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ABSTRACT

Past computational studies of planet-induced vortices have shown that the dust asymmetries associated with these vortices can
be long-lived enough that they should be much more common in mm/sub-mm observations of protoplanetary discs, even though
they are quite rare. Observed asymmetries also have a range of azimuthal extents from compact to elongated even though
computational studies have shown planet-induced vortices should be preferentially elongated. In this study, we use 2D and 3D
hydrodynamic simulations to test whether those dust asymmetries should really be so long-lived or so elongated. With higher
resolution (29 cells radially per scale height) than our previous work, we find that vortices can be more compact by developing
compact cores when higher-mass planets cause them to re-form, or if they are seeded by tiny compact vortices from the vertical
shear instability (VSI), but not through dust feedback in 3D as was previously expected in general. Any case with a compact
vortex or core(s) also has a longer lifetime. Even elongated vortices can have longer lifetimes with higher-mass planets or if the
associated planet is allowed to migrate, the latter of which can cause the dust asymmetry to stop decaying as the planet migrates
away from the vortex. These longer dust asymmetry lifetimes are even more inconsistent with observations, perhaps suggesting
that discs still have an intermediate amount of effective viscosity.
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1 INTRODUCTION

Even before there were any well-resolved observations of protoplan-
etary discs, it was already known that the Rossby Wave instability
(RWI) could generate a long-lived vortex (Li et al. 2000, 2001)
capable of trapping dust (Barge & Sommeria 1995) located in the
immediate vicinity of a radial pressure bump in the disc (Lovelace
et al. 1999). The activation of the Atacama Large Millimeter Array
(ALMA) in 2011 quickly seemed to confirm that such vortices could
actually occur in protoplanetary discs with the discovery of a large-
scale asymmetric dust trap as the only prominent mm-dust feature in
the disc around Oph IRS 48 (van der Marel et al. 2013).

There are various ways to create such dust asymmetries in
protoplanetary discs. The mechanism that has been studied the most
in-depth is gap-opening planets. More specifically, a planet in a low-
viscosity disc can generate a vortex through the RWI at one or both
of the pressure bumps that arise as the planet opens up a gap (e.g.
Koller, Li & Lin 2003; Li et al. 2005; de Val-Borro et al. 2007; Lin
& Papaloizou 2010; Lin 2014). In discs with very low viscosity, it
has been shown that the dust asymmetries corresponding to planet-
induced vortices can be very long-lived, including for a wide range of
low-mass planets, very high-mass planets more massive than Jupiter,
and in thicker regions of a disc with high aspect ratios regardless
of the planet mass (Fu et al. 2014a; Hammer et al. 2021). Despite
that expected longevity, ALMA observations have found that dust
asymmetries in protoplanetary discs are quite rare (van der Marel
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etal. 2021). Various mechanisms for shortening vortex lifetimes have
been suggested; however, the requirements for these mechanisms to
take effect may either limit their applicability to a narrow range of
conditions or even prevent them from having any effect at all (see
Section 8.2 for an in-depth discussion). As such, it remains an open
question as to why there are so few dust asymmetries in observations
of protoplanetary discs.

Beyond the low occurrence rate, another characteristic of the
population of dust asymmetries is the wide degree to which their
appearances can vary. They can be very compact like the original
dust asymmetry in Oph IRS 48 or the two dust asymmetries in
MWC 758 (Boehler et al. 2018). They can also be more elongated
like in HD 135344 B (van der Marel et al. 2016; Cazzoletti et al.
2018) or HD 142527 (Boehler et al. 2017, 2021). These varying
appearances may suggest that at least a few, if not many of these
features are not planet-induced vortices, or possibly not even vortices
at all. Computational studies on planet-induced vortices that took into
account the planet’s growth have shown that these vortices should
preferentially be elongated, in terms of the vortex’s azimuthal extent
in both the gas and dust (Hammer, Kratter & Lin 2017; Hammer
etal. 2019). This finding was a big departure from previous work that
found planet-induced vortices to be compact when the introduction of
the planet was not self-consistent with the evolution of the gap (e.g.
Fu et al. 2014a). The difference between elongated and compact
vortices is not just their azimuthal extent, but also their minimum
Rossby number being less negative or more negative respectively
than the critical value of Ro = —0.15 (Surville & Barge 2015;
Hammer et al. 2021), where Ro is the normalized local vorticity.
Since actual observed asymmetries are not necessarily elongated,

€20z Jaquialdeg /Z Uo Jesn BoluIS elwepedY Aq 6ELEEZ//EZ1/1/SZS/o10Me/seiuWw/woo dnoolwepese//:sdiy wWoll papeojumod


http://orcid.org/0000-0002-2157-6506
http://orcid.org/0000-0002-8597-4386
mailto:mhammer44444@gmail.com

124 M. Hammer and M.-K. Lin

it remains of interest to see if planet-induced vortices can still be
compact even if the planet’s growth is taken into account.

In this work, we seek to improve on our previous studies by using
a more realistic planetary accretion scheme and by incorporating
several different physical effects into our simulations that we had
previously neglected. Our two primary goals are to see if such effects
may shorten dust asymmetry lifetimes to be more consistent with
observations or if they can produce vortices that are more compact
like what happens when the planet’s growth is neglected. The effects
we add separately are letting the planet migrate, the feedback of
the dust on the gas, and extending the simulations from 2D to
3D — which at high resolution allows the vertical shear instability
(VSI) to manifest (Nelson, Gressel & Umurhan 2013; Flores-Rivera,
Flock & Nakatani 2020). The VSI naturally occurs because of
the expected radial temperature gradient in protoplanetary discs,
which in turn results in vertical shear. We also improve the planet’s
accretion scheme compared to our previous work (Hammer et al.
2021, hereafter H21) and have the planet grow to a range of different
masses by varying the disc mass in our parameter studies instead
of the planet’s dimensionless accretion rate. Lastly, we conduct our
simulations at higher resolution than before.

Each of these effects has significant potential to affect the evolu-
tion, properties, and lifetimes of the resulting planet-induced vortices.
Planet migration can drastically alter the gap structure in low-
viscosity discs in particular where gap-opening planets are capable
of leaving the outer edge of the gap behind as they migrate inwards
(Kanagawa, Muto & Tanaka 2021; Lega et al. 2021). Meanwhile,
3D simulations have been shown to be able to counteract the major
effects of dust feedback (Lyra, Raettig & Klahr 2018) that would
otherwise greatly shorten vortex lifetimes in 2D (Fu et al. 2014b), and
they may do the same to stop cooling from killing the vortex as well
(Rometsch et al. 2021). The VSI can generate tiny vortices of its own
(Richard, Nelson & Umurhan 2016; Pfeil & Klahr 2019; Manger et al.
2020) that may even grow to large-scale (Manger & Klahr 2018). Itis
unclear how any of these effects will affect planet-induced vortices,
particularly when incorporating the planet’s growth time.

We organize the paper as follows. In Section 2, we describe the
setups for our 2D and 3D hydrodynamical simulations in which
we incorporate both the gas and dust components of the discs, and
also outline the different parameter studies. In Section 3, we present
the results from our high-resolution 2D simulations, including the
dependence of dust asymmetry lifetimes on disc mass and planet
mass, and the dust morphology of the vortex in simulations and
synthetic images. In Section 4, we discuss the effects of migration. In
Section 5, we present our results from our 3D simulations, both at low
resolution with a comparison to low-resolution 2D, and later at high
resolution featuring the VSI. In Section 6, we present our results with
dust feedback. In Section 7, we show the synthetic images calculated
from our simulations. In Section 8, we discuss the answers to our
two main questions in connection to observational implications and
applicable observed discs. In Section 9, we conclude our results.

2 METHODS

We use the FARGO3D hydrodynamic code (Benitez-Llambay &
Masset 2016; Benitez-Llambay, Krapp & Pessah 2019) to run 2D
and 3D simulations of a planetary core that interacts with the
protoplanetary disc in which it is embedded by carving out a gap
and accreting gas from its surroundings. Every simulation includes
both a gas and a dust component, the latter of which is used to
assess how the disc appears in observations of mm-sized dust and to
determine vortex lifetimes.
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2.1 Hydrodynamic code

2.1.1 2D two-fluid hydrodynamics

FARGO3D (Benitez-Llambay & Masset 2016) is a 3D magnetohy-
drodynamic grid-based code. Like its predecessor FARGO (Masset
2000), one of its main functions is to conduct global simulations
of protoplanetary discs. These codes speed up computational time
by subtracting out the average azimuthal velocity when using the
Courant-Friedrich-Levy (CFL) condition to calculate the timestep.
This method, known as the Fast Advection in Rotating Gaseous Ob-
jects (FARGO) algorithm, makes the code well-suited for simulating
various types of discs.

We begin our study with 2D hydrodynamic simulations. In these
simulations, FARGO3D solves the Navier—Stokes equations in cylin-
drical polar coordinates (r, ¢), namely the continuity equation and
the momentum equations. The gas continuity equation is
0 $.zH=0 1

o TV (Zv) =0, M
where I is the surface density, v is the velocity vector, and ¢ is time.
The momentum equations are
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where P is the pressure, ® is the gravitational potential, ﬁf is the
angular frequency vector of the reference frame, and 7 is the stress
tensor. The gravitational potential ® = &« + ®, + ®; comprises
the star’s potential, the planet’s potential, and the indirect potential
arising from the non-inertial reference frame. The stress tensor itself
is defined as

PES 2 o K
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where v is the kinematic viscosity of the disc and I is the identity
tensor. For simplicity, we use a locally isothermal setup to avoid
needing to solve an energy equation. Neglecting cooling in this
manner may be acceptable for the outer disc where cooling times are
faster, and which is also the region where asymmetric features have
been observed (van der Marel et al. 2021). Assuming fast cooling
times is also optimal for the few 3D simulations we present with the
VSI, which would otherwise be easily suppressed by slower cooling
times (Lin & Youdin 2015; Manger et al. 2020).

The dust is implemented as a fluid in a similar manner to the gas,
as is appropriate for small dust grains. It does behave differently,
however, because it does not experience pressure or viscous stress
in the momentum equation. Unlike the gas, it does additionally
experience radial and azimuthal drag forces resulting from the dust
being coupled to the gas as well as turbulence from the gas viscosity
that leads to diffusion. The drag forces added to the momentum
equation are defined as

vy g T R @
0 [irag ts

g4 —_UVsd TV i (5)
ot drag 1,

where v, and vy are the radial and azimuthal velocity components
and vgq and v are the dust and gas components respectively. Since we
focus on grains that around millimeter-sized, the stopping time falls
in the Epstein regime (Weidenschilling 1977) and is defined in the
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where p4 is the physical density of each dust grain, which we take to
be 1 gem™3, and s is the size of each grain. The dimensionless form
of the stopping time is the Stokes number St, which is normalized to
the orbital frequency €2. The dust diffusion is added to the continuity
equation and defined as
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diff rot
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where X4 is the dust surface density, Xy = ¥ + X4 is the total
surface density, the diffusion coefficient is D = DrZQp and D ~ D
since the dust grains in this study are small enough such that St <«
1 (Youdin & Lithwick 2007). With the low viscosity in our study,
however, dust diffusion has little to no effect on our simulations.
Lastly, in some of our simulations, we also incorporate the
feedback of the dust on the gas. This feedback is added to the
momentum equations and defined as
v
ot

= (v-1), ®)

feedback 8

where € = X4/X is the dust-to-gas ratio.

2.1.2 3D two-fluid hydrodynamics

We extend our simulations from 2D to 3D using spherical polar coor-
dinates (r, ¢, 6). The Navier—Stokes equations for these simulations
are largely the same in 3D as in 2D. The only key differences are
that the 2D surface density X is replaced by the 3D spatial density p
and the velocities v include a vertical component vg. The vertically
integrated 2D pressure P is also replaced in 3D by the actual pressure.
When plotting the 2D surface density from the 3D simulations, we
integrate the spatial density over the latitudinal direction following
% = [dzp. We note that this summation slightly underestimates ¥ in
the outer disc because the coordinates are not perfectly cylindrical.

