simple addition reactions of H and D are not able to reproduce observed abun-

dances. The implementation of an experimentally verified abstraction scheme leads to

the efficient formation of methyl-deuterated methanol, but lacks sufficient formation of

hydroxy-deuterated methanol. CH3OD is most likely formed at a later evolutionary

stage, potentially from H-D exchange reactions in warm ices between HDO (and D2O)

1

Ø 냕㳡䈱׵ךؓؤ⹜竊׷⴫㰢鶟⴫׽ֵעյCH3OH׼־㡎׾ױCOMs׾ֵ׵ն
Ø <20 KעךؓؤסD⴫ֿ䢙׍׼鶟׳նD⴫ْעٜ٭ؿذ⸉㡎佔壿꣪מ禆䤔־׾׿׈
Ø ⛥韬ꄈ佔䎬䡗עךCH3כOHסD⴫ֿ樟ֿ׾םյCH2DOH/CH3OD奂ֿ⛰ך婊־ס׾ױ

Ø ⮣僿⸉㯸㰆㏇ꄈ؅┙ֻյ擻杼ꄈךױױסאע⴫㰢鶟⴫ն
Ø UMIST Database for AstrochemistryסRATE12סD⴫٤٘ة٭فն

Table 1: Initial atomic abundances at the start of the calculations relative to nH.

Species n(X)
H 5.00 × 10−5

H2 5.00 × 10−1

He 9.75 × 10−2

C 1.40 × 10−4

O 3.20 × 10−4

S 8.00 × 10−8

Si 8.00 × 10−9

P 3.00 × 10−9

Cl 4.00 × 10−9

F 2.00 × 10−8

Fe 3.00 × 10−9

Na 2.00 × 10−9

Mg 7.00 × 10−9

HD 1.60 × 10−5

Table 2: Investigated parameter space with the three chemical models.a

Parameter Value
tcore (yr) 104, (1, 3, 5, 7.5) × 105, 106, 107

Tdust,gas (K) 10, 15, 20, 25, 30
nH (cm−3) 4 × 104, 105, 5 × 105, 106, 5 × 106

ζCR (s−1) 5 × 10−17

EA(CO+H) (K) 400, 900, 1 400, 2 500
a If multiple values are given per parameter, the default value used in the fiducial model
is indicated in boldface.

2.2 Chemical model

Here, a short description of the chemical model is given. Details can be found in Walsh

et al. (2014), Drozdovskaya et al. (2014, 2016), and Kulterer et al. (2020)39–42 and the

references therein. The model considers gaseous and solid phases, the latter refers to icy

mantles covering the dust grains. The bulk of the icy mantle and the surface layers are

treated as one phase. However, only the upper two monolayers of the surface are chemically

active.39 The chemical network is based on the deuterated version of the Rate12 release

of the umist Database for Astrochemistry (UDfA;43 Antonellini et al. in prep.). This

base network mainly considers mono-deuterated species. COMs with a degree of complexity

6

Model 1: H, D♀ⱶײסնD⴫ע⠕ն
Model 2A: H, Dס聰ꦕכ邾丗⠕D⴫ն
Model 2B: CO+H à HCOסכ注㵚⹚䑴鵭䈱؅4⠘ն

2.2.1 Model 1

The chemical network, denoted as Model 1, includes ∼ 29 200 reactions and 1 170 species.

With the exception of HD +
2 , D +

3 , D2, and D2O, only mono-deuterated species are included,

even if multiply deuterated isotopologues could theoretically be formed. The main methanol

isotopologue (CH3OH) in the solid phase predominately forms via subsequent addition of hy-

drogen atoms to CO in this network. Laboratory experiments17,18 have shown that methanol

formation occurs efficiently via the hydrogenation of CO ices at temperatures in the range

of ∼ 10–12 K with H2CO as an intermediate:

CO −→ HCO −→ H2CO −→ CH3O,CH2OH −→ CH3OH. (1)

These experiments have confirmed that the majority of methanol that is observed in the ISM

likely stems from this reaction pathway. Gas-phase formation of methanol occurs, but not

efficiently enough to explain the observed abundances.36 Calculated activation barriers for

the first and third hydrogenation steps of the scheme in Eq. 1 are large (> 2 000 K),50 there-

fore they occur via quantum tunneling. The activation barrier for the formation of CH2OH

has been shown to be more than a factor of two higher50,51 and therefore the formation of

CH3O is more likely. The activation energies are adopted from the kida database52 and are

set to 2 500 K for HCO, 2 200 K for CH3O, and 5 400 K for CH2OH formation.

