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ABSTRACT
Dust rings in protoplanetary discs are often observed in thermal dust emission 
and could be favourable environments for planet formation. While dust rings 
readily form in gas pressure maxima, their long-term stability is key to both 
their observability and potential to assist in planet formation. We investigate the 
stability of the dust ring generated by interactions of a protoplanetary disc with 
a Neptune sized planet and consider its possible long term evolution using the 
FARGO3D Multifluid code. We look at the onset of the Rossby Wave 
Instability (RWI) and compare how the addition of dust in a disc can alter the 
stability of the gas phase. We find that with the addition of dust, the rings 
generated by planet disc interactions are more prone to RWI and can cause the 
gas phase to become unstable. The instability is shown to occur more easily for 
higher Stokes number dust, as it accumulates into a more narrow ring which 
triggers the RWI, while the initial dust fraction plays a more minor role in the 
stability properties. We show that the dusty RWI generates vortices that collect 
dust in their cores, which could be sites for further planetesimal formation. We 
conclude that the addition of dust can cause a ring in a protoplanetary disc to 
become more prone to instability leading to a different long term evolution 
compared to gas only simulations of the RWI.

Key words: protoplanetary discs - hydrodynamics - method: numerical - 
planet-disc interactions

•ロスビーウェーブ不安定（RWI）の駆動条件
について、ダストを足すとどうなるかを調べ
たシミュレーション論文 
•結果は 
• Stの値が大きいとよりRWIが発生しやすい 
• Dust / Gas 質量比はそんなに影響しない 

•まとめ 
•ガスのみシミュレーションに比べ、ダスト
をいれるとより不安定になりやすくなるの
で、観測されている円盤を説明するという
観点からも、長時間の安定性は調べたほう
が良さそう。



基礎方程式
gas, dustの2流体、backreactionあり、自己重力無し、isothermal
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a traffic jam with dust migrating inwards and clumping together.
With larger clumps providing a stronger back-reaction on the gas,
this can reduce the local headwind meaning isolated particles further
out can drift inwards faster and join the clump causing the same
process to occur again. The Streaming Instability is one of the popular
mechanisms; however, an alternative mechanism includes the use of
vortices to concentrate the dust in the centre (Barge & Sommeria
1995), which have been a highly common feature in hydrodynamical
simulations and possible explanation for asymmetric substructures in
observations (Marr & Dong 2022). The issues with drag instabilities
and using vortices as an alternative with aiding planet formation are
discussed and explored in Lovascio et al. (2022).

In addition to ring-like structures, many protoplanetary discs have
shown large scale azimuthal asymmetries in the mm dust continuum
(e.g. van der Marel et al. 2013; Isella et al. 2013; Pérez et al. 2014). A
possible explanation for these structures is the existence of vortices in
the disc, triggered through the Rossby Wave Instability (RWI) which
has been studied analytically (Lovelace et al. 1999; Li et al. 2000a)
and numerically (Li et al. 2000b; Varnière & Tagger 2006). This is a
mechanism where an axisymmetric bump in the density profile of the
disc (Meheut et al. 2012) and/or steep density gradients (Koller et al.
2003) can give rise to high pressure anticyclonic vortices. These vor-
tices can not only act as dust traps in the centre (Barge & Sommeria
1995) but also smooth out the density extrema which trigger the in-
stability through angular momentum exchange. This has an important
consequence as gas rings in the protoplanetary disc may be prone to
the RWI if the density gradient is too high, and thus smooth out over
time through the action of the RWI, therefore inhibiting planetesimal
formation at the location of the ring. This raises the question of how
stable are the rings and gaps in protoplanetary discs. So far, studies
of the stability of dusty rings (e.g. Huang et al. 2020; Pierens 2021;
Lee et al. 2022) have shown that a wide range of instabilities can oc-
cur in and around rings in a disc as it evolves over time. Previously,
Meheut et al. (2012) studied the formation and long term evolution
of vortices in a gas only protoplanetary disc however the inclusion
of dust in a disc and how it affects how prone the ring may be to
RWI has not been studied well. Additionally in Cimerman & Rafikov
(2023), they study the stability of gaps in a gas only protoplanetary
disc where vortices have been shown to emerge at the edge of planet
driven gaps.

For simulations which include dust and gas, Pierens et al. (2019)
investigated the interaction between a low mass planet and pebble
rich disc. They find that dusty vortices can develop through the RWI.
Since the RWI can develop at entropy extrema of a gaseous disc, they
expected the RWI to be triggered at high dust to gas ratios, which a
dusty ring would be an ideal region for. In Huang et al. (2020), they
run two fluid simulations where they find a meso-scale instability
that can break up the dusty ring formed. This instability was caused
by a steep velocity shear between the gas inside and outside the ring,
as a high dust to gas ratio "forces" the gas in the ring to rotate near
Keplerian velocity. Lastly in Hsieh & Lin (2020), they investigate
the evolution of the migration of low mass planets in an inviscid
dusty disc. In their study they find that high metallicty discs with
large Stokes numbers eventually generates small scale dusty vortices
at the planet’s gap edges which can halt or reverse the planet’s initial
inward migration. These studies show that vortices generated can
alter the evolution of dusty regions in many different ways. The dust
can have a large impact on the size and location of the possible
instabilities generated around a planet and in the disc morphology
created by an embedded planet.

Clearly, there is an intricate relation between gas pressure bumps,
dust rings and vortices, relevant to both observations and theory.

Chang et al. (2023) provided stability calculations of gas pressure
bumps, and showed under which conditions pressure bumps can
be both stable to the RWI and able to trap dust. They showed that
under a wide range of conditions, dust traps are RWI stable and
therefore potentially long lived. Most recently in Liu & Bai (2023),
they conducted simulations of dust and gas in protoplanetary discs
and found two types of �-scale instabilities (� being pressure scale
height) where they are termed as the dusty Rossby Wave Instability
(DRWI). These were found in pressure bumps where Type I instability
dominates relatively sharp pressure bumps and/or bumps with low
dust content and Type II, where in a more dusty bump, the DRWI
develops anticyclonic vortices smaller than a pressure scale height,
largely preserving the dusty ring. In both of these types, the non-
linear evolution generates dusty vortices with significant dust mass
loading.

In this paper we investigate how the inclusion of dust, and in
particular the feedback on the gas, in a protoplanetary disc affects
the stability of pressure bumps created by embedded planets and the
onset of the Rossby Wave Instability. While for the canonical dust
to gas ratio of 1/100, the dynamics is by and large governed by
the gas only, the presence of a dust trap leads to an ever-increasing
dust density as long as the trap is fed from the outer disc. At some
point, the dust will become dynamically important, which may affect
the stability properties of the trap. This is what we would like to
investigate in this paper.

The structure of this paper is as follows. In section 2 we detail the
simulation setup for the two fluid model in FARGO3D Multifluid. In
section 3 we present the results of the effect of the inclusion of dust
in a ring generated by a planet and its possible long term evolution.
In section 4 we discuss our results and the possible implications and
conclude in section 5.

2 METHOD

2.1 Computational Setup

We perform gas and dust simulations of a global disc using
FARGO3D Multifluid (Benítez-Llambay et al. 2019). The locally
isothermal terminal velocity approximation where the two fluids are
combined as a single fluid presented caveats (Chan & Paardekooper
2022) when a larger planet was embedded in the disc, therefore we
will use the two fluid system where the gas and dust are evolved
separately for our simulations. We assume a geometrically thin disc
in 2D cylindrical coordinates (A, q) with vertically integrated quan-
tities. The equations we solve are the continuity equations for the gas
and dust respectively,

m⌃g
mC

+ r · (⌃gug) = 0, (1)

m⌃d
mC

+ r · (⌃dud) = 0, (2)

where ⌃ denotes the surface density and u the 2D velocity, with
subscripts g and d referring to the gas and dust. The momentum
equations are solved,

m (⌃gug)
mC

+r · (⌃gugug) =  (ud � ug) �r?g +⌃gr� +r ·Tg, (3)

m (⌃dud)
mC

+ r · (⌃dudud) = � (ud � ug) + ⌃dr� + r · Td, (4)
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ガスのみの場合(過去によくやられている)
粘性を変えて、RWIが発生するかを確認する

• kinematic viscosity νを1e-5, 1e-6, 
1e-7 と変えた。 

• 100周回した。 

• セットアップは、粘性なしならRWIが
出るとされているものde Val-Borro 
et al. (2006)  

• 粘性が低いとより深いギャップが開
く。 

• 1e-6では、200周まで行くと不安定
だったがすぐ粘性でsupressされる。 

• 1e-7では見て分かる通りギャップの
内と外にgas overdensities として渦
が見えている。
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Figure 1. Density plots for a gaseous disc with a Neptune sized planet embedded at 1Ap after C = 100 orbits. The kinematic viscosity is varied, a 2
[10�5, 10�6, 10�7 ] from left to right. RWI has developed in the rightmost plot with the lowest kinematic viscosity at the inner and outer rings and has caused
vortices to emerge, destabilising the gas rings and gap edges (A = 0.9, 1.1Ap).

St = 0.01. We study how the dust fraction and Stokes number can
effect the evolution of the ring in section 3.3.

In order to show that the instability of the ring is not caused by
effects related to gas drag we include in section 3.4 results where we
force perfect coupling between gas and dust at the point where the
ring would go unstable, and since the instability proceeds as normal,
we conclude that drag does not play a significant role in making
the dust ring unstable. Finally in subsection 3.5 we investigate the
vortices generated by dusty RWI and briefly present the possible long
term evolution and show the possible implications.

3.1 Stability of Gas Rings

For our test cases we ran benchmark simulations of gas only discs
with an embedded Neptune sized planet, while varying the uniform
kinematic viscosity, a 2 [10�5, 10�6, 10�7]. We use a resolution of
(768,1536) cells in the radial and azimuthal direction respectively
and the simulation time for each case is 100 orbits. We ran these
simulations to review how the kinematic viscosity can inhibit the
requirements for the RWI to trigger and find a a setup which would
be useful to study how the addition of dust affects the onset of the
RWI. In the inviscid limit, de Val-Borro et al. (2006) showed the
appearance of vortices through the RWI for this setup.

In Fig. 1 we plot the density of the gas for the varying kinematic
viscosities. After 100 orbits we can see that for the most viscous case
(left panel), the Neptune sized planet has carved a shallow gap in the
disc and faint rings are generated by the planet outside the gap in
the pressure bumps. The expected spiral density waves are launched
from the planet’s location through the disc (Goldreich & Tremaine
1979; Goldreich & Tremaine 1980). For longer time integration, the
morphology of the disc remains stable as the viscous damping is
large enough to suppress conditions for instabilities. Moving onto
the middle panel of Fig. 1, for the a = 10�6, we see a deeper gap
carved as the kinematic viscosity of the disc is lessened and the gas
ring is more pronounced at the gap edges (A = 0.9, 1.1Ap) than the
first. In this case we note that the gas ring shows instabilities by 200
orbits as gradually the density gradient of the gap edge carved out by
the planet is extreme enough to trigger the RWI, however these are
quickly suppressed by the viscosity. In the right panel of Fig. 1 with

Figure 2. Radial profile of the azimuthally averaged key functions for a 2
[10�5, 10�6, 10�7 ]. The lower viscosity setups have a larger peak at the
location of the gap edges (A = 0.9Ap, 1.1Ap) which lead to development of
the RWI.

the lowest kinematic viscosity we see that the gap edge created has
triggered the RWI within 100 orbits and vortices have been generated
interior and exterior to the planet. These vortices can be identified as
gas overdensities, and alter the region of the pressure bump and ring
generated by the planet through their own interactions of merging
together in the azimuthal direction. One important question intro-
duced then, which will be explored briefly in the last subsection of
the results, is "What is the long term evolution of the vortices exterior
to a gap carving planet?". As isolated vortices are subject to viscous
damping (Fu et al. 2014a) while a planet carving a deep enough gap
in the disc can trigger the RWI into generating vortices, this would
be key to the evolution and possible further planetesimal and plan-
etary formation. Furthermore, the addition of dust into a vortex can
affect their lifetimes and evolution due to instabilities in the vortices,
introduced or enhanced by the presence of dust (e.g. Lovascio et al.
2022).

Fig. 2 presents the radial profile of the azimuthally averaged key
function at C = 100 orbits over the initial profile of the key function
in the disc. Initially with a kinematic viscosity of 10�5, we see that
in the density plot the evolution of the disc and gap is very stable
with shallow rings interior and exterior to the shallow gap. This is
indicated in the key function as well since the rings do not go unstable
and there are no extremum in the radial profile of the key function
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the middle panel of Fig. 1, for the a = 10�6, we see a deeper gap
carved as the kinematic viscosity of the disc is lessened and the gas
ring is more pronounced at the gap edges (A = 0.9, 1.1Ap) than the
first. In this case we note that the gas ring shows instabilities by 200
orbits as gradually the density gradient of the gap edge carved out by
the planet is extreme enough to trigger the RWI, however these are
quickly suppressed by the viscosity. In the right panel of Fig. 1 with

Figure 2. Radial profile of the azimuthally averaged key functions for a 2
[10�5, 10�6, 10�7 ]. The lower viscosity setups have a larger peak at the
location of the gap edges (A = 0.9Ap, 1.1Ap) which lead to development of
the RWI.

the lowest kinematic viscosity we see that the gap edge created has
triggered the RWI within 100 orbits and vortices have been generated
interior and exterior to the planet. These vortices can be identified as
gas overdensities, and alter the region of the pressure bump and ring
generated by the planet through their own interactions of merging
together in the azimuthal direction. One important question intro-
duced then, which will be explored briefly in the last subsection of
the results, is "What is the long term evolution of the vortices exterior
to a gap carving planet?". As isolated vortices are subject to viscous
damping (Fu et al. 2014a) while a planet carving a deep enough gap
in the disc can trigger the RWI into generating vortices, this would
be key to the evolution and possible further planetesimal and plan-
etary formation. Furthermore, the addition of dust into a vortex can
affect their lifetimes and evolution due to instabilities in the vortices,
introduced or enhanced by the presence of dust (e.g. Lovascio et al.
2022).

Fig. 2 presents the radial profile of the azimuthally averaged key
function at C = 100 orbits over the initial profile of the key function
in the disc. Initially with a kinematic viscosity of 10�5, we see that
in the density plot the evolution of the disc and gap is very stable
with shallow rings interior and exterior to the shallow gap. This is
indicated in the key function as well since the rings do not go unstable
and there are no extremum in the radial profile of the key function
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RWIを発生させるかどうかを表す関数
key function (Lovelace et al. 1999) 
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•  

• Sがエントロピー。rot uはvortensityなので、だ
いたいエントロピー割るvortensityみたいな量。 

• この関数が極大を持つところでRWIが発生すると
言われている 

• radial profileの図を見ると、確かにν=1e-5で
はRWIが発生しないことなどがおおよそあってい
そう。 

• ν=1e-7のときの2Dプロットを、t=60と80で
見る。80で明らかに4つの渦がある。これが弱い
腕を作っていて、これはkey functionのradial 
profileを弱くして入るものの、極大値を見る分
には問題ない 

• 基本的にはν=1e-7と1e-6（及びその中間の
値）を使ってこれから議論する。
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with  as the drag coefficient between the two phases and ?g the
gas pressure. We use a locally isothermal equation of state, ?g =
22
B (A)⌃g where 2B (A) is the fixed radial profile of the gas sound speed

throughout the disc. Apart from the drag forces, the forces appearing
on the right hand side include the gravitational force, expressed
through the gravitational potential �, and the viscous forces through
the stress tensor, T8 which includes a as the kinematic viscosity (see
Eq. 3 of Benítez-Llambay et al. 2019) given in units of A2

p⌦: (Ap).
Our computational setup does not include dust diffusion and the
equations are solved through the method of operator splitting (Stone
& Norman 1992).

Dimensionless units are adopted whereby the unit of mass is the
mass of the primary "P. Our standard planet mass corresponds to
a Neptune-like planet with mass "? = 10�4"P. This corresponds
to a ratio of planet to thermal mass of "p/"C⌘ = 0.8 (Goodman
& Rafikov 2001). The radial domain is from 0.4 to 2.5Ap (de Val-
Borro et al. 2006) where Ap is the orbital radius of the planet. We
note that the planet is on a fixed orbit at 1Ap to generate the outer
pressure bump which we will be analysing in the results. The disc has
a constant aspect ratio ⌘0 = �/A = 0.05 with � as the scale height
and there is no flaring of the disc. The sound speed profile is given
as 2B (A) = ⌘0⌦KA and the planet potential is smoothed over 0.6�.
The lowest resolution used in the simulations are (768,1536) cells in
the radial and azimuthal direction respectively corresponding to 12
cells per scale height at the planets location. The gas and dust surface
density are set to,

⌃g =⌃0

 
A

Ap

!�0.5

(1 � 5d), (5)

⌃d =⌃0

 
A

Ap

!�0.5

5d, (6)

with ⌃0 as the total surface density of the gas and dust at the planet’s
location and 5d as the dust fraction. A value of ⌃0 = 6.3662 ⇥ 10�4

is used, but this plays no role as self-gravity is not included in these
simulations.

To test the stability of the dust rings we vary the dust fraction and
Stokes numbers. The dust species we use in the two fluid simulations
are described by a constant Stokes number, St 2 [0.01, 0.05, 0.1, 0.2]
which characterises the collision rate, [, between the gas and dust
phase given as St = ⌦k/[ where the collision rate is the inverse
of the particle stopping time, gs (Youdin & Goodman 2005). The
drag coefficient is related to the collision rate through the equation,
 = �⌃8[ with subscript 8 as the 8-th species, giving us a relation
between the Stokes number and drag coefficient as  = �⌃8⌦k/St.

2.2 Key Function

In previous studies mentioned in section 1 of the Rossby Wave In-
stability, typically the graphics of vorticity or vortensity have been
used to indicate the locations of vortices generated by the instability.
Additionally, the radial profile of the key function (Lovelace et al.
1999) which incorporates the inverse vortensity and entropy indicates
locations of the onset of the RWI through extrema in the profile (a nec-
essary but not sufficient condition for instability). Recently, Chang
et al. (2023) study the stability of dust traps, specifically axisym-
metric pressure bumps, to the RWI. They give a new approximate
empirical criterion for the RWI based on their results for isothermal,
adiabatic and heated gas bumps (see their subsection 3.4). In this
study we will focus on presenting the Lovelace key function, as, in

addition to presenting a necessary condition for instability, it also
provides a useful view on the emergence of vortices, since in our lo-
cally isothermal simulations the key function is closely related to the
inverse of the vortensity. When the instability triggers, vortices are
generated and the extremum in the radial profile of the key function
is dampened. This key function is given as, in a gas disc,

L(A) =
⌃g(2/W

2(r ⇥ u)Î
, (7)

where ( is the entropy given by ( = ?g/⌃W
g with W as the adiabatic

index. In this study we investigate how effective the key function
is in predicting when the instability occurs. However, equation (7)
has typically been used to present the onset of RWI in gas only
simulations of protoplanetary discs and not in dusty discs. In view
of the thermodynamic interpretation of Lin & Youdin (2017), it is
useful to treat the gas and dust as a single fluid. In order to incorporate
the key function into our 2D disc setup of firstly, a locally isothermal
equation of state (W = 1) and secondly, with the addition of dust,
we simply take the barycentric velocities of the dust and gas phase,
given by,

ub =
⌃gug + ⌃dud

⌃g + ⌃d
, (8)

with subscripts g and d as the gas and dust respectively and the total
density, ⌃T = ⌃g + ⌃d, when representing the "mixed" key function
given by,

L⇤ (A) = ⌃T(
2

2(r ⇥ ub)Î

=
24
B (1 � 5d)2⌃T
2(r ⇥ ub)Î

,

(9)

where 5d is the dust fraction, 5d = ⌃d/⌃T since our vertically inte-
grated pressure can be rewritten as ?g = 22

B (1 � 5d)⌃T. We will be
using equation (7) for plotting the key function for gas only simula-
tions in subsection 3.1 and equation (9) when considering dust and
gas disc simulations in the remaining subsections of our results.