2.2 Planet setup

We initialize each simulation with a 0.05 Mjy,, planetary core on a
circular orbit at » = r;, accreting material from a disc of gas and dust
around a star with mass M» = 1. In our main parameter studies, the
planet is on a fixed orbit at r, = 1. The planet’s mass is introduced
over Tgown = 5 T following my (1) = sinz(rrt/ZTngm). Its orbital
period of T, = 27 corresponds to its Keplerian angular frequency of

QP = GM* /rs =1.
The planet is incorporated as a gravitational potential that follows:
Gmy(t
Oyl 1) = ——— V) ©)

where G = 1 is the gravitational constant, m,(?) is the planet’s mass
over time, r, is the planet’s smoothing length. The other terms in
the overall potential are the stellar potential ®«(r) = —GMx/r and
the indirect potential between the star and the planet that is given by
Di(r, 1) = —Gmp() [r - rp]/rs.

2.2.1 Accretion scheme

We use the same general accretion scheme for the planet’s growth as
in our previous work (H21, where the scheme is described in more
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detail) in which we remove mass from the disc in the vicinity of
the planet at each timestep and add it to the planet’s mass. Rather
than varying the dimensionless accretion rate, we simulate different
planet masses by using a range of disc masses as the main variable in
our parameter studies. We note that the primary goal of our accretion
scheme is to simulate a wide range of planet masses in a manner
where the gap structure and planet growth develop self-consistently,
and not to properly resolve the accretion process. Ultimately, we
explore a similar range of final planet masses to our last study from
about 0.1 My,p—1.5 M.

Our accretion scheme is based on the one used in Kley (1999) that
was implemented for the original FARGO code [although see Bergez-
Casalou et al. (2020) and Bergez-Casalou, Bitsch & Raymond (2023)
for a more detailed implementation]. In this scheme, we remove a
fraction of mass f after each timestep from any cell within a distance
of K from the planet. The operation we perform in each cell is

%5 — (I = f)Z; in 2D, and (10)

pix =~ (1 = fpix in 3D, (11)

where i, j, and k are indices for the simulation domain. The amount
of mass dm corresponding to that reduced density,

8mi; = fZ; x dA;j in 2D, and (12)

Smij = fpijk X dVijk in 3D, (13)

is added to the planet, where d.A is the cell area, dV is the cell
volume, and the fraction fis set to be f = A x €2,dz. The parameter
A is the dimensionless accretion rate and the parameter K is the
accretion radius. The inclusion of the timestep allows the fraction of
accreted mass A to be effectively removed from the disc over a time
8t = 1 rather than instantaneously, which also gives the disc time
to fill the accretion zone where mass is being removed with more
mass. One key difference compared to that implementation and our
previous work is that we only use one accretion zone instead of two
with different accretion parameters. Although we suspect at least
part of the reason two zones were originally used in Kley (1999) to
smooth the transition between the regions where material is or is not
removed, we do not expect that to be necessary because the fraction
f1s not removed instantaneously.

We choose the fixed parameters to be K = 0.6 Ry and A = 0.4,
which with the base surface density X5 corresponds to an accretion
rate of a little more than 10~* M, up Per orbit over the first 1000 orbits.
The accretion radius is larger than the expected value of about 0.25 Ry
from Lissauer et al. (2009) because we wanted to use the same K in
all of our simulations and the latter value is small enough to prevent
the planet from accreting any material at all in our low-resolution
parameter studies. Meanwhile, the value of A is chosen to closely
match the planet’s growth track in our high-resolution simulation
with the VSI, which uses the proper accretion radius of K = 0.25 Ry.
We discuss these choices in more detail in Appendix A.

2.3 Disc setup

2.3.1 2D setup

The gas disc starts out with a smooth power-law radial surface density
profile following ¥ = Eo(r/rp)", where X is the main variable in
our parameter studies. We choose the disc to have a flat aspect ratio
of h = H/r = 0.06, where H is the gas scale height, to avoid the
possibility of our results depending on the local aspect ratio. The
dust density follows an identical profile to the gas except with the
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surface density reduced to X quse = 0.01 X. This level of dust,
however, has no effect on the gas except in the few simulations with
dust feedback and only has a minor impact on the planet’s growth.
The size of the dust grains is St = 0.023 to match what we used in
H21. The disc extends across a domain of r € [0.4, 2.5]r, in radius and
a full 27 in azimuth ¢. In our main 2D parameter study, this domain
is resolved by N; x N, = 1024 x 2048 grid cells with arithmetic
spacing in r and uniform spacing in ¢. The radial resolution with an
aspect ratio of & = 0.06 resolves a disc scale height H at r = 1 by 29
grid cells, almost twice as many as the 16-grid-cell resolution used
in H21. The azimuthal resolution is a bit lower at a little less than 20
grid cells per scale height.

Like all of our previous works, we use wave-killing zones, also
called evanescent or Stockholm boundary conditions (e.g. de Val-
Borro et al. 2006), at the inner edge (0.4 r, < r < 0.5 rp) and at the
outer edge (2.1 r, < r < 2.5 1) of the domain. These conditions
weaken any waves that may arise by damping changes to the density
or velocity in these zones back towards the initial values. We use a
stronger damping time-scale of T = ©7!/500 at the outer boundary
compared to T = 7!/3 at the inner boundary. As is already standard
in the code, these time-scales are reduced by a parabolic ramp based
on the distance a given location in the zone is away from its respective
boundary.

We neglect self-gravity since none of the discs in our study are
anywhere close to being massive enough to be affected by self-
gravity. Lovelace & Hohlfeld (2013) showed analytically that the
RWI can be damped by self-gravity if Q < (/2)(H/r)~" in discs
with a uniform background density, where Q = ¢;Q/mGX is the
Toomre Q (Toomre 1964). Although our most massive simulations
can get close to if not reach that critical analytic value at the location
of the vortex in our simulations, our previous tests had shown that
value to be an overestimate in actual simulations with a planet and a
non-uniform background profile (Hammer et al. 2021).

2.3.2 3D setup

We lower the resolution in the midplane for our 3D simulations so
that it is still feasible to simulate the disc evolution for thousands of
orbits. The domain for these simulations is extended into 3D through
the colatitude 6 € [w — 2.5h, m + 2.5h] and is resolved overall by
N; x Ny x Ny =256 x 256 x 32 grid cells. This grid resolves the
radial direction with an aspect ratio of 2 = 0.06 by 7.3 cells at r =
1, while the colatitude is resolved by 6.4 grid cells. For comparison
to 2D, we also run a parameter study of low-resolution simulations
with the same resolution of N; x N, = 256 x 256 in the midplane.
Our 3D simulations have slightly different initial conditions than
our 2D simulations. We initialize the gas density to p(r,z) =
po(r) exp [%(6(1) —€) — %H—zz} , where o = v/cgH is the dimension-
less alpha viscosity (Shakura & Sunyaev 1973). The dust-to-gas ra-
tio is €(z) = €9 exp (—%?22) where B = 1§¢~! (1 V1= 4St2).
These initial conditions follow those from equations (19) to (22) in
Lin (2021). We chose to use gas initial conditions that depend on
the dust for the 3D simulations with feedback, which we had issues
running with initial conditions based on a simple hydrostatic equilib-
rium. Although the main motivation was to address this issue in the
cases with feedback, we used such initial conditions for all of our 3D
simulations even though the majority did not have feedback. These
initial conditions are only slightly different from the usual hydrostatic
equilibrium, especially for the gas. For that reason, we do not expect
our results to have a strong dependence on the precise initial condi-
tions. We use fixed boundary conditions in the vertical direction.
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Table 1. 2D and 3D parameter study varying the disc mass.

o/1074 /Shase M, [2D] [2D low] [3D low]
5.787 5.0 0.91 1.19 1.47
4.629 4.0 0.77 0.94 1.13
3472 3.0 0.65 0.71 0.80
2315 2.0 0.51 0.50 0.51
1.736 L5 0.42 0.39 0.40
1.157 1.0 0.29 0.28 0.26
9259 0.8 0.21 0.23 0.20
6944 0.6 0.17 0.17 0.17
5787 0.5 0.15 0.15 0.15
3472 0.3 0.10

The final masses M}, are in units of Mj and are recorded at the end of the
vortex lifetime. The base density is Zpase = 1.157 X 10~4, indicated in bold.

2.4 Suite of simulations

2.4.1 Disc mass parameter study

We test the dependence of the lifetimes and morphologies of vortices
on different disc masses with nine different disc surface densities
presented in Table 1. These surface densities range from 0.3 to
5.0 Tpase, Where Tpae = 1.157 x 107, That base surface density
corresponds to a total disc mass of 1.6 My, and a Toomre Q = 165
at r = ry. It yields a planet that grows to 0.29 Mj,,. As such, the total
disc masses cover a range of 0.5-8.0 Mj,;, and correspond to a range
of Toomre Q values from 550 to 33 at the location of the planet.
The planets in these discs reach masses of 0.10-0.91 Mj,,. The full
growth tracks of these planets are illustrated in Fig. 1.

2.4.2 2D and 3D low resolution parameter studies

For our 3D parameter study, we run a 3D set of simulations across
a similar range of disc masses, only removing the case with the
lowest surface density. To avoid comparing to 2D only with different
resolutions, we also run another 2D set of simulations at the same
low resolution that we use in 3D. The planet masses in both low-
resolution studies start at 0.15 My, extending to 1.19 My, in 2D
and to 1.47 Mj,;, in 3D. The larger discrepancies for the higher-mass
cases are discussed in Appendix B.

3 DEPENDENCE ON DISC MASS

When the final planet masses are set by varying the disc mass, we find
that higher-mass planets (in higher-mass discs) generate longer-lived
dust asymmetries than lower-mass planets (in lower-mass discs), as
shown in Fig. 2. We expect to see this largely monotonic trend
at any resolution. High resolution in particular, however, greatly
augments the trend for higher-mass planets, facilitating them to re-
trigger vortices that allow the dust asymmetries to survive more than
twice as long as those generated by lower-mass planets, if they even
decay at all. This is the complete opposite outcome to what we found
with a fixed disc mass in H21, which instead resulted in the low-mass
planets as the ones that could re-trigger vortices and in turn generate
longer-lived dust asymmetries.

Our results differ in this work because the higher resolution allows
our simulations to better resolve the RWI critical function, the decay
of the elongated vortices, and the flow of vorticity through the vortex.
As a result, the initial vortices decay and re-form much earlier on
compared to our previous work. And also unlike our previous work,
the re-triggered vortices can develop compact cores. To show the
results for high-mass planets in particular, we highlight the case with
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Figure 1. Planet mass (top panels) and planet mass accretion rate (bottom
panels) as a function of time over a range of disc masses. A circle denotes the
start of the vortex lifetime; a hexagon denotes the end. The vortex lifetime
is highlighted in bold. The start and end of the dust asymmetry lifetime are
marked on each side of the bold line with a circle and a hexagon, respectively.
The accretion rates are measured as the increase in planet mass over each
orbit divided by one orbit.

Yo/ Epase = 3 as our featured simulation for many of the figures,
typically to present facets of the results that were found across a
range of simulations.

3.1 Background

Discs can become unstable to the non-axisymmetric RWI if they
develop a maximum in the radial profile of the RWI critical function.
In a locally isothermal disc, this function is given in Lin (2012) as

Liso = CzEy (14)

1)

and represents the temperature-scaled inverse vortensity, that is, the
density ¥ divided by the vorticity w = (% X U),. A planet can create
a maximum in this function if it opens up a gap, one maximum on
each side of the gap. These maxima are located slightly offset from
the pressure bump at each gap edge. When incorporating the planet’s
growth, the initial dominant azimuthal mode of the RWI that is
triggered in an & = 0.06 disc is typically m = 3, albeit higher or lower-
numbered modes are possible with higher or lower-mass planets
respectively. A mode m yields m co-orbital vortices that continue to
grow until the vortices become large enough to interact with each
other. At that point, they then slowly merge into fewer vortices until
just one big vortex is left. These vortices are typically elongated
in shape with aspect ratios exceeding 20. Their minimum Rossby
number, the normalized local vorticity of the vortex Ro = w/2€2,
has a low amplitude that falls in the Ro > —0.15 range expected for
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Figure 2. Total dustasymmetry lifetimes as a function of planet mass for four
different parameter studies. In our fiducial 2D parameter study, the lifetimes
increase monotonically with planet mass until they become indefinite and
survive past the end of a simulation, as indicated by an up arrow. The lifetimes
in the other three parameter studies — 2D w/ a dust cutoff, 2D low-resolution,
and 3D low-resolution — follow a similar dependence, except that the lifetimes
do not become indefinite until a much higher planet mass. Like in H21, the end
of a dust asymmetry is indicated by when the normalized azimuthal variance
of the dust drops below 10 per cent.

elongated vortices (Surville & Barge 2015), just like the minimum
Rossby number of the smaller vortices that seeded it. Eventually,
shocks from the planet’s spiral waves disrupt that one big vortex
— which we label as the ‘first-generation vortex’ — and cause it to
spread into a ring in the gas.