In Model 1, mono-deuterated methanol forms via one D addition that replaces one H addition

at any of the four reaction steps. DCO forms via CO + D and can then be hydrogenated to

form singly deuterated formaldehyde, HDCO. Additionally, HDCO can also be produced via

HCO + D. H2CO can either be hydrogenated to CH3O or CH2OH, or deuterated to CH2OD

or CH2DO. The latter is also formed via H addition to HDCO. Alternatively, HDCO can

produce CHDOH upon H addition. The activation energies of the deuterated isotopologues

of CH2OH and CH3O (CH2DO, CH2OD, and CHDOH) are assumed to be the same as their

non-deuterated counterparts. The final step in the formation of mono-deuterated methanol

8

in the scheme unless a relative reaction has been derived from the experiments. The KIE

defines the change that occurs in a reaction rate if an atom is replaced by an isotope. The

key reactions of all schemes are summarized in Table 3. Triply deuterated methanol forms

via the repeated formation of a hydroxymethyl radical as a result of H abstraction from

methanol followed by D addition to the newly formed radical, i.e.:

CH3OH +D −→ CH2OH +HD (2)

CH2OH +D −→ CH2DOH. (3)

This process has been quantified in the laboratory54 and leads to the following sequence, S2:

CH3OH −→ CH2DOH −→ CHD2OH −→ CD3OH. (4)

Note that Nagaoka et al.54 do not observe deuteration of the hydroxy group in their experi-

ments. The production of the -OD functional group is excluded up to the sensitivity of the

instruments.

The remaining three substitution schemes in the network are derived from experiments of

the exposure of formaldehyde to H and D atoms.57 The third scheme, S3, leads to the forma-

tion of di-deuterated formaldehyde and CD3OD upon D exposure of H2CO, and additionally

forms HCO and DCO as intermediates:

H2CO −→ HDCO −→ D2CO −→ CD3OD. (5)

Furthermore, H exposure of D2CO proceeds to form H2CO, which then prompts CH3OH

production in a fourth scheme considered in this model (S4):

D2CO −→ HDCO −→ H2CO −→ CH3OH. (6)

10
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Abstract

Mono-deuterated methanol is thought to form during the prestellar core stage of star

formation. Observed variations in the CH2DOH/CH3OD ratio suggest that its forma-

tion is strongly dependent on the surrounding cloud conditions. Thus, it is a potential

tracer of the physical conditions before the onset of star formation. A single-point phys-

ical model representative of a typical prestellar core is coupled to chemical models to

investigate potential formation pathways towards deuterated methanol at the prestellar

stage. Simple addition reactions of H and D are not able to reproduce observed abun-

dances. The implementation of an experimentally verified abstraction scheme leads to

the efficient formation of methyl-deuterated methanol, but lacks sufficient formation of

hydroxy-deuterated methanol. CH3OD is most likely formed at a later evolutionary

stage, potentially from H-D exchange reactions in warm ices between HDO (and D2O)

1

Figure 1: Abundances of key species towards the formation of mono-deuterated methanol
as obtained with Model 1 for a core age of 3 × 105 yr and dust temperatures in the range
of 10–30 K. Gaseous species are depicted as dashed lines, solid lines refer to grain-surface
species. HCO (light green) and DCO (green) are shown in the upper panel. The middle panel
plots H2CO (pink) and HDCO (red). CH3OH (blue) and its mono-deuterated isotopologues
CH2DOH (light blue) and CH3OD (dark blue) are shown in the lower panel.

