
 
 

Delft University of Technology

Stability of dusty rings in protoplanetary discs

Chan, Kevin; Paardekooper, Sijme Jan

DOI
10.1093/mnras/stae089
Publication date
2024
Document Version
Final published version
Published in
Monthly Notices of the Royal Astronomical Society

Citation (APA)
Chan, K., & Paardekooper, S. J. (2024). Stability of dusty rings in protoplanetary discs. Monthly Notices of
the Royal Astronomical Society, 528(4), 5904-5923. https://doi.org/10.1093/mnras/stae089

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1093/mnras/stae089
https://doi.org/10.1093/mnras/stae089


MNRAS 528, 5904–5923 (2024) https://doi.org/10.1093/mnras/stae089 
Advance Access publication 2024 January 10 

Stability of dusty rings in protoplanetary discs 

K e vin Chan 

1 ‹ and Sijme-Jan Paardekooper 1 , 2 

1 Astronomy Unit, School of Physical and Chemical Sciences, Queen Mary University of London, Bethnal Green, London E1 4NS, UK 

2 Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, NL-2629 HS Delft, the Netherlands 

Accepted 2024 January 4. Received 2023 December 1; in original form 2023 June 4 

A B S T R A C T 

Dust rings in protoplanetary discs are often observed in thermal dust emission and could be fa v ourable 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: hydrodynamics – methods: numerical – protoplanetary discs. 
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 I N T RO D U C T I O N  

adial drift of dust particles in protoplanetary discs (e.g. Weiden-
chilling 1977 ) is a key process during planet formation. This radial
otion is driven by aerodynamic drag with the gaseous component of

he disc, and it transports dust particles to regions of high gas pressure,
hich is usually towards the central star. The drift speed depends on
article size, with metre-sized boulders typically reaching the highest
peeds, for which drift time-scales can be as short as 100 yr at 1 au. As
he dust particles drift inwards, they can gather and clump together,
ith the larger particles travelling at a higher drift speed. This can

ead to fragmentation where collisions occur with other particles, but,
ery importantly, the larger particles can drift into the star on a short
ime-scale preventing further growth (Weidenschilling 1977 ). This
enerates a problem called the ‘meter barrier’ and inhibits planet
ormation. A way to o v ercome the barrier is the presence of pressure
umps and formation of dusty (gas and dust) rings. This provides
n environment in the disc which is more fa v ourable towards the
ormation of planetesimals and growth towards planetary cores (see
.g. Lyra et al. 2009 ). 

The formation of dust rings and gaps in protoplanetary discs
as been widely debated, in particular, since observations of the
illimeter dust continuum emission from the HL Tau region in
LMA Partnership et al. ( 2015 ). These kind of substructures have
een found in many discs and characterized in later studies (e.g.
ndrews et al. 2016, 2018 ; Dipierro et al. 2018 ; Huang et al. 2018 ).
bserv ational e vidence indicates that mass retention, for example,
 E-mail: k.chan@qmul.ac.uk 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
s different in structured discs compared to unstructured discs (van
er Marel & Mulders 2021 ). For a recent o v erview, see Bae et al.
 2022 ). 

Whipple ( 1972 ) showed that a pressure bump in the gas phase of
he disc can act as a trap for dust flowing into the region. The dust
rains radially drift towards pressure maxima and can be collected
nto a ring structure. There are, ho we v er, man y possible ways that
 pressure bump can exist in a disc. Possible mechanisms include
onal winds (e.g. Johansen, Youdin & Klahr 2009 ; Flock et al. 2015 ;
u et al. 2022 ) whereby large-scale variations of the magnetic field

hrough the disc creates regions of slower or faster flows of the
otating gas, interactions with a disc by an embedded planet via its
ravitational torque (e.g. Zhu et al. 2012 ; Dipierro et al. 2015 ; Dong
t al. 2017 ), frost lines condensation fronts (e.g. Zhang, Blake &
ergin 2015 ; Yen et al. 2016 ) as the local surface density near frost

ines are enhanced, edges of dead zones where a differential mass
ccretion at the edges can create a density bump (Varni ̀ere & Tagger
006 ) and large-scale instabilities (e.g. Lor ́en-Aguilar & Bate 2016 ),
ith the example given being dust settling creating a dynamical
ust–gas instability in the disc that leads to toroidal vortices. 
Regions of enhanced dust concentration, such as pressure bumps,

re naturally fa v ourable sites for planet formation. A locally en-
anced dust-to-gas ratio in the ring can trigger the Streaming
nstability (e.g. Youdin & Goodman 2005 ; Johansen et al. 2007 ;
ai & Stone 2010 ) which has been shown to o v ercome the ‘meter-

ize’ barrier by accumulating enough particles for gravitational
nstability to occur. Additionally, self-gravity can cause or aid the
rowth of planetesimals in the region (Chiang & Youdin 2010 ; Simon
t al. 2016 ; Gerbig et al. 2020 ). The Streaming Instability works as
 drag instability with the dust feeling a headwind from the gas as it
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0002-8378-7608
mailto:k.chan@qmul.ac.uk
https://creativecommons.org/licenses/by/4.0/


Dusty ring stability 5905 

o  

2  

c
r
i
c
I  

m  

c  

f
a
i
w
P

s
(  

p
t
h  

L  

2  

d  

g  

a  

t  

e
e
p  

i  

R
t  

i  

(  

h  

r  

s  

o  

h  

w  

s
h

R
p
t  

o  

d  

I  

fi  

T  

i
g  

L  

m  

h
s
o
t
m  

a
a

d  

C  

g
b  

s  

s
(  

d  

s
I
I
w  

D  

h  

n
m

 

p  

t  

o  

t  

o  

t  

d
t

 

s  

S  

i  

I  

c

2

2

W  

F
T
t  

P  

t  

e
t  

q
t

w  

s  

e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/5904/7515293 by Technische U
niversiteit D

elft user on 04 M
arch 2024
rbits at sub-Keplerian speeds in a disc (see e.g. Squire & Hopkins
020 ). This can cause a traffic jam with dust migrating inwards and
lumping together. With larger clumps providing a stronger back- 
eaction on the gas, this can reduce the local headwind meaning 
solated particles further out can drift inwards faster and join the 
lump causing the same process to occur again. The Streaming 
nstability is one of the popular mechanisms; ho we ver, an alternati ve
echanism includes the use of vortices to concentrate the dust in the

entre (Barge & Sommeria 1995 ), which have been a highly common
eature in hydrodynamical simulations and possible explanation for 
symmetric substructures in observations (Marr & Dong 2022 ). The 
ssues with drag instabilities and using vortices as an alternative 
ith aiding planet formation are discussed and explored in Lovascio, 
aardekooper & McNally ( 2022 ). 
In addition to ring-like structures, many protoplanetary discs have 

hown large-scale azimuthal asymmetries in the mm dust continuum 

e.g. Isella et al. 2013 ; van der Marel et al. 2013 ; P ́erez et al. 2014 ). A
ossible explanation for these structures is the existence of vortices in 
he disc, triggered through the Rossby Wave Instability (RWI) which 
as been studied analytically (Lo v elace et al. 1999 ; Li, Colgate &
o v elace 2000a ) and numerically (Li et al. 2000b ; Varni ̀ere & Tagger
006 ). This is a mechanism where an axisymmetric bump in the
ensity profile of the disc (Meheut et al. 2012 ) and/or steep density
radients (Koller, Li & Lin 2003 ) can give rise to high-pressure
nticyclonic vortices. These vortices can not only act as dust traps in
he centre (Barge & Sommeria 1995 ) but also smooth out the density
xtrema which trigger the instability through angular momentum 

xchange. This has an important consequence as gas rings in the 
rotoplanetary disc may be prone to the RWI if the density gradient
s too high, and thus smooth out o v er time through the action of the
WI, therefore inhibiting planetesimal formation at the location of 

he ring. This raises the question of how stable is the rings and gaps
n protoplanetary discs. So far, studies of the stability of dusty rings
e.g. Huang et al. 2020 ; Pierens 2021 ; Lee, Fuentes & Hopkins 2022 )
ave shown that a wide range of instabilities can occur in and around
ings in a disc as it evolves over time. Previously, Meheut et al. ( 2012 )
tudied the formation and long-term evolution of vortices in a gas-
nly protoplanetary disc, ho we ver, the inclusion of dust in a disc and
ow it affects how prone the ring may be to RWI has not been studied
ell. Additionally, in Cimerman & Rafikov ( 2023 ), they study the

tability of gaps in a gas-only protoplanetary disc where vortices 
ave been shown to emerge at the edge of planet-driven gaps. 
For simulations which include dust and gas, Pierens, Lin & 

aymond ( 2019 ) investigated the interaction between a low-mass 
lanet and pebble-rich disc. They find that dusty vortices can develop 
hrough the RWI. Since the RWI can develop at the entropy extrema
f a gaseous disc, they expected the RWI to be triggered at high-
ust-to-gas ratios, which a dusty ring would be an ideal region for.
n Huang et al. ( 2020 ), they run two fluid simulations where they
nd a meso-scale instability that can break up the dusty ring formed.
his instability was caused by a steep velocity shear between the gas

nside and outside the ring, as a high-dust-to-gas ratio ‘forces’ the 
as in the ring to rotate near Keplerian velocity . Lastly , in Hsieh &
in ( 2020 ), the y inv estigate the e volution of the migration of lo w-
ass planets in an inviscid dusty disc. In their study, they find that

igh metallicty discs with large Stokes numbers eventually generates 
mall-scale dusty vortices at the planet’s gap edges which can halt 
r reverse the planet’s initial inward migration. These studies show 