After the first-generation vortex decays into a ring, the planet
may induce another vortex if it can create another maximum in
the RWI critical function. Such a maximum arises due to shocks
from the planet’s spiral waves as part of the gap-opening process
(Cimerman & Rafikov 2021, 2023). We found empirically in H21
that in order for the planet to re-trigger a vortex, the separation
between the pressure bump and the maximum in the critical function
must stay less than three scale heights. That does not necessarily
happen because the pressure bump migrates outward over time as
the planet opens up a gap, while the location where the maximum
in the critical function develops stays in roughly the same location
throughout the gap-opening process.! The pressure bump migrates
away from the planet faster for higher-mass planets. In our previous
work, the only planets that could re-trigger vortices were the lower-
mass ones. The higher-mass planets could not because by the time
the first-generation vortex decayed, the pressure bump had already
migrated too far away. After a later-generation vortex decays, the
planet can re-trigger another later-generation vortex as long as the
pressure bump is still close enough to the maximum in the critical
function. Although the gas asymmetry decays and re-forms, the dust
asymmetry persists throughout and survives even beyond when the
final later-generation vortex decays.

IThere is no analytic expression for the location of this maximum, but it could
be estimated from equation (40) of Cimerman & Rafikov (2021).
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3.2 New high-resolution vortex evolutionary track

With the higher resolution adopted in this work, we find that the
first-generation vortices only survive a few hundred orbits in the
gas for planets of any mass up to near that of Jupiter. That is about
five times shorter than the 1000-1500 orbits they lasted in our
previous work with lower resolution. Because those vortices are
much shorter-lived, however, the pressure bump is still close to the
location where the maximum in the critical function develops. As
a result, the planet is capable of re-triggering a vortex across this
entire range of planet masses, including the high-mass planets that
in our previous work could not.

Not only are the planets that can re-trigger vortices different, but
the morphology of the resulting re-triggered vortices can be different
as well. When a later-generation vortex forms, the overall vortex is
still elongated. Within the vortex, though, the structure can be more
complex. The negative vorticity gas that accumulates inside the gap
just interior to the vortex and near the location of the critical function
maximum gets advected into the vortex and begins to circulate along
its perimeter, as shown in Fig. 3 for our featured simulation. This
excess vorticity has a Rossby number Ro < —0.15, in the more
negative range expected for a compact vortex. When this excess
negative vorticity reaches the long exterior side of the vortex, it
detaches itself outwards from the overall structure and forms a small
compact vortex core with Ro < —0.15, a ‘vortex-in-a-vortex’. Rather
than settle at the centre, this core continues to circulate around in the
interior of the bigger elongated vortex.

Like the first-generation vortex, a second-generation vortex and
subsequent later-generation vortices only last a few hundred orbits
in the gas, or even less, as some do not even survive one hundred
or even fifty orbits. With such short lifetimes, planets are prone to
re-triggering more later-generation vortices within a few hundred
orbits after the previous one decays, as depicted in Fig. 4. These
additional later-generation vortices may also form compact cores
in the same manner as the second-generation vortex. It is possible
for re-triggering to yield more than one compact core or none at
all. The amount of time these compact cores survive varies. With
higher-mass planets, one or more compact cores typically outlive the
larger elongated vortex in which they were embedded. When a new
later-generation vortex arises, it can harbor both new compact cores
as well as those that remain from the previous generation, typically
just one such core, if any at all. If the dominant core from a previous
generation makes it to the next generation, it tends to dissipate after
a new core arises, but not right away.

Because the compact cores can greatly outlive the elongated
vortices in which they reside, they can greatly prolong the lifetime of
the asymmetry signature in the vorticity. The final later-generation
vortex tends to decay at around ¢ = 1500 7, in the gas surface density.
In the vorticity, however, one or more compact cores can still remain
at this time. One by one, these cores get sheared by shocks from the
planet’s spiral waves and fade away. The strongest core by vorticity
lasts much longer than the others. Although it only keeps its Rossby
number in the compact range for a few hundred orbits, the core is still
clearly visible with a Rossby number in the weaker elongated range
for over a thousand orbits and remnants can still be seen until about
t = 4000 T}, around 2500 orbits later. That lifetime of the vorticity
signature of the last compact core is also more than twice as long as
the elongated vortices survived in the gas from the start of the first
to the end of the last. With no vortex in the gas during this late stage,
the evolution of the compact cores in the vorticity play an even more
dominant role in governing the appearance of the dust asymmetry.

Even more important than extending the vorticity lifetime, the
compact cores also extend the lifetime of the dust asymmetry, which
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survives long after the vorticity signature fades away. Towards the
beginning when the first-generation vortex first arises, the dust has a
very elongated extent typically between 90° and 180° as it circulates
around the vortex, as expected from our previous work . When the
compact cores arise in the later-generation vortices, the core slowly
traps a significant clump of dust that follows the circulating core even
though the rest of the dust is still spread across the vortex. When that
core starts to disappear after the next-generation vortex forms, the
dust slowly moves to the new dominant compact core. Towards the
end after the final later-generation vortex decays, the dust becomes
very compact and is trapped in the compact cores that remain.

Once each core’s Rossby number weakens into the elongated
range, its dust slowly becomes more spread out and no longer follows
the compact shape of the core in its vorticity signature. But because
the dust began this phase of evolution as very compact, the dust in
the strongest core takes significantly longer to decay than the dust
signatures left over by elongated vortices from our previous work.
Eventually, after the dust has already spread out around the full 360°
ring, we find that it stops decaying altogether, but still maintains a
significant asymmetry in a steady state.

In Appendix C, we tested in various ways if this outcome of an
asymmetric steady state was unphysical. We found that the dust
asymmetries eventually decay if we cut off the dust supply to the
vortices. Even with this decay, the resulting lifetimes are still among
the longest in our study, as shown in Fig. 2. With an unlimited dust
supply though, we could not find any way to refute our finding that
the steady state should still be asymmetric. With this kind of a steady
state, the dust asymmetry lifetimes are incomparably longer than
those in cases without compact cores.

3.2.1 Planet mass dependence

The evolutionary track described in the preceding part of this
section applies more for higher-mass planets ranging from a final
mass of M, = 0.42 My, to 0.77 Myy, (1.5 < Xo/Zpase < 4). These
higher-mass planets are needed to generate compact cores during the
re-triggering process because those cores rely on the gas just interior
to the elongated vortex having a large amount of negative vorticity.
This gas interior to the vortex only has a very negative vorticity if it is
supplied through shocks from the planet’s spiral waves. Only higher-
mass planets have strong enough shocks to generate a sufficient
amount of negative vorticity. This pattern can be gleaned from the
M, = 0.45 My, case, which does not develop any compact cores in its
second-generation vortex but still manages to produce a compact core
by the final-generation vortex when the planet is much more massive.

Not only can the lower-mass planets not generate sustained com-
pact cores, but the closer proximity of the pressure bump maximum
to the location of the critical function maximum no longer helps them
re-trigger vortices in a way that can extend the overall lifetimes either.
When the lower planet masses are the result of lower disc masses,
the planets carve out much deeper caps compared to our previous
work. The gap depletion competes against the proximity between
the two maxima, weakening the maximum in the critical function
enough so that these planets can only re-trigger vortices early on
just like the higher-mass planets. The lower-mass planets may still
be massive enough to form compact cores, but they are not massive
enough to sustain them. As a result, those cores are weaker and too
short-lived to sustain any asymmetry in the vorticity or the dust much
past the end of the last-generation gas vortex. The lowest-mass planet
we simulate does not trigger the RWI at all, thereby setting M, =
0.10 My, as about the minimum required mass for a static planet in
an h = 0.06 disc to generate a vortex. Overall, the vortices with short
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Figure 3. High-cadence snapshots of the formation of a ‘vortex-in-a-vortex’ showing the evolution of the gas density (top panels) and Rossby number (bottom
panels) in the presence of a super-thermal mass planet (M}, = 0.65 Myyp) grown from a very massive disc with Xo/Zpase = 3.0, the featured simulation. Density
contours (at £/Xo = 0.8, 0.9, 1.0, etc.) are overlaid on the density panels. Column I: The elongated m = 1 vortex has just re-formed. At the front end of the vortex
in azimuth, the lower vorticity from the inner side of the vortex is beginning to advect towards the far side of the vortex. Column 2: As the lower vorticity reaches
the far side of the vortex, it begins to partially detach from the rest of the vortex. Column 3: As the lower vorticity partially detaches, it forms a compact core.
Column 4: The core spirals in to the interior of the elongated vortex, forming a ‘vortex-within-a-vortex’ while the larger elongated vortex also remains intact.

finite lifetimes from 1000 to 3000 orbits are generated by planets
with low final masses between M, = 0.15 My, and 0.29 My, (0.5
< X/ Zpase < 1.5). Their short lifetimes are due to the gap being
depleted and the compact cores in re-triggered vortices either never
forming or disappearing too quickly.

The highest-mass planet we simulate that grows to M, = 0.91 My,
from Xo/Tpie = 5 is the most different and does not follow the
standard evolutionary track. Much more simple than that standard
track, we find that the first elongated vortex survives indefinitely in
the gas and therefore does not lead to any later-generation vortices
or compact cores, nor does it need to survive that long. The gas and
dust are both in the process of decaying, but very slowly. Although
the vortex does appear elongated in both its azimuthal extent and
minimum Rossby number, it still has a more compact structure. More
specifically, it has much steeper density contours, a big difference
from usual elongated vortices in the other cases that have a mostly
flat density plateau across the nearly the entire vortex. We suspect
this structure is responsible for the vortex’s longevity.

3.2.2 Role of RWI critical function

With the higher resolution in this study, it is much clearer to see
the RWI critical function set up the conditions for generating all of
the later-generation vortices. Right before each re-triggered vortex

arises, a new bump in the critical function appears, several examples
of which are shown in Fig. 5. When the same thing happened at lower
resolution in H21, it was barely discernible in any isolated snapshot of
the radial profile and could only easily be seen in a time evolution. The
bumps were so difficult to discern that we did not include an example
for any of the & = 0.06 cases and instead resorted to displaying an
h = 0.04 case (see Fig. 4 from that work). In this work, however, it
is straightforward to see the bumps grow before each re-triggering,
as would be expected from the conditions for triggering the RWI.
This difference suggests that the low resolution in our previous work
was not sufficient to resolve the development of the bumps in the
critical function. Moreover, it is the additional negative vorticity that
produces these stronger bumps that is also responsible for creating
the compact cores that can ultimately control the dynamics of the
dust asymmetry and extend its lifetime.

The bumps induced by low-mass planets in particular eventually
do not yield any more later-generation vortices. Fig. 6 shows an
example of such a bump that does not re-trigger the RWI. With a
more depleted gap, the bump arises just interior to r = 1.2 rp,. That is
a bit closer-in than where it usually arises, just exterior to r = 1.2 r,,
(see the thick coloured lines of Fig. 5, or the orange line from the
middle panel of fig. 5 in H21). We suspect the bump is closer inward
because of the gap depletion. This difference in location is the main
reason the planet stops re-triggering vortices much earlier than the
similar-mass planets with less gap depletion from our previous work.
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Figure 4. Low-cadence snapshots of the formation of the second and third-generation vortices, each with a ‘vortex-in-a-vortex’, showing the evolution of the
gas density (top panels), dust density (middle panels), and Rossby number (bottom panels) for the featured simulation. Density contours (at /X = 0.8, 0.9,
1.0, etc.) are overlaid on the density panels. Column 1: The initial m = 1 vortex already decayed, leaving behind a ring in the gas while the asymmetry persists
in the dust. Column 2: The elongated m = 1 vortex has been re-triggered. During this process, a compact ‘vortex-within-a-vortex” with Ro <—0.15 arose — see
Fig. 3 for how this compact core formed. Column 3: Although the elongated vortex has again spread out into a ring in the gas, the compact core is still intact.
Column 4: A third-generation elongated m = 1 vortex has formed, and the compact core from the previous vortex is still present.