16

10ٜظٓ K׽׻냕峪כדCH3ODמ䑒釐םCH3O
ն׾׿؂✳מ☽ֿ
ACH3OHàCH2OHàCH2DOHֿ⺎耆նٜظٓ

CH3ODàCH2ODךCH3ODֿ峎׾ն
ն׋⺱ׯ׮כ2Aٜظٓ : Bٜظٓ
Ø CH2DOH/CH3OD奂ע侇⯍ַם׼❣עמն
Ø 峪䈱佔䎬䡗on set׽םמ٭ئ٭ٝع䐂׾ն
Ø CO+HàHCOؓٛفסEAֿ⛥ׂכַם鈝峮؂⾒כ

鷨⸻溿狒նַֹכַם ☪㍑ס奂׵EA׾❣מն
Figure 2: Abundances of key species towards the formation of deuterated methanol as ob-
tained with Model 2A for a core age of 3 × 105 yr and dust temperatures in the range
of 10–30 K. Gaseous species are depicted as dashed lines, solid lines refer to grain-surface
species. HCO (light green) and DCO (green) are shown in the upper panel. The middle
panel plots H2CO (pink), as well as HDCO (red), and D2CO (brown). CH3OH (blue) and its
mono-deuterated isotopologues, CH2DOH (light blue) and CH3OD (dark blue), are shown in
the lower panel. Gas-phase abundances of (deuterated) methanol are ≤ 10−11 and therefore
not included in the plot.

18

Higher gas densities and lower activation barriers for the CO + H −→ HCO reaction in-

crease the rate of this reaction, and therefore all the relative rates in the abstraction scheme

in Model 2A. The considered grid of gas densities and EA is used to investigate variations of

the CH2DOH/CH3OD ratio with the newly constructed Models 2A_CX2OX and 2A_Song.

Combined with the aforementioned parameter space explored by the theoretical modelling

work of T12,63 these models also test the reaction H2CO + H based on the EA for the forma-

tion of CH2OH. Adopted values are taken from the kida database,52 and quantum chemical

calculations.62 Those values were published after Hidaka and colleagues conducted their ex-

periments.56,57 Results for Model 2A_CX2OX at 10 K for core ages between 105–106 yr are

Figure 5: Calculated CH2DOH/CH3OD ratios over a range of gas densities and activation
barriers for the reaction CO + H −→ HCO at Tdust = 10 K with Model 2A_CX2OX for core
ages ranging from 105–106 yr. The dashed black line refers to the statistically expected value
of 3, the solid grey line refers to the lower limit of this ratio determined from observations
of the prestellar core L1544.69

shown in Fig. 5. The values for the CH2DOH/CH3OD ratio are detailed in Table S2. If

EA is below 1 400 K, the CH2DOH/CH3OD ratio is found to be as high as ∼ 200 for low

gas densities. While the CH2DOH abundances remain comparable to those in Model 2A,

25

lead to a ratio of ∼ 1 at 10 K across the considered core ages, are not sufficient for explaining

the observed abundances.

Figure 7: Calculated CH2DOH/CH3OD ratios compared with what is expected to be found
in prestellar cores from observations. Values are depicted for a Tdust range of 10–30 K and
core ages of 105–106 yr. The blue slope, denoted “addition only” refers to results from Model
1, the red slope (“w/ abstraction”) describes results from Model 2A, and the green slope (“w/
abstraction x4”) stems from results from Model 2B. The solid black line indicates the lower
limit of the CH2DOH/CH3OD ratio as derived towards the dust peak of the prestellar core
L1544.69 The dashed grey line highlights the statistically expected value of three.