In the thermodynamic view of Lin & Youdin (2017), equation (9)
gives a necessary condition for the RWI to develop in a perfectly
coupled mixture of dust with an isothermal gas. A varying dust
fraction introduces entropy gradients in the single fluid formalism,
and hence the stability properties of the mixture can differ from that
of the gas only. In the single fluid model (Laibe & Price 2014; Lin
& Youdin 2017) the interaction between the gas and dust is taken
into account through a cooling term due to the drag forces. If this
approach was used in the study of the RWI, it would correspond
to a gas RWI with cooling. In this approach care must be taken to
disentangle the RWI from drag instabilities as both play a important
role in unstable disc evolutions.

3 RESULTS

We present our results in this section comparing the evolution of a
gas only disc and ring generated by a Neptune sized planet with one
that includes dust. In section 3.1 we review the effect of the kinematic
viscosity on the pressure bump and ring generated by the planet for
gas only simulations. Section 3.2 shows the impact of dust to total
ratio of 1 : 100 in a low viscosity disc with well coupled grains with
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Figure 3. Key function plot for a gaseous disc with Neptune sized planet
embedded at 1Ap after C = 60, 80 orbits. The kinematic viscosity is, a = 10�7

and the gap edges interior (A = 0.9Ap) and exterior (A = 1.1Ap) to the
planet has triggered the RWI generating a number of vortices which are more
pronounced exterior to the planet.

which is highlighted by the blue line. We see that as the kinematic
viscosity is lowered to 10�6, after 100 orbits peaks are developed in
the key function at the location of the gap edges (A = 0.9, 1.1Ap) and
are much more pronounced for the case of the lowest viscosity of
10�7. Since the RWI has already developed and generated vortices
after 100 orbits, the peaks are already at a lower point than when it
first triggers the instability. However it is clear that a sharp bump or
extremum in the key function indicates locations where the RWI can
occur especially when comparing the highest and lowest viscosity
cases.

We have included 2D plots of the key function in Fig. 3 for the
low viscosity run (a = 10�7). The reason for this is that, in particular
in the gas-only case, the key function is essentially the inverse of
the vortensity and therefore useful in showing the development of
the RWI and the associated vortices. Note that while in the gas-only
case, the entropy factor in the key function only plays a minor role
(due to the locally isothermal nature of the setup), the inclusion of
dust affects the entropy part of the key function due to its dependence
on the dust fraction in equation (9). The key function plots presented
show the evolution of the disc from 60 to 80 orbits for a = 10�7. We

Figure 4. Radial profile of the azimuthally averaged key function (top) for
stable (solid blue line) and unstable (dotted orange) gaseous discs. 2D key
function plot (bottom) for a gaseous disc with Neptune sized planet embedded
at 1Ap after C = 100 orbits. The kinematic viscosity is set to a = 5 ⇥ 10�7.
In this case the kinematic viscosity is large enough to suppress the onset of
the RWI during its evolution as shown in the bottom plot with a smooth gap
edge interior and exterior to the planet, however it is not as indicative in the
radial profile of the key function compared to the lower viscosity case which
goes unstable.

see that the gap edges interior and exterior have triggered the RWI,
generating at least four vortices exterior to the outer gap edge. This in
turn not only destabilises the gas ring in the pressure bump but causes
additional weaker spiral arms to propagate throughout the disc from
the vortices’ locations which is clearer in Fig. 3. Continuing on from
80 orbits these smaller vortices would merge together to form bigger
vortices as seen in Fig. 1 where only two can be seen. This process
reduces the amplitude of the peak in terms of its radial profile of the
key function but the extremum is still visible after 200 orbits.

Based on the test cases so far, we chose to investigate two different
cases, based on whether the RWI develops within 100 orbits in the
gas-only setup. First of all we will consider a setup of the disc where
the RWI may appear within 100 orbits with a low kinematic viscosity
of 10�7. After that, we consider discs of higher viscosity and study
whether the addition of dust makes the disc more prone to instability.
Note that in particular in the intermediate case of a = 10�6, it is
important to establish whether the addition of dust speeds up or
delays the onset of the RWI.

In order to establish a more precise limit on the viscosity for which
the gas disc remains stable for 100 orbits, we also present the case
of a = 5 ⇥ 10�7. This case will be used in the following sections,
and falls in between the cases a = 10�7 and a = 10�6 of Fig. 1. The
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with  as the drag coefficient between the two phases and ?g the
gas pressure. We use a locally isothermal equation of state, ?g =
22
B (A)⌃g where 2B (A) is the fixed radial profile of the gas sound speed

throughout the disc. Apart from the drag forces, the forces appearing
on the right hand side include the gravitational force, expressed
through the gravitational potential �, and the viscous forces through
the stress tensor, T8 which includes a as the kinematic viscosity (see
Eq. 3 of Benítez-Llambay et al. 2019) given in units of A2

p⌦: (Ap).
Our computational setup does not include dust diffusion and the
equations are solved through the method of operator splitting (Stone
& Norman 1992).

Dimensionless units are adopted whereby the unit of mass is the
mass of the primary "P. Our standard planet mass corresponds to
a Neptune-like planet with mass "? = 10�4"P. This corresponds
to a ratio of planet to thermal mass of "p/"C⌘ = 0.8 (Goodman
& Rafikov 2001). The radial domain is from 0.4 to 2.5Ap (de Val-
Borro et al. 2006) where Ap is the orbital radius of the planet. We
note that the planet is on a fixed orbit at 1Ap to generate the outer
pressure bump which we will be analysing in the results. The disc has
a constant aspect ratio ⌘0 = �/A = 0.05 with � as the scale height
and there is no flaring of the disc. The sound speed profile is given
as 2B (A) = ⌘0⌦KA and the planet potential is smoothed over 0.6�.
The lowest resolution used in the simulations are (768,1536) cells in
the radial and azimuthal direction respectively corresponding to 12
cells per scale height at the planets location. The gas and dust surface
density are set to,

⌃g =⌃0
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Ap

!�0.5

(1 � 5d), (5)

⌃d =⌃0
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with ⌃0 as the total surface density of the gas and dust at the planet’s
location and 5d as the dust fraction. A value of ⌃0 = 6.3662 ⇥ 10�4

is used, but this plays no role as self-gravity is not included in these
simulations.

To test the stability of the dust rings we vary the dust fraction and
Stokes numbers. The dust species we use in the two fluid simulations
are described by a constant Stokes number, St 2 [0.01, 0.05, 0.1, 0.2]
which characterises the collision rate, [, between the gas and dust
phase given as St = ⌦k/[ where the collision rate is the inverse
of the particle stopping time, gs (Youdin & Goodman 2005). The
drag coefficient is related to the collision rate through the equation,
 = �⌃8[ with subscript 8 as the 8-th species, giving us a relation
between the Stokes number and drag coefficient as  = �⌃8⌦k/St.

2.2 Key Function

In previous studies mentioned in section 1 of the Rossby Wave In-
stability, typically the graphics of vorticity or vortensity have been
used to indicate the locations of vortices generated by the instability.
Additionally, the radial profile of the key function (Lovelace et al.
1999) which incorporates the inverse vortensity and entropy indicates
locations of the onset of the RWI through extrema in the profile (a nec-
essary but not sufficient condition for instability). Recently, Chang
et al. (2023) study the stability of dust traps, specifically axisym-
metric pressure bumps, to the RWI. They give a new approximate
empirical criterion for the RWI based on their results for isothermal,
adiabatic and heated gas bumps (see their subsection 3.4). In this
study we will focus on presenting the Lovelace key function, as, in

addition to presenting a necessary condition for instability, it also
provides a useful view on the emergence of vortices, since in our lo-
cally isothermal simulations the key function is closely related to the
inverse of the vortensity. When the instability triggers, vortices are
generated and the extremum in the radial profile of the key function
is dampened. This key function is given as, in a gas disc,

L(A) =
⌃g(2/W

2(r ⇥ u)Î
, (7)

where ( is the entropy given by ( = ?g/⌃W
g with W as the adiabatic

index. In this study we investigate how effective the key function
is in predicting when the instability occurs. However, equation (7)
has typically been used to present the onset of RWI in gas only
simulations of protoplanetary discs and not in dusty discs. In view
of the thermodynamic interpretation of Lin & Youdin (2017), it is
useful to treat the gas and dust as a single fluid. In order to incorporate
the key function into our 2D disc setup of firstly, a locally isothermal
equation of state (W = 1) and secondly, with the addition of dust,
we simply take the barycentric velocities of the dust and gas phase,
given by,

ub =
⌃gug + ⌃dud

⌃g + ⌃d
, (8)

with subscripts g and d as the gas and dust respectively and the total
density, ⌃T = ⌃g + ⌃d, when representing the "mixed" key function
given by,

L⇤ (A) = ⌃T(
2

2(r ⇥ ub)Î

=
24
B (1 � 5d)2⌃T
2(r ⇥ ub)Î

,

(9)

where 5d is the dust fraction, 5d = ⌃d/⌃T since our vertically inte-
grated pressure can be rewritten as ?g = 22

B (1 � 5d)⌃T. We will be
using equation (7) for plotting the key function for gas only simula-
tions in subsection 3.1 and equation (9) when considering dust and
gas disc simulations in the remaining subsections of our results.

In the thermodynamic view of Lin & Youdin (2017), equation (9)
gives a necessary condition for the RWI to develop in a perfectly
coupled mixture of dust with an isothermal gas. A varying dust
fraction introduces entropy gradients in the single fluid formalism,
and hence the stability properties of the mixture can differ from that
of the gas only. In the single fluid model (Laibe & Price 2014; Lin
& Youdin 2017) the interaction between the gas and dust is taken
into account through a cooling term due to the drag forces. If this
approach was used in the study of the RWI, it would correspond
to a gas RWI with cooling. In this approach care must be taken to
disentangle the RWI from drag instabilities as both play a important
role in unstable disc evolutions.

3 RESULTS

We present our results in this section comparing the evolution of a
gas only disc and ring generated by a Neptune sized planet with one
that includes dust. In section 3.1 we review the effect of the kinematic
viscosity on the pressure bump and ring generated by the planet for
gas only simulations. Section 3.2 shows the impact of dust to total
ratio of 1 : 100 in a low viscosity disc with well coupled grains with
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with  as the drag coefficient between the two phases and ?g the
gas pressure. We use a locally isothermal equation of state, ?g =
22
B (A)⌃g where 2B (A) is the fixed radial profile of the gas sound speed

throughout the disc. Apart from the drag forces, the forces appearing
on the right hand side include the gravitational force, expressed
through the gravitational potential �, and the viscous forces through
the stress tensor, T8 which includes a as the kinematic viscosity (see
Eq. 3 of Benítez-Llambay et al. 2019) given in units of A2

p⌦: (Ap).
Our computational setup does not include dust diffusion and the
equations are solved through the method of operator splitting (Stone
& Norman 1992).

Dimensionless units are adopted whereby the unit of mass is the
mass of the primary "P. Our standard planet mass corresponds to
a Neptune-like planet with mass "? = 10�4"P. This corresponds
to a ratio of planet to thermal mass of "p/"C⌘ = 0.8 (Goodman
& Rafikov 2001). The radial domain is from 0.4 to 2.5Ap (de Val-
Borro et al. 2006) where Ap is the orbital radius of the planet. We
note that the planet is on a fixed orbit at 1Ap to generate the outer
pressure bump which we will be analysing in the results. The disc has
a constant aspect ratio ⌘0 = �/A = 0.05 with � as the scale height
and there is no flaring of the disc. The sound speed profile is given
as 2B (A) = ⌘0⌦KA and the planet potential is smoothed over 0.6�.
The lowest resolution used in the simulations are (768,1536) cells in
the radial and azimuthal direction respectively corresponding to 12
cells per scale height at the planets location. The gas and dust surface
density are set to,
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with ⌃0 as the total surface density of the gas and dust at the planet’s
location and 5d as the dust fraction. A value of ⌃0 = 6.3662 ⇥ 10�4

is used, but this plays no role as self-gravity is not included in these
simulations.

To test the stability of the dust rings we vary the dust fraction and
Stokes numbers. The dust species we use in the two fluid simulations
are described by a constant Stokes number, St 2 [0.01, 0.05, 0.1, 0.2]
which characterises the collision rate, [, between the gas and dust
phase given as St = ⌦k/[ where the collision rate is the inverse
of the particle stopping time, gs (Youdin & Goodman 2005). The
drag coefficient is related to the collision rate through the equation,
 = �⌃8[ with subscript 8 as the 8-th species, giving us a relation
between the Stokes number and drag coefficient as  = �⌃8⌦k/St.

2.2 Key Function

In previous studies mentioned in section 1 of the Rossby Wave In-
stability, typically the graphics of vorticity or vortensity have been
used to indicate the locations of vortices generated by the instability.
Additionally, the radial profile of the key function (Lovelace et al.
1999) which incorporates the inverse vortensity and entropy indicates
locations of the onset of the RWI through extrema in the profile (a nec-
essary but not sufficient condition for instability). Recently, Chang
et al. (2023) study the stability of dust traps, specifically axisym-
metric pressure bumps, to the RWI. They give a new approximate
empirical criterion for the RWI based on their results for isothermal,
adiabatic and heated gas bumps (see their subsection 3.4). In this
study we will focus on presenting the Lovelace key function, as, in

addition to presenting a necessary condition for instability, it also
provides a useful view on the emergence of vortices, since in our lo-
cally isothermal simulations the key function is closely related to the
inverse of the vortensity. When the instability triggers, vortices are
generated and the extremum in the radial profile of the key function
is dampened. This key function is given as, in a gas disc,

L(A) =
⌃g(2/W

2(r ⇥ u)Î
, (7)

where ( is the entropy given by ( = ?g/⌃W
g with W as the adiabatic

index. In this study we investigate how effective the key function
is in predicting when the instability occurs. However, equation (7)
has typically been used to present the onset of RWI in gas only
simulations of protoplanetary discs and not in dusty discs. In view
of the thermodynamic interpretation of Lin & Youdin (2017), it is
useful to treat the gas and dust as a single fluid. In order to incorporate
the key function into our 2D disc setup of firstly, a locally isothermal
equation of state (W = 1) and secondly, with the addition of dust,
we simply take the barycentric velocities of the dust and gas phase,
given by,

ub =
⌃gug + ⌃dud

⌃g + ⌃d
, (8)

with subscripts g and d as the gas and dust respectively and the total
density, ⌃T = ⌃g + ⌃d, when representing the "mixed" key function
given by,

L⇤ (A) = ⌃T(
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=
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,
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where 5d is the dust fraction, 5d = ⌃d/⌃T since our vertically inte-
grated pressure can be rewritten as ?g = 22

B (1 � 5d)⌃T. We will be
using equation (7) for plotting the key function for gas only simula-
tions in subsection 3.1 and equation (9) when considering dust and
gas disc simulations in the remaining subsections of our results.

In the thermodynamic view of Lin & Youdin (2017), equation (9)
gives a necessary condition for the RWI to develop in a perfectly
coupled mixture of dust with an isothermal gas. A varying dust
fraction introduces entropy gradients in the single fluid formalism,
and hence the stability properties of the mixture can differ from that
of the gas only. In the single fluid model (Laibe & Price 2014; Lin
& Youdin 2017) the interaction between the gas and dust is taken
into account through a cooling term due to the drag forces. If this
approach was used in the study of the RWI, it would correspond
to a gas RWI with cooling. In this approach care must be taken to
disentangle the RWI from drag instabilities as both play a important
role in unstable disc evolutions.

3 RESULTS

We present our results in this section comparing the evolution of a
gas only disc and ring generated by a Neptune sized planet with one
that includes dust. In section 3.1 we review the effect of the kinematic
viscosity on the pressure bump and ring generated by the planet for
gas only simulations. Section 3.2 shows the impact of dust to total
ratio of 1 : 100 in a low viscosity disc with well coupled grains with
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with  as the drag coefficient between the two phases and ?g the
gas pressure. We use a locally isothermal equation of state, ?g =
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B (A)⌃g where 2B (A) is the fixed radial profile of the gas sound speed

throughout the disc. Apart from the drag forces, the forces appearing
on the right hand side include the gravitational force, expressed
through the gravitational potential �, and the viscous forces through
the stress tensor, T8 which includes a as the kinematic viscosity (see
Eq. 3 of Benítez-Llambay et al. 2019) given in units of A2

p⌦: (Ap).
Our computational setup does not include dust diffusion and the
equations are solved through the method of operator splitting (Stone
& Norman 1992).

Dimensionless units are adopted whereby the unit of mass is the
mass of the primary "P. Our standard planet mass corresponds to
a Neptune-like planet with mass "? = 10�4"P. This corresponds
to a ratio of planet to thermal mass of "p/"C⌘ = 0.8 (Goodman
& Rafikov 2001). The radial domain is from 0.4 to 2.5Ap (de Val-
Borro et al. 2006) where Ap is the orbital radius of the planet. We
note that the planet is on a fixed orbit at 1Ap to generate the outer
pressure bump which we will be analysing in the results. The disc has
a constant aspect ratio ⌘0 = �/A = 0.05 with � as the scale height
and there is no flaring of the disc. The sound speed profile is given
as 2B (A) = ⌘0⌦KA and the planet potential is smoothed over 0.6�.
The lowest resolution used in the simulations are (768,1536) cells in
the radial and azimuthal direction respectively corresponding to 12
cells per scale height at the planets location. The gas and dust surface
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with ⌃0 as the total surface density of the gas and dust at the planet’s
location and 5d as the dust fraction. A value of ⌃0 = 6.3662 ⇥ 10�4

is used, but this plays no role as self-gravity is not included in these
simulations.

To test the stability of the dust rings we vary the dust fraction and
Stokes numbers. The dust species we use in the two fluid simulations
are described by a constant Stokes number, St 2 [0.01, 0.05, 0.1, 0.2]
which characterises the collision rate, [, between the gas and dust
phase given as St = ⌦k/[ where the collision rate is the inverse
of the particle stopping time, gs (Youdin & Goodman 2005). The
drag coefficient is related to the collision rate through the equation,
 = �⌃8[ with subscript 8 as the 8-th species, giving us a relation
between the Stokes number and drag coefficient as  = �⌃8⌦k/St.

2.2 Key Function

In previous studies mentioned in section 1 of the Rossby Wave In-
stability, typically the graphics of vorticity or vortensity have been
used to indicate the locations of vortices generated by the instability.
Additionally, the radial profile of the key function (Lovelace et al.
1999) which incorporates the inverse vortensity and entropy indicates
locations of the onset of the RWI through extrema in the profile (a nec-
essary but not sufficient condition for instability). Recently, Chang
et al. (2023) study the stability of dust traps, specifically axisym-
metric pressure bumps, to the RWI. They give a new approximate
empirical criterion for the RWI based on their results for isothermal,
adiabatic and heated gas bumps (see their subsection 3.4). In this
study we will focus on presenting the Lovelace key function, as, in

addition to presenting a necessary condition for instability, it also
provides a useful view on the emergence of vortices, since in our lo-
cally isothermal simulations the key function is closely related to the
inverse of the vortensity. When the instability triggers, vortices are
generated and the extremum in the radial profile of the key function
is dampened. This key function is given as, in a gas disc,

L(A) =
⌃g(2/W

2(r ⇥ u)Î
, (7)

where ( is the entropy given by ( = ?g/⌃W
g with W as the adiabatic

index. In this study we investigate how effective the key function
is in predicting when the instability occurs. However, equation (7)
has typically been used to present the onset of RWI in gas only
simulations of protoplanetary discs and not in dusty discs. In view
of the thermodynamic interpretation of Lin & Youdin (2017), it is
useful to treat the gas and dust as a single fluid. In order to incorporate
the key function into our 2D disc setup of firstly, a locally isothermal
equation of state (W = 1) and secondly, with the addition of dust,
we simply take the barycentric velocities of the dust and gas phase,
given by,

ub =
⌃gug + ⌃dud

⌃g + ⌃d
, (8)

with subscripts g and d as the gas and dust respectively and the total
density, ⌃T = ⌃g + ⌃d, when representing the "mixed" key function
given by,
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where 5d is the dust fraction, 5d = ⌃d/⌃T since our vertically inte-
grated pressure can be rewritten as ?g = 22

B (1 � 5d)⌃T. We will be
using equation (7) for plotting the key function for gas only simula-
tions in subsection 3.1 and equation (9) when considering dust and
gas disc simulations in the remaining subsections of our results.