3.2.3 Other aspect ratios

Like in our fiducial & = 0.06 parameter study, we find that higher
resolution also facilitates a disc with 2 = 0.04 to produce compact
cores. We tested this with planets that grow to M, = 0.36 and
0.52 My, (from discs with Xo/Zpae = 3 and 5), using a higher
resolution to match the radial grid cells per scale height in our
fiducial & = 0.06 cases. Following the pattern in those cases, both
of these simulations result in later-generation vortices with compact
cores, but only the compact cores in the higher-mass case outlast the
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last-generation gas vortex. They extend the dust asymmetry lifetime
to about 3700 orbits, longer than any of the lifetimes of the & =
0.04 cases with lower resolution from H21 and more than triple the
lifetime of the case with a similar-mass planet. Unlike our fiducial
parameter study though, the lingering compact core does not make
the dust asymmetry survive indefinitely. We interpret this difference
as further evidence that the gas structure at the outer pressure bump
in the & = 0.06 cases is partially responsible for sustaining the dust
asymmetry after the gas vortices have decayed.
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Figure 6. With a low-mass planet, the RWI critical function Lis, (solid lines)
and the associated pressure bump locations (dashed lines) at the beginning
and end of a critical function bump that does not form a vortex (thick coloured
lines), in comparison to when the initial vortex is triggered (thin black line).
The critical function bump later on does not form a vortex because it is
closer-in than usual due to the depletion of the gap.

The higher resolution in this study does not help planets in discs
with 2 = 0.08 produce compact cores in later-generation vortices
because the first-generation vortices already survive indefinitely, just
like in our previous work.

4 EFFECTS OF PLANET MIGRATION

To build off our findings related to later-generation vortices, compact
cores, and dust asymmetry lifetimes increasing with planet mass and
disc mass, we now test if such results still hold if we allow the planet
to migrate, as that would be more realistic. We ran a smaller parameter
study for a migrating planet in which we repeated four different disc
masses: Lo/ Xpae = 0.5, 1.0, 2.0, and 3.0. We initialized the planet
further out at = 1.25 r, so that it would end up near its usual location
of r = 1.0 r,, and the vortex would end up near r = 1.5 r,,, about where
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Figure 7. Planet mass versus disc mass for four different parameter studies.
In less massive discs (Zpase/ X0 < 2.0), there is good agreement in all of the
parameter studies except the migrating one, which is expected to yield more
massive planets. In more massive discs, 3D yields more massive planets than
2D and low-resolution yields more massive planets than our higher fiducial
resolution, also due to the different smoothing lengths used.

it is located with a static planet. The more distant starting location
of the planet also limits each planet’s growth, preventing them from
becoming much more massive than their static counterparts, as shown
in Fig. 7 and the top panel of Fig. 8.

4.1 Planet migration track

Overall, we find that the planets initially migrate inwards rapidly
before slowly settling on a near-fixed and near-circular orbit. The
rapid migration lasts until the planet opens a significant gap, as
expected in the Type I regime. Because the Type I migration rate
increases proportionally to both the planet mass and disc mass (e.g.
Lin & Papaloizou 1979), each more massive planet migrates much
faster than the next most massive one. When the planet migrates,
it leaves the outer gap edge behind, a typical outcome found by
Kanagawa et al. (2021) in their study of migrating planets in low-
viscosity discs. Once the planet is sufficiently far from the outer gap
edge, it creates a double gap exterior to the planet, as shown in Fig.
9. A new weaker pressure bump arises that is located interior to the
original one. With the planet so far from the original outer gap edge,
it mostly stops migrating, settling at around r = 0.88 r;, in all but the
lowest-mass case, as shown in the bottom panel of Fig. 8.

4.2 Vortex evolution with planet migration

Because the planet stops migrating and due to the low viscosity in the
disc, the original gap edge is maintained and the general evolution
of the generations of vortices is not that different than from the static
planet cases. A new series of vortices also forms at the new weaker
gap edge, but there is little to no dust to populate them because any
dust from the outer disc that might drift inwards gets trapped at the
original pressure bump. Only the case with the highest-mass planet
can form compact cores. Even though they form in the vortices at
both pressure bumps, the cores at the new pressure bump with no mm

2We do not include the torque correction from Baruteau & Masset (2008) for
simulations that neglect self-gravity because it primarily affects the Type I
migration phase before there are vortices.
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Figure 8. Planet mass (top panels), planet mass accretion rate (bottom
panels), and planet radii (bottom panels) as a function of time for cases
with a migrating planet. More details in caption for Fig. 1.

dust tend to be sustained longer while the cores at the original bump
barely last at all. Eventually, the double gap merges into a single gap,
leaving only the vortex at the original bump. In all but the lowest-
mass case, we find that the dust asymmetry stops decaying and never
goes away. Unlike with a fixed planet, these indefinite lifetimes do
not directly arise from compact cores and even cutting off the dust
supply does not shorten the dust asymmetry lifetime.

Each gas vortex that forms tends to be even shorter-lived than
those in from our parameter study with a static planet. Those short
lifetimes have little effect on the overall dust asymmetry lifetime,
however, because the gas vortex quickly re-forms and the dust never
decays in between, just like without planet migration enabled. The
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planet continues to re-trigger vortices at the original outer bump
until about # = 1000-1500 T}, even though the planet has migrated
more than three scale heights away from the bump in the critical
function. The higher-mass planets stop re-triggering vortices at this
bump earlier than the low-mass ones because the higher-mass planets
migrate inwards and away from the original bump much faster.

4.2.1 Dust signature with planet migration

The dust signature can be more chaotic than with a static planet
because the gas vortex keeps decaying and re-forming. It settles
down after the last-generation vortex decays. Unlike with a static
planet, only the dust in the highest-mass planet case (Xo/Zpue = 3)
becomes more compact at this point, albeit there is no clear sign of a
compact core and the signature is not nearly as compact as it is with
a static planet. The dust asymmetries in the other cases do not even
become more compact. Nevertheless, they still do not decay. Another
reason this outcome is unexpected is that the vorticity signature at
this pressure bump appears largely axisymmetric.

‘We suspect the longevity of the dust asymmetry may be related to
the planet migrating away from the original pressure bump. With a
much bigger distance in between the planet and the original bump as
well an entirely new pressure bump forming in-between, the shocks
from the planet’s spiral waves may not affect the asymmetry as much
as they do with a static planet.

4.2.2 New pressure bump

Although the new inner bump is not populated by any mm-sized dust,
it does yield a new series of later-generation vortices. The evolution
of these vortices is also similar to those with a static planet. These
vortices typically form after the last-generation vortex at the original
bump decays, or even earlier in the case with the highest-mass planet.

That latter case is also the only one to develop compact cores.
Although they have no direct impact on the prominent dust signature
at the other pressure bump, the last compact core breaks away
from the vortex, as depicted in the left-hand panel of Fig. 10. As
expected for a vortex that is not at a pressure bump, it ends up
migrating towards the original pressure bump (Paardekooper, Lesur
& Papaloizou 2010). In between the two pressure bumps, the vortex
develops more significant spiral waves that may affect both pressure
bumps. At this point, the vorticity signature at the original bump
becomes more asymmetric even though there is no sign the vortex
there ever re-formed.

Towards the end of the simulation, that asymmetry in the vorticity
becomes stronger, as shown in the right-hand panel of Fig. 10. The
dust that remains somewhat follows this asymmetric signature, albeit
with a narrow signature. Although this behavior may help sustain
the dust asymmetry in this case, the dust asymmetry in the other
migrating cases can still be sustained even without any unusual
behavior or compact cores at all.

Lastly, even though the two pressure bumps merge into a single
gap structure in the density, the vorticity signatures of the bumps
remain separate beyond the end of the simulation.

4.2.3 Lowest-mass migrating planet

The lowest-mass migrating case (Xo/Xpae = 0.6) differs the most
because of how slowly the planet migrates. It is the only case in
which the dust asymmetry does not survive indefinitely. Despite the
behavior starting out similar to the static planet simulation with a
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Figure 9. Azimuthally averaged gas density profiles (left-hand panel) and the RWI critical function Lis, (right-hand panel) over time for a migrating high-mass
planet (Mp = 0.84 Mjyp) grown from a very massive disc with Xo/Zpase = 3.0, the migrating analogue to the featured simulation. At ¢ = 100 T}, (¢thin black line),
the RWI is first triggered. At t = 620 T}, (red line), the planet has migrated inwards, leaving the pressure bump at the outer gap edge behind. At r = 1240 T,
(thick orange line) is the final instance of a bump in L;s, forming near r = 1.1 rp interior to the original pressure bump, giving rise to the final later-generation
vortex. At t = 3000 T}, (brown line), there is still another bump at about the same location, but it is too far interior to the inner pressure bump in the outer disc to

form another vortex.

similar planet mass, the dust develops a very different configuration
around ¢t = 1500 T}, when an m = 2 mode with two co-orbital vortices
becomes dominant, as depicted in Fig. 11. The dust stays separate in
these vortices even though the vorticity signatures of these vortices
have some overlap. This pattern eventually decays as dust escapes
the vortices and settles at the actual peak of the pressure bump, a
phenomenon we also see in the low-mass static planet simulations
as well as in H21 with a 10-times higher viscosity.

This low-mass simulation is also the only migrating case that does
not have a clear double gap in the density and in turn no new pressure
bump with another vortex. Even without another new pressure bump,
the outer region of the gap still has two separate rings of lower
vorticity just like all of the higher-mass planet cases with double
pressure bumps. In observations, the resulting gap associated with
this kind of low-mass migrating planet should still be much wider
than that of a static planet of comparable mass, hosting an outer dust
ring at r &~ 1.6 r, compared to r ~ 1.4 r;, with the static planet.

5 3D SIMULATIONS

Beyond testing if our 2D results were applicable with a migrating
planet, we also explore if the 2D simulations are a good approxima-
tion for actual 3D protoplanetary discs. In general, 3D simulations
are only used when necessary because 2D simulations are much less
computationally expensive. With isothermal simulations, however,
an additional complication is that 3D simulations with a high
resolution yield the VSI (e.g. Nelson et al. 2013), which affects
any vortices that form through the RWI.

To avoid the VSI and do a more direct comparison to 2D
simulations, we instead looked for differences at lower resolution.
We ran a suite of 3D simulations with a low resolution of 256 x 256 x
32, which we compared to another new low-resolution 2D parameter
study with the same midplane resolution of 256 x 256 used in 3D.
Beyond comparing 2D with 3D, we also ran a few high-resolution
simulations in 3D primarily to investigate what happens when the
VSI interacts with the RWIL.

5.1 Reproducing disc mass dependence
5.1.1 Low-resolution 2D

With a low resolution, we find the same general pattern for the dust
asymmetry lifetimes as in our main parameter study. As shown in Fig.
2, the lifetimes just increase monotonically with planet mass. Even
though the trend is the same, the vortex evolution is quite different.
We do not see any later-generation vortices form, suggesting that
this resolution is not sufficient for resolving how the shocks from
the planet’s spiral waves shape the vortensity profile during the re-
triggering process. In spite of that limitation, the initial gas vortices
survive much longer because this resolution also is not sufficient
for the shocks to kill the vortex as quickly either. Since neither of
the shock effects that lengthen or shorten the vortex lifetimes are
properly resolved, the same trend emerges.

All of the vortices that form in these low-resolution simulations are
elongated in terms of their Rossby number. Their shapes in the gas
are also generally elongated, although that is not as clear as it is with
higher resolution. The corresponding dust asymmetries have extents
of about 120° with no noticeable peak offset or dust circulation once
the m = 1 vortex has formed. One major difference is that without
the later-generation vortices, only the dust asymmetry in the highest-
mass case survives 10000 orbits and is still alive at the end of the
simulation. None of the other dust asymmetries reach 6000 orbits.

Beyond this resolution, we also tried some cases with a medium
resolution of 512 x 512. We found that this doubled resolution still is
not sufficient for allowing later-generation vortices to form in the 4 =
0.06 cases either. That same limitation along with such simulations
being more computationally expensive in 3D are why we did not
use such higher resolution for the comparison between 2D and 3D.
We also considered it valuable to be able to reproduce the trend
with such a low resolution. This agreement shows the trend does
not rely on re-triggered vortices and is more fundamentally related
to the gap structure and the vortex’s proximity to the planet. It also
shows the usefulness of running low-resolution simulations that are
not computationally expensive in order to look for trends.
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Figure 10. Dust density (top panels) and Rossby number evolution (bottom
panels) for the migrating analogue to the featured simulation. Contours begin
at 0.4. Column 1: Att = 1655 T, the gas vortex at the initial pressure bump
has spread into a ring, albeit the dust there is still asymmetric. At the interior
outer pressure bump, a later-generation vortex-in-a-vortex is present in the
gas and it has trapped a small amount of dust at a concentrated point. The
compact core from an earlier later-generation vortex has ended up in between
the two pressure bumps and its spiral waves affect both bumps. Column 2:
At t = 4535 T, even though vortices at both outer pressure bumps have
long disappeared, the dust from the original vortex persists and has reached a
steady state with no sign of decay. The vorticity signature at the corresponding
location is not entirely symmetric.