CH2DOH has been detected in a number of prestellar cores in recent years with single dish

telescopes. A survey of 12 starless and prestellar cores in the B10 region in the Taurus

Molecular Cloud revealed CH2DOH in 9 out of the 12 sources.82 Additionally, CH2DOH has

been detected in the prestellar cores L18383 and L1544.69 L1544 has been the target of many

extensive studies11,84 and was the first prestellar core with a reported CH2DOH detection,69

which was derived towards the dust peak of L1544. Mapping observations have revealed a

molecular differentiation in L1544;85 depending on whether observations were carried out

towards the dust peak at the center of the core or towards the so-called methanol peak, the

36

Ø CH3ODס鈝峮ע┕꡾ײסն
Ø նַם؂⾒עךٜظٓ

Ø Orion BN/KLעך奂ֿ~1ն
Ø ⸉㡎佔僿♓꡸מHDOכCH3OHס

ꝴסH-D◫䬵ն׽ױחCH3ODע
presetllar׼־禆䤔ַם׿׈ն

ٜظٓ

Aٜظٓ

EA؅㚺ֻג
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ABSTRACT

Context. Some H II regions that surround young stellar clusters are bordered by molecular shells that appear to expand at a rate
inconsistent with our current model simulations. In this study we focus on the dynamics of Sharpless 171 (including NGC 7822),
which surrounds the cluster Berkeley 59.
Aims. We aim to compare the velocity pattern over the molecular shell with the mean radial velocity of the cluster for estimates of the
expansion velocities of different shell structures, and to match the observed properties with model simulations.
Methods. Optical spectra of 27 stars located in Berkeley 59 were collected at the Nordic Optical Telescope, and a number of molecular
structures scattered over the entire region were mapped in 13CO(1–0) at Onsala Space Observatory.
Results. We obtained radial velocities and MK classes for the cluster’s stars. At least four of the O stars are found to be spectroscopic
binaries, in addition to one triplet system. From these data we obtain the mean radial velocity of the cluster. From the 13CO spectra
we identify three shell structures, expanding relative to the cluster at moderate velocity (4 km s�1), high velocity (12 km s�1), and in
between. The high-velocity cloudlets extend over a larger radius and are less massive than the low-velocity cloudlets. We performed a
model simulation to understand the evolution of this complex.
Conclusions. Our simulation of the Sharpless 171 complex and Berkeley 59 cluster demonstrates that the individual components can
be explained as a shell driven by stellar winds from the massive cluster members. However, our relatively simple model produces a
single component. Modelling of the propagation of shell fragments through a uniform interstellar medium demonstrates that dense
cloudlets detached from the shell are decelerated less efficiently than the shell itself. They can reach greater distances and retain higher
velocities than the shell.

Key words. HII regions – ISM: molecules – ISM: kinematics and dynamics – evolution – stars: kinematics and dynamics

1. Introduction

There are in our galaxy numerous H II regions surrounding
young stellar clusters that contain several massive O and B
stars. Far- and extreme-UV radiation and stellar wind from O
and B stars heat, ionise, and shape the surrounding gas, and
these expanding bubbles drive compressed molecular gas out-
wards. The evolution of such regions has been subject to a large
number of theoretical studies, starting with the pioneering work
by Strömgren (1939) (and e.g. the reviews in Henney 2007;
Krumholz et al. 2014; Dale 2015; Haworth et al. 2018).

Once the first O stars have formed, the surrounding molecu-
lar cloud is compressed into a shell that is accelerated outwards.
The shell breaks up into filaments, elephant trunks, and glob-
ules, and eventually it slows down and disperses. The expansion
velocity of the shell obtained from simulations depends on the
physical processes assumed, the initial conditions, and the source

? Data table is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/663/A111
?? Based on observations collected at the Nordic Optical Telescope,

La Palma, Spain; and Onsala Space Observatory, Sweden.
† Deceased.

driving the expansion. Numerical studies show that the shells
surrounding single stars rarely expand with velocities greater
than 5 km s�1 (e.g. Hosokawa & Inutsuka 2006; Arthur et al.
2011; Bisbas et al. 2015), although shell velocities of the order
⇠10 km s�1 can be attained for very massive stars (Geen et al.
2020) or a low-density ambient interstellar medium (ISM; Freyer
et al. 2003). A compact cluster of massive stars can drive a sin-
gle, common shell, and these shells can reach velocities in excess
of 10 km s�1 (e.g. Dale et al. 2014; Lancaster et al. 2021a), but
this requires a large population of high-mass stars.