hat vortices generated can alter the evolution of dusty regions in 
any different ways. The dust can have a large impact on the size

nd location of the possible instabilities generated around a planet 
nd in the disc morphology created by an embedded planet. 
Clearly, there is an intricate relation between gas pressure bumps, 
ust rings and vortices, rele v ant to both observations and theory.
hang, Youdin & Krapp ( 2023 ) provided stability calculations of
as pressure bumps, and showed under which conditions pressure 
umps can be both stable to the RWI and able to trap dust. They
howed that under a wide range of conditions, dust traps are RWI
table and therefore potentially long-lived. Most recently in Liu & Bai 
 2023 ), they conducted simulations of dust and gas in protoplanetary
iscs and found two types of H -scale instabilities ( H being pressure
cale height) where they are termed as the dusty Rossby Wave 
nstability (DRWI). These were found in pressure bumps where Type 
 instability dominates relatively sharp pressure bumps and/or bumps 
ith low-dust content and Type II, where in a more dusty bump, the
RWI dev elops antic yclonic vortices smaller than a pressure scale
eight, largely preserving the dusty ring. In both of these types, the
on-linear evolution generates dusty vortices with significant dust 
ass loading. 
In this paper, we investigate how the inclusion of dust, and, in

articular, the feedback on the gas, in a protoplanetary disc, affects
he stability of pressure bumps created by embedded planets and the
nset of the RWI. While for the canonical dust-to-gas ratio of 1/100,
he dynamics is by and large go v erned by the gas only, the presence
f a dust trap leads to an ever-increasing dust density as long as the
rap is fed from the outer disc. At some point, the dust will become
ynamically important, which may affect the stability properties of 
he 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
imulation setup for the two fluid model in FARGO3D Multifluid. In
ection 3 , we present the results of the effect of the inclusion of dust

n a ring generated by a planet and its possible long-term evolution.
n Section 4 , we discuss our results and the possible implications and
onclude in Section 5 . 

 M E T H O D  

.1 Computational setup 

e perform gas and dust simulations of a global disc using
ARGO3D Multifluid (Ben ́ıtez-Llambay, Krapp & Pessah 2019 ). 
he locally isothermal terminal velocity approximation where the 

wo fluids are combined as a single fluid presented caveats (Chan &
aardekooper 2022 ) when a larger planet was embedded in the disc,

herefore we will use the two fluid system where the gas and dust are
volved separately for our simulations. We assume a geometrically 
hin disc in 2D cylindrical coordinates ( r , φ) with vertically integrated
uantities. The equations we solve are the continuity equations for 
he gas and dust, respectively, 

∂ � g 

∂ t 
+ ∇ · ( � g u g ) = 0 , (1) 

∂ � d 

∂ t 
+ ∇ · ( � d u d ) = 0 , (2) 

here � denotes the surface density and u the 2D velocity, with
ubscripts g and d referring to the gas and dust. The momentum
quations are solved, 

∂ ( � g u g ) 

∂ t 
+ ∇ · ( � g u g u g ) = K( u d − u g ) − ∇p g 

+ � g ∇� + ∇ · T g , (3) 

∂ ( � d u d ) 

∂ t 
+ ∇ · ( � d u d u d ) = −K( u d − u g ) + � d ∇� + ∇ · T d , (4) 
MNRAS 528, 5904–5923 (2024) 
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ith K as the drag coefficient between the two phases and p g is the
as pressure. We use a locally isothermal equation of state, p g =
 

2 
s ( r) � g where c s ( r ) is the fixed radial profile of the gas sound speed
hroughout the disc. Apart from the drag forces, the forces appearing,
n the right-hand side, include the gravitational force, expressed
hrough the gravitational potential � , and the viscous forces through
he stress tensor, T i which includes ν as the kinematic viscosity (see
quation 3 of Ben ́ıtez-Llambay, Krapp & Pessah 2019 ) given in units
f r 2 p �k ( r p ). Our computational setup does not include dust diffusion
nd the equations are solved through the method of operator splitting
Stone & Norman 1992 ). 

Dimensionless units are adopted whereby the unit of mass is the
ass of the primary M P . Our standard planet mass corresponds to a
eptune-like planet with mass M p = 10 −4 M P . This corresponds to a

atio of planet to thermal mass of M p / M th = 0.8 (Goodman & Rafikov
001 ). The radial domain is from 0.4 to 2.5 r p (de Val-Borro et al.
006 ) where r p is the orbital radius of the planet. We note that the
lanet is on a fixed orbit at 1 r p to generate the outer pressure bump
hich we will be analysing in the results. The disc has a constant

spect ratio h 0 = H / r = 0.05 with H as the scale height and there
s no flaring of the disc. The sound speed profile is given as c s ( r ) =
 0 �K r and the planet potential is smoothed o v er 0.6 H . The lowest
esolution used in the simulations are (768,1536) cells in the radial
nd azimuthal direction, respectively, corresponding to 12 cells per
cale height at the planets location. The gas and dust surface density
re set to, 

 g = � 0 

(
r 

r p 

)−0 . 5 

(1 − f d ) , (5) 

 d = � 0 

(
r 

r p 

)−0 . 5 

f d , (6) 

ith � 0 as the total surface density of the gas and dust at the planet’s
ocation and f d as the dust fraction. A value of � 0 = 6.3662 × 10 −4 

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

To test the stability of the dust rings, we vary the dust fraction and
tokes numbers. The dust species we use in the two fluid simulations
re described by a constant Stokes number, St ∈ [0.01, 0.05, 0.1, 0.2]
hich characterizes the collision rate, η, between the gas and dust
hase given as St = �k / η where the collision rate is the inverse of
he particle stopping time, τ s (Youdin & Goodman 2005 ). The drag
oefficient is related to the collision rate through the equation, K =
� i η with subscript i as the i -th species, giving us a relation between

he Stokes number and drag coefficient as K = −� i �k /St. 

.2 Key function 

n previous studies mentioned in section 1 of the RWI, typically
he graphics of vorticity or vortensity have been used to indicate
he locations of vortices generated by the instability . Additionally ,
he radial profile of the key function (Lo v elace et al. 1999 ) which
ncorporates the inverse vortensity and entropy indicates locations of
he onset of the RWI through extrema in the profile (a necessary but
ot sufficient condition for instability). Recently, Chang, Youdin &
rapp ( 2023 ) study the stability of dust traps, specifically axisym-
etric pressure bumps, to the RWI. The y giv e a new approximate

mpirical criterion for the RWI based on their results for isothermal,
diabatic, and heated gas bumps (see their section 3.4). In this study,
e will focus on presenting the Lo v elace ke y function, as, in addition

o presenting a necessary condition for instability, it also provides
 useful view on the emergence of vortices, since in our locally
NRAS 528, 5904–5923 (2024) 
sothermal simulations the key function is closely related to the
nverse of the vortensity. When the instability triggers, vortices are
enerated and the extremum in the radial profile of the key function
s dampened. This key function is given as, in a gas disc, 

 ( r) = 

� g S 
2 /γ

2( ∇ × u ) ˆ z 
, (7) 

here S is the entropy given by S = p g /� 

γ
g with γ as the adiabatic

ndex. In this study, we investigate how effective the key function
s in predicting when the instability occurs. Ho we ver, equation ( 7 )
as typically been used to present the onset of RWI in gas-only
imulations of protoplanetary discs and not in dusty discs. In view
f the thermodynamic interpretation of Lin & Youdin ( 2017 ), it is
seful to treat the gas and dust as a single fluid. In order to incorporate
he key function into our 2D disc setup of first, a locally isothermal
quation of state ( γ = 1) and secondly, with the addition of dust,
e simply take the barycentric velocities of the dust and gas phase,
iven by 

u b = 

� g u g + � d u d 

� g + � d 
, (8) 

ith subscripts g and d as the gas and dust, respectively, and the total
ensity, � T = � g + � d , when representing the ‘mix ed’ ke y function
iven by 

 

∗( r) = 

� T S 
2 

2( ∇ × u b ) ˆ z 

= 

c 4 s (1 − f d ) 2 � T 

2( ∇ × u b ) ˆ z 
, (9) 

here f d is the dust fraction, f d = � d / � T since our vertically
ntegrated pressure can be rewritten as p g = c 2 s (1 − f d ) � T . We will
e using equation ( 7 ) for plotting the key function for gas-only
imulations in Section 3.1 and equation ( 9 ) when considering dust
nd gas disc simulations in the remaining subsections of our results.

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

 RESULTS  

e present our results in this section comparing the evolution of
 gas-only disc and ring generated by a Neptune-sized planet with
ne that includes dust. In Section 3.1 , we re vie w the ef fect of the
inematic viscosity on the pressure bump and ring generated by the
lanet for gas-only simulations. Section 3.2 shows the impact of
ust-to-total ratio of 1: 100 in a low-viscosity disc with well-coupled
rains with St = 0.01. We study how the dust fraction and Stokes
umber 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

ffects related to gas drag, we include in Section 3.4 results where we
orce perfect coupling between gas and dust at the point where the
ing would go unstable, and since the instability proceeds as normal,
e conclude that drag does not play a significant role in making the
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Figure 1. Density plots for a gaseous disc with a Neptune-sized planet embedded at 1 r p after t = 100 orbits. The kinematic viscosity is varied, ν ∈ [10 −5 , 10 −6 , 
10 −7 ] from the left to right panels. RWI has developed in the rightmost plot with the lowest kinematic viscosity at the inner and outer rings and has caused 
vortices to emerge, destabilizing the gas rings and gap edges ( r = 0.9, 1.1 r p ). 