Additionally, we tested if we could reproduce the ‘U-shaped’
lifetime trend from H21 in which low-mass planets also induced
longer-lived vortices with a fixed-value very massive disc. As
presented in Appendix D, we did indeed find the same trend at
low resolution in both 2D and 3D.

5.1.2 Low-resolution 3D

Like our main 2D parameter study and the low-resolution 2D
study, we find that the dust asymmetry lifetimes for the most part
monotonically increase with the disc mass and planet mass in 3D, as
shown in Fig. 2. In particular, the lifetimes are rather short at under
2000 orbits for planets with masses less than 0.25 My,,,. The gas and
dust asymmetries in the highest-mass case above 1.0 My, are still
not close to decaying by the end of our simulations at 5000 7},. For
intermediate-mass planets between 0.25 My, and 0.80 My, there is
a slight difference in the trend in that all of these cases have close
to the same lifetime at about 3000 orbits. Near 0.50 My, there is
even a slight drop in the lifetimes. Overall though, we consider the
results with 3D low resolution to be very similar to those with 2D
low resolution, including the lack of re-triggered vortices and the
general vortex evolution in the gas and dust.
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Figure 11. Dust density (top panels) and Rossby number evolution (bottom
panels) in the presence of a low-mass planet (M}, = 0.25 Mjy,p) grown from
a low-mass disc with X¢/Zpase = 0.6. Column 1: At t = 1645 T}, the last
later-generation set of vortices has yielded a long-lived m = 2 mode. Column
2: At t = 2130 T}, the m = 2 mode is decaying into a ring and the dust is
collecting at the centre of the pressure bump just exterior to the location of
the vortices.

5.2 High-resolution 3D

Beyond the low resolution 3D parameter study, we also present
one 3D simulation with a very high resolution in the midplane
of 1024 x 1024, which is the same radial resolution we used in
our fiducial 2D parameter study and half the azimuthal resolution.
Despite the low vertical resolution of six cells per scale height, we
resolve the VSI enough to slightly exceed the levels of vertical kinetic
energy and accretion stress found by Ziampras, Kley & Nelson (2023)
with 16 cells. With the higher radial resolution, we are able to use a
smaller accretion radius of K = 0.25 Ry while setting A = 1. This
case has the base surface density (X¢/Xpyse = 1) and the planet grows
to 0.27 My, by the end of the simulation at t = 2900 T},. Although
we had found that planets with this low of a mass do not typically
induce long-lived dust asymmetries in low-mass discs, we find that
they can in this case because the VSI is present.

5.2.1 VSI background

The interaction between planets and the VSI and any associated
vortices has previously been explored by Stoll, Picogna & Kley
(2017). They found that the resulting RWI vortex appears stronger
and has a much longer lifetime in the presence of the VSI than
without, albeit they are comparing the VSI case to a viscous case with
a ten times higher viscosity than in our study. In their simulations,
the VSI is suppressed in the outer disc from 1.2 to 2.0 r,,, which they
attribute to the vortex.

We posit that the region of suppression may be connected to the
nature of the VSI itself. A much more recent work by Svanberg,
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Figure 12. Gas density (top panels) and Rossby number evolution (bottom panels) from a high-resolution 3D simulation with an embedded low-mass planet
(M = 0.27 Myyp) grown from an intermediate-mass disc with Xo/Zpase = 1.0 and the VSI in operation. Density contours (at /%o = 0.6, 0.7, 0.8, etc.) are
overlaid on the density panels. Column I: With just the VSI and no RWI, many tiny compact dust-trapping vortices arise across a wide range of the disc, in
particular near the pressure bump at the outer gap edge. Column 2: With the VSI vortices already present, the RWT also arises, resulting an m = 4 mode series
of larger co-orbital vortices that also have compact Rossby numbers. Column 3: Less than 100 orbits later, mergers have turned the m = 4 mode into an m = 2
mode. Column 4: The last two large vortices have merged, forming a single compact vortex larger than the VSI vortices, but not too much larger than the initial
RWTI series of vortices. Some dust is still present outside of the vortex, albeit it will be consumed within a few hundred orbits, leaving behind only the vortex as

the predominant signature at the pressure bump.

Cui & Latter (2022) demonstrated that even when the VSI operates
throughout the vast majority of the simulation domain, they can
identify discrete modes of the VSI. More specifically, they show
analytically that each mode of the VSI is expected to operate across
a finite range of radii beginning from the radius at which the mode’s
fastest growth should occur (see their equation 18) and extending
to the radius at which the mode frequency w matches the near-
Keplerian orbital frequency 2. They isolate the modes of the VSI
in their simulations by taking a Fourier transform of the azimuthally
averaged vertical velocity over time across the entire range of radii
in the simulation. With a much larger simulation than our study, they
found four discrete VSI modes operate and there are no more than
two at any given location in the disc.

We build on these past works by determining which type of
vortex forms when taking into account the planet’s growth track,
incorporating dust, testing whether the vortex is indeed responsible
for the suppression of the VSI, and investigating how that suppression
relates to the discrete modes of the VSI.

5.2.2 Vortex evolutionary track with the VSI

With the VSI active, we find that the vortex that arises from the RWI
is compact throughout, a striking difference between this case and

all our other simulations without the VSI. The RWI vortex becomes
compact because the VSI produces bunches of really small micro-
vortices across wide ranges of the disc before the RWI vortex forms,
as shown in the left column of Fig. 12. With such a low-mass
planet, the RWI develops rather slowly at the gap edge once the
Rossby waves become unstable. As a result, the very small vortices
produced by the VSI are able to seed the much larger vortices that
develop through the RWI, as shown in the middle columns of Fig.
12. Since the VSI vortices start out as compact with Rossby numbers
Ro <—0.15, the resulting RWI vortices also end up compact. In turn,
after those vortices merge, the final vortex is also compact, as shown
in the final column of Fig. 12. When there is no VSI and the growth
of the planet has been incorporated, that pathway to a compact vortex
does not typically occur because the initial small vortices that seed
the final vortex are almost always elongated.

Because the disc already has vortices from the VSI, it is difficult
to tell when exactly the RWI starts to develop. Although the planet is
not very massive, the first clear mode that emerges is m = 4 at about ¢
= 550 T, a stark contrast from most low-mass planets that typically
only trigger m = 1 or m = 2 modes of the RWI at the onset. The m =
4 mode reduces tom =3 by t =600 T}, and thenm =2 by t = 650 T,.
Finally at t =750 T, it has settled into a single compact vortex with
a width of only about 30°. The 250 orbits it takes the initial set of

MNRAS 525, 123-149 (2023)

€20z Jaquialdeg /Z Uo Jesn BoluIS elwepedY Aq 6ELEEZ//EZ1/1/SZS/o10Me/seiuWw/woo dnoolwepese//:sdiy wWoll papeojumod



136 M. Hammer and M.-K. Lin

vortices to merge into a single vortex is much longer than the less
than 100 or so orbits it normally takes. By about t = 1000 T, all of
the rest of the dust at the pressure bump settles in the vortex. From
there, the vortex remains relatively unchanged until the end of the
simulation around ¢ = 2900 T}, and shows little to no signs of decay.

5.2.3 Where the VSI operates

Besides the VSI affecting the RWI, the planet also affects the VSI.
The effect of the VSI on the disc can be seen in the vertical velocity,
which only attains significant non-zero values after the VSIis present.
Fig. 13 shows the evolution of the azimuthally averaged vertical
velocity over time across the entire disc. It takes about 200 orbits
for the VSI to develop, at which point it operates everywhere except
both boundaries where the damping condition is applied and some
of the inner region of the disc adjacent to the inner boundary.

Not until a bit after the m = 1 vortex arises when the planet has
already grown past 0.15 Mj,, does the VSI start to fade in part of
the region exterior to the planet. Specifically, we find that the VSI is
suppressed from the exterior edge of the planet’s horseshoe region
at around r = 1.15 r, to the peak of the pressure bump, which
migrates outwards from around r = 1.25-1.40 r,, over the course of
the simulation. That inner edge is about the same as what was found
by Stoll et al. (2017), but the outer edge near the pressure bump is
noticeably closer-in than their work. One major difference is that
our compact vortex is much smaller than their vortex, which appears
elongated and much larger (see the ‘100 Mg VSI’ panel of their
fig. 4). That larger vortex also coincides better with their region of
suppression (see the same panel of their fig. 2). In contrast, our much
smaller vortex only barely extends into the region of suppression in
radius and covers a much, much smaller azimuth even though the
VSI is affected across the entire azimuth throughout the region of
suppression. As a result of these differences, we do not suspect the
vortex is responsible for the VSI suppression in our work like in
theirs. Because the VSI can still be suppressed even with a much
smaller vortex, we suspect the planet itself also plays a role in
suppressing the VSI beyond just through the RWI vortex.?

Exterior to the pressure bump, the VSI operates largely the same
as it does before the growth of the planet. Interior to the planet and
inside the horseshoe region, however, the VSI shows more significant
changes. It does fade somewhat at times, in particular for a few
hundred orbits around ¢ = 1500 T},. Overall, the signature of the VSI
is affected interior to the outer pressure bump only when a planet is
present, but not always.

5.2.4 VSI modes

To test the planet’s effect on the modes of the VSI, we also ran a
comparison 3D run for a few hundred orbits that was identical to the
other VSI simulation, except without a planet. As illustrated in the
left-hand panel of Fig. 14, we found two separate modes, both of
which operate roughly across the expected analytic range derived by
Svanberg et al. (2022), albeit across a bit wider range of frequencies
compared to the narrower modes in their work.

With the planet, however, the VSI modes display a noticeable
change, as shown in the right-hand panel of Fig. 14. Whereas the
outer mode begins at about r = 1.2 r;, with a corresponding frequency
near w = 0.12 ¢ without the planet, the same mode moves further

3 A parallel study by Ziampras et al. (2023) likewise found that the planet was
directly suppressing the VSI and attributed that suppression to the shocks
from the planet’s spiral waves.

MNRAS 525, 123-149 (2023)

My [M)]
0.10 0.15  0.20 0.25
2.50 .
225{ AR R e 0.02
Wigh ! I T, -
EAN e .
2.00 LA AT
4, s et 0.01
—~ 175 ..I' i
=~ :.-". 10 é\
u 1507 4 000 @
5 "/'/—f——‘""‘""./’ g
8 125 -
1.00 | ! -0.01
0.75
-0.02
0.50
0 500 1000 1500 2000 2500

Number of Planet Orbits

Figure 13. Azimuthally averaged vertical velocity (vg) over time. The VSI
takes about 200 orbits to develop. It operates everywhere (from a bit exterior
the inner boundary to the outer Stockholm boundary) until the planet becomes
massive enough to suppress it. The region of suppression for the VSI is
roughly the outer edge of the horseshoe region to the location of the pressure
bump (black line).

out to beyond r = 1.3 r, and consequently drops in frequency to
around w = 0.08 ). As a result of the frequency drop, the outer
mode still begins approximately at the expected radius for the fastest
growth. On the other hand, the inner mode is much less recognizable.
The strongest amplitude for the inner mode is located at about » =
0.7-0.9 rp, which is not too much further out than where the mode
normally begins without a planet. The main difference, however, is
that its frequency dropped all the way down to w = 0.15 . It is
much narrower than the wide frequency range of @ = 0.20-0.40 €2,
it had without a planet and and twice as slow as the average across
that range. Moreover, this peak amplitude only appears just a bit too
far interior to the expected radial range. The only strong part of the
inner mode that does appear in the expected range is a less prominent
at about w = 0.20 2 located more co-orbital with the planet.

Beyond the two strongest signatures with no planet, there is a
non-zero amplitude across the entire frequency range at these radii.
With a planet, on the other hand, there is almost no signature of
any mode interior to the start of the inner mode and the signature
in the small radial range in between the inner and outer modes
is much fainter. Both of those regions had signatures of the VSI
when there was no planet in the disc. Overall, adding the planet to
the simulations weakens and constricts the spatial range of the inner
mode while having little effect on the outer mode except for reducing
its frequency so it can begin further out in the disc.