From existing estimates of the central velocities of various
H II regions in comparison to those measured for molecular line
emission in the surrounding shells, it appears that the expansion
velocities as a rule are of the order of a few km s�1, in congruence
with the predictions from some of the above-mentioned theoret-
ical model simulations. However, we have found several regions
for which one could suspect much higher velocities. A closer
inspection shows that published estimates of central velocities
and shell velocities are in fact rather uncertain. In this paper we
focus on the Sharpless 171 (S 171) complex, which has the young
cluster Berkeley 59 (Be 59) at its centre.

Literature data on the kinematics of the stars, ionised gas,
and shell structures in this complex suggest that the molecular
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structures scattered over the entire region were mapped in 13CO(1–0) at Onsala Space Observatory.
Results. We obtained radial velocities and MK classes for the cluster’s stars. At least four of the O stars are found to be spectroscopic
binaries, in addition to one triplet system. From these data we obtain the mean radial velocity of the cluster. From the 13CO spectra
we identify three shell structures, expanding relative to the cluster at moderate velocity (4 km s�1), high velocity (12 km s�1), and in
between. The high-velocity cloudlets extend over a larger radius and are less massive than the low-velocity cloudlets. We performed a
model simulation to understand the evolution of this complex.
Conclusions. Our simulation of the Sharpless 171 complex and Berkeley 59 cluster demonstrates that the individual components can
be explained as a shell driven by stellar winds from the massive cluster members. However, our relatively simple model produces a
single component. Modelling of the propagation of shell fragments through a uniform interstellar medium demonstrates that dense
cloudlets detached from the shell are decelerated less efficiently than the shell itself. They can reach greater distances and retain higher
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Abstract

The Disk Detective citizen science project recently released a new catalog of disk candidates found by visual
inspection of images from NASA’s Wide-field Infrared Survey Explorer mission and other surveys. We applied
this new catalog of well-vetted disk candidates to search for new members of nearby young stellar associations
(YSAs) using a novel technique based on Gaia data and virtual reality (VR). We examined AB Doradus, Argus, β
Pictoris, Carina, Columba, Octans-Near, Tucana–Horologium, and TW Hya by displaying them in VR together
with other nearby stars, color coded to show infrared excesses found via Disk Detective. Using this method allows
us to find new association members in mass regimes where isochrones are degenerate. We propose 10 new YSA
members with infrared excesses: three of AB Doradus (HD 44775, HD 40540 and HD 44510), one of β Pictoris
(HD 198472), two of Octans-Near (HD 157165 and BD+35 2953), and four disk-hosting members of a combined
population of Carina, Columba, and Tucana–Horologium: CPD-57 937, HD 274311, HD 41992, and WISEA
J092521.90-673224.8. This last object (J0925) appears to be an extreme debris disk with a fractional infrared
luminosity of 3.7× 10−2. We also propose two new members of AB Doradus that do not show infrared excesses:
TYC 6518-1857-1 and CPD-25 1292. We find HD 15115 appears to be a member of Tucana–Horologium rather
than β Pictoris. We advocate for membership in Columba–Carina of HD 30447, CPD-35 525, and HD 35841.
Finally, we propose that three M dwarfs, previously considered members of Tucana–Horologium are better
considered a separate association, tentatively called “Smethells 165”.

Unified Astronomy Thesaurus concepts: Debris disks (363); Moving clusters (1076); Infrared excess (788)

1. Introduction

Stars in young moving groups and associations often show
excess emission at infrared (IR) wavelengths pointing to the
presence of circumstellar disks (e.g., Zuckerman et al. 2011;
Boucher et al. 2016; Moór et al. 2016): gas-rich protoplanetary
and transitional disks, and gas-poor debris disks. As member-
ship in these young moving groups and associations yields
stellar age estimates, these disks in young moving groups have
become central to our understanding of planet formation. They
provide us with a timeline for disk evolution between ∼3 and
200Myr, chronicling the transition from primordial and debris

stages, and providing critical time constraints for gas and
planetesimal accretion and orbit evolution (e.g., Mamajek 2009;
Meng et al. 2017). Furthermore, many disks with resolved
images, like β Pictoris, HR 4796A, AU Microscopii, belong to
young moving groups; knowing the ages of these disks allows
us to examine and model their dynamics in detail (e.g., Nesvold
& Kuchner 2015a, 2015b; Grady et al. 2020; Moór et al. 2020).
Thanks to recent releases of data from the European Space