Figure 2. Radial profile of the azimuthally av eraged ke y functions for ν ∈ 

[10 −5 , 10 −6 , 10 −7 ]. The lower viscosity setups have a larger peak at the 
location of the gap edges ( r = 0.9 r p , 1.1 r p ) which lead to development of the 
RWI. 
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ust ring unstable. Finally, in Section 3.5 , we investigate the vortices
enerated by dusty RWI and briefly present the possible long-term 

volution and show the possible implications. 

.1 Stability of gas rings 

or our test cases, we ran benchmark simulations of gas-only discs
ith an embedded Neptune-sized planet, while varying the uniform 

inematic viscosity, ν ∈ [10 −5 , 10 −6 , 10 −7 ]. We use a resolution of
768,1536) cells in the radial and azimuthal direction, respectively, 
nd the simulation time for each case is 100 orbits. We ran these
imulations to re vie w ho w the kinematic viscosity can inhibit the
equirements for the RWI to trigger and find a setup which would
e useful to study how the addition of dust affects the onset of the
WI. In the inviscid limit, de Val-Borro et al. ( 2006 ) showed the
ppearance of vortices through the RWI for this setup. 

In Fig. 1 , we plot the density of the gas for the varying kinematic
iscosities. 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
isc and faint rings are generated by the planet outside the gap in
he pressure bumps. The expected spiral density waves are launched 
rom the planet’s location through the disc (Goldreich & Tremaine 
979 ; Goldreich & Tremaine 1980 ). For longer time-integration, the 
orphology of the disc remains stable as the viscous damping is
arge enough to suppress conditions for instabilities. Moving on to 
he middle panel of Fig. 1 , for the ν = 10 −6 , we see a deeper gap
arved as the kinematic viscosity of the disc is lessened and the gas
ing is more pronounced at the gap edges ( r = 0.9, 1.1 r p ) than the
rst. In this case, we note that the gas ring shows instabilities by
00 orbits as gradually the density gradient of the gap edge carved
ut by the planet is extreme enough to trigger the RWI; ho we ver,
hese are quickly suppressed by the viscosity. In the right panel of
ig. 1 with the lowest kinematic viscosity, we see that the gap edge
reated has triggered the RWI within 100 orbits and vortices have
een generated interior and exterior to the planet. These vortices 
an be identified as gas o v erdensities, and alter the region of the
ressure bump and ring generated by the planet through their own
nteractions of merging together in the azimuthal direction. One 
mportant question introduced then, which will be explored briefly in 
he last subsection of the results, is ‘What is the long-term evolution
f the vortices exterior to a gap carving planet?’. As isolated vortices
re subject to viscous damping (Fu et al. 2014a ) while a planet carving
 deep enough gap in the disc can trigger the RWI into generating
ortices, this would be key to the evolution and possible further
lanetesimal and planetary formation. Furthermore, the addition of 
ust into a vortex can affect their lifetimes and evolution due to
nstabilities in the vortices, introduced or enhanced by the presence 
f dust (e.g. Lovascio, Paardekooper & McNally 2022 ). 
Fig. 2 presents the radial profile of the azimuthally av eraged ke y

unction at t = 100 orbits o v er the initial profile of the key function
n the disc. Initially, with a kinematic viscosity of 10 −5 , we see that
n the density plot the evolution of the disc and gap is very stable
ith shallow rings interior and exterior to the shallow gap. This is

ndicated in the key function as well since the rings do not go unstable
nd there are no extremum in the radial profile of the key function
hich is highlighted by the blue line. We see that as the kinematic
iscosity is lowered to 10 −6 , after 100 orbits, peaks are developed in
he key function at the location of the gap edges ( r = 0.9, 1.1 r p ) and
re much more pronounced for the case of the lowest viscosity of
0 −7 . Since the RWI has already developed and generated vortices
fter 100 orbits, the peaks are already at a lower point than when it
rst triggers the instability. Ho we ver, it is clear that a sharp bump or
MNRAS 528, 5904–5923 (2024) 
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Figure 3. Key function plot for a gaseous disc with Neptune-sized planet 
embedded at 1 r p after t = 60, 80 orbits. The kinematic viscosity is, ν = 

10 −7 and the gap edges interior ( r = 0.9 r p ) and exterior ( r = 1.1 r p ) to the 
planet has triggered the RWI generating a number of vortices which are more 
pronounced exterior to the planet. 
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Figure 4. Radial profile of the azimuthally av eraged ke y function (top panel) 
for stable (solid blue line) and unstable (dotted orange) gaseous discs. 2D key 
function plot (bottom panel) for a gaseous disc with Neptune-sized planet 
embedded at 1 r p after t = 100 orbits. The kinematic viscosity is set to ν = 

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, ho we ver, it is not as 
indicative in the radial profile of the key function compared to the lower 
viscosity case which goes unstable. 
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xtremum in the key function indicates locations where the RWI can
ccur, especially when comparing the highest and lowest viscosity
ases. 

We have included 2D plots of the key function in Fig. 3 for the
ow-viscosity run ( ν = 10 −7 ). The reason for this is that, in particular,
n the gas-only case, the key function is essentially the inverse of the
ortensity and therefore useful in showing the development of the
WI and the associated vortices. Note that while in the gas-only case,

he entropy factor in the key function only plays a minor role (due
o the locally isothermal nature of the setup), the inclusion of dust
ffects the entropy part of the key function due to its dependence on
he dust fraction in equation ( 9 ). The key function plots presented
how the evolution of the disc from 60 to 80 orbits for ν = 10 −7 . We
ee that the gap edges interior and exterior have triggered the RWI,
enerating at least four vortices exterior to the outer gap edge. This,
n turn, not only destabilizes the gas ring in the pressure bump but
auses additional weaker spiral arms to propagate throughout the disc
rom the vortices’ locations, which is clearer in Fig. 3 . Continuing
n from 80 orbits these smaller vortices would merge together to
orm bigger vortices as seen in Fig. 1 where only two can be seen.
NRAS 528, 5904–5923 (2024) 
his process reduces the amplitude of the peak in terms of its radial
rofile of the key function but the extremum is still visible after 200
rbits. 
Based on the test cases so far, we chose to investigate two different

ases, based on whether the RWI develops within 100 orbits in the
as-only setup. First of all, we will consider a setup of the disc
here the RWI may appear within 100 orbits with a low kinematic
iscosity of 10 −7 . After that, we consider discs of higher viscosity
nd study whether the addition of dust makes the disc more prone to
nstability. Note that, in particular, in the intermediate case of ν =
0 −6 , it is important to establish whether the addition of dust speeds
p or delays the onset of the RWI. 
In order to establish a more precise limit on the viscosity for which

he gas disc remains stable for 100 orbits, we also present the case
f ν = 5 × 10 −7 . This case will be used in the following sections,
nd falls in between the cases ν = 10 −7 and 10 −6 of Fig. 1 . The
ey function for this simulation is shown in Fig. 4 , both azimuthally
veraged (top panel) and the full 2D structure (bottom panel). From
he bottom panel, it is clear that after 100 orbits no vortices have
ormed, and while the RWI may be triggered at later times, after 100
rbits the gas disc looks quiet and stable. The peaks in the 1D key
unction are comparable to those in the (unstable) ν = 10 −7 case, but
ote that the latter will have been affected by the emerged vortices. 
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Figure 5. Radial profile of the azimuthally averaged ‘mixed’ key function 
(top panel) for dust and gas (solid orange) and radial profile of gas-only key 
function (dotted blue). 2D key function plot (bottom panel) for the dust and gas 
disc with Neptune-sized planet embedded at 1 r p after t = 80 orbits. The dust 
fraction is set to f d = 0.01, Stokes number, St = 0.01 and kinematic viscosity, 
ν = 10 −7 . With the addition of dust the gap edges interior and exterior still 
trigger, the RWI which generates v ortices b ut has little differences compared 
to the gas-only case. 
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.2 Dust in an RWI unstable gas 

e first set the kinematic viscosity to ν = 10 −7 , a case where the
as-only RWI develops within 100 orbits, and investigate whether 
dding dust makes a noticeable change in the evolution of the disc
ompared to the gas-only case. We test how the evolution of the
isc may change with a typical dust-to-total ratio of 1:100. The 
tokes number we use for the first test is St = 0.01 which typically
orresponds to smaller grain sizes or strong drag of the gas on to
he dust, making it tightly coupled. We present the plots of the
zimuthally averaged and 2D key function of this simulation after 80 
rbits in Fig. 5 . 
From the plots, we see that after 80 orbits the evolution of the disc

ith dust added are very similar to the gas-only case when plotting the 
mix ed’ ke y function. The radial profile of the azimuthally av eraged
ey function has the same features as in Fig. 2 with a larger peak
t the inner gap edge and smaller peak at the outer gap edge. The
xact values at the peaks and troughs for the gas only and ‘mixed’
ey function can not be directly compared, ho we ver, the features
hemselves in the ‘mixed’ key function plots show good indication 
f places prone to the RWI. In terms of the 2D plot, we see the
imilar features of the gap edges triggering the RWI and generating 
ortices outside the gap edges with minor differences. The vortices 
enerated by the unstable gas quickly destabilize the dusty ring 
uilding up exterior to the planet, accumulating the material into 
he vortices. In Fig. 6, we show the density plots of the dust, gas
nd total 10 orbits later at t = 90. We see that the outer ring is
roken up by the four vortices while the dusty ring interior to the
lanet remains stable but undergoes the same evolution by 100 orbits
hen the inner gap edge triggers the RWI. In this case, we see

hat the gas RWI is largely unaffected by the presence of dust,
hen comparing the key function plots, as it is swept into the
ortices. We note, ho we ver, that the long-term e volution of the disc
s expected to be different as the vortices are loaded with more
ust. 
When we increase the Stokes number to 0.1, a similar evolution

s observed, ho we ver, in this case, the dusty ring formed exterior
o the planet is much thinner in the radial direction before the
ortices destabilize the ring and accumulate the material into the 
ortex centres. We present the density plots in Fig. 7 where we see
hat the material built up in the vortex cores after 90 orbits start to
aunch spiral density waves throughout the disc as dust builds up.

hen observing the gas phase for this setup, we can see that by
0 orbits the vortices are not as defined as in the previous case of
t = 0.01 as more dust is loaded into the vortex cores. A reason
or this would be drag instabilities occuring in the vortices between
he dust and the gas. Therefore, in this case, we do see a larger
ifference between the evolution of the vortices generated by the 
riggering of the RWI at the gap edge for a gas only and dust + gas
isc. Ho we ver, we do not observe if the dust makes the disc less
rone to the RWI within 100 orbits as the RWI is triggered by the
as at an early stage in both scenarios of adding dust to a disc. In
hese cases, the gas RWI dominates the early evolution of the disc
nd the dust does not contribute significantly to the triggering of the
nstability. 