6 PLANET-INDUCED VORTICES WITH DUST
FEEDBACK

With the high concentrations of dust easily greater than order unity
that can naturally be trapped in vortices, we were interested in
whether this amount of dust would affect the lifetimes or appear-
ances of the encompassing vortices through feedback, an effect we
neglected in our other simulations. With dust feedback, we find
that the dust configurations and dust asymmetry lifetimes can be
qualitatively different depending on whether the simulation is 2D or
3D, and also the resolution in the vertical direction.

We ran two sets of simulations: a fixed-mass case with M, =
0.30 My, and a growing case that reaches about M, = 0.50 My,
(from Xo/Zpse = 1.5 and A = 0.6). The fixed-mass case reaches
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Figure 14. Fourier amplitudes of the azimuthally averaged vertical velocity with no planet (left-hand panel) and with a planet (right-hand panel). Without a
planet, there are two distinct modes. The inner mode occupies a thicker range of frequencies. Both modes approximately propagate from w = (+/109 — 10)2/3,
the location with the fastest growth (dashed line), to the location resonant to the Keplerian orbital frequency (solid line). The former line follows from
equation (17) in Svanberg et al. (2022) with the values adapted to our parameters. With a planet, the outer mode is still present, but further out and with a lower
frequency. It is less clear if the inner mode is still present, but there is some signature present. Both modes are cut off in the region where the VSI is observed to

be suppressed in the outer disc near r ~ 1.2 ry,.

its final planet mass after Tyown = 200 T, and follows a growth
track of mp(t) = Mpsinz(nt/ZTng[h)A We needed the fixed-mass
case to compare the lifetimes in 2D and 3D because the growing
case already has different dust asymmetry lifetimes in 2D and 3D
even without feedback due to the planet’s slightly different growth
tracks. We also increase the dust size from St = 0.023 to 0.07 to
induce more dust to drift into the vortex and thereby strengthen the
effects of feedback. The 2D and 3D simulations have a low midplane
resolution of 256 x 256 like our 3D simulations without feedback
or the VSI, and the 3D simulations have either 32 or 64 grid cells in
the vertical direction.

6.1 Base cases in 2D

In 2D, feedback causes nearly all of the dust in the vortex to clump
together across a very narrow azimuthal extent <30°, consistent with
expectations from previous work (Fu et al. 2014b). Fig. 15 compares
the dust configurations with and without feedback. The clumping
has the opposite effects of shortening the gas lifetime of the vortex
while preventing the dust asymmetry from decaying. The clump also
generates a pair of waves on both sides that are easiest to see in the
vorticity (see fig. 2 from Fu et al. 2014b) and seem like they could
be a numerical artefact.

The initial clump can break up into multiple clumps, but the
feedback prevents these individual clumps from ever spreading out
towards a ring. The clumps never decay because they are massive
enough to be unaffected by the gas motion, leaving them on fixed
Keplerian orbits. The gas vortex only survives until about 1000 orbits
with feedback compared to 2100 orbits without feedback, also as
expected from Fu et al. (2014b). Despite that shorter lifetime in the
gas, the lifetime of the dust asymmetry is still indefinite and thus
longer with feedback compared to a lifetime of just 2500 orbits
without feedback.

6.2 3D behavior with feedback

In 3D, dust feedback can have a similar effect compared to 2D if
the vertical resolution is low. Like in 2D, the vortex still forms a
singular clump that itself does not decay and may eventually split
into multiple clumps that also do no decay. Meanwhile, feedback
likewise shortens the gas vortex lifetime, albeit not by as much as in
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Figure 15. Low-resolution 2D comparison of the dust density distribution in
a vortex without (top panel) and with dust feedback (bottom panel). Without
dust feedback, the dust is more spread out and circulates around the vortex.
With dust feedback, the dust forms a very compact clump that stays in a fixed
Keplerian orbit and is unaffected by the gas motion.

2D. Although the gas vortex lifetimes are nearly identical in 2D and
3D without feedback regardless of the vertical resolution, the gas
vortex only survives until about 1500 orbits with feedback. That is
about twice as long as it survives with feedback in 2D, but still a 30
per cent reduction from the gas vortex lifetime without feedback. We
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suspect feedback may have less of an effect in 3D because feedback
should only be important in the midplane where the dust has settled.

With double the vertical resolution, however, we find that the dust
no longer completely gathers into a single clump and feedback no
longer reduces the lifetime of the gas vortex at all. Although there is
still typically one dominant clump, the rest of the dust in the vortex
is more spread out in such a way that that the vortex still has a
significant azimuthal extent much larger than the clump itself. The
clump is rarely if ever centred, and instead is typically located at
the very back of the dust configuration. Fig. 16 compares how the
dust configurations typically appear in 3D simulations with low and
high vertical resolution. Both ends of the vortex can have peaks, and
occasionally there are two significant peaks. The front peak can also
be more dominant than the back peak.

The effect of dust feedback also imprints itself on the vorticity, as
shown in Fig. 17, even if the clumps do not produce their own waves.
There is a small region of more positive vorticity near where the dust
clumps in the midplane, and a more negative region of vorticity at the
same location away from the midplane. Both of these results differ
from that of Lyra et al. (2018), who instead found that the vortex was
unrecognizable in the midplane vorticity and unaffected at altitude,
neither of which we see in our simulations. We suspect this difference
is due to our vortices having both gas density and vorticity signatures
because they were produced by the RWI while their vortices lack
a gas density signature because they were produced by a different
instability, the convective overstability (Klahr & Hubbard 2014; Lyra
2014; Latter 2016).

7 SYNTHETIC IMAGES

We calculate synthetic images to more directly show how the new
behavior of the dust should influence the types of asymmetries
observed in actual protoplanetary discs. The most dramatic difference
from our previous results is how compact a compact vortex appears
with the VSI compared to an elongated vortex without the VSI in a
case with a planet of similarly low mass. We also find that before the
last gas vortex decays, it is much more likely to have an asymmetry
with multiple peaks in the azimuthal direction, a feature that was
quite rare in H21. Relatedly, the offset between the peak and the
azimuthal centre of the asymmetry can also be much larger in that
early chaotic stage. Later on after the last gas vortex, the azimuthal
peak of the dust asymmetry is barely off-centre at all.

7.1 Method

The synthetic images are derived primarily using the surface density
distribution as input and a beam convolution for the final output. We
largely follow the same method for generating the synthetic images
as in H21. The flux in the image is calculated from the intensity as

_ réré¢
F.(r,¢) = L(r, ¢)7, (15)

where X is the wavelength and 87 and 8¢ are the radial and azimuthal
dimensions of the cell such that d. A = rér§¢. The intensity I, itself
is calculated from the optical depth as

Li(r,¢) = By(T)[1 — e, (16)

where B;(T) is Planck’s law for the spectral radiance. All of the
images are presented normalized to the maximum intensity. The
optical depth itself is calculated from the density as

T, = Zaust(r, @3 8K, (17)

where «; is the dust opacity at the observed wavelength based on the
grain size 5. We still use X4, when calculating images from the 3D
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Figure 16. 3D comparison of the dust density distribution at lower vertical
resolution (Ng = 32; top panel) and higher vertical resolution (Ng = 64;
bottom panel). At low resolution, the dust all ends up in a single clump like
in 2D. At high resolution, some of the dust ends up in a clump, but the overall
structure is still elongated like when there is no feedback.
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Figure 17. Comparison of the Rossby number in the midplane (6 = 7/2)
and out of the midplane (0.63H above). The vortex signature is visible at both
latitudes, albeit with a more positive signature from the dust in the midplane
and a more negative signature from the dust at altitude.

simulations because the dust mostly all settles in the midplane. The
opacity values are retrieved from the Jena database,* assuming the
grain size is similar enough to the wavelength for Mie theory to apply
(2ms &~ A; see Bohren & Huffman 1983) and a dust composition of
magnesium-iron silicates (Jaeger et al. 1994; Dorschner et al. 1995).

Like in H21, we calculate all of the synthetic images at A =
0.87 mm, which corresponds to Band 7 of ALMA, albeit with this
method the images would appear largely the same regardless of

“http://www.astro.uni- jena.de/Laboratory/Database/databases.html
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Figure 18. Synthetic image comparison between the fiducial high-resolution 3D simulation with VSI (left-hand panel) and the corresponding case with the
same disc mass (right-hand panel) at about the same time and planet mass (¢t ~ 2750 T}, mp = 0.27 Myyp). The vortex in the case is compact and in a steady
state, whereas the vortex in the case with no VSI has already decayed in the gas and the dust is in the midst of spreading into a ring.

the band choice. We set a physical scale by defining the planet’s
separation of r, = 1.0 to be 20 AU and assuming a distance to the
system of d = 140 pc. With the physical scale defined, the base
surface density of Sy, = 1.157 x 10~* corresponds to 2.57 g cm ™2
and the Stokes number St = 0.023 corresponds to a grain size of s
= (2/m)(Z/pg) x St = 1.64 cm at the location of the planet with
that surface density. The temperature profile of T = To(r/r,) ™" is
consistent with the lack of flaring in our simulations. The star’s
temperature is assumed to be the Sun’s temperature of 7, = 5770 K,
albeit normalizing the final images takes away any effect of this
parameter. We use the simplest viewing inclination angle of i = 0°
so that it is easiest to identify any features in the image.

We focus on a beam diameter of 0.043 arcsec, which corresponds
to a scale of 6 AU, to convolve the flux image because we see that
much larger beam sizes may not resolve features within the vortex.
We filter out the dust from the inner disc (r < 0.90 r;,), but unlike in
H21, we leave in the dust co-orbital to the planet, which primarily
resides at the Lagrange points. Keeping that dust in the image allows
it to overlap with dust from the vortex when a larger beam diameter
is used.

7.2 Background

In our previous work, we had found that vortices in observations
should appear rather simple, characterized by just two measurable
properties: their azimuthal extents and their peak offset, the latter of
which is the angle between the azimuthal location of an asymmetry’s
peak intensity and its perceived azimuthal centre.’ Azimuthal extents
were usually elongated and could vary greatly, particularly if the dust
supply was cut off, but typically did not exceed 180°. Another much

SLike in Hammer et al. (2019), the centre itself is determined using an
appropriate threshold intensity /cy¢/Imax to identify the edges and only weakly
depends on the choice of threshold.

rarer feature we only found with the dust cut off was that the vortex
peak could split into two as it circulated around the vortex.

7.3 High-resolution 3D with VSI

The striking impact of the VSI on the vortex morphology may be
easiest to see in the synthetic images. Fig. 18 compares our high-
resolution 3D simulation with the VSI to the high-resolution 2D
simulation with the same disc mass. Around the selected timestep,
the gas vortex with the VSI is still very compact in both the gas and
dust. Meanwhile, the vortex without the VSI has already decayed
in the gas and the dust is already spread out. It is several hundred
orbits away from completely spreading into a ring with no remaining
asymmetry. This snapshot is characteristic of how the vortex with
the VSI appears for a very long time-scale on the order of thousands
of orbits, whereas the vortex without the VSI changes its appearance
on the time-scale of a few hundred orbits, if not less or much less
early on.

7.4 High-resolution 2D with a static planet

With better resolution in our hydrodynamic simulations, we find
that the appearance of the vortex in observations can be much more
intricate, particularly in the high-mass planet cases with M, = 0.45-
0.77 My, (ie. 1.5 < X¢/Bpae < 4) in which the vortex develops
compact cores and the dust asymmetry may survive indefinitely. The
azimuthal extent of the dust asymmetry can be much more elongated
than our previous work, commonly exceeding 180° and on occasion
even approaching a full 360°, which we present in more detail in
Appendix E. The azimuthal extents can also vary on much quicker
time-scales on the order of tens of orbits. With larger azimuthal
extents, the peak offsets can in turn also be much larger, as illustrated
in Fig. 19. It is also much more common for the dust asymmetry to
exhibit multiple peaks, as shown in Fig. 20. These more intricate
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Figure 19. Peak shifts for the featured simulation. In the early stage, the
peak shifts are not preferentially centred or off-centre are largely random in
the early stage, and typically range between —60° and 60° off-centre most
of the time. In the later stage when the vortex becomes compact, the peak is
much more centred, albeit the shift slowly grows over time as the dust spreads
out and becomes more elongated.
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Figure 20. Whether there is one peak or multiple peaks depending on the
beam diameter for the featured simulation. Multiple peaks are very common
with high resolution, but the fraction steadily decreases as the beam diameter
increases.

patterns occur in the early chaotic phase of the dust asymmetry
lifetime, up to and a little bit past when the last-generation gas vortex
decays, as shown in the top two rows of Fig. 21. Once the asymmetry
in the gas is gone, the dust asymmetry reverts to a more simplistic
appearance, as shown in the bottom row of Fig. 21, once again only
characterized by slowly varying azimuthal extents and peak offsets
like in our previous work.