Agency’s (ESA) Gaia telescope, Data Release 2 (DR2) and
Early Data Release 3 (EDR3), there has been a flurry of activity
to identify new young stellar association (YSA) candidates.
Some of these studies used infrared excess as a clue to
group membership, and others used Gaia-informed group
membership as a way to find new disks. For example, Esplin
et al. (2018) announced 179 new disks in the Upper
Scorpius Association based on Gaia data and photometry from
NASA’s Wide-field Infrared Survey Explorer (WISE) mission.
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ABSTRACT

Streaming instability is hypothesized to be triggered at particular protoplanetary disk locations where the volume density of the
solid particles is enriched comparable to that of the gas. A ring of planetesimals thus forms when this condition is fulfilled locally.
These planetesimals collide with each other and accrete inward drifting pebbles from the outer disk to further increase masses. We
investigate the growth of the planetesimals that form in a ring-belt at various disk radii. Their initial mass distributions are calculated
based on the formula summarized from the streaming instability simulations. We simulate the subsequent dynamical evolution of the
planetesimals with a protoplanetary disk model based either on the minimum mass solar nebula (MMSN) or on the Toomre stability
criterion. For the MMSN model, both pebble accretion and planetesimal accretion are e�cient at a close-in orbit of 0.3 AU, resulting
in the emergence of several super-Earth mass planets after 1 Myr. For comparison, only the most massive planetesimals undergo
substantial mass growth when they are born at r=3 AU, while the planetesimals at r=30 AU experience little or no growth. On the
other hand, in the denser Toomre disk, the most massive forming planets can reach Earth mass at t=1 Myr and reach a mass between
that of Neptune and that of Saturn within 3 Myr at 30 AU and 100 AU. Both the pebble and planetesimal accretion rate decrease with
disk radial distance. Nevertheless, planetesimal accretion is less pronounced than pebble accretion at more distant disk regions. Taken
together, the planets acquire higher masses when the disk has a higher gas density, a higher pebble flux, and/or a lower Stokes number
of pebbles.

Key words. numerical – planets and satellites: formation

1. Introduction

The growth of millimeter- to centimeter-sized bodies (named
pebbles hearafter) into kilometer- or larger sized planetesimals
faces a challenge in the classical planet formation theory (see
Johansen et al. (2014), Liu & Ji (2020) and Drazkowska et al.
(2022) for reviews). Their growth is mainly limited by bounc-
ing, fragmentation (Güttler et al. 2010; Zsom et al. 2010), and
fast radial drift (Weidenschilling 1977). The streaming instabil-
ity mechanism provides a promising solution to overcome the
above barriers, when the pebbles self-concentrate together and
collapse into planetesimals due to the collective e↵ect of gravity
(Youdin & Goodman 2005; Johansen & Youdin 2007).

In order to initiate the streaming instability, the volume den-
sity of pebbles needs to be enriched comparable to that of the
gas, ⇢peb'⇢g (Youdin & Goodman 2005). This criterion is also
frequently written in terms of the disk metallicity with a surface
density ratio, Z=⌃peb/⌃g. Literature numerical simulations find
that a super-solar metallicity (&2�5%) is generally required for
the onset of the streaming instability (Carrera et al. 2015; Yang
et al. 2017; Li & Youdin 2021a). Specifically, Yang et al. (2017)
found particles of ⌧s = 10�2 and 10�3 are concentrated by the
streaming instability when the disk metallicities are 1 � 2% and
3 � 4%, respectively. Li & Youdin (2021b) suggested the metal-
licity could be lower than 1% with ⌧s > 0.01 in their particle
clumping simulations. Higher Z might be needed if considering

a size distribution of pebbles (Zhu & Yang 2021). Overall, the
threshold metallicity is di�cult to satisfy globally in a canonical
solar-like protoplanetary disk.