In the thermodynamic view of Lin & Youdin (2017), equation (9)
gives a necessary condition for the RWI to develop in a perfectly
coupled mixture of dust with an isothermal gas. A varying dust
fraction introduces entropy gradients in the single fluid formalism,
and hence the stability properties of the mixture can differ from that
of the gas only. In the single fluid model (Laibe & Price 2014; Lin
& Youdin 2017) the interaction between the gas and dust is taken
into account through a cooling term due to the drag forces. If this
approach was used in the study of the RWI, it would correspond
to a gas RWI with cooling. In this approach care must be taken to
disentangle the RWI from drag instabilities as both play a important
role in unstable disc evolutions.

3 RESULTS

We present our results in this section comparing the evolution of a
gas only disc and ring generated by a Neptune sized planet with one
that includes dust. In section 3.1 we review the effect of the kinematic
viscosity on the pressure bump and ring generated by the planet for
gas only simulations. Section 3.2 shows the impact of dust to total
ratio of 1 : 100 in a low viscosity disc with well coupled grains with
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note that the planet is on a fixed orbit at 1Ap to generate the outer
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and there is no flaring of the disc. The sound speed profile is given
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is in predicting when the instability occurs. However, equation (7)
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simulations of protoplanetary discs and not in dusty discs. In view
of the thermodynamic interpretation of Lin & Youdin (2017), it is
useful to treat the gas and dust as a single fluid. In order to incorporate
the key function into our 2D disc setup of firstly, a locally isothermal
equation of state (W = 1) and secondly, with the addition of dust,
we simply take the barycentric velocities of the dust and gas phase,
given by,

ub =
⌃gug + ⌃dud

⌃g + ⌃d
, (8)

with subscripts g and d as the gas and dust respectively and the total
density, ⌃T = ⌃g + ⌃d, when representing the "mixed" key function
given by,

L⇤ (A) = ⌃T(
2

2(r ⇥ ub)Î

=
24
B (1 � 5d)2⌃T
2(r ⇥ ub)Î

,

(9)

where 5d is the dust fraction, 5d = ⌃d/⌃T since our vertically inte-
grated pressure can be rewritten as ?g = 22

B (1 � 5d)⌃T. We will be
using equation (7) for plotting the key function for gas only simula-
tions in subsection 3.1 and equation (9) when considering dust and
gas disc simulations in the remaining subsections of our results.

In the thermodynamic view of Lin & Youdin (2017), equation (9)
gives a necessary condition for the RWI to develop in a perfectly
coupled mixture of dust with an isothermal gas. A varying dust
fraction introduces entropy gradients in the single fluid formalism,
and hence the stability properties of the mixture can differ from that
of the gas only. In the single fluid model (Laibe & Price 2014; Lin
& Youdin 2017) the interaction between the gas and dust is taken
into account through a cooling term due to the drag forces. If this
approach was used in the study of the RWI, it would correspond
to a gas RWI with cooling. In this approach care must be taken to
disentangle the RWI from drag instabilities as both play a important
role in unstable disc evolutions.

3 RESULTS

We present our results in this section comparing the evolution of a
gas only disc and ring generated by a Neptune sized planet with one
that includes dust. In section 3.1 we review the effect of the kinematic
viscosity on the pressure bump and ring generated by the planet for
gas only simulations. Section 3.2 shows the impact of dust to total
ratio of 1 : 100 in a low viscosity disc with well coupled grains with
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ガスのみのkey function

ガスダストに拡張したkey function

ただしエントロピー



RWI不安定のガス(ν=1e-7)にダストを足す
d:g = 1:100(質量)、St=0.01（ガスによくカップルしたダストの場合）

• 基本的にはガスのみの場合と違
いはない。 

• 例えば、t=90では、4つの渦が
ある 

• ただし、ダストがouter edge
に溜まっているので、この先は
どうかは定かではない

6 K . Chan and S-J . Paardekooper

Figure 5. Radial profile of the azimuthally averaged "mixed" key function
(top) for dust and gas (solid orange) and radial profile of gas only key function
(dotted blue). 2D key function plot (bottom) for the dust and gas disc with
Neptune sized planet embedded at 1Ap after C = 80 orbits. The dust fraction is
set to 5d = 0.01, Stokes number, St = 0.01 and kinematic viscosity, a = 10�7.
With the addition of dust the gap edges interior and exterior still trigger the
RWI which generates vortices but has little differences compared to the gas
only case.

key function for this simulation is shown in Fig. 4, both azimuthally
averaged (top panel) and the full 2D structure (bottom panel). From
the bottom panel, it is clear that after 100 orbits no vortices have
formed, and while the RWI may be triggered at later times, after 100
orbits the gas disc looks quiet and stable. The peaks in the 1D key
function are comparable to those in the (unstable) a = 10�7 case, but
note that the latter will have been affected by the emerged vortices.

3.2 Dust in an RWI Unstable Gas

We first set the kinematic viscosity to a = 10�7, a case where the gas-
only RWI develops within 100 orbits, and investigate whether adding
dust makes a noticeable change in the evolution of the disc compared
to the gas only case. We test how the evolution of the disc may change
with a typical dust to total ratio of 1:100. The Stokes number we use
for the first test is St = 0.01 which typically corresponds to smaller
grain sizes or strong drag of the gas onto the dust, making it tightly
coupled. We present the plots of the azimuthally averaged and 2D
key function of this simulation after 80 orbits in Fig. 5.

From the plots we see that after 80 orbits the evolution of the disc
with dust added are very similar to the gas only case when plotting the
"mixed" key function. The radial profile of the azimuthally averaged
key function has the same features as in Fig. 2 with a larger peak

Figure 6. 2D density plots for the dust (top), gas (middle), and total (bottom)
of a Neptune planet embedded disc at C = 90 orbits. The dust fraction is set to
5d = 0.01, Stokes number, St = 0.01 and kinematic viscosity, a = 10�7. We
see that the dust from the outer ring is accumulated quickly into the vortices
generated by the gap edge triggering the RWI.
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Figure 5. Radial profile of the azimuthally averaged "mixed" key function
(top) for dust and gas (solid orange) and radial profile of gas only key function
(dotted blue). 2D key function plot (bottom) for the dust and gas disc with
Neptune sized planet embedded at 1Ap after C = 80 orbits. The dust fraction is
set to 5d = 0.01, Stokes number, St = 0.01 and kinematic viscosity, a = 10�7.
With the addition of dust the gap edges interior and exterior still trigger the
RWI which generates vortices but has little differences compared to the gas
only case.

key function for this simulation is shown in Fig. 4, both azimuthally
averaged (top panel) and the full 2D structure (bottom panel). From
the bottom panel, it is clear that after 100 orbits no vortices have
formed, and while the RWI may be triggered at later times, after 100
orbits the gas disc looks quiet and stable. The peaks in the 1D key
function are comparable to those in the (unstable) a = 10�7 case, but
note that the latter will have been affected by the emerged vortices.

3.2 Dust in an RWI Unstable Gas

We first set the kinematic viscosity to a = 10�7, a case where the gas-
only RWI develops within 100 orbits, and investigate whether adding
dust makes a noticeable change in the evolution of the disc compared
to the gas only case. We test how the evolution of the disc may change
with a typical dust to total ratio of 1:100. The Stokes number we use
for the first test is St = 0.01 which typically corresponds to smaller
grain sizes or strong drag of the gas onto the dust, making it tightly
coupled. We present the plots of the azimuthally averaged and 2D
key function of this simulation after 80 orbits in Fig. 5.

From the plots we see that after 80 orbits the evolution of the disc
with dust added are very similar to the gas only case when plotting the
"mixed" key function. The radial profile of the azimuthally averaged
key function has the same features as in Fig. 2 with a larger peak

Figure 6. 2D density plots for the dust (top), gas (middle), and total (bottom)
of a Neptune planet embedded disc at C = 90 orbits. The dust fraction is set to
5d = 0.01, Stokes number, St = 0.01 and kinematic viscosity, a = 10�7. We
see that the dust from the outer ring is accumulated quickly into the vortices
generated by the gap edge triggering the RWI.

MNRAS 000, 1–20 (2024)

t=80 t=90



RWI不安定のガス(ν=1e-7)にダストを足す
d:g = 1:100(質量)、St=0.1（ガスからdecoupleしたダストの場合）

• outer edgeに集まるダスト
層がより薄い 

• だが、ガスにさっき見えてい
た渦がない。これはダストガ
ス相互作用のせいかも。 

• (まとめ：gas only及び
St=0.01ではこの場合渦がで
きていたが、St=0.1では渦
ができなかった)
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Figure 7. 2D density plots for the dust (top), gas (middle), and total (bottom)
of a Neptune planet embedded disc at C = 90 orbits. The dust fraction is set to
5d = 0.01, Stokes number, St = 0.1 and kinematic viscosity, a = 10�7. The
thin dusty ring built exterior is destabilised by vortices at the gap edge and
material is accumulated into vortex centres which causes weak spiral density
waves to be launched from the vortices.

at the inner gap edge and smaller peak at the outer gap edge. The
exact values at the peaks and troughs for the gas only and "mixed"
key function can not be directly compared, however the features
themselves in the "mixed" key function plots show good indication
of places prone to the RWI. In terms of the 2D plot we see the similar
features of the gap edges triggering the RWI and generating vortices
outside the gap edges with minor differences. The vortices generated
by the unstable gas quickly destabilise the dusty ring building up
exterior to the planet, accumulating the material into the vortices.
In Fig. 6 we show the density plots of the dust, gas and total, ten
orbits later at C = 90. We see that the outer ring is broken up by the
four vortices while the dusty ring interior to the planet remains stable
but undergoes the same evolution by 100 orbits when the inner gap
edge triggers the RWI. In this case we see that the gas RWI is largely
unaffected by the presence of dust, when comparing the key function
plots, as it is swept into the vortices. We note however that the long
term evolution of the disc is expected to be different as the vortices
are loaded with more dust.

When we increase the Stokes number to 0.1, a similar evolution
is observed however in this case, the dusty ring formed exterior to
the planet is much thinner in the radial direction before the vortices
destabilise the ring and accumulate the material into the vortex cen-
tres. We present the density plots in Fig. 7 where we see that the
material built up in the vortex cores after 90 orbits start to launch
spiral density waves throughout the disc as dust builds up. When
observing the gas phase for this setup, we can see that by 90 orbits
the vortices are not as defined as in the previous case of St = 0.01 as
more dust is loaded into the vortex cores. A reason for this would be
drag instabilities occuring in the vortices between the dust and the
gas. Therefore in this case, we do see a larger difference between the
evolution of the vortices generated by the triggering of the RWI at
the gap edge for a gas only and dust+gas disc. However we do not
observe if the dust makes the disc less prone to the RWI within 100
orbits as the RWI is triggered by the gas at an early stage in both
scenarios of adding dust to a disc. In these cases, the gas RWI domi-
nates the early evolution of the disc and the dust does not contribute
significantly to the triggering of the instability.

As 10�7 for the kinematic viscosity is typically a very low viscosity
value compared to observations and current upper constraints in
some discs (Rosotti 2023), it is important to note that regions of low
viscosity can occur in discs such as the dead zones (Gammie 1996;
Armitage 2011).

3.3 Dust in an RWI Stable Gas

Following on, we investigate if there is a point where the dust can
make a noticeable difference in the evolution of the disc for a stable
gas and whether it makes the gap edges more prone to the RWI or if
the dust buildup could source a new location for the RWI to occur.
From our test case of 5d = 0.01, St = 0.01 and a = 10�7 we varied
the three parameters to find if there was a defining factor to triggering
the onset of the RWI. As seen before, the kinematic viscosity plays
an important part in suppressing the instability therefore for the next
results we use a kinematic viscosity of a = 5 ⇥ 10�7 to compare
with our gas only results in Fig. 4 where the evolution of the region
exterior to the planet’s outer gap edge remained stable.

3.3.1 Varying the Dust Fraction

With a focus on St = 0.01, we found that our standard dust fraction
5d = 0.01 made no difference to the stability of the disc within
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RWI安定のガス(ν=5e-7)にダストを足す
St=0.01のまま f_d=0.1,0.2にしてみた。

• f_d=0.1,0.2にしてみた。 

• mixed key functionはさっき
より極大値が際立つ。 

• だが、gap edgeは安定なママ
である。f_d=0.2, Φ=2.5の付
近でなんかあるが。 

• というわけで、f_dを上げるこ
とは、あまりRWI不安定にはさ
せないという結論。

8 K . Chan and S-J . Paardekooper

Figure 8. Radial profile of the azimuthally averaged "mixed" key functions
for a dust and gas disc with dust fractions of 5d = 0.1, 0.2 and Stokes number,
St = 0.01. The kinematic viscosity is set to a = 5 ⇥ 10�7 and the evolution
of the disc has reached C = 100 orbits. We see that large peaks have formed at
the location of the gap edges showing the growth of the "mixed" key function
compared to initial.

100 orbits. We now investigate whether larger dust fractions, where
the feedback is more important, changes this situation. In Fig. 8 we
present the azimuthally averaged "mixed" key function for discs with
dust fractions, 5d = 0.1, 0.2.

We see that after 100 orbits, the peaks formed at the gap edges are
much larger than previous radial profiles of the "mixed" key function
especially comparing to Fig. 5 which had a smaller dust fraction of
0.01 and lower kinematic viscosity. Normally with extremum in the
radial profile, we would expect the RWI to trigger but the gap edges
still remained stable. This is shown in Fig. 9 where we present the
2D plot of the "mixed" key function. In both cases, the gap edges
remain stable and smooth generally. In the second case of 5d = 0.2
we see that there is a hint of an instability occurring soon or being
suppressed at the gap edges near the azimuthal coordinate q ⇡ 2.5,
however it is not clear enough to discern during the evolution of the
disc. In terms of the density, the dust build-up in the ring interior
and exterior to the planet reached a ratio of around 1 : 2 of dust
to gas and the total density in the exterior ring was larger than in
the gas only case, causing a steeper gradient between the gap edge
and ring which should indicate a higher susceptibility to the RWI
triggering. The initial dust fraction may play a part in how prone
the gap edges are to the RWI, as dust may build-up in the rings that
would generate a steep enough gradient and more should be explored
in further studies however we can see in this setup, that increasing
the initial dust fraction of the disc up to 5d = 0.2, that the gap edges
are not more prone to the RWI after 100 orbits.

We note that the azimuthally averaged "mixed" key function so
far may indicate possible locations of the RWI triggering but the
amplitude of the peaks compared to initial values does not necessarily
mean that the RWI has triggered already or is more prone to it during
early evolution. It could be possible that with the inclusion of dust,
even though peaks in the radial profile of the "mixed" key function
are larger, the RWI may be suppressed. Perhaps for even larger dust
fractions, the RWI can be triggered, but such a large dust fraction is
unlikely to occur on a global scale. It is probably more realistic to let
a larger dust fraction occur locally in a pressure bump, which can be
achieved on reasonable time scales for larger Stokes numbers. This
is what we do next.

3.3.2 Stokes Number

Having shown that increasing the dust fraction up to 0.2 had little
effect on how prone the regions near the planet were to the RWI
within 100 orbits, we increased the Stokes number of the dust but

Figure 9. "Mixed" key function plot for dust and gas disc with dust fractions,
5d = 0.1 (top) and 0.2 (bottom) with Stokes number, St = 0.01 for both cases.
The evolution of the disc has reached C = 100 orbits. The gap edges interior
and exterior to the planet remain generally stable during its evolution with
the dusty rings being largely undisrupted.

kept the original dust fraction of 0.01. For this, we first highlight the
simulations with a Stokes number, St = 0.2, with the illustrations
of Fig. 10 and Fig. 11 which show the dust and gas density plots
and the combined total density at different timesteps. In Fig. 10, we
show the density plots of the disc at C = 60 orbits. When comparing
just the gas density plot in this figure and the morphology of the key
function of the gas only control case in Fig. 1, we see that both are
similar in terms of stability of the gap edges and the expected shallow
gap and spiral density waves launching from the planet’s location.
In terms of the dust we see that a thin outer ring has built up in the
pressure bump (A = 1.2Ap) exterior to the planet past the gap edge. In
the radial profile of the dust density we observe this as a sharp peak
compared to section 3.3.1 of increasing the dust fraction where the
dust accumulated into a wide bump. This, we found to be important
as we present the next figure which shows the evolution of the disc
at 100 orbits.

In Fig. 11, we see that the RWI has triggered and vortices have
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Figure 8. Radial profile of the azimuthally averaged "mixed" key functions
for a dust and gas disc with dust fractions of 5d = 0.1, 0.2 and Stokes number,
St = 0.01. The kinematic viscosity is set to a = 5 ⇥ 10�7 and the evolution
of the disc has reached C = 100 orbits. We see that large peaks have formed at
the location of the gap edges showing the growth of the "mixed" key function
compared to initial.

100 orbits. We now investigate whether larger dust fractions, where
the feedback is more important, changes this situation. In Fig. 8 we
present the azimuthally averaged "mixed" key function for discs with
dust fractions, 5d = 0.1, 0.2.

We see that after 100 orbits, the peaks formed at the gap edges are
much larger than previous radial profiles of the "mixed" key function
especially comparing to Fig. 5 which had a smaller dust fraction of
0.01 and lower kinematic viscosity. Normally with extremum in the
radial profile, we would expect the RWI to trigger but the gap edges
still remained stable. This is shown in Fig. 9 where we present the
2D plot of the "mixed" key function. In both cases, the gap edges
remain stable and smooth generally. In the second case of 5d = 0.2
we see that there is a hint of an instability occurring soon or being
suppressed at the gap edges near the azimuthal coordinate q ⇡ 2.5,
however it is not clear enough to discern during the evolution of the
disc. In terms of the density, the dust build-up in the ring interior
and exterior to the planet reached a ratio of around 1 : 2 of dust
to gas and the total density in the exterior ring was larger than in
the gas only case, causing a steeper gradient between the gap edge
and ring which should indicate a higher susceptibility to the RWI
triggering. The initial dust fraction may play a part in how prone
the gap edges are to the RWI, as dust may build-up in the rings that
would generate a steep enough gradient and more should be explored
in further studies however we can see in this setup, that increasing
the initial dust fraction of the disc up to 5d = 0.2, that the gap edges
are not more prone to the RWI after 100 orbits.

We note that the azimuthally averaged "mixed" key function so
far may indicate possible locations of the RWI triggering but the
amplitude of the peaks compared to initial values does not necessarily
mean that the RWI has triggered already or is more prone to it during
early evolution. It could be possible that with the inclusion of dust,
even though peaks in the radial profile of the "mixed" key function
are larger, the RWI may be suppressed. Perhaps for even larger dust
fractions, the RWI can be triggered, but such a large dust fraction is
unlikely to occur on a global scale. It is probably more realistic to let
a larger dust fraction occur locally in a pressure bump, which can be
achieved on reasonable time scales for larger Stokes numbers. This
is what we do next.