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

.3 Dust in an RWI stable gas 

ollowing on, we investigate if there is a point where the dust can
ake a noticeable difference in the evolution of the disc for a stable

as and whether it makes the gap edges more prone to the RWI or if
he dust buildup could source a new location for the RWI to occur.
rom our test case of f d = 0.01, St = 0.01, and ν = 10 −7 , we varied

he three parameters to find if there was a defining factor to triggering
he onset of the RWI. As seen before, the kinematic viscosity plays
n important part in suppressing the instability therefore for the next
esults we use a kinematic viscosity of ν = 5 × 10 −7 to compare
ith our gas-only results in Fig. 4 where the evolution of the region

xterior to the planet’s outer gap edge remained stable. 

.3.1 Varying the dust fraction 

ith a focus on St = 0.01, we found that our standard dust fraction
 d = 0.01 made no difference to the stability of the disc within 100
rbits. We now investigate whether larger dust fractions, where the 
eedback is more important, changes this situation. In Fig. 8 , we
resent the azimuthally averaged ‘mixed’ key function for discs with 
ust fractions, f d = 0.1, 0.2. 
We see that after 100 orbits, the peaks formed at the gap edges are
uch larger than previous radial profiles of the ‘mixed’ key function,

specially comparing to Fig. 5 which had a smaller dust fraction of
MNRAS 528, 5904–5923 (2024) 
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Figure 6. 2D density plots for the dust (top panel), gas (middle panel), and 
total (bottom panel) of a Neptune planet-embedded disc at t = 90 orbits. The 
dust fraction is set to f d = 0.01, Stokes number, St = 0.01, and kinematic 
viscosity, ν = 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. 

Figure 7. 2D density plots for the dust (top panel), gas (middle panel), and 
total (bottom panel) of a Neptune planet-embedded disc at t = 90 orbits. The 
dust fraction is set to f d = 0.01, Stokes number, St = 0.1, and kinematic 
viscosity, ν = 10 −7 . The thin dusty ring built exterior is destabilized 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. 
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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 f d = 0.1, 0.2 and Stokes number, 
St = 0.01. The kinematic viscosity is set to ν = 5 × 10 −7 and the evolution 
of the disc has reached t = 100 orbits. We see that large peaks have formed at 
the location of the gap edges showing the growth of the ‘mix ed’ ke y function 
compared to initial. 
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Figure 9. ‘Mix ed’ ke y function plot for dust and gas disc with dust fractions, 
f d = 0.1 (top panel) and 0.2 (bottom panel) with Stokes number, St = 0.01 
for both cases. The evolution of the disc has reached t = 100 orbits. The gap 
edges interior and exterior to the planet remain generally stable during its 
evolution with the dusty rings being largely undisrupted. 
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.01 and lower kinematic viscosity . Normally , with extremum in the
adial profile, we would expect the RWI to trigger but the gap edges
till remained stable. This is shown in Fig. 9 where we present the
D plot of the ‘mixed’ key function. In both cases, the gap edges
emain stable and smooth generally. In the second case of f d = 0.2,
e see that there is a hint of an instability occurring soon or being

uppressed at the gap edges near the azimuthal coordinate φ ≈ 2.5, 
o we ver, it is not clear enough to discern during the evolution of the
isc. In terms of the density, the dust build-up in the ring interior
nd exterior to the planet reached a ratio of around 1:2 of dust to gas
nd the total density in the exterior ring was larger than in the gas-
nly case, causing a steeper gradient between the gap edge and ring
hich should indicate a higher susceptibility to the RWI triggering. 
he initial dust fraction may play a part in how prone the gap edges
re to the RWI, as dust may build-up in the rings that would generate
 steep enough gradient and more should be explored in further
tudies, ho we ver, we can see in this setup, that increasing the initial
ust fraction of the disc up to f d = 0.2, that the gap edges are not
ore prone to the RWI after 100 orbits. 
We note that the azimuthally averaged ‘mixed’ key function so 

ar may indicate possible locations of the RWI triggering but the 
mplitude of the peaks compared to initial values does not necessarily 
ean that the RWI has triggered already or is more prone to it during

arly evolution. It could be possible that with the inclusion of dust,
ven though peaks in the radial profile of the ‘mixed’ key function
re larger, the RWI may be suppressed. Perhaps for even larger dust
ractions, the RWI can be triggered, but such a large dust fraction is
nlikely to occur on a global scale. It is probably more realistic to let
 larger dust fraction occur locally in a pressure bump, which can be
chieved on reasonable time-scales for larger Stokes numbers. This 
s what we do next. 

.3.2 Stokes number 

aving shown that increasing the dust fraction up to 0.2 had little
f fect on ho w prone the regions near the planet were to the RWI
ithin 100 orbits, we increased the Stokes number of the dust but
ept the original dust fraction of 0.01. For this, we first highlight the
imulations with a Stokes number, St = 0.2, with the illustrations of
igs 10 and 11 which show the dust and gas density plots and the
ombined total density at different time-steps. In Fig. 10 , we show
he density plots of the disc at t = 60 orbits. When comparing just
he gas density plot in this figure and the morphology of the key
unction of the gas-only control case in Fig. 1 , we see that both are
imilar in terms of stability of the gap edges and the expected shallow
ap and spiral density waves launching from the planet’s location. 
n terms of the dust, we see that a thin outer ring has built up in the
ressure bump ( r = 1.2 r p ) exterior to the planet past the gap edge. In
he radial profile of the dust density, we observe this as a sharp peak
ompared to Section 3.3.1 of increasing the dust fraction where the
ust accumulated into a wide bump. This, we found to be important
s we present the next figure which shows the evolution of the disc
t 100 orbits. 

In Fig. 11 , we see that the RWI has triggered and v ortices ha ve
een generated at the location of the outer ring. The thin ring of dust
hat had built up in the pressure bump is distorted by the vortices
nd the dust itself is being accumulated in the centres of the vortices
reating a wave-shaped ring. Looking at the gas density plot, we see
hat the gas phase itself has become unstable exterior to the planet.
omparing this with our control case of a gas-only disc, we show

hat the addition of dust can have a significant effect on how prone
he disc can be to the RWI. Surprisingly, the cause of the RWI, in
MNRAS 528, 5904–5923 (2024) 



5912 K. Chan and S.-J. Paardekooper 

MNRAS 528, 5904–5923 (2024) 

Figure 10. Density plots for dust (top left panel), gas (top right panel), and 
total (bottom panel) of the Neptune planet-embedded disc with dust fraction, 
f d = 0.01 and Stokes number, St = 0.2. The evolution of the disc is at t = 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 panel), gas (top right panel), and 
total (bottom panel) of the Neptune planet-embedded disc with dust fraction, 
f d = 0.01 and Stokes number, St = 0.2. The evolution of the disc is at t = 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 t = 70 orbits. The dust evolution shows 
a sharp peak building at the outer pressure bump before the instability is 
triggered at around t = 78. 
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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 panel)) 
for a dust and gas disc with Neptune-sized planet embedded at 1 r p after t = 

70 orbits. The dust fraction is set to f d = 0.01, Stokes number, St = 0.2, and 
kinematic viscosity, ν = 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. 
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his case, is not due to the gradient near the gap edges but due to the
harp peak in the outer ring. This is to say that the dust phase has
riggered the RWI due to the contribution of the sharp dust density
eak accumulating in the middle of the gas ring that forms in the outer
ressure bump and causes the region to become unstable, generating 
ortices which are visible in both the dust and the gas even though
he disc only comprises of 1 per cent dust. 

From our data, we find that the RWI triggers at around t = 78
rbits. Therefore, we analyse and present the next figures from the 
ata at t = 70 which is before the instability triggers. First, we
resent the azimuthally averaged surface densities for the dust and 
as in Fig. 12 . We note that the sharp dust peak in the density profile
f the disc at t = 70 reaches a value that is below 1:3 for the dust-to-
as ratio at the outer pressure bump compared to the wide dust bump
uild-up for the higher dust fraction case, f d = 0.2, which reached
 dust-to-gas ratio of around 1:2. Additionally we point out that the
aximum azimuthally averaged total density value for the peak of 

he outer ring in the increased dust fraction case is larger than this
ase of a higher Stokes number. This indicates that the amplitude of
he extremum in the total density profile is less indicative of the RWI
riggering compared to the width of the extremum which is shown 
s a sharp peak in the higher Stokes number case. 