There are several different reasons for these larger azimuthal
extents, larger peak offsets, and the more frequent appearance of
multiple peaks. The dust develops its most elongated extents around
when the gas vortex decays or re-forms, including (i) a little bit
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before a vortex decays, (ii) a little bit after a vortex re-forms, and
(iii) most times in between when there is no gas vortex. Any time the
asymmetry becomes more elongated also tends to coincide with the
appearance of more peaks. We did not see either of these outcomes
in our previous work because the gas vortex did not decay and re-
form early in the simulation like with the high resolution in this
work. Another factor that can be responsible for more elongated
extents is the compact cores. When a compact core develops, some
of the dust tends to circulate with the compact core while the rest
circulates with the broader elongated vortex. Naturally, these multiple
circulation paths create more elongated extents, larger peak offsets,
and multiple peaks in the synthetic images.

Fig. 19 shows how much the peak offsets can vary over time, in
particular during the early chaotic phase. They can reach as high
as about 120°. More typically though, they lie between —30° and
45° a little over half the time. Peak shifts towards the front of the
vortex (>0°) are only slightly more common. The peak offset drops
to zero when all the dust collects in a compact vortex at the end of
the chaotic phase. From then on, it slowly increases over time. By ¢
= 4000 T, though, the offset still does not exceed 10°, leaving the
peak only somewhat off-centre. As such, a very large peak offset in
an observed asymmetry could be a signature that the gas vortex is
still present.

In the early chaotic phase, we find that it is more common for the
dust asymmetry to exhibit multiple peaks than just a single peak for
any size beam diameters up to even larger than the planet’s separation
from its star. Multiple peaks are more common with smaller beam
sizes, but it is not until a beam diameter one-and-a-half times the
planet’s separation that a single peak becomes more common, as
illustrated by Fig. 20. Whereas the multiple peaks with a high-
resolution beam are only due to the dust dynamics associated with
the vortex, the multiple peaks with a low-resolution beam can also
be due to dust from the vortex overlapping with dust at the Lagrange
points that smears further out because of the large beam diameter.
With this prevalence of multiple peaks at any beam size, we do not
think it would be unusual to find an asymmetry with multiple peaks
in observations.

8 DISCUSSION

8.1 When are planet-induced vortices compact?

Mechanisms for vortices that appear compact:

(1) Compact cores from elongated re-triggers (this work)

(i1) Elongated vortices from high-mass planets (this work)

(iii) Compact vortices from low-mass planets in the presence of
the VSI (this work)

(iv) Compact vortices in thin discs with 2z = 0.04 (Hammer et al.
2021)

(v) Elongated vortices that become compact in high-mass thick
discs with & = 0.08 (Hammer et al. 2021)

(vi) Cooling times of order unity (Fung & Ono 2021)

Mechanisms for vortices that appear elongated:

(1) Elongated vortices w/ dust feedback (this work)
(ii) Typical elongated planet-induced vortices (Hammer et al.
2021)

Despite our previous finding that the RWI preferentially gener-
ates elongated planet-induced vortices, there are a few different
ways to produce vortices that appear compact in observations as
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Figure 21. Synthetic images for the featured simulation that harbours a super-thermal mass planet (M} = 0.65 M) grown from a very massive disc with
Y0/ Zpase = 3.0, including various configurations with the later-generation vortices (top panels), the formation of the last later-generation vortices with three
peaks (middle panels), and the final stage when only a single compact core remains and the dust slowly spreads out and becomes more elongated (bottom
panels). The top two rows provide some examples of how the dust asymmetry can display multiple peaks, except for the top right snapshot at = 1000 that
illustrates the dust collecting in a compact core not at the centre of the vortex or the observed asymmetry.

well.5 We had previously found in H21 that vortices in the thinnest
discs (h = 0.04) can still be compact, albeit these vortices are also

SBeyond the mechanisms listed for planet-induced vortices at gap edges,
another way that has been proposed to generate a compact vortex is through
the accretion luminosity from the planet, which yields such a vortex co-orbital

the shortest-lived. In this work, we find that elongated vortices with
compact cores can sometimes appear compact, in particular when the
encompassing elongated vortex has decayed and all the trapped dust

with the planet itself (Owen & Kollmeier 2017; Cummins, Owen & Booth
2022).
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has enough time to be trapped in a single remaining core. Besides that
mechanism, planets around Jupiter-mass and above in a & = 0.06 disc
are massive enough to generate a vortex with sharp enough contours
to appear compact even though it may still have a weaker Rossby
number in the elongated range. Lastly, lower-mass planets around
the mass of Saturn can produce a compact vortex in a & = 0.06 disc if
the vortex is seeded by tiny vortices from the VSI. Although we had
expected dust feedback to produce compact vortices, we find that
the compact clumps that form through feedback in 3D simulations
with sufficient vertical resolution do not trap all of the dust in the
vortex like they do in previous 2D work (Fu et al. 2014b) and in
less-resolved 3D simulations.

Along the lines of compact cores or the VSIs tiny seed vortices,
other mechanisms that yield compact Rossby numbers may also be
able to produce compact vortices. In our previous work, we found
that planets in thicker regions of a disc with high aspect ratios (h =
0.08) are capable of lowering the vorticity in a vortex from elongated
to compact even after a single m = 1 vortex arises (Hammer et al.
2021), an outcome we can only see in thinner discs (A = 0.06) if
the vortex decays and re-forms like in this work. Future work should
test if this mechanism is still feasible if the planet is migrating or
if the disc is not isothermal. Beyond that mechanism, Fung & Ono
(2021) found that cooling time-scales of order unity are also capable
of lowering the vorticity in a vortex from elongated to compact in 2D
shearing box simulations of non-isothermal discs. Cooling may still
not be prone to producing observable compact vortices because they
find such vortices disappear relatively quickly with this mechanism.
Besides that limitation, future work should test the efficacy of this
cooling pathway with more of a focus on global simulations like
those of Lobo Gomes et al. (2015) or Les & Lin (2015). It also
should be tested in 3D since an initial exploration of cooling in 3D
by Rometsch et al. (2021) hinted that its effects on vortices may not
be the same as in 2D.

Overall, the most robust mechanism for producing vortices that
appear compact may still be more-massive planets. Although there
might be more potential mechanisms for vortices that appear com-
pact, the simplest setups or conditions still tend to result in vortices
that typically appear elongated.

8.2 Why are there so few dust asymmetries in observations of
protoplanetary discs?

There are relatively few dust asymmetries in observed in protoplan-
etary discs in mm/sub-mm, the wavelength at which they should
be easiest to detect, given the high numbers of gaps in observed
discs and the presumed young ages of these systems (see H21 for a
quantitative demonstration with a sample from Taurus).

The results from our previous work suggested it was already
strange to see so few vortices if observed gaps are indeed pref-
erentially created by low-mass gap-opening planets between about
half a Saturn to two Saturns in mass and the corresponding dust
asymmetries survive at least 1000 or 2000 orbits.

Our current work exacerbates this issue in two different ways. First,
it is no longer just those planets that can create long-lived vortex,
but any planet above about half a Saturn-mass, including the ones
around Jupiter-mass. Secondly, the cases where the dust asymmetry
stops decaying altogether, particularly those with migrating planets,
would suggest an even higher occurrence rate of dust asymmetries
than what we had calculated from assuming the dust asymmetry
lifetimes were just a few thousand orbits.
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8.2.1 Types of observed morphologies

Among the discs with observed dust asymmetries, only three clear
asymmetries appear to be located at the edge of a two-sided gap:
one in HD 135344 B (van der Marel et al. 2016; Cazzoletti et al.
2018), another in V 1247 Ori (Kraus et al. 2017), and an only recently
resolved one in SR 21 (Yang et al. 2023). Almost all of the rest of
the observed asymmetries are located just outside of an inner cavity,
including those in Oph IRS 48 (van der Marel et al. 2013), HD
142527 (Boehler et al. 2017, 2021), RY Lupus (Ansdell et al. 2016),
and T4 (Pascucci et al. 2016). Each of these asymmetries is also the
sole prominent dust feature in the entire disc. Similarly, MWC 758
(Boehler et al. 2018) and ISO-Oph 2 (Gonzalez-Ruilova et al. 2020)
also both have an asymmetry at the outer edge of a cavity as well as
a second asymmetry at the outer edge of the dust disc itself, and the
two asymmetries in ISO-Oph 2 are likewise the only dust features in
the disc.

While it is certainly possible for a planet-induced vortex to be
the only dust feature(s) in a disc, it would be much more natural to
expect a planet-induced vortex to be one of many features in a disc.
Many observed discs have multiple sets of rings and gaps, yet none
of those discs have a clear vortex candidate asymmetry at the edge of
any of those gaps. It would also be more likely to see such a multigap
structure in discs with planet-induced vortices if such vortices are
only triggered by gap-opening planets that only recently made it to
the gap-opening stage, as our work tends to suggest.

8.2.2 Alternate mechanisms for dust asymmetries

Even with the dearth of observed dust asymmetries, it is still possible
that these asymmetries are not vortices or are vortices not produced
by planets. Recent work has shown the an inner binary can also yield
an asymmetry that is not a vortex as the disc develops eccentricity
at the outer edge of the cavity (Ragusa et al. 2017; Calcino et al.
2019). This explanation may be favorable for discs where the only
feature or innermost feature is an asymmetry, in particular for HD
142527 which is already known to have an inner binary. More
recently, Kuznetsova et al. (2022) demonstrated that infall from
a disc’s external star-forming environment can also create radial
pressure bumps that trigger vortices through the RWI if the infall is
focused in a limited radial range of the disc. Such a configuration
could mimic a two-sided planetary gap if the range of infall has the
right radial width. Another mechanism for creating RWI vortices
that has been studied in-depth is the edge of a dead zone because
of the pressure bumps expected to develop at these locations (e.g.
Lyra & Mac Low 2012). More recent work, however, has suggested
such pressure bumps are not necessarily sustained unless they have a
sufficient amount of small dust grains to dominate the recombination
process in the ionization chemistry (Delage et al. 2022, 2023).

8.2.3 Limiting lifetimes of dust asymmetries

There have been various mechanisms proposed to shorten vortex
lifetimes or inhibit their formation altogether.

(1) Dust feedback has been shown to limit gas vortex lifetimes in
2D to around 1000 orbits or less (Fu et al. 2014b), but both our work
and Lyra et al. (2018) show that feedback has little to no effect on
vortex lifetimes in 3D simulations that better resemble actual discs.

(ii) Self-gravity can theoretically inhibit the RWI in general for
disc masses as low as Q < h~' (Lovelace & Hohlfeld 2013), but
in simulated discs close to that mass limit with more realistic gap
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profiles it may only marginally weaken the vortices after they form
(Hammer et al. 2021). Only very massive discs with Q < 4 can
severely alter vortices or the RWI (Lin & Papaloizou 2011). Most
if not all observed discs with asymmetries have too low of a local
surface density to be significantly limited by self-gravity (van der
Marel et al. 2021). If self-gravity were to play a strong role of
inhibiting vortex formation for many observed gaps, it could be a
sign that the associated planets formed very early on in the disc
lifetime.

(iii) Cooling, specifically non-zero cooling times of order unity,
has been shown in 2D simulations to yield vortices that spin up and
shrink until they fade (Fung & Ono 2021), but Rometsch et al. (2021)
find that such an effect may not necessarily occur in 3D.

(iv) Migration increases the planet mass needed to trigger a vortex
because the gap-opening mass is also a bit higher (Kanagawa et al.
2021). As we show in this work though, migration does not shorten
dust asymmetry lifetimes and only helps sustain vortices. As such,
migration would only inhibit a narrow range of low-mass planets
from triggering vortices.

(v) Aspect ratios of a disc that are too thin (2 < 0.06) could leave
any planet-induced vortices that form too short-lived to be observed.
Because of flaring and the outer disc being the preferred location for
most observed vortex candidates though, these candidates are more
likely located in a thicker region of the disc with a higher aspect ratio
that helps sustain the dust asymmetry.