3.3.2 Stokes Number

Having shown that increasing the dust fraction up to 0.2 had little
effect on how prone the regions near the planet were to the RWI
within 100 orbits, we increased the Stokes number of the dust but

Figure 9. "Mixed" key function plot for dust and gas disc with dust fractions,
5d = 0.1 (top) and 0.2 (bottom) with Stokes number, St = 0.01 for both cases.
The evolution of the disc has reached C = 100 orbits. The gap edges interior
and exterior to the planet remain generally stable during its evolution with
the dusty rings being largely undisrupted.

kept the original dust fraction of 0.01. For this, we first highlight the
simulations with a Stokes number, St = 0.2, with the illustrations
of Fig. 10 and Fig. 11 which show the dust and gas density plots
and the combined total density at different timesteps. In Fig. 10, we
show the density plots of the disc at C = 60 orbits. When comparing
just the gas density plot in this figure and the morphology of the key
function of the gas only control case in Fig. 1, we see that both are
similar in terms of stability of the gap edges and the expected shallow
gap and spiral density waves launching from the planet’s location.
In terms of the dust we see that a thin outer ring has built up in the
pressure bump (A = 1.2Ap) exterior to the planet past the gap edge. In
the radial profile of the dust density we observe this as a sharp peak
compared to section 3.3.1 of increasing the dust fraction where the
dust accumulated into a wide bump. This, we found to be important
as we present the next figure which shows the evolution of the disc
at 100 orbits.

In Fig. 11, we see that the RWI has triggered and vortices have
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RWI安定のガス(ν=5e-7)にダストを足す
d:g=1:100 のまま、Stを上げる作戦。St=0.2

• t=60とt=100を比べる 

• t=100でRWIができている原因は、gap edgeの
gradientではなく、sharp peak in the outer ring. 
これはダスト起因。 

• t=78でRWIがトリガーされていたので、t=70を調べ
る 

• dustはピークを持っているが、RWIをトリガーして
いるわけではない。 

• key function plotでr=1.17rpに注目。これは、ダス
トがエントロピーを下げているから。 

• まとめ：St=0.2くらい大きいときにのみ、dustの顕
著な影響が出る。このときは外側のdust ringをぶっ
壊しそう。
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Figure 10. Density plots for dust (top left), gas (top right) and total (bottom) of
the Neptune planet embedded disc with dust fraction, 5d = 0.01 and Stokes
number, St = 0.2. The evolution of the disc is at C = 60 orbits. We see a
smooth thin dust ring has accumulated exterior to the planet and the features
are currently stable.

Figure 11. Density plots for dust (top left), gas (top right) and total (bottom)
of the Neptune planet embedded disc with dust fraction, 5d = 0.01 and Stokes
number, St = 0.2. The evolution of the disc is at C = 100 orbits. The dust ring
has triggered the RWI at the rings location and generated vortices which also
affect the gas phase and not at the gap edge as previous cases.
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Figure 12. Radial profile of the azimuthally averaged surface densities for
the dust (orange) and gas (blue) after C = 70 orbits. The dust evolution shows
a sharp peak building at the outer pressure bump before the instability is
triggered at around C = 78.

Figure 13. Radial profile of the azimuthally averaged "mixed" key function
of a dust and gas disc (blue line) compared to gas key function for a gas only
disc (dashed orange line) (top plot) and 2D key function plot (bottom) for a
dust and gas disc with Neptune sized planet embedded at 1Ap after C = 70
orbits. The dust fraction is set to 5d = 0.01, Stokes number, St = 0.2 and
kinematic viscosity, a = 5⇥ 10�7. The radial profile shows a sharp minimum
at the dust ring’s location and indicates that the width of the extremum is an
important factor which indicates location of regions prone to the RWI.

Figure 14. 2D "mixed" key function plot at C = 100 orbits for a dust and
gas disc with Neptune sized planet embedded disc. The dust fraction is set to
5d = 0.01, Stokes number, (C = 0.2 and kinematic viscosity a = 5 ⇥ 10�7.

been generated at the location of the outer ring. The thin ring of dust
that had built up in the pressure bump is distorted by the vortices
and the dust itself is being accumulated in the centres of the vortices
creating a wave shaped ring. Looking at the gas density plot, we see
that the gas phase itself has become unstable exterior to the planet.
Comparing this with our control case of a gas only disc we show that
the addition of dust can have a significant effect on how prone the disc
can be to the RWI. Surprisingly, the cause of the RWI in this case is
not due to the gradient near the gap edges but due to the sharp peak in
the outer ring. This is to say that the dust phase has triggered the RWI
due to the contribution of the sharp dust density peak accumulating
in the middle of the gas ring that forms in the outer pressure bump
and causes the region to become unstable, generating vortices which
are visible in both the dust and the gas even though the disc only
comprises of 1% dust.

From our data, we find that the RWI triggers at around C = 78
orbits. Therefore we analyse and present the next figures from the
data at C = 70 which is before the instability triggers. Firsly we
present the azimuthally averaged surface densities for the dust and
gas in Fig. 12. We note that the sharp dust peak in the density profile
of the disc at C = 70 reaches a value that is below 1:3 for the dust to
gas ratio at the outer pressure bump compared to the wide dust bump
build-up for the higher dust fraction case, 5d = 0.2, which reached
a dust to gas ratio of around 1:2. Additionally we point out that the
maximum azimuthally averaged total density value for the peak of
the outer ring in the increased dust fraction case is larger than this
case of a higher Stokes number. This indicates that the amplitude of
the extremum in the total density profile is less indicative of the RWI
triggering compared to the width of the extremum which is shown
as a sharp peak in the higher Stokes number case.

In Fig. 13 we present the "mixed" key function plots for the higher
Stokes number case at C = 70. Firstly we point out that there are
sharp lines at the planets location and the inner minimum at around
A = 0.87Ap that are temporary (lasting one or two timesteps) and we
believe are due to the dust and gas phase interacting more erratically
in shock regions compared to the more tightly coupled dust in the
previous case of higher dust fraction. This can be seen more in the
2D plot on the edges of the spiral density wave launched by the
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Figure 12. Radial profile of the azimuthally averaged surface densities for
the dust (orange) and gas (blue) after C = 70 orbits. The dust evolution shows
a sharp peak building at the outer pressure bump before the instability is
triggered at around C = 78.

Figure 13. Radial profile of the azimuthally averaged "mixed" key function
of a dust and gas disc (blue line) compared to gas key function for a gas only
disc (dashed orange line) (top plot) and 2D key function plot (bottom) for a
dust and gas disc with Neptune sized planet embedded at 1Ap after C = 70
orbits. The dust fraction is set to 5d = 0.01, Stokes number, St = 0.2 and
kinematic viscosity, a = 5⇥ 10�7. The radial profile shows a sharp minimum
at the dust ring’s location and indicates that the width of the extremum is an
important factor which indicates location of regions prone to the RWI.

Figure 14. 2D "mixed" key function plot at C = 100 orbits for a dust and
gas disc with Neptune sized planet embedded disc. The dust fraction is set to
5d = 0.01, Stokes number, (C = 0.2 and kinematic viscosity a = 5 ⇥ 10�7.

been generated at the location of the outer ring. The thin ring of dust
that had built up in the pressure bump is distorted by the vortices
and the dust itself is being accumulated in the centres of the vortices
creating a wave shaped ring. Looking at the gas density plot, we see
that the gas phase itself has become unstable exterior to the planet.
Comparing this with our control case of a gas only disc we show that
the addition of dust can have a significant effect on how prone the disc
can be to the RWI. Surprisingly, the cause of the RWI in this case is
not due to the gradient near the gap edges but due to the sharp peak in
the outer ring. This is to say that the dust phase has triggered the RWI
due to the contribution of the sharp dust density peak accumulating
in the middle of the gas ring that forms in the outer pressure bump
and causes the region to become unstable, generating vortices which
are visible in both the dust and the gas even though the disc only
comprises of 1% dust.

From our data, we find that the RWI triggers at around C = 78
orbits. Therefore we analyse and present the next figures from the
data at C = 70 which is before the instability triggers. Firsly we
present the azimuthally averaged surface densities for the dust and
gas in Fig. 12. We note that the sharp dust peak in the density profile
of the disc at C = 70 reaches a value that is below 1:3 for the dust to
gas ratio at the outer pressure bump compared to the wide dust bump
build-up for the higher dust fraction case, 5d = 0.2, which reached
a dust to gas ratio of around 1:2. Additionally we point out that the
maximum azimuthally averaged total density value for the peak of
the outer ring in the increased dust fraction case is larger than this
case of a higher Stokes number. This indicates that the amplitude of
the extremum in the total density profile is less indicative of the RWI
triggering compared to the width of the extremum which is shown
as a sharp peak in the higher Stokes number case.

In Fig. 13 we present the "mixed" key function plots for the higher
Stokes number case at C = 70. Firstly we point out that there are
sharp lines at the planets location and the inner minimum at around
A = 0.87Ap that are temporary (lasting one or two timesteps) and we
believe are due to the dust and gas phase interacting more erratically
in shock regions compared to the more tightly coupled dust in the
previous case of higher dust fraction. This can be seen more in the
2D plot on the edges of the spiral density wave launched by the
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不安定の成長(skip)
𝑓𝑑 = 0.01, St = 0.2, 𝜈 = 5 × 10−7. で、azimuthal Fourier componentsを見る。

• r=1.2rpで発展。 

• dust: t=80のときは、m=2,3,5が
m=1,4より早く発展。 

• gas: 弱いが、ｔ＝80でm=2,3が成
長。
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planet. Higher resolution simulations would most likely remove the
temporary spikes therefore we disregard them when evaluating the
key function plots.

The azimuthally averaged "mixed" key function plot (top of Fig.
13) shows the expected peaks at the gap edges which have been seen
in all previous plots of the radial profile of the key function located
at A = 0.9 and 1.1Ap. As shown previously in this section, the gap
edges themselves do not trigger the RWI in the gas only case and
higher dust fraction cases. In addition to the peaks found at the gap
edges we also see an extremum at around A = 1.17Ap which is instead
a minimum in the radial profile. We can see the minimum does not
exist in the radial profile of the key function for the gas only disc.
Since the addition of dust causes an entropy decrease, the build up of
dust at the outer bump creates the minimum in the key function. We
see that this minimum is sharper than the local maxima at the gap
edges which reinforces our previous statement of the width of the
extremum in the density profile and key function is more indicative
of conditions for the RWI triggering rather than just the ampltiude
as it would provide a steep gradient for the RWI to trigger. The 2D
"mixed" key function plot (bottom of Fig. 13) shows the location of
the narrow ring-like structure which is not present for the gas only
case in Fig. 4 and the higher dust fraction plots in Fig. 9. Additionally,
we present the evolution of the "mixed" key function at C = 100 in
Fig. 14. From the figure, we see that the vortices generated by the
RWI start to destabilise the dusty ring as we expect the material
to be accumulated into the vortex centres. A further analysis of the
vortices and comparison with gas only RWI will be discussed in
subsubsection 3.5.1.

Overall we have shown that the addition of dust in a gaseous disc
can alter the evolution of the outer ring significantly, but only for
relatively large Stokes numbers. In this case, the RWI is triggered
by the thin dusty ring formed which generates vortices that disrupt
the observable dusty ring. This has important implications for the
future evolution of the dusty ring and the disc morphology as we
expect the vortices to accumulate the dust from the ring location,
effectively dismantling the substructure and leading to possible plan-
etesimal or planetary formation. We explore this implication further
in subsection 3.5.2 for the long term evolution.

3.3.3 Growth of the Instability

Having shown that the addition of dust in a gaseous disc can cause
the RWI to be triggered, we investigated the evolution of the pertur-
bations through tracking the amplitudes of the Fourier modes in gas
and dust density.

In Fig. 15 we present the time evolution of the azimuthal Fourier
components, < = 0 to 5 for the disc previously in 3.3.2 with dust
fraction, 53 = 0.01, St = 0.2, a = 5⇥ 10�7. We see that from modes,
< = 1 to 5, the Fourier amplitude at the location of the exterior
dusty ring (A/A? = 1.2) grows from an early stage of the disc at
a radius closer to the planet when it starts to form. These modes
evolve together during the early stages and at around C = 80, modes
2, 3 and 5 grow faster than 1 and 4 which is around the time that
the dusty RWI is triggered. Additionally we see the growth of the
Fourier amplitudes around the planet (A/A? = 1.05) in < = 1, 2, 3,
which would correspond to the asymmetric horseshoe region visible
in Fig. 11. The large amplitude of the < = 5 component reflects the
number of vortices seen in Fig. 11.

When considering the gas in this dusty disc, Fig. 16 presents the
time evolution of the azimuthal Fourier components, < = 0 to 5. We
see that the evolution of the Fourier modes show little variance in
the region exterior to the planets outer gap edge. However in modes

Figure 15. Time evolution of the Fourier amplitudes of modes, < = 0 to
5, for the dust in a Neptune planet embedded dusty disc with dust fraction
53 = 0.01, Stokes number, (C = 0.2 and a = 5 ⇥ 10�7. The growth of the
Fourier amplitudes at A/A? = 1.2 dominates where the location of the thin
dusty ring is formed and triggers the RWI.

2 and 3 we can see limited growth in the region between the outer
gap edge and dusty ring location from C = 80.

When comparing to a purely gaseous disc in Fig. 17 with the same
kinematic viscosity we do not see these features where we know from
Fig. 4 that the RWI is not triggered in this gaseous disc by t = 100
orbits. This comparison and Fig. 15 shows that the addition of dust
causes these non-axisymmetric features in the gas.

Lastly we include a gaseous disc with a = 1 ⇥ 10�7 which does
trigger the RWI in Fig 18 to show the features that can be seen
in the time evolution of the azimuthal Fourier components for an
unstable disc. We see that the region at the exterior pressure bump
shows dominant growth in the Fourier amplitudes for modes 2,3 and
4 and the region undergoes instability from C = 80. These features
are similar in shape and location as in Fig. 17, while the amplitude
is lower relative to the rest of the disc.

It should be noted that although for the particular cases studied
here, the growth rates are similar, the dusty RWI differs in char-
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Figure 16. Time evolution of the Fourier amplitudes of modes, < = 0 to 5, for
the gas in a Neptune planet embedded dusty disc with dust fraction 53 = 0.01,
St = 0.2 and a = 5 ⇥ 10�7 . The evolution of the Fourier amplitudes for all
modes show little variance in the region of the dusty ring location until C = 80
when the RWI is triggered, growing in amplitude from the outer gap edge and
dusty ring location.

acter compared to the gas-only RWI. The most unstable azimuthal
wavenumber involved appears to be higher, and in general the scales
of the perturbations appear to be smaller in the dusty RWI. This may
have implications for the stability of the resulting vortices (Lovascio
et al. 2022). Moreover, the dusty RWI requires a dust ring to be setup
in a pressure bump. If this bump is unstable to the gas RWI, it may be
the case that such a dust ring will not be able to form, and therefore
that the dusty RWI will not operate. Therefore, it is conceiveable
that the dusty RWI will not replace the gas RWI as the instability
mechanism for steep edges in discs, but rather expands the parameter
space in which these edges are unstable.

3.3.4 Increasing Dust Fraction and Stokes Number

With the previous case showing how the Stokes number of the dust
can trigger the RWI at the ring location rather than at the gap edge,

Figure 17. Time evolution of the Fourier amplitudes of modes, < = 0 to 5
for the gas in a Neptune planet embedded gaseous disc with a = 1 ⇥ 10�6.
In this disc, the gas is stable up to C = 100, showing no features of instability
growth in the outer pressure bump.

we wanted to test a case where both the dust fraction of the disc and
Stokes number are increased to 0.1, which is lower in Stokes number
from the previous case but a much higher dust fraction than typical
values for a disc. Expectations for this run was that the instability
would trigger earlier as the dust could build up faster with the higher
dust fraction.

In Fig. 19 we present the density plots for the dust, gas and total
of the disc after 50 orbits. Looking at the total density plot we see
that a dusty ring has been accumulated in the outer pressure bump as
expected and the ring itself is smooth. Looking at just the dust plot
however we see that interior to the dusty ring, the exterior gap that the
Neptune planet has carved is unstable with vortices occurring already
at each side of the gap edge with hints of the dust ring being distorted
by the non-smooth gap edge. This is unexpected as the higher dust
fraction case from subsubsection 3.3.1 which has a dust fraction of
0.1 but Stokes number 0.01 does not have the same features in its
early evolution. In the gas density plot we see that the vortices in the
gap has accumulated enough material to launch weak spiral density
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Figure 18. Time evolution of the Fourier amplitudes of modes, < = 0 to 5 for
the gas in a Neptune planet embedded gaseous disc with a = 1 ⇥ 10�7. For
this disc, the gas triggers the RWI by t = 100 orbits and we see clear features
in the plots for modes 2,3,4 indicating the growth of the instability.

waves through the disc. Overall however we see that the vortices in
the gap for the dust plot do not affect the stability of the outer ring
in the total density plots significantly as the combined gas and dust
ring is generally smooth.

Fig. 20 shows the evolution of the disc at 60 orbits and we see in
the dust density plot that the dust ring has become unstable and the
ring has triggered the RWI similar to the higher Stokes number case
as we see the similar features in the ring of vortices being generated.
This in turn has made the gas phase more unstable around the gap
edge as we see small vortices in the gas density plots but are harder
to discern. Overall the instability has triggered earlier than previous
cases as we expected due to the faster build up of dust in the pressure
bump exterior to the planet, however we do see that the gap has an
effect on how clear the generated vortices are compared to the other
cases. In this case, vortices generated at the outer gap edge dominate
the early evolution before the dusty RWI vortices appear at the dusty
ring location. This combination generates a "messier" evolution as
the two locations compete, which makes it harder to discern the

Figure 19. Density plots for dust (top left), gas (top right) and total (bottom)
of the Neptune planet embedded disc with dust fraction, 5d = 0.1 and Stokes
number, St = 0.1. The evolution of the disc is at C = 50 orbits. The dust ring
formed exterior to the planet is smooth with vortices starting to be generated
in the gap that the Neptune planet has carved for the dust phase which affects
the gas phase and total density with weak spiral arms being launched through
the disc.

patterns. Compared to the control case of the gas only disc we see
that a combination of adding a higher dust fraction and higher Stokes
number makes the ring exterior to the planet more unstable and a
smooth outer dusty ring would be disrupted in a short timescale and
more prone to instabilities when both parameters are increased. In
this case the gap edge and ring has become unstable within 60 orbits,
compared to the previous setup which trigger the RWI within 80
orbits. In terms of observation we would not see a clear smooth ring
at this stage of its evolution in this case and the case of Stokes number
of 0.2 as the ring would be disrupted in a short timescale.

In Fig. 21 we show the radial profile and 2D plot of the "mixed"
key function where we see in the radial profile a steeper extremum
compared to subsubsection 3.3.2 at the dusty ring’s location. Com-
pared to the previous setup of only increasing the Stokes number,
we can clearly see that the vortices are not as well defined and the
evolution of the outer region is more chaotic. Regardless, we do show
that a higher dust fraction and Stokes number combined can make
the regions exterior to the planet more prone to the RWI as the plots
would indicate compared to the gas only case.
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長時間進化
𝑓d =0.01,St=0.2and𝜈=5×10−7. 