In Fig. 13 , we present the ‘mix ed’ ke y function plots for the higher
tokes number case at t = 70. First, we point out that there are sharp

ines at the planets location and the inner minimum at around r =
.87 r p that are temporary (lasting one or two time-steps) and we
elieve are due to the dust and gas phase interacting more erratically
n shock regions compared to the more tightly coupled dust in the
revious case of higher dust fraction. This can be seen more in the
D plot on the edges of the spiral density wave launched by the
lanet. Higher resolution simulations would most likely remo v e the 
emporary spikes therefore we disregard them when e v aluating the 
ey function plots. 

The azimuthally av eraged ‘mix ed’ ke y function plot (top of
ig. 13 ) shows the expected peaks at the gap edges which have been
een in all previous plots of the radial profile of the key function
ocated at r = 0.9 and 1.1 r p . As shown previously in this section, the
ap edges themselves do not trigger the RWI in the gas-only case
nd higher dust fraction cases. In addition to the peaks found at the
ap edges, we also see an extremum at around r = 1.17 r p which is
nstead a minimum in the radial profile. We can see the minimum
oes not exist in the radial profile of the key function for the gas-
nly disc. Since the addition of dust causes an entropy decrease,
he build up of dust at the outer bump creates the minimum in the
ey function. We see that this minimum is sharper than the local
axima at the gap edges which reinforces our previous statement of

he width of the extremum in the density profile and key function is
ore indicative of conditions for the RWI triggering rather than just

he ampltiude as it would provide a steep gradient for the RWI to
rigger. The 2D ‘mixed’ key function plot (bottom panel of Fig. 13 )
hows the location of the narrow ring-like structure which is not
resent for the gas-only case in Fig. 4 and the higher dust fraction
lots in Fig. 9 . Additionally, we present the evolution of the ‘mixed’
ey function at t = 100 in Fig. 14 . From the figure, we see that the
ortices generated by the RWI start to destabilize the dusty ring as
e expect the material to be accumulated into the vortex centres. A

urther analysis of the vortices and comparison with gas-only RWI 
ill be discussed in Section 3.5.1 . 
Ov erall, we hav e shown that the addition of dust in a gaseous disc

an alter the evolution of the outer ring significantly, but only for
elatively large Stokes numbers. In this case, the RWI is triggered
y the thin dusty ring formed which generates vortices that disrupt
he observable dusty ring. This has important implications for the 
uture evolution of the dusty ring and the disc morphology as we
xpect the vortices to accumulate the dust from the ring location,
f fecti vely dismantling the substructure and leading to possible 
MNRAS 528, 5904–5923 (2024) 
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Figure 14. 2D ‘mixed’ key function plot at t = 100 orbits for a dust and 
gas disc with Neptune-sized planet-embedded disc. The dust fraction is set to 
f d = 0.01, Stokes number, St = 0.2, and kinematic viscosity ν = 5 × 10 −7 . 
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Figure 15. Time-evolution of the Fourier amplitudes of modes, m = 0–5, 
for the dust in a Neptune planet embedded dusty disc with dust fraction f d = 

0.01, Stokes number, St = 0.2, and ν = 5 × 10 −7 . The growth of the Fourier 
amplitudes at r / r p = 1.2 dominates where the location of the thin dusty ring 
is formed and triggers the RWI. 
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lanetesimal or planetary formation. We explore this implication
urther in Section 3.5.2 for the long-term evolution. 

.3.3 Growth of the instability 

aving shown that the addition of dust in a gaseous disc can
ause the RWI to be triggered, we investigated the evolution of the
erturbations through tracking the amplitudes of the Fourier modes
n gas and dust density. 

In Fig. 15 , we present the time-evolution of the azimuthal Fourier
omponents, m = 0–5 for the disc previously in Section 3.3.2 with
ust fraction, f d = 0.01, St = 0.2, and ν = 5 × 10 −7 . We see that
rom modes, m = 1–5, the Fourier amplitude at the location of the
xterior dusty ring ( r / r p = 1.2) grows from an early stage of the disc
t a radius closer to the planet when it starts to form. These modes
volve together during the early stages and at around t = 80, modes
, 3, and 5 grow faster than 1 and 4 which is around the time that
he dusty RWI is triggered. Additionally, we see the growth of the
ourier amplitudes around the planet ( r / r p = 1.05) in m = 1, 2, 3,
hich would correspond to the asymmetric horseshoe region visible

n Fig. 11 . The large amplitude of the m = 5 component reflects the
umber of vortices seen in Fig. 11 . 
When considering the gas in this dusty disc, Fig. 16 presents the

ime-evolution of the azimuthal Fourier components, m = 0–5. We
ee that the evolution of the Fourier modes shows little variance in
he re gion e xterior to the planets outer gap edge. Ho we ver, in modes
 and 3, we can see limited growth in the region between the outer
ap edge and dusty ring location from t = 80. 

When comparing to a purely gaseous disc in Fig. 17 with the same
inematic viscosity, we do not see these features where we know
rom 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

f dust causes these non-axisymmetric features in the gas. 
Lastly, we include a gaseous disc with ν = 1 × 10 −7 which does

rigger the RWI in Fig. 18 to show the features that can be seen in the
ime-evolution of the azimuthal Fourier components for an unstable
isc. We see that the region at the exterior pressure bump shows
ominant growth in the Fourier amplitudes for modes 2–4 and the
NRAS 528, 5904–5923 (2024) 
egion undergoes instability from t = 80. These features are similar
n shape and location as in Fig. 17 , while the amplitude is lower
elative to the rest of the disc. 

It should be noted that although for the particular cases studied
ere, the growth rates are similar, the dusty RWI differs in char-
cter compared to the gas-only RWI. The most unstable azimuthal
a venumber inv olved appears to be higher, and in general the scales
f the perturbations appear to be smaller in the dusty RWI. This may
ave implications for the stability of the resulting vortices (Lovascio,
aardekooper & McNally 2022 ). Moreover, the dusty RWI requires
 dust ring to be setup in a pressure bump. If this bump is unstable
o the gas RWI, it may be the case that such a dust ring will not
e able to form, and therefore that the dusty RWI will not operate.
herefore, it is conceiveable that the dusty RWI will not replace

he gas RWI as the instability mechanism for steep edges in discs,
ut rather expands the parameter space in which these edges are
nstable. 
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Figure 16. Time-evolution of the Fourier amplitudes of modes, m = 0–5, for 
the gas in a Neptune planet embedded dusty disc with dust fraction f d = 0.01, 
St = 0.2, and ν = 5 × 10 −7 . The evolution of the Fourier amplitudes for all 
modes shows little variance in the region of the dusty ring location until t = 

80 when the RWI is triggered, growing in amplitude from the outer gap edge 
and dusty ring location. 
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Figure 17. Time-evolution of the Fourier amplitudes of modes, m = 0–5 for 
the gas in a Neptune planet embedded gaseous disc with ν = 1 × 10 −6 . In 
this disc, the gas is stable up to t = 100, showing no features of instability 
growth in the outer pressure bump. 
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.3.4 Increasing dust fraction and stokes number 

ith the previous case showing how the Stokes number of the dust
an trigger the RWI at the ring location rather than at the gap edge,
e wanted to test a case where both the dust fraction of the disc and
tokes number are increased to 0.1, which is lower in Stokes number
rom the previous case but a much higher dust fraction than typical
alues for a disc. Expectations for this run were that the instability
ould trigger earlier as the dust could build up faster with the higher
ust fraction. 
In Fig. 19 , we present the density plots for the dust, gas and total

f the disc after 50 orbits. Looking at the total density plot, we see
hat a dusty ring has been accumulated in the outer pressure bump as
xpected and the ring itself is smooth. Looking at just the dust plot,
o we ver, we see that interior to the dusty ring, the exterior gap that the
eptune planet has carved is unstable with vortices occurring already 

t each side of the gap edge with hints of the dust ring being distorted
y the non-smooth gap edge. This is unexpected as the higher dust
raction case from Section 3.3.1 which has a dust fraction of 0.1
ut Stokes number 0.01 does not have the same features in its early
volution. In the gas density plot, we see that the vortices in the
ap has accumulated enough material to launch weak spiral density 
aves through the disc. Overall, ho we ver, we see that the vortices in

he gap for the dust plot do not affect the stability of the outer ring
n the total density plots significantly as the combined gas and dust
ing is generally smooth. 

Fig. 20 shows the evolution of the disc at 60 orbits and we see in
he dust density plot that the dust ring has become unstable and the
ing has triggered the RWI similar to the higher Stokes number case
s we see the similar features in the ring of vortices being generated.
his, in turn, has made the g as phase more unstable around the g ap
dge as we see small vortices in the gas density plots but are harder
o discern. Overall, the instability has triggered earlier than previous 
ases as we expected due to the faster build up of dust in the pressure
ump exterior to the planet, ho we ver, we do see that the gap has
MNRAS 528, 5904–5923 (2024) 
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Figure 18. Time-evolution of the Fourier amplitudes of modes, m = 0–5 for 
the gas in a Neptune planet embedded gaseous disc with ν = 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 2–4 indicating the growth of the instability. 
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Figure 19. Density plots for dust (top left panel), gas (top right panel), and 
total (bottom panel) of the Neptune planet-embedded disc with dust fraction, 
f d = 0.1 and Stokes number, St = 0.1. The evolution of the disc is at t = 

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. 

c  

t  

c  

o  

a  

r  

w

3

T  

R  

i  

a  

R  

a  

t  

i  

o  

G  

(  

T  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/5904/7515293 by Technische U
niversiteit D

elft user on 04 M
arch 2024
n effect on how clear the generated vortices are compared to the
ther cases. In this case, vortices generated at the outer gap edge
ominate the early evolution before the dusty RWI vortices appear
t the dusty ring location. This combination generates a ‘messier’
volution as the two locations compete, which makes it harder to
iscern the patterns. Compared to the control case of the gas-only
isc, we see that a combination of adding a higher dust fraction and
igher Stokes number makes the ring exterior to the planet more
nstable and a smooth outer dusty ring would be disrupted in a short
ime-scale and more prone to instabilities when both parameters are
ncreased. In this case, the gap edge and ring have become unstable
ithin 60 orbits, compared to the previous setup which trigger the
WI within 80 orbits. In terms of observation, we would not see a
lear smooth ring at this stage of its evolution in this case and the
ase of Stokes number of 0.2 as the ring would be disrupted in a short
ime-scale 

In Fig. 21 , we show the radial profile and 2D plot of the ‘mixed’
ey function where we see in the radial profile a steeper extremum
NRAS 528, 5904–5923 (2024) 
ompared to Section 3.3.2 at the dusty ring’s location. Compared
o the previous setup of only increasing the Stokes number, we can
learly see that the vortices are not as well defined and the evolution
f the outer region is more chaotic. Regardless, we do show that
 higher dust fraction and Stokes number combined can make the
e gions e xterior to the planet more prone to the RWI as the plots
ould indicate compared to the gas-only case. 