Various hypotheses have been proposed so that the enhance-
ment of the pebble surface density can be fulfilled locally at pe-
culiar protoplanetary disk locations. For instance, the ice-line
location of di↵erent chemical species, such as water, silicate,
and carbon monoxide (Ros & Johansen 2013; Schoonenberg &
Ormel 2017; Drążkowska & Alibert 2017; Hyodo et al. 2019)
can act as planetesimal nurseries, since large pebbles can grow
there by condensation. Pressure bumps are potential sites for
triggering the streaming instability where drifting pebbles get
accumulated and the pressure gradient varies.1 Another potential
location is the dead-zone inner edge. Since the ionization level
and density are di↵erent between the turbulent active region and
quiescent dead-zone region, their boundary can naturally trap
drifting pebbles and induce streaming instability (Chatterjee &
Tan 2014; Ueda et al. 2019). Furthermore, pebbles might become
clumped at the vortex generated by hydrodynamical instabilities
(Surville et al. 2016) or the spiral arms in self-gravitating disks
(Gibbons et al. 2012; Elbakyan et al. 2020). Taken together, the
triggering site can broadly span from the most inner sub-AU disk

1 The streaming instability does not formally apply at the pressure
maximum point, since the pressure gradient is zero there.
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in the emergence of several super-Earth mass planets after 1 Myr. For comparison, only the most massive planetesimals undergo
substantial mass growth when they are born at r=3 AU, while the planetesimals at r=30 AU experience little or no growth. On the
other hand, in the denser Toomre disk, the most massive forming planets can reach Earth mass at t=1 Myr and reach a mass between
that of Neptune and that of Saturn within 3 Myr at 30 AU and 100 AU. Both the pebble and planetesimal accretion rate decrease with
disk radial distance. Nevertheless, planetesimal accretion is less pronounced than pebble accretion at more distant disk regions. Taken
together, the planets acquire higher masses when the disk has a higher gas density, a higher pebble flux, and/or a lower Stokes number
of pebbles.

Key words. numerical – planets and satellites: formation

1. Introduction

The growth of millimeter- to centimeter-sized bodies (named
pebbles hearafter) into kilometer- or larger sized planetesimals
faces a challenge in the classical planet formation theory (see
Johansen et al. (2014), Liu & Ji (2020) and Drazkowska et al.
(2022) for reviews). Their growth is mainly limited by bounc-
ing, fragmentation (Güttler et al. 2010; Zsom et al. 2010), and
fast radial drift (Weidenschilling 1977). The streaming instabil-
ity mechanism provides a promising solution to overcome the
above barriers, when the pebbles self-concentrate together and
collapse into planetesimals due to the collective e↵ect of gravity
(Youdin & Goodman 2005; Johansen & Youdin 2007).

In order to initiate the streaming instability, the volume den-
sity of pebbles needs to be enriched comparable to that of the
gas, ⇢peb'⇢g (Youdin & Goodman 2005). This criterion is also
frequently written in terms of the disk metallicity with a surface
density ratio, Z=⌃peb/⌃g. Literature numerical simulations find
that a super-solar metallicity (&2�5%) is generally required for
the onset of the streaming instability (Carrera et al. 2015; Yang
et al. 2017; Li & Youdin 2021a). Specifically, Yang et al. (2017)
found particles of ⌧s = 10�2 and 10�3 are concentrated by the
streaming instability when the disk metallicities are 1 � 2% and
3 � 4%, respectively. Li & Youdin (2021b) suggested the metal-
licity could be lower than 1% with ⌧s > 0.01 in their particle
clumping simulations. Higher Z might be needed if considering

a size distribution of pebbles (Zhu & Yang 2021). Overall, the
threshold metallicity is di�cult to satisfy globally in a canonical
solar-like protoplanetary disk.