• gas onlyに比べ、密度プロッ
トに渦が強く出る、かつdusty
な渦は壊れてまた再生産を繰
り返す。（ガスの場合は一つ
の大きな渦に収束する） 

• できた渦がr=1.16rpから
1.24rpまで外側に動くことに
も注目(Paardekooper et al. 
2010) 

• t=1000,1500までいくと、ダ
ストリングがあるが、gas 
profileはもはやflatになってい
る。
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Figure 27. Total density plots for region exterior to a Neptune planet that is
embedded in a dust and gas disc with dust fraction, 5d = 0.01, Stokes number,
St = 0.2 and kinematic viscosity, a = 5⇥ 10�7. The plots shown are the time
evolution of the disc, C 2 [50, 100, 200, 300, 400, 500].

from the dusty ring triggering the RWI would smooth out the density
extremum. In this subsection we evolve the disc to 500 orbits in the
first figure and consider the evolution of the vortices generated, the
dusty ring and future implications for the disc as a whole with the
second figure with evolution of the disc up to 1500 orbits.

In Fig. 27 we present the evolution of the total density of the
outer region of the planet up to 500 orbits with the previous setup
of 5d = 0.01, St = 0.2 and a = 5 ⇥ 10�7. As previously seen up to
100 orbits, the dusty ring that is accumulated in the pressure bump
triggers the RWI and the smooth ring is distorted around the disc. The
vortices at the dusty ring’s location start to accumulate material from
the ring and the surroundings towards the centre of the vortex which
is highlighted further in the middle left plot of C = 200 where vortices
can be seen to have a considerable amount of material accumulated
and the dusty ring is now fainter. From the next evolution plot of
C = 300, two of the vortices have merged into one, where we can
see now five vortices in the outer region of the planet. Compared
to a gas-only RWI, the vortices appear much stronger in density
because of dust accumulation. Another difference is that the dusty
vortices are continuously destroyed and regenerated. This is different
to typical unstable gas-only disc cases (e.g. rightmost panel in Fig.
1) where the vortices tend to merge into a larger vortex within an
earlier timescale. From these initial plots we see that the vortices
generated by the dusty RWI exterior to a planet could in principle be
locations of planetesimal formation as they are able to accumulate
material which radially averaged density values exceeds unity of the
dust to gas ratio. In the radial profiles which are not presented we see
that the vortices accumulate dust close to 3-4 times the gas density
at that radial location after the 500 orbits. Observationally, the dust
ring itself will at this point be much harder to see as the vortices
accumulate all the material.

An important feature shown in the evolution of the disc is that
the dusty ring which started at around A = 1.16Ap is distorted by the
generated vortices and moved outwards from C = 50 to C = 100. Fur-
ther evolution shows that the vortices which have accumulated the
material start to migrate outwards as after 500 orbits, the radial lo-
cation of the vortices generated and the material accumulated reach
A = 1.24Ap. The migration of vortices has been studied before in
Paardekooper et al. (2010) where the asymmetries in the spiral den-

Figure 28. Total density plots for the disc at C = 1000 (top) and C = 1500
(bottom) with dust fraction, 5d = 0.01, Stokes number, St = 0.2 and kinematic
viscosity, a = 5⇥10�7. A secondary wider dusty ring is shown to be forming
exterior to the locations of the vortices which have merged into three distinct
points.

sity waves launched the vortices can cause a net exchange of angular
momentum which leads to the migration of the vortices. In the study
of the gas only case, vortices move to regions of higher gas pressure
and in our results we see that the dusty vortices migrate towards the
pressure maxima in the outer pressure bump which is shifted out-
wards during the evolution of the disc, which occurs in our gas only
disc as well with the planet carving a gap. Therefore, vortices as well
as the remnants of the dust ring end up at the pressure maximum, the
latter through usual radial drift.

Evolution of the disc up to 1500 orbits is presented in Fig. 28
where we present the density plots at C = 1000, 1500. Comparing
the evolution between C = 500 from the previous figure and 1000 we
see that a dusty ring is accumulating exterior to the radial location
of the vortices. We note that this is a different ring to the original
dusty ring that has gathered into the vortices. This is more clearly
seen after another 500 orbits in the lower plot of the figure where a
wide dusty ring is present and the vortices have merged into three
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Figure 27. Total density plots for region exterior to a Neptune planet that is
embedded in a dust and gas disc with dust fraction, 5d = 0.01, Stokes number,
St = 0.2 and kinematic viscosity, a = 5⇥ 10�7. The plots shown are the time
evolution of the disc, C 2 [50, 100, 200, 300, 400, 500].

from the dusty ring triggering the RWI would smooth out the density
extremum. In this subsection we evolve the disc to 500 orbits in the
first figure and consider the evolution of the vortices generated, the
dusty ring and future implications for the disc as a whole with the
second figure with evolution of the disc up to 1500 orbits.

In Fig. 27 we present the evolution of the total density of the
outer region of the planet up to 500 orbits with the previous setup
of 5d = 0.01, St = 0.2 and a = 5 ⇥ 10�7. As previously seen up to
100 orbits, the dusty ring that is accumulated in the pressure bump
triggers the RWI and the smooth ring is distorted around the disc. The
vortices at the dusty ring’s location start to accumulate material from
the ring and the surroundings towards the centre of the vortex which
is highlighted further in the middle left plot of C = 200 where vortices
can be seen to have a considerable amount of material accumulated
and the dusty ring is now fainter. From the next evolution plot of
C = 300, two of the vortices have merged into one, where we can
see now five vortices in the outer region of the planet. Compared
to a gas-only RWI, the vortices appear much stronger in density
because of dust accumulation. Another difference is that the dusty
vortices are continuously destroyed and regenerated. This is different
to typical unstable gas-only disc cases (e.g. rightmost panel in Fig.
1) where the vortices tend to merge into a larger vortex within an
earlier timescale. From these initial plots we see that the vortices
generated by the dusty RWI exterior to a planet could in principle be
locations of planetesimal formation as they are able to accumulate
material which radially averaged density values exceeds unity of the
dust to gas ratio. In the radial profiles which are not presented we see
that the vortices accumulate dust close to 3-4 times the gas density
at that radial location after the 500 orbits. Observationally, the dust
ring itself will at this point be much harder to see as the vortices
accumulate all the material.

An important feature shown in the evolution of the disc is that
the dusty ring which started at around A = 1.16Ap is distorted by the
generated vortices and moved outwards from C = 50 to C = 100. Fur-
ther evolution shows that the vortices which have accumulated the
material start to migrate outwards as after 500 orbits, the radial lo-
cation of the vortices generated and the material accumulated reach
A = 1.24Ap. The migration of vortices has been studied before in
Paardekooper et al. (2010) where the asymmetries in the spiral den-

Figure 28. Total density plots for the disc at C = 1000 (top) and C = 1500
(bottom) with dust fraction, 5d = 0.01, Stokes number, St = 0.2 and kinematic
viscosity, a = 5⇥10�7. A secondary wider dusty ring is shown to be forming
exterior to the locations of the vortices which have merged into three distinct
points.

sity waves launched the vortices can cause a net exchange of angular
momentum which leads to the migration of the vortices. In the study
of the gas only case, vortices move to regions of higher gas pressure
and in our results we see that the dusty vortices migrate towards the
pressure maxima in the outer pressure bump which is shifted out-
wards during the evolution of the disc, which occurs in our gas only
disc as well with the planet carving a gap. Therefore, vortices as well
as the remnants of the dust ring end up at the pressure maximum, the
latter through usual radial drift.

Evolution of the disc up to 1500 orbits is presented in Fig. 28
where we present the density plots at C = 1000, 1500. Comparing
the evolution between C = 500 from the previous figure and 1000 we
see that a dusty ring is accumulating exterior to the radial location
of the vortices. We note that this is a different ring to the original
dusty ring that has gathered into the vortices. This is more clearly
seen after another 500 orbits in the lower plot of the figure where a
wide dusty ring is present and the vortices have merged into three
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. The observation of small scale structures in a protoplanetary disc have been 
limited and the origin of the small scale structures observed is unclear. For 
example in Tsukagoshi et al. (2019), they report an AU-scale dust clump which 
they hypothesise to be material accumulating in a vortex or a massive 
circumplanetary disc around a Neptune sized planet embedded in a disc. In the 
future we hope advances would lead to better resolved small scale substructures to 
study their origins. 



JWST/NIRCam Imaging of Young Stellar Objects. II. Deep Constraints on Giant Planets and a 
Planet Candidate Outside of the Spiral Disk Around SAO 206462 
Gabriele Cugno et al.

• SAO 206462 (Muto-spiral
円盤)のJWST/NIRCamの観
測  

• もしspiralが惑星起因なら、
あんまり温度が高くないこ
とがわかった

We present JWST/NIRCam F187N, F200W, F405N and F410M direct imaging 
data of the disk surrounding SAO 206462. Previous images show a very 
structured disk, with a pair of spiral arms thought to be launched by one or more 
external perturbers. The spiral features are visible in three of the four filters, with 
the non-detection in F410M due to the large detector saturation radius. We detect 
with a signal-to-noise ratio of 4.4 a companion candidate (CC1) that, if on a 
coplanar circular orbit, would orbit SAO 206462 at a separation of ∼ 300 au, 
2.25σ away from the predicted separation for the driver of the eastern spiral. 
According to the BEX models, CC1 has a mass of MCC1 = 0.8 ± 0.3 MJ. No 
other companion candidates were detected. At the location predicted by 
simulations of both spirals generated by a single massive companion, the NIRCam 
data exclude objects more massive than ∼ 2.2 MJ assuming the BEX evolutionary 
models. In terms of temperatures, the data are sensitive to objects with Teff ∼ 
650−850 K, when assuming planets emit like blackbodies (Rp between 1 and 
3RJ). From these results, we conclude that if the spirals are driven by gas giants, 
these must be either cold or embedded in circumplanetary material. In addition, 
the NIRCam data provide tight constraints on ongoing accretion processes. In the 
low extinction scenario we are sensitive to mass accretion rates of the order M ̇ ∼ 
10−9MJ yr−1. Thanks to the longer wavelengths used to search for emission lines, 
we reach unprecedented sensitivities to processes with M ̇ ∼ 10−7MJ yr−1 even 
towards highly extincted environments (AV ≈ 50 mag). 
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Figure 1. SAO 206462 residuals in the four filters observed with our program. The central masks have radii of 0.003 in F187N,
F200W and F405N, and 0.008 in F410M. In all images North points to the top, East to the left and the field of view is the same.
The colorscale has been adapted based on the strength of the disk signal.

to 1.000 in order to focus only on the central region of the
PSF. The P330-E spectrum has been taken from Rieke
et al., submitted to AJ.

5. RESULTS

The PSF-subtracted images for the four filters, shown
in Fig. 1, reveal the circumstellar disk signal in F187N,
F200W and F405N, while no disk is detected in F410M.

This is due to the strong saturation in the image core
that made the inspection of the inner regions not feasi-
ble. Due to the two-rolls PSF removal strategy, a con-
siderable fraction of the disk intensity is lost in the PSF
subtraction process, and it is currently not possible to
extract neither a precise morphological structure, nor
fluxes to perform color analysis. This is left for future
work once high-contrast at very small separation can be

T. Stolker et al.: Shadows cast on the transition disk of HD 135344B

Fig. 3. Azimuthally integrated ratio of the U� and Q� polarized surface
brightness. It reaches a minimum of the order of a few percent around
high S/N disk locations. The error bars show 5� as derived from the
U� image. The dashed lines show the 25 au scattered light cavity, the
46 au millimeter cavity from Andrews et al. (2011), and the outer radius
at which the spiral arms are visible.

with values up to ⇠5% of the Q� flux (Canovas et al. 2015). For
a nearly face-on disk, the U� signal will be lower since forward
scattering of large dust grains (2⇡a & �, with a the grain radius
and � the photon wavelength) reduces the number of multiple
scattered photons that are directed towards the observer. A hard
color stretch of the J-band U� image (see Fig. 2) is required to
reveal the non-zero residual.

We determine the ratio of the azimuthally integrated U� and
Q� signal in 25 linearly spaced annuli around the star between
0.0005 and 1.000 (see Fig. 3). The number of bins is chosen such
that the width of each annulus is approximately equal the angular
resolution of the image. The J-band observation is used for this
analysis because of the high S/N compared to the other filters.
We have used the absolute pixel values because the annulus in-
tegrated U� signal from a face-on and axisymmetric disk will be
zero. As expected, the ratio approaches unity both in the cavity
(.0.002) and the outermost disk region (&0.007) because the scat-
tered light flux in the Q� image is similar to the noise level. The
integrated U� signal is between 2.5% and 3% of the integrated
Q� signal where the S/N is largest, that is, where the U�/Q� ratio
reaches a minimum in Fig. 3. This might suggest that the e↵ect
of multiple scattering in the disk is non-negligible.

3.2. Disk morphology and brightness asymmetries

The disk is clearly detected from approximately 0.001 up to 0.007
in the r

2-scaled Q� images of both ZIMPOL and IRDIS (see
Figs. 1 and 2). Additionally, there is a tentative detection of the
disk in J-band from 0.007 to 1.000 (see Sect. 3.4). We have iden-
tified a number of structures in the r

2-scaled Q� images which
are related to the morphology and surface brightness of the disk.
The features have been labeled in Fig. 4 and will be described in
more detail below. The figure shows a color composite image of
the r

2-scaled ZIMPOL R and I-band images. We have scaled the
I-band image by a factor of 1.05 to correct for the larger photo-
metric flux in I-band with respect to R-band (Coulson & Walther
1995).

Two prominent spiral arms, S1 and S2 (Muto et al. 2012;
Garufi et al. 2013), are visible in all Q� images (see Fig. 4) and
can be traced from the outer disk cavity edge at ⇠0.002 to ⇠0.006
(⇠28�64 au). Spiral arm S1 separates from the cavity edge at
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Fig. 4. Color composite RGB image of ZIMPOL R-band (blue),
ZIMPOL I-band (red), and the average of R and I-band (green). The
field of view is 1.004⇥1.004 and the main features that have been identified
are labeled.

a position angle (east of north) of ⇠80� and spiral arm S2 at
a position angle of ⇠260�, both spiral arms span an azimuthal
range of ⇠240�. The spiral arms are approximately azimuthally
symmetric in their location and pitch angle and have a surface
brightness contrast of a factor of 2�3 with the background disk
in the r

2-scaled images. There appears to be a spiral arm branch
on the east side of the disk, also detected by Garufi et al. (2013),
which we label S3 (see also the r

2-scaled J-band image in Fig. 2
where this feature is better visible). A kink in the S1 spiral arm
is visible at a position angle of 225� (see Fig. 4) which is iden-
tified by the sudden change in pitch angle of the spiral arm. We
will discuss this feature in Sect. 5.2. We infer that the near side
is along the southern minor axis because of the preceding and
receding CO lines (Pérez et al. 2014) and assuming that the ob-
served spiral arms are trailing.

The scattered light cavity, initially revealed by Garufi et al.
(2013), is clearly visible and has an approximate radius of 0.0018
(25 au). The cavity edge of the outer disk will be studied in the
context of spatial segregation of dust grain sizes in Appendix B.
Multiple surface brightness depressions, which are unlikely to be
related to changes in disk or dust properties, are in particular well
detected in the high S/N J-band observation. These features are
likely shadows that are cast by the innermost disk regions. We
will identify the shadow features and elaborate on their detection
in Sect. 3.5.

All filters show in the r
2-scaled Q� image a positive sur-

face brightness gradient in southwest direction. In particular the
ZIMPOL images show a distinct bright wedge-shaped region
(see Fig. 4). The mean r

2-scaled pixel value in the bright wedge
between 0.0015 and 0.007 is a factor of 3.7 larger than the mean
value from the same sized wedge in opposite direction. A possi-
ble interpretation of this brightness gradient will be discussed in
Sect. 5.3.

The ZIMPOL and IRDIS observations reveal a similar disk
morphology yet several di↵erences in surface brightness are
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予期された惑星の場所
Xie et al. 2021, Muto et al. 2012

individual data pairs, we randomly discard 20% of the pairs and
repeat the motion analysis procedure 104 times. We find that
for S1, the best-fit rotation rate for the driver is 1°.32± 0°.07
yr−1, 0°.38± 0°.06 yr−1 for S2, and 0°.57± 0°.04 yr−1 for
comotion; all within 1σ from our initial measurements.

We have only used the two observations that have the
longest exposure times for motion analysis. To address the
contribution from the three shorter observations, we repeat the
measurement using all five epochs. We exclude the third epoch
due to its compromised data quality with a 17 minute exposure
and a seeing larger than 2″. For S1, the four-epoch result under
the planet-driven scenario is 1°.33± 0°.12 yr−1, which is
consistent with the previous two-epoch result within 1σ. For
S2, we obtain large uncertainties in the Gaussian fit for spiral
arm location measurement. Furthermore, we could not properly
approximate the data points at 150° θ 180° using Gaussian
profiles in the two epochs with 34 minute exposures. We notice
that the S2 arm is∼ 2 times fainter than S1 in Figure 1, we thus
conclude that a 34 minute exposure is not sufficient in
capturing the S2 arm with high data quality. In addition, we
note that these shorter exposures can only establish a 40 day
timeline, which is a factor of 9 less than the longer exposures in
Section 3. Therefore, we do not include the three short
exposures in our analysis.

We investigate the robustness of our measurements using the
two 34 minute observations on 2016 June 22 and 30 that
establish a 7.9 day separation. After propagating the instru-
mental north uncertainty, we obtain that the angular motion
rates under all planet-driven scenarios are 0° ± 6° yr−1, or
0°.00± 0°.13 between the observations. The planet-driven arm
motion in Table 1 during this 7.9 day period is expected to
range from 0°.01 to 0°.03, which is within the 1σ interval of the
estimate using the 2016 June data. In addition to instrumental
north and statistical uncertainties, the uncertainty in our
measurements may originate from effects including (but not
limited to) compromised data quality with 34 minute observa-
tions, random noise, and shadows from inner disks. Specifi-
cally, shadows with a 1 week period can trace down inner disks

at 0.1 au. Nonetheless, we cannot properly decompose these
effects until time series monitoring of the system is available.

4.3. Independent Motion

For the S1 arm, its motion is consistent with being driven by
a planet when we exclude the S1 blob region. The driver is
located at -

+49 5
6 au assuming a circular orbit, which coincides

with the stellocentric radius of the S1 blob. In comparison, on
the one hand, Muto et al. (2012) fit the spiral morphology and
report a theorized driver at 53 au, while Stolker et al. (2016a)
obtain 24 au assuming the driver is located within the cavity:
our morphological fit uses an identical observation and method,
but, without such a requirement, returns loose constraints for
the S1 driver—the position angle is 40° ± 100° and the
stellocentric separation is 19± 15 au. On the other hand, Maire
et al. (2017) identify the Muto et al. (2012) driver region as a
bright S1 blob, and report a redder spectrum for the S1 blob
than the spirals. Despite these results, we cannot constrain the
position angle for the dynamically measured driver in this
Letter, and thus we do not try to over-interpret the findings
here. Nevertheless, such a location overlaps with the ALMA
millimeter ring (see Figure 3, e.g., van der Marel et al. 2016;
Cazzoletti et al. 2018). This overlapping could be explained by
planet-disk interaction when two conditions—low mass planet
and low disk viscosity—are met (e.g., Facchini et al. 2020).
For the S2 arm, its motion is consistent with being driven by

a planet at -
+120 30

30 au assuming a circular orbit. This agrees with
predictions based on morphological estimates (e.g., Muto et al.
2012; Bae et al. 2016; Dong & Fung 2017). Our morphological
analysis based on static images for S2 returns a position angle
of 20° ± 2° and location of 75± 2 au for the driver; yet we
caution that the ignored regions, as well as the possibility of
two interacting planets and thus spirals, may change the results.
Assuming S1 and S2 are driven by individual planets with

circular orbits, we present the semimajor axes for the two
hypothesized arm-driving planets in Figure 3. Comparing the
motion rates for the two arms under this scenario, we obtain a
3.0σ difference, which offers tentative evidence that the two

Figure 3. The best-fit ±1σ orbits for assumed planetary drivers with circular orbits overlaid on ALMA contours (1.9 mm; Cazzoletti et al. 2018) and r2-scaled
SPHERE f image (1.2 μm). (a) Double-driver scenario. (b) Single-driver scenario.
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Figure 3. Top: azimuthal SB profile at r = 0.′′5 (left) and r = 0.′′7 (right) with PA measured from north to east. Bottom: radial profile along the major axis. Position
errors indicate the FWHM of the PSF. SB errors are estimated using frame-by-frame deviations.