.4 Drag cutoff 

he interpretation of the stability of dust rings in terms of the
WI ne glects an y possible effects of drag. In the thermodynamic

nterpretation of dusty gases (Lin & Youdin 2017 ), drag appears
s a cooling term. Cooling is known to have an effect on the
WI itself in the case where cooling takes the system back to
n equilibrium state (Huang & Yu 2022 ). In our case, ho we ver,
here is no equilibrium state, as dust will continue to accumulate
n the pressure bumps. Moreo v er, drag is known to create its
wn instabilities, such as the Streaming Instability (Youdin &
oodman 2005 ), and these are operating inside vortices as well

Surville & Mayer 2019 , Lo vascio, P aardekooper & McNally 2022 ).
he simplest RWI interpretation of our results requires a separation
f time-scales: Drag slowly sets up an RWI-unstable state, but



Dusty ring stability 5917 

Figure 20. Density plots for dust (top left panel), gas (top right panel), and 
total (bottom panel) of the Neptune planet-embedded disc with dust fraction, 
f d = 0.1 and Stokes number, St = 0.1. The evolution of the disc is at t = 

60 orbits. The dust ring has triggered the RWI at it’s location after the gap 
edges became unstable closer to the planet. Compared to previous setup, this 
indicates addition of dust makes the disc even more prone to the RWI. 
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Figure 21. Radial profile of the azimuthally averaged ‘mixed’ key function 
(top panel) and 2D key function plot (bottom panel) for a dust and gas disc 
with Neptune-sized planet embedded at 1 r p after t = 60 orbits. The dust 
fraction is set to f d = 0.1, Stokes number, St = 0.1 and kinematic viscosity, 
ν = 5 × 10 −7 . The radial profile shows an extremum at around 1.5 r p and the 
2D plot shows the combination of the gap edge becoming unstable and the 
dusty ring triggering the RWI. 

t  

r  

S  

a  

v  

t  

r
 

p  

q  

m  

e  

g  

k

r  

a  

t  

i  

i  

R
i  

d  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/5904/7515293 by Technische U
niversiteit D

elft user on 04 M
arch 2024
oes not play a role in the subsequent evolution of the instability.
n order to test this idea, we ran simulations of the disc with
he setup from Section 3.3.2 but with the drag modified. We 
an the simulation of the disc up to the point before the RWI
riggers at around 78 orbits, but then increased the collision rate 
etween gas and dust by a factor of 10 9 . This, in turn, reduces
he stopping time between the two phases by the same factor, 
nd makes the two phases for all intents and purposes perfectly 
oupled. Therefore, this limit eliminates the possibility of drag 
nstabilities between the dust and the gas happening prior to the 
WI triggering, since they require a finite stopping time. Note that 

he opposite limit of an infinite stopping time, while eliminating 
ossible drag instabilities, is unfeasible since it violates the fluid 
pproximation for the dust component (see e.g. Jacquet, Balbus & 

atter 2011 ). 
In Fig. 22 , we present the evolution of the disc at times t ∈

70, 80, 90] orbits with a dust fraction, f d = 0.01 and Stokes
umber, St = 0.2, with perfect coupling introduced at t = 78
rbits. From the radial profiles of the key functions, we see that
 minimum has formed at the dusty ring’s location at t = 70 but
as not triggered the RWI and generated vortices yet as shown in
he 2D plot. When perfect coupling is introduced, the middle plots
howing t = 80, the extremum starts to decrease as the RWI starts
o trigger and finally in the bottom panel at t = 90, we can see
hat the vortices have been generated by the RWI, which acts to
educe the extremums that indicate the areas prone to the RWI.
ince perfect coupling is enforced, the thin dust ring is not sustained
s the RWI smooths out the density extremum. The emergence of
ortices in the case of perfect coupling shows that it is the RWI
riggering instead of drag instabilities at the location of the dusty
ing. 

We clarify this further with Fig. 23 which shows the key function
lots for the gas phase only. Since equation ( 7 ) only includes
uantities for the gas phase, in the radial profile, we do not see the
inimum caused by the dust ring. Ho we ver, we can clearly see the

ffects of the dust ring triggering the RWI through the four vortices
enerated at the ring location that can be seen in the 2D plot of the
ey function for the gas phase. 

The radial profile ‘mixed’ key function has been a valuable 
epresentation in indicating regions that are prone to the RWI in
 dust and gas disc as the dust phase may trigger the RWI and affect
he gas phase. As highlighted before and reinforced with the plots
n this section, the width of the extremum seems to play a more
mportant role than the amplitude in how prone a region is to the
WI. With the results showing clearly the generation of vortices 

n the absence of drag, we can conclude that the instability present
uring the evolution of the dusty ring in our simulations would be
he RWI. 
MNRAS 528, 5904–5923 (2024) 
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Figure 22. Time-evolution of the ‘mix ed’ ke y function for a Neptune planet 
embedded with dust fraction, f d = 0.01 and Stokes number, St = 0.2 at t 
∈ [70, 80, 90] orbits (top, middle, and bottom panels). Perfect coupling is 
introduced at t = 78 through modifying the collision rate. We see that the 
RWI is responsible for the vortices generated at the dusty ring’s location 
rather than drag instabilities. 

Figure 23. Radial profile of the azimuthally averaged key function (left 
panel) and 2D key function plot (right panel) for the gas phase of the disc. 
The dust fraction is set to f d = 0.01, Stokes number, St = 0.2, and kinematic 
viscosity, ν = 5 × 10 −7 . The 2D plot shows how the gas phase of the disc is 
affected by the dusty ring triggering the RWI through generation of vortices. 
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Figure 24. Typical structure of linear evolution of gas-only RWI. 2D plot of 
the non-axisymetric part of the gas-only key function at t = 96 orbits with 
kinematic viscosity, ν = 2.5 × 10 −7 . We see the formation of vortices exterior 
to the outer gap edge at r = 1.15 r p . 
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.5 Non-linear phase of the dusty RWI 

n the previous sections, we have focused on the onset of the dusty
WI and the conditions under which it is triggered. Now, we study

he evolution in the non-linear phase where vortices have formed. 

.5.1 Formation and structure of vortices near the dusty ring 

or the onset of the RWI, a typical condition for the linear evolution
f the instability (Lo v elace et al. 1999 ; Li et al. 2000b ) is the growth
f the non-axisymmetric vortensity perturbations, which, in turn,
NRAS 528, 5904–5923 (2024) 
an form multiple vortices. After the linear regime, the RWI can
nter the non-linear stage whereby the vortices form and merge into
 larger vortex which impacts the disc dynamics and morphology
ignificantly . Most recently , Cimerman & Rafikov ( 2023 ) studied the
volution of the gas-only RWI and the stability of the gap edges
nduced by a planet. They present a typical numerical evolution of
he gas-only RWI and a semi-analytical analysis of the instability. 

We first present our gas-only disc that triggers the RWI in Fig. 24
o show the typical structure of vortices formed at the outer gap edge
f a planet-embedded disc. The plot shows the non-axisymmetric
art of the gas-only key function. The kinematic viscosity of this
isc was set to ν = 2.5 × 10 −7 which is lower than previous setups
o ensure the onset of the instability within 100 orbits. We see that
our vortices have formed within 96 orbits and the inner gap edge
s undergoing the RWI as well. These vortices will later merge in
he non-linear stage and form two large vortices at the outer gap
dge. This typical structure is similar to the studies by Cimerman &
afikov ( 2023 ) (see their figs 2 and 4), and we can use this as a
omparison to what happens when we add dust. 

In Fig. 25 , we present the non-axisymmetric part of the mixed
top panel) and gas (bottom panel) key function for the dusty RWI
n our previous disc setup of dust fraction, f d = 0.01, Stokes number,
t = 0.2, and kinematic viscosity, ν = 5 × 10 −7 . From the mixed
ey function plot, we see that the addition of the dusty ring at r =
.19 r p has created a region at its location which does not appear in
he gas-only RWI in the previous figure. When looking at the gas
hase of the dusty disc, the gas key function plot at the bottom of
ig. 25 shows the typical structure of the onset of gas-only RWI up

o r = 1.17 r p with the four vortices appearing at r = 1.15 r p . These,
o we v er, are o v ershadowed in amplitude by the structures at the
usty ring’s location at r = 1.19 r p which show stronger vortensity
erturbations. The extra layer of vortices generated at the dusty ring’s
ocation dominates the evolution of the disc compared to the vortices
enerated at the outer gap edge. Note that for this level of viscosity,
o vortices are generated within 100 orbits in a gas-only disc setup,
reviously seen in Fig. 4 . This reinforces that the dusty ring is a cause
or the triggering of the RWI at a separate location beyond the gap
dge. 