Various hypotheses have been proposed so that the enhance-
ment of the pebble surface density can be fulfilled locally at pe-
culiar protoplanetary disk locations. For instance, the ice-line
location of di↵erent chemical species, such as water, silicate,
and carbon monoxide (Ros & Johansen 2013; Schoonenberg &
Ormel 2017; Drążkowska & Alibert 2017; Hyodo et al. 2019)
can act as planetesimal nurseries, since large pebbles can grow
there by condensation. Pressure bumps are potential sites for
triggering the streaming instability where drifting pebbles get
accumulated and the pressure gradient varies.1 Another potential
location is the dead-zone inner edge. Since the ionization level
and density are di↵erent between the turbulent active region and
quiescent dead-zone region, their boundary can naturally trap
drifting pebbles and induce streaming instability (Chatterjee &
Tan 2014; Ueda et al. 2019). Furthermore, pebbles might become
clumped at the vortex generated by hydrodynamical instabilities
(Surville et al. 2016) or the spiral arms in self-gravitating disks
(Gibbons et al. 2012; Elbakyan et al. 2020). Taken together, the
triggering site can broadly span from the most inner sub-AU disk

1 The streaming instability does not formally apply at the pressure
maximum point, since the pressure gradient is zero there.
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ABSTRACT

The dynamical states of molecular clouds may a↵ect the properties of the stars they form. In the
vicinity of the Trifid Nebula (d = 1180 ± 25 pc), the main star cluster (Trifid Main) lies within an
expanding section of the molecular cloud; however, ⇠0.3� to the north (Trifid North), the cloud’s
velocity structure is more tranquil. We acquired a Chandra X-ray observation to identify pre-main-
sequence stars in Trifid North, complementing a previous observation of Trifid Main. In Trifid North, we
identified 51 candidate pre-main-sequence stars, of which 13 are high-confidence Trifid members based
on Gaia EDR3 parallaxes and proper motions. We also re-analyzed membership of Trifid Main and
separated out multiple background stellar associations. Trifid North represents a stellar population
⇠10% as rich as Trifid Main that formed in a separate part of the cloud. The 1D stellar velocity
dispersion in Trifid North (0.6±0.2 km s�1) is three times lower than in Trifid Main (1.9±0.2 km s�1).
Furthermore, in Trifid Main, proper motions indicate that the portion of the star cluster superimposed
on the optical nebula is expanding. Expansion of the H ii region around the O-star HD 164492A, and
the resulting gas expulsion, can explain both the motions of the stars and gas in Trifid Main. Contrary
to previous studies, we find no evidence that a cloud-cloud collision triggered star formation in the
region.

Keywords: Astrometry; Molecular clouds; Star formation; Stellar kinematics; X-ray astronomy

1. INTRODUCTION

In the vicinity of the Sun, many of the major star-
forming regions are associated with long, filamentary,
molecular-cloud structures (e.g., Jackson et al. 2010;
Goodman et al. 2014; Zucker et al. 2015; Green et al.
2019; Lallement et al. 2019, 2022; Zucker et al. 2020;
Alves et al. 2020). One of these filaments is a kpc-long
collection of molecular clouds and star-forming regions,
traditionally considered to be part of the Milky Way’s
Sagittarius Arm, but shown by Gaia to form a discrete
substructure with a high-pitch angle relative to the arm
(Kuhn et al. 2021b). This structure contains several
of the nearest massive star-forming regions, including
Messier 8 (the Lagoon Nebula), 16 (the Eagle Nebula),
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17 (the Omega Nebula), and 20 (the Trifid Nebula). Nu-
merical galaxy simulations find that filamentary chains
of molecular clouds in spiral arms undergo continuous
accretion and dispersal (e.g., Dobbs & Pringle 2013;
Ibáñez-Mej́ıa et al. 2017; Lingard et al. 2021). Thus,
collisions between clouds may be an important ingredi-
ent in star formation in such environments.
What role (if any) cloud-cloud collisions play in star

formation is currently an open question (Scoville et al.
1986; Fukui et al. 2021b). Molecular-line position–
velocity (P–V) maps reveal numerous cases where clouds
with di↵erent velocities appear to be interacting – often
coincident with sites of high-mass star formation – and
this has been interpreted as a sign of cloud-cloud colli-
sions by many studies (Fukui et al. 2021a, and references
therein). One example is the Trifid Nebula, proposed by
Torii et al. (2011, 2017) as a case of a cloud-cloud colli-
sion triggering star formation.
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