Figure 4. Left: red and green points indicate the locations of the maxima of radial profiles for S1 (top) and S2 (bottom). The green ones are used for the fitting by
Equation (1) (Section 4). Dashed lines indicate circles with r = 0.′′39 (top) and r = 0.′′3 (bottom). Right: the spiral shape given by Equation (1) with the best-fit
parameters of S1 (top) and S2 (bottom). Crosses show the locations of (rc, θ0).
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in Section 2, analyze the observations in Section 3, discuss the
findings in Section 4, and summarize this Letter in Section 5.

2. Observations and Data Reduction

We obtain the SPHERE/IRDIS J-band dual-polarization
imaging observations of SAO 206462 in polarized light presented
in Stolker et al. (2016a, 2017). There is one observation in 2015
May, and four observations between 2016 May and 2016 June,
establishing a 14month temporal baseline for motion measure-
ment. The 2015 observation uses apodizer APO1 (optimized for
4λ/D focal masks), and Lyot mask ALC1 (diameter: 145mas;
coronagraph combination name: N_ALC_YJ_S); the 2016 obser-
vations use apodizer APO1 and Lyot mask ALC2 (diameter:
185mas; N_ALC_YJH_S). In all observations, the pixel scale is
12.25mas (Maire et al. 2016); the detector integration time is 32 s
per frame. The total integration time spans from 17 to 102minutes,
with the 2015 May 3 and 2016 May 4 observations being the two
longest integrations (76.8minutes and 102.4minutes, respectively;
see Stolker et al. 2017 for the observation log).

We reduce the five observations using IRDAP (van Holstein
et al. 2020) with identical default parameters to minimize
systematic offset, and analyze the output star-polarization-
subtracted f files that trace the surface distribution of dust
particles (Monnier et al. 2019). To minimize stellar illumination
effects, we follow the Ren et al. (2020) procedure to scale the f
images: we first compute the stellocentric distance, r, for each
pixel and multiply its corresponding f value by ( )r r0

2, where
r0= 0 5 (i.e., “r2-scaled”), assuming an inclination of 11° from
face-on, and a position angle of 62° for the major axis of the disk
(Dent et al. 2005; Pérez et al. 2014). We present the r2-scaled
2015 May 3 and 2016 May 4 images in Figure 1 and annotate the
features following Maire et al. (2017). For a complete set of all the
images, we refer the readers to Figure 1 of Stolker et al. (2017).
We then deproject these r2-scaled images to face-on views (i.e.,
the disk plane) and transform them to polar coordinates for spiral

arm location measurement. In the interpolation procedure, we
adopt the physically motivated cubic splines, which minimize
the elastic energy for a system (Horn 1983), implemented in
the scipy.interpolate.interp2d function in scipy
(Virtanen et al. 2020).

3. Analysis

We use the two observations on 2015 May 3 and 2016 May 4
that provide a temporal separation of 1.00 yr with the highest data
quality for analysis. The exposure times of the rest of the
observations are 17 or 34minutes (Stolker et al. 2017), which are
a factor of more than twice shorter and thus provide compromised
data quality. In addition, the three shorter observations constitute a
temporal separation of less than 50 days, which provide a shorter
timeline for spiral motion. We discuss the contribution of these
three short observations in Section 4.2.

3.1. Spiral Location

We measure the spiral locations after transforming the
deprojected r2-scaled f images into polar coordinates, where
the horizontal axis is the counterclockwise angular deviation θ
from the northwest semiminor axis of the disk, and the vertical
axis is the stellocentric distance r. For each θ, we fit a Gaussian
profile to its radial profile with scipy.optimize.curve_
fit to obtain the peak location r with an error6 of δr.
When we inspect the radial profiles for the θ values, we

notice multiple peaks or flat plateau in some regions in the S2
spiral, which is indicative of resolved and unresolved sub-
spirals; we ignore these points to minimize their potential
impact for location and subsequent speed measurement. See
Figure 2 for the (θ, r± δr) measurements used for subsequent
analysis.

Figure 1. r2-scaled f images of the SAO 206462 system on (a) 2015 May 3 and (b) 2016 May 4. The central dashed circles are the physical size of the coronagraphs,
the cross is the location of the star, the longer side of the cross matches the major axis of the disk. Note: the color bars share the same units; θ and r are measured in the
disk plane; the dotted lines are the boundaries for motion measurement in Figure 2.

(The data used to create this figure are available.)

6 The errors in this Letter are 1σ unless otherwise specified.
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• CC1というクランプを検出。0.8 ± 0.3 MJ.  

• 予期された位置に惑星は見られず。 

• For the BEX models, our limits  
exclude a planet more massive than 2.2+0.5 M 
-0.9 J  
could be located at ~ 120 au. In terms of tempera- 
tures, we exclude objects warmer than 660-810 K 
(1 - 3 RJ). 
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Figure 2. F410M residuals highlighting the companion candidate to SAO 206462. Left: Residuals of the F410M data, similar
to Fig. 1. In this instance we applied a larger central mask to force the PCA to focus on the region of the image around ⇠ 1.009.
The data reveals a point source in the NW region of the image. North points to the top, East to the left. Center: Zoomed-in
portion of the image, highlighting the candidate. The negative-positive-negative pattern, indicative of a point source with the
JWST two-rolls observing strategy is clearly visible. Right: Same portion of the residuals as in the central panel, but the CC1
pattern was removed injecting one single negative PSF in the data, demonstrating the correlation between the negative and the
positive components of the signal.

achieved with Reference Di↵erential Imaging via syn-
thetic PSFs (see Greenbaum et al. 2023).
The inspection of the residuals at larger separations

reveal a companion candidate in F410M that we will dis-
cuss in Sect. 5.1. No other point-like signal is detected in
the images at any separation, in particular closer to the
spirals, and in Sect. 5.2 and 5.3 we present the detection
limits achieved by our observations.

5.1. A companion candidate at large separations

At large separations the residuals in the F410M im-
ages revealed a companion candidate at ⇠ 2.002 from the
star that we designate CC1. The candidate is best visi-
ble when using a larger mask to cover the central region
of the images, allowing the principal components to fo-
cus on removing the PSF pattern at large separations.
In Fig. 2 we report the residuals when using a central
mask of 1.009 arcsec (left panel) and a zoom-in on the
area of interest (central panel). Despite several speckles
having similar strengths as CC1, the negative-positive-
negative pattern expected for a point source in observa-
tions obtained with the two-rolls strategy is clearly vis-
ible in the residuals, strongly supporting a point source
detection. We additionally inspected the residuals from
individual rolls. In both of them there is a positive sig-
nal at the location of the source, and a negative feature
on one of the two sides (as expected), providing addi-
tional evidence that the detection is real. Using the
metric proposed by Mawet et al. (2014), we estimated
the signal-to-noise ratio of CC1 to be 4.4 and its False
Positive Fraction to be 1.6⇥10�5, corresponding to 4.1�
assuming Gaussian noise. This estimate only considers

the central positive signal, and being able to consider
the correlated symmetric pattern would certainly pro-
vide a higher confidence. Note that even though other
regions in the image have similar brightness (in partic-
ular above the North-East edge of the central mask),
they are part of an extended diagonal noise feature re-
sulting from PSF spiders residuals and are not physical
sources (see Fig 7, where we masked out the extended
feature). In App. B we provide examples of injected
sources at the same separation as CC1 and with similar
intensity, but at di↵erent position angles. In most cases
the injected sources indeed look very similar to CC1 in
Fig. 2.
To characterize the companion candidate, we adapted

the methods used in Stolker et al. (2020b) to the NIR-
Cam data structure to determine three parameters: sep-
aration, position angle and contrast. Briefly, we used
an MCMC algorithm to explore the parameter space
with 200 walkers performing a chain of 400 steps each.
At each step, artificial negative copies of the PSF (ob-
tained from the P330-E data) were inserted in the data
at the location of companion candidates. Then, PSF is
removed with the same approach described in Sect. 4.2
and the residuals are minimized in an aperture of radius
0.003 (Wertz et al. 2017; Stolker et al. 2019, 2020b).
To avoid measurement biases and explore potential

systematics due to remaining PSF and detector arti-
facts, we inserted artificial planets at the same sepa-
ration measured from the MCMC algorithm with the
same contrast at 360 di↵erent position angles. We then
used the same algorithm to retrieve these values and
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To include the requirement that the contaminant should
be unresolved, we can take the e↵ective radius re of each
source and convolve it with the FWHM of the F410M
PSF (see Table 2. In practical terms, we verify that the

term
q
r2e + FWHM2

F410M
is smaller than a threshold

that we set to 1.5FWHMF410M. This reduces the prob-
ability of the contaminant scenario to ⇠ 4.2% (galactic
and extragalactic). Follow-up observations in future cy-
cles will help determining the true nature of CC1.

5.2. Sensitivity limits

To estimate the contrast limits we used applefy

(Bonse et al. 2023), a python package that estimates
contrast curves by injecting artificial sources in the data
in steps of 1 FWHM (see Table 2), where at each sepa-
ration we inspected 6 di↵erent azimuthal positions. We
set the detection threshold to a False Positive Fraction
(FPF) of 2.87 ⇥ 10�7, corresponding to 5� in the case
of Gaussian noise. The noise was estimated as individ-
ual pixels separated by 1 FWHM (Bonse et al. 2023).
To take into account the speckles field in the residuals,
at each separation the noise configuration was measured
360 di↵erent times, each with slightly di↵erent angular
orientation, using the obtained median value for the con-
trast and the standard deviation as an uncertainty on
the contrast measurement.
Due to the central saturation in our images, we used

PSFs from P330-E (see Sect. 3) to inject fake compan-
ions. This choice prevents us from obtaining contrast
estimates compared to the central star, but guarantees
an accurate photometric calibration of our limits. In-
deed, the contrast estimated with respect to the P330-E
PSF can be directly combined with the flux of the stan-
dard star (20.17, 21.23, 5.81 and 5.84 mJy for F187N,
F200W, F405N and F410M, respectively) in order to
have a calibrated flux limit.
Following this procedure we estimated the 5� contrast

limits for our SAO 206462 NIRCam datasets compared
to P330-E. From there, we used the calibrated fluxes
to convert the contrast measurements into flux limits,
which are reported in Fig. 4 and Table 3. The gray
dashed vertical line represents the size of the spirals de-
tected in scattered light (consistent with Stolker et al.
2016), and therefore marks the region where the lim-
its can not be trusted. Indeed, at shorter separations
the physical signal from the disk and the strong self-
subtraction prevent the noise from being independent
and identically distributed, and the statistics should be
treated with caution (Cugno et al. 2023a). For the SW
filters, the narrow filter reaches a lower sensitivity than
the broad filter. This is likely because only the inner
0.008 of the F187N data are contrast dominated, while

Figure 4. NIRCam 5� flux sensitivity limits for SAO 206462
as a function of separation. The dashed vertical line rep-
resents the size of the scattered light disk observed in our
data, while the gray shaded area highlights the area around
120± 30 au where Xie et al. (2021) predicted a planet could
be located. The green square represents the measured flux
for CC1 in the F410M filter detected with a confidence of
⇠ 3.8�. On the left (right) side of the plot, we marked the
flux expected in the SW (LW) filters for a 1,2 and 5 MJ ob-
ject at ⇠ 12 Myr according to the BEX evolutionary model.

at larger separation the data are background limited.
Conversely, F200W images are contrast limited at ev-
ery separation, and the sensitivity limit of the filter is
expected to be almost two orders of magnitude lower
than what we achieve at large separations. In the LW
channel, F405N is more sensitive < 0.009, while at larger
separation F410M could detect fainter sources. Indeed,
at short separations the e↵ect of saturation and its con-
sequences like the brighter-fatter e↵ect and charge mi-
gration play an important role in limiting our sensitivity
in F410M. Both LW filters are far away from being back-
ground limited, even at large separations.
We used the same evolutionary models from Sect. 5.1

to interpret the sensitivity limits. At each separation,
we converted fluxes into planet masses for the four filters
and then considered only the most constraining mass
limit achieved. The final mass limits can be found on
the left panel of Fig. 5 and Table 3. At 120 au, the NIR-
Cam data exclude planets more massive than 2.2+0.5

�0.9 MJ

for a system age of 11.9+3.7
�5.8 Myr, while at larger sepa-

rations (& 2.000) we would have detected objects with
M > 1.5+0.3

�0.5 MJ, assuming negligible extinction. These
mass detection limits are much deeper than those previ-
ously available through VLT/SPHERE (Asensio-Torres
et al. 2021).
In addition to the model-based mass estimates, we

want to pursue a more empirical approach. Following
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Figure 5. Mass and temperature limits of SAO 206462 as a function of separation obtained from the 5� flux limits. The
dashed vertical line represents the size of spirals in scattered light and the shaded area highlights the predicted planet location
from Xie et al. (2021). Left: Mass upper limit when using the BEX cooling curve for the age of the system. The uncertainties,
represented by the shaded area, include the age uncertainties of the system (6� 16 Myr). The estimated mass of CC1 is showed
as a black square. At ⇠ 120 au, the NIRCam data exclude planets with masses & 2.2 MJ. Right: E↵ective temperature 5�
upper limits when assuming protoplanets emit as blackbodies with radii 1, 2, and 3 RJ.

constraints on the possible temperature of the planet
around SAO 206462. Cold-start models predict smaller
planet radii compared to hot-start models (Rp ⇠ 1 RJ),
and our constraints suggest the planet Te↵ should be
below 800 K. This is consistent, for example, with the
cold-start models presented in Marley et al. (2007) and
Spiegel & Burrows (2012). We note however, that this
scenario is at odds with preliminary results on dynami-
cal masses of giant planets, where it appears that giant
planets form warm to hot (e.g., Brandt et al. 2021a,b;
Franson et al. 2023). However, two factors must be
considered: (i) most planets with dynamical mass mea-
surements are much closer to their star than the planet
launching the spirals in SAO 206462, possibly indicating
they underwent a di↵erent formation pathway or were
influenced by di↵erent environments at birth; and (ii)
this might be an observational bias, as only hot-start
planets might be bright enough to be detected by cur-
rently available instrumentation.
In the other scenario, the planet is deeply embedded in

the circumplanetary disk/envelope, and the high extinc-
tion is hindering its detection at NIR wavelengths. This
possibility is supported by observations of the PDS70
system (Isella et al. 2019; Benisty et al. 2021; Cugno
et al. 2021) and was already explored by Wagner et al.
(2023) for MWC758 c. We estimated that a visual ex-
tinction of AV & 20 mag would be necessary to make
sure that a 5 MJ perturber following the BEX mod-
els would not appear in any of our NIRCam filters. If
obscuration from the circumplanetary material is the
main cause for the poor detection rate of protoplanets,

longer wavelength observations might be able to trace
colder temperatures and reveal the light reprocessed by
the planet surroundings.

6.2. Could CC1 be responsible for the spirals?

When considering the spiral rotation rate from Xie
et al. (2021), CC1’s semi-major axis is located at 2.25�
from the dynamical prediction for the perturber in the
eastern spiral. The rotation velocity from Xie et al.
(2021) is based on a 1 year baseline, and it is likely
that a longer period between observations will provide
a tighter and more precise constraint on the separation
of the perturber. As described in Sect. 5.1, assuming its
emission is due to photospheric emission from a gravita-
tionally bound object, we estimated the mass of CC1 to
be 0.8± 0.3 MJ. It is unlikely that such a small mass at
such large separation is responsible for launching both
spirals, but if two perturbers are launching the spirals
independently, the mass requirement is relaxed and it is
possible that a ⇠ MJ planet drives one of them.
There are a few other possibilities that could connect

the distant CC1 and the two prominent spirals: (i) an
eccentric orbit, (ii) a very large mass for CC1 and (iii)
a flyby encounter. These scenarios are further discussed
in the next paragraphs.
If CC1 is on a highly eccentric orbit (e & 0.6 assum-

ing CC1 is currently at its apocenter and its pericenter is
about the disk size), it can be capable of launching spi-
rals if it is massive enough. Zhu & Zhang (2022) found
that if the companion is on an eccentric orbit, a higher
mass is required to form the same spiral pattern. This
would imply that the mass of CC1 should be � 5 MJ.



The magnetic field in colliding filaments G202.3+2.5
Qi-Lao Gu, Tie Liu, Pak Shing Li, Zhi-Qiang Shen, Xunchuan Liu, Junhao Liu, Xing Lu, Julien Montillaud,
Sihan Jiao, Mika Juvela, Mark G. Rawlings, Qizhou Zhang, Patrick Koch, Isabelle Ristorcelli, Jean-Sébastien
Carriere, David Eden, Zhiyuan Ren, Ken’ichi Tatematsu, Naomi Hirano, Qiu-yi Luo, Xiaofeng Mai, Namitha
Issac F We observe the magnetic field morphology towards a nearby star-forming filamentary cloud, G202.3+2.5,
by the JCMT/POL-2 850 µm thermal dust polarization observation with an angular resolution of 14.4" ( 0.053 pc).
The average magnetic field orientation is found to be perpendicular to the filaments while showing different behaviors
in the four subregions, suggesting various effects from filaments’ collision in these subregions. With the kinematics
obtained by N2H+ observation by IRAM, we estimate the plane-of-sky (POS) magnetic field strength by two methods,
the classical Davis-Chandrasekhar-Fermi (DCF) method and the angular dispersion function (ADF) method, Bpos,dcf

and Bpos,adf are 90 µG and 53 µG. We study the relative importance between the gravity (G), magnetic field (B)
and turbulence (T) in the four subregions, find G > T > B, G >= T > B, G T > B and T > G > B in the north
tail, west trunk, south root and east wing, respectively. In addition, we investigate the projection effect on the DCF
and ADF methods based on a similar simulation case and find the 3D magnetic field strength may be underestimated
by a factor of 3 if applying the widely-used statistical Bpos-to-B3D factor when using DCF or ADF method, which
may further underestimate/overestimate related parameters.

Photometric Variability of Low Mass Stars and Brown Dwarfs in IC 348 and Taurus
Star-Forming Regions
Samrat Ghosh, Soumen Mondal, Santosh Joshi, Sneh Lata, Rajib Kumbhakar F Low-mass stars belonging to the
M spectral type are the most numerous stars in our Galaxy, amounting to about two-thirds in number, and are found
at the bottom of the main sequence in the H-R diagram. star-forming regions help to understand the census of PMS
stars, their formation process, and the interaction of expanding H II regions harboring massive stars with their natal
molecular clouds. Photometric studies of low-mass stars, including brown dwarfs (BDs), provide several important
evolutions of their atmosphere, magnetic flares and chromospheric activity. This paper highlights a few interesting
results from our optical I-band observations of 2MASS J03435638+3209591 in the young star-forming IC 348 region
and three BDs in Taurus star-forming regions using ground-based telescopes as well as a space-based telescope. We
estimated the fast periodicities in the range of 1.5 to 3 hours in Taurus BDs. Furthermore, using the long-term
photometry from the Transiting Exoplanet Survey Satellite (TESS), we have conducted a time-resolved variability
analysis of CFHT-BD-Tau 4. The periodogram analysis of TESS data reveals an orbital period of ⇠ 3 days. We found
two flare events in TESS sector 43 data for this BD and estimated the flared energies as 4.59⇥1035 erg and 2.64⇥1036

erg, which sit in the superflare range.