The number of vortices that form initially is similar to the gas-
nly RWI (see e.g. Li, Colgate & Lo v elace 2000a ; Cimerman &
afikov 2023 ). We investigate the long-term evolution of the dusty
isc and the accumulation of material in these vortices in the next
ection. Ho we ver, we first present the structure of the vortices where
e analyse the interior of the vortices generated in our results at

 = 1500 orbits. From the initial formation of these vortices at t =
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Figure 25. 2D plot of the non-axisymmetric part of the mixed (top panel) 
and gas (bottom panel) key function at t = 100 orbits. The dust fraction is set 
to f d = 0.01, Stokes number, St = 0.2, and kinematic viscosity, ν = 5 × 10 −7 . 
We see the formation of vortices similar to the linear evolution of the gas-only 
RWI at the outer gap edge with additional structures at the location of the 
ring. 

1  

2  

t  

c
a  

e  

e  

t  

s
T
e  

o
 

i  

t  

h
i  

d
A  

(  

d  

a  

s  

v  

t
d
t
s

3

F  

m  

Figure 26. Polar plot of the ‘mixed’ key function (top panel) and zoom in 
of the three vortices that have formed after t = 1500 orbits for a Neptune 
planet-embedded disc with dust fraction, f d = 0.01 and Stokes number, St = 

0.2. We see that the centres of the vortices have accumulated a large amount 
of dust and the inner structure of the vortex is chaotic. 
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00, material starts to accumulate into the vortex centres within t =
00 and the vortices begin to merge together, but the structure of
he vortices evolving from t = 200 to 1500 remain very similar in
onfiguration and size. A possible reason for this, shown previously, 
re that vortices tend to break up when loaded with dust (see Fu
t al. 2014b , Lo vascio, P aardek ooper & McNally 2022 ) which w ould
xplain why the evolution of the size of the vortices remain similar as
here would be a limit to how much dust a vortex can handle before it
tarts tearing apart and off-loading material to the surrounding area. 
his consistent size is explained and analysed more in the long-term 

volution section with density plots, but first we analyse the structure
f the vortices. 
With Fig. 26 , we present the polar plot of the mixed key function

n the top panel and a close up of the three vortices in the disc with
he bottom three panels in the figure. We see that the three vortices
ave generated their own spiral density waves throughout the disc 
n the regions interior and exterior to the planet where these spiral
ensity waves are weaker than the planet driven spiral density wave. 
t this snapshot, we focus on two of the three vortices as one of them

first of the bottom three panels) is in the w ak e of the planet’s spiral
ensity wave, ho we ver, we do note that the structure of this vortex is
s complex as the other two. From the closeup of the vortices, we first
ee that they do not have a uniform structure and the centres of the
ortices are complex in terms of its key function which represents
he density and vorticity. The cores of the vortices remain highly 
ynamic o v er their lifetime, with dust loading possibly destabilizing 
he flow, keeping material flowing around the vortex centres and not 
ettling the in middle. 

.5.2 Long-term evolution 

rom the previous results, we see that the addition of dust can
ake the re gion e xterior to the planet more prone to the RWI either
hrough the gap edges or the dusty ring accumulated in the outer
ressure bump. In this section, we present the longer term evolution
f the dusty ring after the RWI has triggered and vortices have
een generated. The idea is that the planet–disc interactions create 
 pressure bump which accumulates the dust into a thin ring but
he vortices generated from the dusty ring triggering the RWI would
mooth out the density extremum. In this subsection, we evolve the
isc to 500 orbits in the first figure and consider the evolution of the
ortices generated, the dusty ring and future implications for the disc
s a whole with the second figure with evolution of the disc up to
500 orbits. 
In Fig. 27 , we present the evolution of the total density of the

uter region of the planet up to 500 orbits with the previous setup
f f d = 0.01, St = 0.2, and ν = 5 × 10 −7 . As previously seen up to
00 orbits, the dusty ring that is accumulated in the pressure bump
riggers the RWI and the smooth ring is distorted around the disc. The
ortices at the dusty ring’s location start to accumulate material from
he ring and the surroundings towards the centre of the vortex which
MNRAS 528, 5904–5923 (2024) 
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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, f d = 0.01, Stokes number, 
St = 0.2, and kinematic viscosity, ν = 5 × 10 −7 . The plots shown are the 
time-evolution of the disc, t ∈ [50, 100, 200, 300, 400, 500]. 
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Figure 28. Total density plots for the disc at t = 1000 (top panel) and t = 

1500 (bottom panel) with dust fraction, f d = 0.01, Stokes number, St = 0.2, 
and kinematic viscosity, ν = 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. 
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s highlighted further in the middle left plot of t = 200 where vortices
an be seen to have a considerable amount of material accumulated
nd the dusty ring is now fainter. From the next evolution plot of t =
00, two of the vortices have merged into one, where we can see now
ve vortices in the outer region of the planet. Compared to a gas-
nly RWI, the vortices appear much stronger in density because of
ust accumulation. Another difference is that the dusty vortices are
ontinuously destroyed and regenerated. This is different to typical
nstable gas-only disc cases (e.g. rightmost panel in Fig. 1 ) where
he vortices tend to merge into a larger vortex within an earlier time-
cale. From these initial plots, we see that the vortices generated by
he dusty RWI exterior to a planet could, in principle, be locations
f planetesimal formation as they are able to accumulate material
hich radially averaged density values exceeds unity of the dust-

o-gas ratio. In the radial profiles, which are not presented, we see
hat the vortices accumulate dust close to three to four times the gas
ensity at that radial location after the 500 orbits. Observationally,
he dust ring itself will at this point be much harder to see as the
ortices accumulate all the material. 

An important feature shown in the evolution of the disc is that
he dusty ring which started at around r = 1.16 r p is distorted by
he generated vortices and mo v ed outwards from t = 50 to 100.
urther e volution sho ws that the vortices which have accumulated

he material start to migrate outwards as after 500 orbits, the radial
ocation of the vortices generated and the material accumulated reach
 = 1.24 r p . The migration of vortices has been studied before in
aardekooper, Lesur & Papaloizou ( 2010 ) where the asymmetries

n the spiral density waves launched the vortices can cause a net
xchange of angular momentum which leads to the migration of the
ortices. In the study of the gas-only case, vortices mo v e to re gions of
igher gas pressure and in our results, we see that the dusty vortices
igrate towards the pressure maxima in the outer pressure bump
hich is shifted outwards during the evolution of the disc, which
ccurs in our gas-only disc as well with the planet carving a gap.
herefore, vortices as well as the remnants of the dust ring end up at

he pressure maximum, the latter through usual radial drift. 
Evolution of the disc up to 1500 orbits is presented in Fig. 28

here we present the density plots at t = 1000 and 1500. Comparing
he evolution between t = 500 from the previous figure and 1000, we
NRAS 528, 5904–5923 (2024) 
ee that a dusty ring is accumulating exterior to the radial location
f the vortices. We note that this is a different ring to the original
usty ring that has gathered into the vortices. This is more clearly
een after another 500 orbits in the lower plot of the figure where a
ide dusty ring is present and the vortices have merged into three
istinct points. During the evolution of the disc from the formation
f the vortices up to around t = 1000, the vortices act as a barrier to
ust drifting inwards as it gets accumulated into the vortex centres.
rom t = 1000 and onwards, the dust density in the vortices oscillate
etween two limits, which would indicate that the vortex is going
hrough an instability, causing it to lose material, due to the loading
f dust. We find that the radial profile of the outer pressure bump
oes not have a ‘peak’ anymore compared to the gas-only simulation
ut instead the re gion e xterior to the vortices has a flat profile. This
ould explain the observed morphology of the disc as the material
rifting inwards is building up into a flat pressure trap, generating a
ider ring compared to the thin dusty ring first observed before the
WI triggered. 
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In previous studies of gas-only RWI (e.g. Lin 2012 ; Meheut et al.
012 ; Rometsch et al. 2021 ), the long-term evolution results in
he merging of vortices into a larger, more elongated vortex that 
s stable depending on the strength of the decaying mechanisms 
uch as the elliptical instability (Lesur & Papaloizou 2009 ). In the
tudy of dust-loaded vortices (e.g. Surville & Mayer 2019 ; Lovascio, 
aardekooper & McNally 2022 ), the presence of dust severely limits

he survi v ability of large vortices (radial size comparable to a scale
eight) through a drag instability. In our simulations, we observe 
hat vortices break up again after merging, presumably as a result
f this instability. These dusty vortices remain o v er a long evolution
nd indicates that they are regulated by the amount of dust in the
ortex cores as they go through phases of tearing and reformation 
rom the surrounding material in the dusty ring. This has important 
mplications in observing dust-loaded Rossby vortices as in the long 
erm they do not grow into the azimuthally extended structures 
bserved in gas-only simulations. On the other hand, it is possible
hat dust, even when not dynamically important, will sink to the core
f the vortex so that even in that case the dust distribution will be
ery compact in azimuth. These vortices, ho we ver, are long li ved in
ur simulations of up to 10 000 orbits which suggest that in the future
ith higher resolution imaging of protoplanetary discs, these dusty 
ossby vortices may be found in low-viscosity regions. 
Overall, these simulations and results act as a possible cause for

urther study in the long term as we show that the addition of dust
an cause the gas phase to become unstable to the RWI. This, in
urn, could trigger locations of planetesimal formation and as shown, 
hases of observable rings in the disc. 

 SU M M A RY  A N D  DISCUSSION  

n this paper, we set out to investigate the stability of dusty rings
hich have been formed in the outer pressure bump generated by 
lanet–disc interactions with a Neptune-sized planet. We studied 
pecifically rings which triggered the RWI to explore the implications 
f its evolution in terms of possible planetesimal formation locations 
nd observable features. 

.1 Effects of dust on the proneness to the RWI 

rom Lo v elace et al. ( 1999 ), the RWI can be triggered by a narrow
inged gas structure. Further studies as mentioned before (e.g. 

eheut et al. 2012 ; Chang, Youdin & Krapp 2023 ; Cimerman &
afikov 2023 ) focuses on gas structures and the implications of the
as triggering the RWI, generating the vortices in the gas phase which
hen can affect the dust distribution in a disc. In this study, we have
ound that the dust phase should also be a focus in a pressure bump
hen considering conditions for the R WI to trigger . The narrow dust

ing structure which is observed in the results can alter the evolution
f the region through the RWI which would be stable in gas-only
imulations. With the addition of higher dust fraction, initial results 
how that the outer pressure bump region can be more prone to
he instability, triggering at an earlier time-scale. We showed that 
his can occur in lower than expected viscosity discs, ho we ver, it
ould be interesting to see if the dust phase could trigger the RWI

n higher viscosity discs which would not be able to without the
dditional substructures through similar narrow rings, for example, 
ith an even higher Stokes number, before the viscosity dampens the 

onditions for the instability to trigger. We point out that although 
he RWI has been observed and studied in simulations, there is no
nalytic criterion for the RWI. Efforts have been made to constrain 
he RWI (Chang, Youdin & Krapp 2023 ), ho we v er, the e xact nature
f the RWI needs further study in terms of the gas and dust phases. 
We have shown in the results that if the RWI is triggered by the

ap edges or the dusty ring itself, within a few hundred orbits, the
riginal ring structure is accumulated into the vortices generated by 
he instability. In terms of observ ations, narro w ring-like structures
n low-viscosity regions of a disc would not survive and be very
hort-lived. The vortices generated exterior to a reasonably sized 
lanet, ho we v er, hav e been shown to last thousands of orbits in
his study. The issue for observing these with current advances in
bservations is the small scales of the vortices generated. In this
tudy, they grow radially to an extent of less than a scale height. The
bservation of small-scale structures in a protoplanetary disc have 
een limited and the origin of the small-scale structures observed is
nclear. F or e xample, in Tsukagoshi et al. ( 2019 ), they report an au-
cale dust clump which they hypothesise to be material accumulating 
n a vortex or a massive circumplanetary disc around a Neptune-sized
lanet embedded in a disc. In the future, we hope advances would
ead to better resolved small-scale substructures to study their origins. 

The size of the dusty vortices generated reach up to a scale height in
he radial direction past the linear evolution of the RWI and are long-
ived through regulation of the amount of dust material accumulated 
n the centres. The stability of these vortices is maintained through
he onset of the RWI triggered at the dusty rings’ locations against
he drag instabilities tearing the vortex apart through loading of dust.
bservations of these dusty Rossby vortices in low-viscosity regions 
ould require higher resolution imaging of protoplanetary discs. 

.2 Long-term evolution implications 

lthough the original ring structure in our study triggers the RWI
nd generates vortices that deplete the material from the ring, the
ong-term evolution of the disc shows possible formation of a ring
rst at the radial location of the vortices and then spreading out to a
ider ring that sits exterior to the vortices. The result of the stages
f the evolution from t = 100 to 1500 show a wide range of future
volutions of the disc especially due to caveats in our simulation
hich would play important roles at different stages. First, with 

he formation of vortices and the accumulation of material into the
entres, clumping of material and formation of planetesimals can aid 
he formation of planetary cores. With the dust buildup in a wider
adial extent seen in later times, it provides a region that is more
rone to the Streaming Instability which would further develop the 
ormation of dust clumps. 

The radial migration of the dust ring and the vortices can have
mportant consequences for the interpretation of observations, as the 
elative location of the (possibly observable) ring and vortices and 
he (unseen) planet changes with time. We saw that after 1500 orbits,
he dust ring has increased its radial distance to the planetary orbit
y a factor of 2. 

.3 Limitations and outlooks 

n our simulations, we held the Neptune-sized planet on a fixed orbit
round the central mass as we wanted to explore how the planet–disc
nteractions would affect the onset of the RWI in the outer pressure
ump. For a more accurate evolution of the disc, the migration of the
lanet would be important as previous studies (e.g. Fu et al. 2014a )
howed that isolated vortices would decay on viscous time-scales. 
xpectations for this would then be vortices that do not survive as

ong as our results if the planet migrates away in addition to the
hown migration of vortices to an outer radial location. The onset of
MNRAS 528, 5904–5923 (2024) 
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he RWI would be inhibited as well since a narrow dust ring would
ave to be formed to trigger the instability in the way shown in our
esults. 

Additionally, in this study, we do not include self-gravity which
ould be important to the evolution of areas where dust is being

ccumulated such as the centres of the vortices and the dusty ring.
he inclusion of self-gravity would aid in bringing more material into

hese regions that could then be used to grow grain sizes. In Lovascio,
aardekooper & McNally ( 2022 ), they find that larger dust grains in
ortices causes a drag instability to occur sooner which tears the
ortex apart. 

In the results for the long-term evolution, we utilize a single
alue for the Stokes number. For a more accurate evolution of
he disc, multiple values for the stopping time would need to be
onsidered. In McNally, Lovascio & Paardekooper ( 2021 ), they
tudy the growth rates of the Streaming Instability in a continuous
ange of dust sizes versus single sized where the fundamentals
f the Polydisperse Streaming Instability (PSI) are described in
aardekooper, McNally & Lovascio ( 2020 ). In many cases, with
n interstellar power-law distribution of dust sizes they found that
he PSI grew more slowly than in single dust size cases. The possible
mplications for this as discussed in Lo vascio, P aardekooper &

cNally ( 2022 ) is that vortices could be more stable. Additionally,
hey found that an enhancement of large particles increased the
rowth rate of linear PSI as long as the dust-to-gas ratio was abo v e
nity. With the long-term evolution plots showing regions where dust
rains could grow with a single dust-size and dust-to-gas ratios abo v e
ne, further research into the possibly of the same features created
ith multiple dust sizes would be interesting as the outcomes of the
ortices generated by the RWI would be an important factor in the
iscs future evolution. 
We study the RWI and the resulting vortices in 2D. Ho we ver,

hen simulating vortices in 3D, they are shown to be unstable to
he elliptic instability (Lesur & Papaloizou 2009 ; Lithwick 2009 ;
ailton & Papaloizou 2014 ) with Richard, Barge & Le Diz ̀es ( 2013 )

ho wing ho w the aspect ratio of RWI vortices af fects it’s survi v al
ate against the elliptic instability. Lin & Pierens ( 2018 ) showed that
elf-gravity aids the growth and survival of 3D vortices through it’s
arly stages where the elliptic instability can destroy it in a short
ime-scale. 

Other factors that would affect our study would be the planet mass
nd dust diffusion. Both play an important role in the formation,
urvi v al and size of the dust ring where we showed could trigger
he RWI. Since dust diffusion would create a higher width ring,
xpectations would be regions which are less prone as we showed
 narrow dusty ring is more prone to the RWI. For different planet
asses, the size and shape of the pressure bump exterior to the planet
ould affect the build-up of dust. Further study will be needed on

he relation between planet masses and the dusty RWI. 
Lastly, we consider a locally isothermal disc. Without the as-

umption of instant heating/cooling, gas thermodynamics have been
hown to have a great affect on the survi v al and strength of vortices
Pierens & Lin 2018 ; Tarczay-Neh ́ez, Reg ́aly & Vorobyov 2020 ),
nd, in addition, cooling has an effect on the RWI itself (Huang &
u 2022 ). Study of the dusty RWI and vortices generated in a non-

sothermal disc could therefore lead to a different long-term evolution
f the disc. 
With the inclusion of any of the factors abo v e, the essential

uestion in future works should be how long do the vortices
urvive for and how useful they are in aiding planet formation. One
nterest would be the possibility of ‘inside-out’ planet formation
Chatterjee & Tan 2014 ) whereby a gravitationally unstable ring of
NRAS 528, 5904–5923 (2024) 
aterial would induce planet formation via core accretion and create
 new pressure bump that gathers material drifting inwards, therefore
epeating the process. 

 C O N C L U S I O N  

e performed 2D hydrodynamical simulations of a global disc to
nvestigate the effect of dust on the onset of the RWI in the pressure
ump region generated by an embedded Neptune-sized planet. We
ompared a gas-only disc to a dust and gaseous disc and found that a
arrow dust ring structure in the pressure bump, can trigger the RWI
nd make the region more prone to the RWI compared to a gaseous
isc. This was through Stokes number, St = 0.2 for the dust and
ypical dust fraction of 1 per cent. The size of the dust grains was
hown to be a more important factor in how prone the region was
ompared to initial dust fraction. 

In terms of stability of the dusty ring, the original structure
as distorted and accumulated into the vortices generated by the
WI. This provides very little in terms of observations due to how
hort-lived the dusty ring is. However, when considering long-term
 volution, we sho w a result whereby the vortices generated by the
WI can migrate outwards and, in turn, stall material drifting inwards
enerating a secondary dusty ring after a thousand orbits. This second
ing survives for much longer for observations and this could lead to
any potential different evolution that can aid formation of planetary

ores through other physical effects such as the Streaming Instability.
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