TIPSY: Trajectory of Infalling Particles in Streamers around Young stars. Dynamical
analysis of the streamers around S CrA and HL Tau
Aashish Gupta, Anna Miotello, Jonathan P. Williams, Til Birnstiel, Michael Kuffmeier, Hsi-Wei Yen F Context.
Elongated trails of infalling gas, often referred to as "streamers," have recently been observed around young stellar
objects (YSOs) at different evolutionary stages. This asymmetric infall of material can significantly alter star and
planet formation processes, especially in the more evolved YSOs. Aims. In order to ascertain the infalling nature of
observed streamer-like structures and then systematically characterize their dynamics, we developed the code TIPSY
(Trajectory of Infalling Particles in Streamers around Young stars). Methods. Using TIPSY, the streamer molecular
line emission is first isolated from the disk emission. Then the streamer emission, which is effectively a point cloud
in three-dimensional (3D) position-position-velocity space, is simplified to a curve-like representation. The observed
streamer curve is then compared to the theoretical trajectories of infalling material. The best-fit trajectories are used
to constrain streamer features, such as the specific energy, the specific angular momenta, the infall timescale, and
the 3D morphology. Results. We used TIPSY to fit molecular-line ALMA observations of streamers around a Class
II binary system, S CrA, and a Class I/II protostar, HL Tau. Our results indicate that both of the streamers are
consistent with infalling motion. TIPSY results and mass estimates suggest that S CrA and HL Tau are accreting
material at a rate of & 27 Mjupiter Myr�1 and & 5 Mjupiter Myr�1, respectively, which can significantly increase
the mass budget available to form planets. Conclusions. TIPSY can be used to assess whether the morphology and
kinematics of observed streamers are consistent with infalling motion and to characterize their dynamics, which is
crucial for quantifying their impact on the protostellar systems.
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• Streamer天体のPPVから 軌跡をも
とめる。 

• これを理論線とフィットする。基本
的には初期速度を与え、自由落下し
た？っぽい。 

• S CrA 13CO2-1 

•
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b) c)

d)e)
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Fig. 2: Flow of S CrA 13CO (2–1) data in the TIPSY pipeline. Panel a: Intensity-weighted velocity (moment 1) map in colors,
overlaid with contours representing the integrated intensity (moment 0; see Fig. E.1). The red segments in the bottom-left corners
depict a length scale of 1,000 au. The pink ellipses in the bottom-right corners depicts the beam size of the data. Panel b: Isometric
projection of the 3D PPV diagram of pixels with intensity > 5� in the whole field of view. Panel c: Isometric projection of the
PPV diagram of an isolated and cleaned streamer. The red square and its error bars represent intensity-weighted means and standard
deviations, respectively. Panel d: Same as Panel c, but with the best-fit trajectory, as represented by the black line. Black circles
denote the interpolated values of the theoretical trajectory, which are directly compared to the intensity-weighted means. Panel e:
Same as Panel b, but with the best-fit trajectory, as represented by the black line. Note: 3D interactive versions of panels d and e are
available online.
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Aashish Gupta et al.: TIPSY: Trajectory of Infalling Particles in Streamers around Young stars
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Fig. 1: Schematic diagram of coordinate axes used to compute
the theoretical trajectories of infalling gas (green cloud) around
a protostellar system (orange star), as discussed in Sect. 2.1. �!r0
and �!v0 denote the initial position and velocity vector of infalling
gas, respectively. �!r represents the position vector of gas at a fu-
ture point in its trajectory (circumference of blue ellipse), with ✓
and � denoting the polar and azimuthal angles, respectively. The
dashed red arrows show the unit vectors x̂, ŷ, and ẑ, defined us-
ing the directions of �!r0 and �!v0. Together they set the coordinate
frame in which TIPSY solves the Mendoza et al. (2009) equa-
tions. The gray plane represents the POS, with the overlaid dark
gray arrows denoting the coordinate frame of our observations.

true. Mendoza et al. (2009) extended the UCM model to ac-
count for possible nonzero initial RVs and energies. This model
has also been used to study kinematics of material in streamers
around protostars at di↵erent evolutionary stages (e.g., Pineda
et al. 2020; Valdivia-Mena et al. 2022; Garufi et al. 2022). The
equations derived by Mendoza et al. (2009) to compute posi-
tions and velocities of an infalling particle along its trajectory
are listed in Appendix A

However, the original Mendoza et al. (2009) model still as-
sumes the initial rotation is only about the z-axis. This assump-
tion can be mitigated by solving the equations in a rotated co-
ordinate frame, where the z-axis is defined not as the rotational
axis of central protostellar system but as a vector normal to the
plane of the particle trajectory. This is defined as the plane con-
taining the initial position (�!r0) and velocity vector (�!v0) of the
particle with respect to the protostar, as illustrated in Fig. 1.
We used this generalized implementation of the Mendoza et al.
(2009) model to generate trajectories of infalling particles with-
out making any assumptions about their initial position or veloc-
ity. The results obtained from our implementation of Mendoza
et al. (2009) models were also validated through two-body sim-
ulations using the REBOUND framework (Rein & Liu 2012), as
shown in Appendix B.

2.2. Fitting procedure

TIPSY is designed to analyze molecular-line observations of
streamers with a large enough recoverable scale to capture
the streamer morphology, a su�cient spectral resolution to re-
solve the velocity profile, and a significant detection (& 3�) of
streamer emission in each of the channels (see Sect. 4.1 for a
further discussion). The first step in characterizing streamer ob-
servations involves separating the streamer emission from other

Table 1: Parameters used to isolate and fit the HL Tau and S CrA
streamers

Parameter S CrA HL Tau
Stellar mass [M�] 2 2.1
Distance [pc] 160 147
Systemic velocity [km / s] 5.86 7.14
Min. RV o↵set [km / s] 4.5 7
Max. RV o↵set [km / s] 7 10
Min. RA o↵set [arcsec] 2 -3
Max. RA o↵set [arcsec] 15 -1
Min. Decl. o↵set [arcsec] -7 -3
Max. Decl. o↵set [arcsec] 7 0.5
Significance (�) level 3 4

See Appendix D for more details on the stellar parameters used.

sources of emission, such as disks. Given the wide range of mor-
phologies exhibited by disks and streamers in di↵erent sources,
which depend on the observational parameters and molecular
lines used, it is hard to automate this step. Therefore, we visu-
ally examine the emission maps and define a boundary for a sub-
cube that encompasses the streamer emission using RA, Decl.,
and RV limits. Next, we eliminate pixels with flux values be-
low a specified noise (�) level. Table 1 lists the values used for
selecting streamers around S CrA and HL Tau. As long as the se-
lected boundaries fully capture the observed streamer emission,
the final results are not very sensitive to the exact values of these
limits. This is because we primarily rely on the central brighter
emission throughout the structure for the fitting, as described in
more detail later.

The resulting sub-cube, comprising mainly of streamer emis-
sion, may still contain some unrelated emission features from
residual noise or other gas structures. To get a more cleanly
isolated streamer emission, we use a clustering algorithm to
identify and remove seemingly unrelated emission. By default,
we use the sklearn (Pedregosa et al. 2011) implementation of
the Ordering Points To Identify the Clustering Structure (OP-
TICS; Ankerst et al. 1999) clustering algorithm, which computes
density-based reachability distances to reveal clusters within a
dataset. The biggest coherent cluster of emission in the selected
sub-cube is identified as the streamer and the smaller clusters
generally correspond to noise peaks. This step is designed to al-
low users to set liberal boundaries and noise thresholds while
selecting the streamer sub-cube, as noise peaks can then be re-
moved without reducing streamer emission.

This isolated and cleaned streamer emission can be imag-
ined as a point cloud in 3D PPV space, as shown in Figs. 2 and
3 (panel c). The theoretical trajectories of infalling material (as
discussed in Sect. 2.1) that we aim to fit to the data can be repre-
sented as curves in the same 3D space. In order to directly com-
pare the observation to the theoretical curves, we define a curve
that would be representative of the observed streamer structure
in the PPV space. To do this, we first divide the streamer points
into several bins, set to ten by default, based on a distance metric.
Then within each of these bins, we compute intensity-weighted
means and intensity-weighted standard deviations of the RA,
Decl., and RV values of all the points (red squares and their error
bars in panel c of Figs. 2 and 3). This gives us a string of a few
points, ten by default, in the same 3D space, which can be di-
rectly compared to the theoretical curves (panels c and d in Figs.
2 and 3). This method also reduces the dependence of fitting
results on the fainter parts of the streamers, selected streamer
boundaries, and the spatial and spectral resolution of the data.
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• HL Tau 

• どちらの天体も基本的にはinfall 

• TIPSY results and mass estimates 
suggest that S CrA and HL Tau are 
accreting material at a rate of ≳ 27 
Mjupiter Myr-1 and ≳ 5 Mjupiter 
Myr-1, respectively, which can 
significantly increase the mass budget 
available to form planets. 
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Fig. 3: Same procedure as described in Figure 2, but for HL Tau instead of S CrA. Note: 3D interactive versions of panels d and e
are available online.

tems can be approximated as a point source and the gas density
is low. Moreover, the fitting methodology of TIPSY can also be
adapted to fit more complicated models to the streamer emission.

While fitting the observed streamer structures, we also as-
sume that the observed intensity of molecular-line emission rep-
resents the actual density distribution of gas. This assumption

should mostly be valid for low-density streamers; for stream-
ers with a higher density of gas, an appropriately less abundant
molecular tracer should be used.

Finally, it is important to note that the current implementa-
tion of TIPSY does not necessarily rule out the other possible
causes of large-scale elongated structures, such as stellar flybys
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Dynamics in Star-forming Cores (DiSCo): Project Overview and the First Look toward
the B1 and NGC 1333 Regions in Perseus
Che-Yu Chen, Rachel Friesen, Jialu Li, Anika Schmiedeke, David Frayer, Zhi-Yun Li, John Tobin, Leslie W.
Looney, Stella Offner, Lee G. Mundy, Andrew I. Harris, Sarah Church, Eve C. Ostriker, Jaime E. Pineda,
Tien-Hao Hsieh, Ka Ho Lam F The internal velocity structure within dense gaseous cores plays a crucial role in
providing the initial conditions for star formation in molecular clouds. However, the kinematic properties of dense gas
at core scales ( 0.01 - 0.1 pc) has not been extensively characterized because of instrument limitations until the unique
capabilities of GBT-Argus became available. The ongoing GBT-Argus Large Program, Dynamics in Star-forming
Cores (DiSCo) thus aims to investigate the origin and distribution of angular momenta of star-forming cores. DiSCo
will survey all starless cores and Class 0 protostellar cores in the Perseus molecular complex down to 0.01 pc scales
with < 0.05 km/s velocity resolution using the dense gas tracer N2H+. Here, we present the first datasets from DiSCo
toward the B1 and NGC 1333 regions in Perseus. Our results suggest that a dense core’s internal velocity structure
has little correlation with other core-scale properties, indicating these gas motions may be originated externally from
cloud-scale turbulence. These first datasets also reaffirm the ability of GBT-Argus for studying dense core velocity
structure and provided an empirical basis for future studies that address the angular momentum problem with a
statistically broad sample.

JWST/NIRCam Imaging of Young Stellar Objects. II. Deep Constraints on Giant
Planets and a Planet Candidate Outside of the Spiral Disk Around SAO 206462
Gabriele Cugno, Jarron Leisenring, Kevin R. Wagner, Camryn Mullin, Roubing Dong, Thomas Greene, Doug
Johnstone, Michael R. Meyer, Schuyler G. Wolff, Charles Beichman, Martha Boyer, Scott Horner, Klaus
Hodapp, Doug Kelly, Don McCarthy, Thomas Roellig, George Rieke, Marcia Rieke, John Stansberry, Erick
Young F We present JWST/NIRCam F187N, F200W, F405N and F410M direct imaging data of the disk surrounding
SAO 206462. Previous images show a very structured disk, with a pair of spiral arms thought to be launched by one or
more external perturbers. The spiral features are visible in three of the four filters, with the non-detection in F410M
due to the large detector saturation radius. We detect with a signal-to-noise ratio of 4.4 a companion candidate (CC1)
that, if on a coplanar circular orbit, would orbit SAO 206462 at a separation of ⇠ 300 au, 2.25� away from the predicted
separation for the driver of the eastern spiral. According to the BEX models, CC1 has a mass of MCC1 = 0.8±0.3 MJ.
No other companion candidates were detected. At the location predicted by simulations of both spirals generated
by a single massive companion, the NIRCam data exclude objects more massive than ⇠ 2.2 MJ assuming the BEX
evolutionary models. In terms of temperatures, the data are sensitive to objects with Teff ⇠ 650 � 850 K, when
assuming planets emit like blackbodies (Rp between 1 and 3RJ). From these results, we conclude that if the spirals
are driven by gas giants, these must be either cold or embedded in circumplanetary material. In addition, the NIRCam
data provide tight constraints on ongoing accretion processes. In the low extinction scenario we are sensitive to mass
accretion rates of the order Ṁ ⇠ 10�9

MJ yr�1. Thanks to the longer wavelengths used to search for emission lines,
we reach unprecedented sensitivities to processes with Ṁ ⇠ 10�7

MJ yr�1 even towards highly extincted environments
(AV ⇡ 50 mag).

Stability of Dusty Rings in Protoplanetary Discs
Kevin Chan, Sijme-Jan Paardekooper F Dust rings in protoplanetary discs are often observed in thermal dust
emission and could be favourable environments for planet formation. While dust rings readily form in gas pressure
maxima, their long-term stability is key to both their observability and potential to assist in planet formation. We
investigate the stability of the dust ring generated by interactions of a protoplanetary disc with a Neptune sized planet
and consider its possible long term evolution using the FARGO3D Multifluid code. We look at the onset of the Rossby
Wave Instability (RWI) and compare how the addition of dust in a disc can alter the stability of the gas phase. We find
that with the addition of dust, the rings generated by planet disc interactions are more prone to RWI and can cause
the gas phase to become unstable. The instability is shown to occur more easily for higher Stokes number dust, as it
accumulates into a more narrow ring which triggers the RWI, while the initial dust fraction plays a more minor role in
the stability properties. We show that the dusty RWI generates vortices that collect dust in their cores, which could
be sites for further planetesimal formation. We conclude that the addition of dust can cause a ring in a protoplanetary
disc to become more prone to instability leading to a different long term evolution compared to gas only simulations
of the RWI.
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The GRAVITY young stellar object survey XIII. Tracing the time-variable asymmetric
disk structure in the inner AU of the Herbig star HD98922
V. Ganci, GRAVITY Collaboration F Temporal variability in the photometric and spectroscopic properties of
protoplanetary disks is common in YSO. However, evidence pointing toward changes in their morphology over short
timescales has only been found for a few sources, mainly due to a lack of high cadence observations at mas resolution.
We combine GRAVITY multi-epoch observations of HD98922 at mas resolution with PIONIER archival data covering
a total time span of 11 years. We interpret the interferometric visibilities and spectral energy distribution with
geometrical models and through radiative transfer techniques. We investigated high-spectral-resolution quantities to
obtain information on the properties of the HI BrG-line-emitting region. The observations are best fitted by a model
of a crescent-like asymmetric dust feature located at 1 au and accounting for 70% of the NIR emission. The feature has
an almost constant magnitude and orbits the central star with a possible sub-Keplerian period of 12 months, although
a 9 month period is another, albeit less probable, solution. The radiative transfer models show that the emission
originates from a small amount of carbon-rich (25%) silicates, or quantum-heated particles located in a low-density
region. Among different possible scenarios, we favor hydrodynamical instabilities in the inner disk that can create a
large vortex. The high spectral resolution differential phases in the BrG-line show that the hot-gas component is offset
from the star and in some cases is located between the star and the crescent feature. The scale of the emission does
not favor magnetospheric accretion as a driving mechanism. The scenario of an asymmetric disk wind or a massive
accreting substellar or planetary companion is discussed. With this unique observational data set for HD98922, we
reveal morphological variability in the innermost 2 au of its disk region.

Deciphering the Hidden Structures of HH 216 and Pillar IV in M16: Results from
JWST and HST
L. K. Dewangan, O. R. Jadhav, A. K. Maity, N. K. Bhadari, Saurabh Sharma, M. Padovani, T. Baug, Y. D.
Mayya, Rakesh Pandey F To probe the star formation process, we present an observational investigation of the Pillar
IV and an ionized knot HH 216 in the Eagle Nebula (M16). Pillar IV is known to host a Class I protostar that drives
a bipolar outflow. The outflow has produced the bow shock, HH 216, which is associated with the red-shifted outflow
lobe. The James Webb Space Telescope’s near- and mid-infrared images (resolution ⇠0.07 arcsec - 0.7 arcsec) reveal
the protostar as a single, isolated object (below 1000 AU). The outer boundary of Pillar IV is depicted with the 3.3 µm
Polycyclic aromatic hydrocarbon (PAH) emission. HH 216 is traced with the 4.05 µm Br↵ and the radio continuum
emission, however it is undetected with 4.693 µm H2 emission. HH 216 seems to be associated with both thermal and
non-thermal radio emissions. High-resolution images reveal entangled ionized structures (below 3000 AU) of HH 216,
which appear to be located toward termination shocks. New knots in 4.693 µm H2 emission are detected, and are
mainly found on Pillar IV’s northern side. This particular result supports the previously proposed episodic accretion
in the powering source of HH 216. One part of the ionized jet (extent ⇠0.16 pc) is discovered on the southern side of
the driving source. Using the 12CO(J = 1-0), 12CO(J = 3-2), and 13CO(J = 1-0) emission, observational signposts of
Cloud-Cloud Collision (or interacting clouds) toward Pillar IV are investigated. Overall, our results suggest that the
interaction of molecular cloud components around 23 and 26 km s�1 might have influenced star formation activity in
Pillar IV.

Disentangling CO Chemistry in a Protoplanetary Disk Using Explanatory Machine
Learning Techniques
Amina Diop, Ilse Cleeves, Dana Anderson, Jamila Pegues, Adele Plunkett F Molecular abundances in protoplan-
etary disks are highly sensitive to the local physical conditions, including gas temperature, gas density, radiation field,
and dust properties. Often multiple factors are intertwined, impacting the abundances of both simple and complex
species. We present a new approach to understanding these chemical and physical interdependencies using machine
learning. Specifically we explore the case of CO modeled under the conditions of a generic disk and build an explana-
tory regression model to study the dependence of CO spatial density on the gas density, gas temperature, cosmic ray
ionization rate, X-ray ionization rate, and UV flux. Our findings indicate that combinations of parameters play a
surprisingly powerful role in regulating CO compared to any singular physical parameter. Moreover, in general, we
find the conditions in the disk are destructive toward CO. CO depletion is further enhanced in an increased cosmic
ray environment and in disks with higher initial C/O ratios. These dependencies uncovered by our new approach
are consistent with previous studies, which are more modeling intensive and computationally expensive. Our work
thus shows that machine learning can be a powerful tool not only for creating efficient predictive models, but also for
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enabling a deeper understanding of complex chemical processes.

PDRs4All. V. Modelling the dust evolution across the illuminated edge of the Orion
Bar
M. Elyajouri, N. Ysard, A. Abergel, E. Habart, L. Verstraete, A. Jones, M. Juvela, T. Schirmer, R. Meshaka, E.
Dartois, J. Lebourlot, G. Rouille, T. Onaka, E. Peeters, O. Berne, F. Alarcon, J. Bernard-Salas, M. Buragohain,
J. Cami, A. Canin, R. Chown, K. Demyk, K. Gordon, O. Kannavou, M. Kirsanova, S. Madden, R. Paladini, Y.
Pendleton, F. Salama, I. Schroetter, A. Sidhu, M. Rollig, B. Trahin, D. Van De Putte F We study the emission
of dust grains within the Orion Bar - a well-known, highly far-UV (FUV)-irradiated PDR. The Orion Bar because of
its edge-on geometry provides an exceptional benchmark for characterizing dust evolution and the associated driving
processes under varying physical conditions. Our goal is to constrain the local properties of dust by comparing its
emission to models. Taking advantage of the recent JWST PDRs4All data, we follow the dust emission as traced by
JWST NIRCam (at 3.35 and 4.8 micron) and MIRI (at 7.7, 11.3, 15.0, and 25.5 micron), along with NIRSpec and MRS
spectroscopic observations. First, we constrain the minimum size and hydrogen content of carbon nano-grains from a
comparison between the observed dust emission spectra and the predictions of the THEMIS dust model coupled to the
numerical code DustEM. Using this dust model, we then perform 3D radiative transfer simulations of dust emission
with the SOC code and compare to data obtained along well chosen profiles across the Orion Bar. The JWST data
allows us, for the first time, to spatially resolve the steep variation of dust emission at the illuminated edge of the
Orion Bar PDR. By considering a dust model with carbonaceous nano-grains and submicronic coated silicate grains,
we derive unprecedented constraints on the properties of across the Orion Bar. To explain the observed emission
profiles with our simulations, we find that the nano-grains must be strongly depleted with an abundance (relative to
the gas) 15 times less than in the diffuse ISM. The NIRSpec and MRS spectroscopic observations reveal variations
in the hydrogenation of the carbon nano-grains. The lowest hydrogenation levels are found in the vicinity of the
illuminating stars suggesting photo-processing while more hydrogenated nano-grains are found in the cold and dense
molecular region, potentially indicative of larger grains.

Vertical shear instability in two-moment radiation-hydrodynamical simulations of irra-
diated protoplanetary disks I. Angular momentum transport and turbulent heating
Julio David Melon Fuksman, Mario Flock, Hubert Klahr F We studied the linear and nonlinear evolution of
the Vertical Shear Instability (VSI) in axisymmetric models of protoplanetary disks, focusing on the transport of
angular momentum, the produced temperature perturbations, and the applicability of local stability conditions. We
modeled the gas-dust mixture via high-resolution two-moment (M1) radiation-hydrodynamical simulations including
stellar irradiation with frequency-dependent opacities. We found that, given sufficient depletion of small grains (with
a dust-to-gas mass ratio of 10% of our nominal value of 10�3 for < 0.25 µm grains), the VSI can operate in surface disk
layers while being inactive close to the midplane, resulting in a suppression of the VSI body modes. The VSI reduces
the initial vertical shear in bands of approximately uniform specific angular momentum, whose formation is likely
favored by the enforced axisymmetry. Similarities with Reynolds stresses and angular momentum distributions in 3D
simulations suggest that the VSI-induced angular momentum mixing in the radial direction may be predominantly
axisymmetric. The stability regions in our models are well explained by local stability criteria, while the employment
of global criteria is still justifiable up to a few scale heights above the midplane, at least as long as VSI modes are
radially optically thin. Turbulent heating produces only marginal temperature increases of at most 0.1% and 0.01%
in the nominal and dust-depleted models, respectively, peaking at a few (approximately three) scale heights above the
midplane. We conclude that it is unlikely that the VSI can, in general, lead to any significant temperature increase
since that would either require it to efficiently operate in largely optically thick disk regions or to produce larger levels
of turbulence than predicted by models of passive irradiated disks.

The Kinematic and Dynamic Properties of HBC 494’s Wide-Angle Outflows
Austen Fourkas, Dary Ruiz-Rodriguez, Lee G. Mundy, Jonathan P. Williams F We present Atacama Large
Millimeter/sub-millimeter Array (ALMA) Cycle-5 observations of HBC 494, as well as calculations of the kinematic
and dynamic variables which represent the object’s wide-angle bipolar outflows. HBC 494 is a binary FU Orionis type
object located in the Orion A molecular cloud. We take advantage of combining the ALMA main array, Atacama
Compact Array (ACA), and Total Power (TP) array in order to map HBC 494’s outflows and thus, estimate their
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kinematic parameters with higher accuracy in comparison to prior publications. We use 12CO, 13CO, C18O and SO
observations to describe the object’s outflows, envelope, and disc, as well as estimate the mass, momentum, and kinetic
energy of the outflows. After correcting for optical opacity near systemic velocities, we estimate a mass of 3.0⇥ 10�2

M� for the southern outflow and 2.8⇥10�2 M� for the northern outflow. We report the first detection of a secondary
outflow cavity located approximately 15" north of the central binary system, which could be a remnant of a previous
large-scale accretion outburst. Furthermore, we find CO spatial features in HBC 494’s outflows corresponding to
position angles of ⇠ 35� and ⇠ 145�. This suggests that HBC 494’s outflows are most likely a composite of overlapping
outflows from two different sources, i.e., HBC 494a and HBC 494b, the two objects in the binary system.

JOYS: MIRI/MRS spectroscopy of gas-phase molecules from the high-mass star-forming
region IRAS 23385+6053
L. Francis, M. L. van Gelder, E. F. van Dishoeck, C. Gieser, H. Beuther, L. Tychoniec, G. Perotti, A. Caratti o
Garatti, P. J. Kavanagh, T. Ray, P. Klaassen, K. Justtanont, H. Linnartz, W. R. M. Rocha, K. Slavicinska, M.
Güdel, T. Henning, P. O. Lagage, G. Östlin F Space-based mid-IR spectroscopy provides tracers of warm gas in
star-forming regions that are inaccessible from the ground. Past mid-IR spectra of bright high-mass protostars in the
hot-core phase typically showed strong absorption features from molecules such as CO2, C2H2, and HCN. However,
little is known about their fainter counterparts at earlier stages. We thus aim to characterize the gas-phase molecular
features in JWST MIRI/MRS observations of the young high-mass star-forming region IRAS 23385+6053. Spectra
were extracted from two mid-IR sources and three H2 bright outflow knots in the MIRI/MRS field of view. Rich
molecular spectra with emission from CO, H2, HD, H2O, C2H2, HCN, CO2, and OH are detected towards the two
mid-IR sources. However, only CO and OH are seen towards the brightest H2 knots, suggesting that the majority of
the observed species are associated with disks or hot core regions rather than outflows. Simple Local thermodynamic
equilibrium (LTE) slab models were used to fit the observed molecular features. The LTE model fits to 12CO2, C2H2,
and HCN emission suggest warm 120�200 K emission arising from a disk surface around one or both protostars. Weak
⇠ 500 K H2O emission at ⇠ 6-7 µm is detected towards one mid-IR source, whereas 250 � 1050 K H2O absorption
is found in the other. The H2O absorption may occur in the disk atmosphere due to strong accretion-heating of the
midplane, or in a disk wind viewed at an ideal angle for absorption. CO emission may originate in the hot inner disk
or outflow shocks. OH emission is likely excited in a non-LTE manner through water photodissociation or chemical
formation. The observations are consistent with disks having already formed in the young IRAS 23385+6053 system,
but further observations are needed to disentangle the effects of geometry and evolution.

On the evolution of the observed Mass-to-Length relationship for star-forming filaments
Jiancheng Feng, Rowan J. Smith, Alvaro Hacar, Susan E. Clark, Daniel Seifried F The interstellar medium is
threaded by a hierarchy of filaments from large scales ( 100 pc) to small scales ( 0.1pc). The masses and lengths of these
nested structures may reveal important constraints for cloud formation and evolution, but it is difficult to investigate
from an evolutionary perspective using single observations. In this work, we extract simulated molecular clouds from
the Cloud Factory galactic-scale ISM suite in combination with 3D Monte Carlo radiative transfer code POLARIS to
investigate how filamentary structure evolves over time. We produce synthetic dust continuum observations in three
regions with a series of snapshots and use the Filfinder algorithm to identify filaments in the dust derived column
density maps. When the synthetic filaments mass and length are plotted on an M-L plot, we see a scaling relation
of L / M

0.45 similar to that seen in observations, and find that the filaments are thermally supercritical. Projection
effects systematically affect the masses and lengths measured for the filaments, and are particularly severe in crowded
regions. In the filament Mass-Length (M-L) diagram we identify three main evolutionary mechanisms: accretion,
segmentation, and dispersal. In particular we find that the filaments typically evolve from smaller to larger masses
in the observational M-L plane, indicating the dominant role of accretion in filament evolution. Moreover, we find a
potential correlation between line mass and filament growth rate. Once filaments are actively star forming they then
segment into smaller sections, or are dispersed by internal or external forces.
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formation. The observations are consistent with disks having already formed in the young IRAS 23385+6053 system,
but further observations are needed to disentangle the effects of geometry and evolution.

On the evolution of the observed Mass-to-Length relationship for star-forming filaments
Jiancheng Feng, Rowan J. Smith, Alvaro Hacar, Susan E. Clark, Daniel Seifried F The interstellar medium is
threaded by a hierarchy of filaments from large scales ( 100 pc) to small scales ( 0.1pc). The masses and lengths of these
nested structures may reveal important constraints for cloud formation and evolution, but it is difficult to investigate
from an evolutionary perspective using single observations. In this work, we extract simulated molecular clouds from
the Cloud Factory galactic-scale ISM suite in combination with 3D Monte Carlo radiative transfer code POLARIS to
investigate how filamentary structure evolves over time. We produce synthetic dust continuum observations in three
regions with a series of snapshots and use the Filfinder algorithm to identify filaments in the dust derived column
density maps. When the synthetic filaments mass and length are plotted on an M-L plot, we see a scaling relation
of L / M

0.45 similar to that seen in observations, and find that the filaments are thermally supercritical. Projection
effects systematically affect the masses and lengths measured for the filaments, and are particularly severe in crowded
regions. In the filament Mass-Length (M-L) diagram we identify three main evolutionary mechanisms: accretion,
segmentation, and dispersal. In particular we find that the filaments typically evolve from smaller to larger masses
in the observational M-L plane, indicating the dominant role of accretion in filament evolution. Moreover, we find a
potential correlation between line mass and filament growth rate. Once filaments are actively star forming they then
segment into smaller sections, or are dispersed by internal or external forces.
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The magnetic field in colliding filaments G202.3+2.5
Qi-Lao Gu, Tie Liu, Pak Shing Li, Zhi-Qiang Shen, Xunchuan Liu, Junhao Liu, Xing Lu, Julien Montillaud,
Sihan Jiao, Mika Juvela, Mark G. Rawlings, Qizhou Zhang, Patrick Koch, Isabelle Ristorcelli, Jean-Sébastien
Carriere, David Eden, Zhiyuan Ren, Ken’ichi Tatematsu, Naomi Hirano, Qiu-yi Luo, Xiaofeng Mai, Namitha
Issac F We observe the magnetic field morphology towards a nearby star-forming filamentary cloud, G202.3+2.5,
by the JCMT/POL-2 850 µm thermal dust polarization observation with an angular resolution of 14.4" ( 0.053 pc).
The average magnetic field orientation is found to be perpendicular to the filaments while showing different behaviors
in the four subregions, suggesting various effects from filaments’ collision in these subregions. With the kinematics
obtained by N2H+ observation by IRAM, we estimate the plane-of-sky (POS) magnetic field strength by two methods,
the classical Davis-Chandrasekhar-Fermi (DCF) method and the angular dispersion function (ADF) method, Bpos,dcf

and Bpos,adf are 90 µG and 53 µG. We study the relative importance between the gravity (G), magnetic field (B)
and turbulence (T) in the four subregions, find G > T > B, G >= T > B, G T > B and T > G > B in the north
tail, west trunk, south root and east wing, respectively. In addition, we investigate the projection effect on the DCF
and ADF methods based on a similar simulation case and find the 3D magnetic field strength may be underestimated
by a factor of 3 if applying the widely-used statistical Bpos-to-B3D factor when using DCF or ADF method, which
may further underestimate/overestimate related parameters.

Photometric Variability of Low Mass Stars and Brown Dwarfs in IC 348 and Taurus
Star-Forming Regions
Samrat Ghosh, Soumen Mondal, Santosh Joshi, Sneh Lata, Rajib Kumbhakar F Low-mass stars belonging to the
M spectral type are the most numerous stars in our Galaxy, amounting to about two-thirds in number, and are found
at the bottom of the main sequence in the H-R diagram. star-forming regions help to understand the census of PMS
stars, their formation process, and the interaction of expanding H II regions harboring massive stars with their natal
molecular clouds. Photometric studies of low-mass stars, including brown dwarfs (BDs), provide several important
evolutions of their atmosphere, magnetic flares and chromospheric activity. This paper highlights a few interesting
results from our optical I-band observations of 2MASS J03435638+3209591 in the young star-forming IC 348 region
and three BDs in Taurus star-forming regions using ground-based telescopes as well as a space-based telescope. We
estimated the fast periodicities in the range of 1.5 to 3 hours in Taurus BDs. Furthermore, using the long-term
photometry from the Transiting Exoplanet Survey Satellite (TESS), we have conducted a time-resolved variability
analysis of CFHT-BD-Tau 4. The periodogram analysis of TESS data reveals an orbital period of ⇠ 3 days. We found
two flare events in TESS sector 43 data for this BD and estimated the flared energies as 4.59⇥1035 erg and 2.64⇥1036

erg, which sit in the superflare range.

TIPSY: Trajectory of Infalling Particles in Streamers around Young stars. Dynamical
analysis of the streamers around S CrA and HL Tau
Aashish Gupta, Anna Miotello, Jonathan P. Williams, Til Birnstiel, Michael Kuffmeier, Hsi-Wei Yen F Context.
Elongated trails of infalling gas, often referred to as "streamers," have recently been observed around young stellar
objects (YSOs) at different evolutionary stages. This asymmetric infall of material can significantly alter star and
planet formation processes, especially in the more evolved YSOs. Aims. In order to ascertain the infalling nature of
observed streamer-like structures and then systematically characterize their dynamics, we developed the code TIPSY
(Trajectory of Infalling Particles in Streamers around Young stars). Methods. Using TIPSY, the streamer molecular
line emission is first isolated from the disk emission. Then the streamer emission, which is effectively a point cloud
in three-dimensional (3D) position-position-velocity space, is simplified to a curve-like representation. The observed
streamer curve is then compared to the theoretical trajectories of infalling material. The best-fit trajectories are used
to constrain streamer features, such as the specific energy, the specific angular momenta, the infall timescale, and
the 3D morphology. Results. We used TIPSY to fit molecular-line ALMA observations of streamers around a Class
II binary system, S CrA, and a Class I/II protostar, HL Tau. Our results indicate that both of the streamers are
consistent with infalling motion. TIPSY results and mass estimates suggest that S CrA and HL Tau are accreting
material at a rate of & 27 Mjupiter Myr�1 and & 5 Mjupiter Myr�1, respectively, which can significantly increase
the mass budget available to form planets. Conclusions. TIPSY can be used to assess whether the morphology and
kinematics of observed streamers are consistent with infalling motion and to characterize their dynamics, which is
crucial for quantifying their impact on the protostellar systems.
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Mapping dust in the giant molecular cloud Orion A
Amery Gration, John Magorrian F The Sun is located close to the Galactic mid-plane, meaning that we observe
the Galaxy through significant quantities of dust. Moreover, the vast majority of the Galaxy’s stars also lie in the
disc, meaning that dust has an enormous impact on the massive astrometric, photometric and spectroscopic surveys
of the Galaxy that are currently underway. To exploit the data from these surveys we require good three-dimensional
maps of the Galaxy’s dust. We present a new method for making such maps in which we form the best linear unbiased
predictor of the extinction at an arbitrary point based on the extinctions for a set of observed stars. This method
allows us to avoid the artificial inhomogeneities (so-called ’fingers of God’) and resolution limits that are characteristic
of many published dust maps. Moreover, it requires minimal assumptions about the statistical properties of the
interstellar medium. In fact, we require only a model of the first and second moments of the dust density field. The
method is suitable for use with directly measured extinctions, such as those provided by the Rayleigh-Jeans colour
excess method, and inferred extinctions, such as those provided by hierarchical Bayesian models like StarHorse. We
test our method by mapping dust in the region of the giant molecular cloud Orion A. Our results indicate a foreground
dust cloud at a distance of 350 pc, which has been identified in work by another author.

Spectroscopic confirmation of high-amplitude eruptive YSOs and dipping giants from
the VVV survey
Zhen Guo, P. W. Lucas, R. Kurtev, J. Borissova, C. Contreras Peña, S. N. Yurchenko, L. C. Smith, D. Minniti,
R. K. Saito, A. Bayo, M. Catelan, J. Alonso-García, A. Caratti o Garatti, C. Morris, D. Froebrich, J. Tennyson,
K. Maucó, A. Aguayo, N. Miller, H. D. S. Muthu F During the pre-main-sequence (pre-MS) evolution stage of a
star, significant amounts of stellar mass are accreted during episodic accretion events, such as multi-decade FUor-type
outbursts. Here, we present a near-infrared spectroscopic follow-up study of 33 high-amplitude (most with �Ks >
4 mag) variable sources discovered by the Vista Variables in the Via Lactea (VVV) survey. Based on the spectral
features, 25 sources are classified as eruptive young stellar objects (YSOs), including 15 newly identified FUors, six
with long-lasting but EXor-like bursts of magnetospheric accretion and four displaying outflow-dominated spectra. By
examining the photometric behaviours of eruptive YSOs, we found most FUor-type outbursts have higher amplitudes
(�Ks and �W2), faster eruptive timescales and bluer infrared colours than the other outburst types. In addition,
we identified seven post-main sequence variables apparently associated with deep dipping events and an eruptive star
with deep AlO absorption bands resembling those seen in the V838 Mon stellar merger.

Multi-wavelength detection of an ongoing FUOr-type outburst on a low-mass YSO
Zhen Guo, P. W. Lucas, R. G. Kurtev, J. Borissova, V. Elbakyan, C. Morris, A. Bayo, L. Smith, A. Caratti
o Garatti, C. Contreras Peña, D. Minniti, J. Jose, M. Ashraf, J. Alonso-García, N. Miller, H. D. S. Muthu
F During the pre-main-sequence evolution, Young Stellar Objects (YSOs) assemble most of their mass during the
episodic accretion process. The rarely seen FUOr-type events (FUOrs) are valuable laboratories to investigate the
outbursting nature of YSOs. Here, we present multi-wavelength detection of a high-amplitude eruptive source in
the young open cluster VdBH 221 with an ongoing outburst, including optical to mid-infrared time series and near-
infrared spectra. The initial outburst has an exceptional amplitude of >6.3 mag in Gaia and 4.6 mag in Ks, with
a peak luminosity up to 16 L� and a peak mass accretion rate of 1.4 ⇥ 10�5

M� yr�1. The optical to infrared
spectral energy distribution (SED) of this object is consistent with a low-mass star (0.2M�) with a modest extinction
(AV < 2 mag). A 100-d delay between optical and infrared rising stages is detected, suggesting an outside-in origin
of the instability. The spectroscopic features of this object reveal a self-luminous accretion disc, very similar to FU
Orionis, with a low line-of-sight extinction. Most recently, there has been a gradual increase in brightness throughout
the wavelength range, possibly suggesting an enhancement of the mass accretion rate.

New insights on the accretion properties of Class 0 protostars from 2 micron spec-
troscopy
Valentin J. M. Le Gouellec, Thomas P. Greene, Lynne A. Hillenbrand, Zoe Yates F Sun-like stars are thought
to accrete most of their final mass during the protostellar phase, during which the stellar embryo is surrounded by an
infalling dense envelope. We present an analysis of 26 K-band spectra of Class 0 protostars, which are the youngest
protostars. 18 of these are new observations made with the Keck MOSFIRE instrument. HI Br� , several H2, and CO
� v = 2 features are detected and analyzed. We detect Br� emission in 62%, CO overtone emission in 50%, and H2
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