(vi) Viscosity is the most straightforward way to shorten vortex
lifetimes, as even a relatively low a ~ 107 is already strong enough
to limit the lifetime of the dust asymmetry to around 1000 orbits
or less. Modern expectations for the disc viscosity are that discs no
longer require high values of & because angular momentum transport
can instead be driven by magnetic disc winds (e.g. Bai & Stone 2013;
Bai et al. 2016). None the less, these magnetic effects may still drive
a small o (e.g. Béthune, Lesur & Ferreira 2017) that could still be
large enough to inhibit or weaken planet-induced vortices.

Overall, viscosity may still be the best physical explanation for
why there are so few observed dust asymmetries and why there are
so few at two-sided gaps in particular. Dust feedback and cooling
may not necessarily limit vortices, while migration and self-gravity
may only weaken planet-induced vortices for very low mass planets
or very high mass discs respectively. Furthermore, actual observed
discs may not have the very wide gaps we find in our simulations
of migrating planets with a low disc viscosity of v = 10~7. That
discrepancy, if it holds, could also be evidence that actual discs
indeed have a higher viscosity than the value used in this work.

As dust feedback and cooling may not necessarily limit vortices
while migration and self-gravity may only weaken planet-induced
vortices for very low mass planets or very high mass discs, respec-
tively, viscosity may still be the best physical explanation for why
there are so few observed dust asymmetries and why there are so few
at two-sided gaps in particular. Furthermore, if gaps too wide to be
consistent with observations are a preferential outcome of migrating
planets inducing vortices with the disc viscosity v = 107, then even
the actual discs with observed asymmetries may still have a higher
viscosity than the value we use in this work or else the asymmetries
may not be planet-induced vortices.

8.3 Applications to observed dust asymmetries

Our findings have prospects to be able to fit a set of multiple features
in a few different discs. We focus on four discs in particular: MWC
758, V 1247 Ori, SR 21, and Oph IRS 48.
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The presence of a compact core in an encompassing elongated
vortex frequently creates dust configurations in which some of the
dust is trapped in the core as the core circulates, while the rest of the
dust also circulates around the elongated vortex but separately. Even
with good image resolution, these two distinct dust signatures can
frequently appear to overlap. One example of the type of combined
signature it can create is the top right-hand panel of Fig. 21, which
resembles the inner dust asymmetry in MWC 758 (Boehler et al.
2018). That feature of the real disc has a concentrated clump with a
tail of dust in one direction. It has been suggested that the asymmetry
coincides with both a vortex (Baruteau et al. 2019) and a spiral wave
from an unseen planet, where evidence for the latter comes from
the scattered light (Ren et al. 2020). Such a spiral likely would not
explain the dust tail at mm wavelengths if it originated from the
vortex itself (Huang et al. 2019). Although a planet’s spiral may also
explain the dust tail, our results show a vortex could have such a tail
even without any dust from the spiral.

The outer dust asymmetry in V 1247 Ori with an azimuthal
extent of about 120° appears like it may be divided into two equally
elongated components with a narrow deficit in between (Kraus et al.
2017). The inner dust asymmetry, which includes a full background
ring, more clearly has two separate components. Although it was
suggested that the deficit itself in the outer asymmetry could be an
artefact of the image, the propensity to find vortices with multiple
peaks in our study suggests it may be possible that the deficit is real.
It could be the case that both of the asymmetries in the disc have
two components, supporting our finding that multiple peaks could be
more common than just a single peak for some system properties.

The primary ring in SR 21 was already known to be asymmetric
(Pérez et al. 2014) and there was some hint of an inner ring in the
system (Muro-Arena et al. 2020), but only recently were the features
well-resolved into two clear partially asymmetric rings that resemble
opposite sides of a planetary gap (Yang et al. 2023). The inner ring
itself is finely split radially into a full ring and an asymmetry. It is
possible that the two radial structures are a ring of dust that collected
at a pressure bump and a closely adjacent vortex, analogous to the
pattern shown in the right-hand panels of Fig. 11, which is common
in other types of cases as well. The outer ring is a full circle, but
also contains a clear asymmetry spanning about 60° on one side and
a more compact clump on the complete opposite side, as well as
a few other candidate clumps that may be observational artefacts.
Such a complete ring with multiple clumps could be produced by a
decayed or decaying elongated vortex with multiple compact cores,
analogous to what is shown in the middle right-hand panel of Fig. 21.

The dust asymmetry in Oph IRS 48 is located at 61 AU (van
der Marel et al. 2015), much further out than the suspected location
of the planet at around 20 AU based on CO observations (van der
Marel et al. 2013; Bruderer et al. 2014). Lobo Gomes et al. (2015)
had suggested this discrepancy could be explained by the planet
triggering a secondary vortex, a phenomenon they found in non-
isothermal simulations. We had previously suggested the large gap
between the planet and the asymmetry could be explained by the
original vortex migrating outwards away from the planet, as we
found could happen in discs with very thick aspect ratios of 4 >
0.08 (Hammer et al. 2021), like Oph IRS 48. In this work, we find
that the opposite is also possible and the planet may have migrated
inwards away from the vortex, leaving the vortex behind.

9 CONCLUSIONS

Building off our previous work on planet-induced vortices (Hammer
et al. 2021), we again studied vortices in hydrodynamic simulations
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with a planetary core accreting the bulk of its mass from the disc,
except this time at higher resolution, in 3D, with the VSI, with
feedback, or with more than one of those facets. We also study
a range of planet masses by varying the disc mass instead of the
dimensionless accretion rate. While our hope was to address the
discrepancy between the longevity of dust asymmetries associated
with planet-induced vortices in simulations and the paucity of dust
asymmetries in observations of actual protoplanetary discs, we
instead found various other ways to prolong vortex lifetimes not
seen in our past work, suggesting that planet-induced vortices should
be even more likely to appear in observations. We also found new
ways to make planet-induced vortices compact and clarified what
they should look like in such situations. These new results show the
importance of using a very high resolution (* 29 cells/H in the radial
direction) to study planet-induced vortices in simulations.

Contrary to expectation from all our previous works, we found
that slowly growing planets can still generate compact vortices, or
in other cases elongated vortices with compact cores. The most
straightforward way we found to form compact planet-induced
vortices with stronger Rossby numbers in the compact range was
with the help of the VSI, using the countless tiny compact vortices
from the VSI. These tiny vortices seed larger compact vortices that
arise later on when a low-mass planet triggers the RWI. Without the
VSI, high-mass planets can form vortices with compact cores when
they re-trigger later-generation vortices. The lower vorticity in these
compact cores originates from the lower vorticity just interior to the
vortex circulating into the vortex as it re-forms. These cores make it
much more common for the associated asymmetry to exhibit multiple
co-orbital peaks in observations. The overall vortices, however, are
still elongated, and our synthetic images show that the dust they
trap should still typically appear elongated in observations. On the
other hand, very high-mass planets around Jupiter-mass and above
can still generate vortices that appear compact, even if the vortex
itself may still have a weaker Rossby number in the elongated range.
Another surprising outcome was that dust feedback, which always
causes both compact and elongated vortices to appear compact in
2D, does not make elongated vortices appear compact in 3D with
sufficient vertical resolution. These vortices still appear elongated
because even though clumps still arise due to feedback, these clumps
do not collect all the dust trapped in the vortex. The rest of it still
spreads around almost the whole azimuthal extent, similar to what
happens without feedback.

Beyond the finding from our previous work that low-mass planets
can generate very long-lived dust asymmetries, in this work, we find
that high-mass planets can also generate long-lived vortices with
longer lifetimes that make them even more likely to be observed. In
a few cases, the dust asymmetry stops decaying altogether. These
longer lifetimes result from the same factors that can make the
vortices appear compact. Moreover, we find that allowing the planet
to migrate like it should in a real disc not only extends dust asymmetry
lifetimes, but also makes them even more prone to reach a steady
state with an asymmetry that no longer decays. Such a steady state
may be caused by the planet migrating away from the asymmetry.
In the non-migrating cases, this steady state may be inhibited by
cutting off the dust supply to the asymmetry. One set of cases we did
find that actually shortens dust asymmetry lifetimes compared to our
last work is low-mass planets in low-mass discs. None the less, such
planets in those discs can still yield long-lived dust asymmetries if
the VSI is present.

It is difficult to test if our results in 2D at high resolution still
hold in 3D because the high resolution needed to allow vortices to
decay and re-form are also high enough to allow the VSI to be active
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in our locally isothermal discs. Since the VSI only occurs in 3D,
it is difficult to do a direct comparison at high resolution. At low
resolution though, the same general trends we find in 2D for the
dust asymmetry lifetimes vs planet mass still hold in 3D for both
the parameter study in which we vary the disc mass as well as the
parameter study in which we vary the dimensionless accretion rate.
To do a proper comparison of 2D vs 3D at high resolution, it may be
more interesting to suppress the VSI in 3D, such as by incorporating
a sufficiently slow cooling rate. We are already carrying out this kind
of comparison for a future work.

The longevity of vortices in our simulations is inconsistent with
the lack of vortex candidates in observed protoplanetary discs,
particularly the lack of those located at the edge of a two-sided
gap that could harbour a planet. This discrepancy may just be due
to these discs having too high of an effective viscosity, although the
source of that viscosity would still be unclear. If viscosity is indeed
the reason there are so few vortex candidates, that may be a sign that
the mechanism for angular momentum transport may be associated
with at least a mildly significant viscosity, even if the mechanism is
primarily laminar like with disc winds.
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APPENDIX A: ACCRETION PRESCRIPTIONS

A1 Choice of fiducial scheme

Unlike in H21 in which we varied the accretion parameters to
simulate a range of planet masses, we needed to choose fixed
accretion parameters for this work because we wanted study the
effect of varying the disc mass instead. We had avoided choosing
fixed accretion parameters in our previous work because the actual
accretion process is more complex than just a pair of accretion pa-
rameters and in any case not well-resolved by our global simulations.
Properly incorporating the planetary accretion process would require
3D in every simulation, radiation hydrodynamics, and a very refined
grid in the vicinity of the planet that resolves the planet’s atmosphere
(e.g. Moldenhauer et al. 2021) and allows a circumplanetary disc
to form (e.g. Szuldgyi & Mordasini 2017), far beyond the scope of
this project. Although we cannot capture that much detail, we can
base our accretion scheme on previous work that better resolves the
accretion process as well as our own 3D simulations.

Past work has found planets should only accrete from a fraction of
their Hill sphere within aradius of 0.25 Ry (Lissauer et al. 2009). With
such a low value of K though, our low-resolution simulations would
not resolve the accretion zone and not accrete any material onto the
planet at all. To keep the accretion parameters consistent between
our lower-resolution and fiducial higher-resolution parameter study,
we instead set the accretion radius to K = 0.6 Ry, a large enough
value to safely allow accretion. We then choose A = 0.4 so that the
low-resolution simulations approximate the planet’s growth track in
our fiducial high-resolution 3D simulation with the VSI, as shown
in Fig. A1l. We note that this simulation has an amplified accretion
rate due to the additional Reynolds stress from the VSI compared to
a 2D simulation with the same parameters but no VSI. Even though
our other simulations do not have the VSI, we still aim to mimic this
accelerated growth track because actual discs may have disc winds
or other additional sources of angular momentum transport even
without the VSI or a high viscosity (see Nelson, Lega & Morbidelli
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Figure Al. Planet mass as a function of time with the VSI and 2D cases
with the same X(. The values of K and A in our fiducial 2D simulations
were chosen to match the high-resolution 3D case with the VSI. The 3D case
yields a much more massive planet than the corresponding 2D case with the
same K and A because the VSI drives additional angular momentum transport
through the disc.

2023 for a recent work on this topic). Those other sources may not
necessarily affect vortex properties.

Since it is possible that the planet may indeed have a slower growth
track without any other sources of angular momentum transport, we
complement our high-resolution parameter study with an additional
study that instead uses K = 0.25 Ry and A = 0.9. As discussed in
the following section of the Appendix, we find similar qualitative
results.

A2 Other accretion schemes

Beyond our fiducial accretion prescription of K = 0.6 Ry and A =
0.4, we tested out a more-massive prescription with a larger accretion
rate of A = 0.6 and a simpler prescription in which the accretion
radius is the expected K = 0.25 Ry and the accretion rate is near
unity at A = 0.9. Both the more-massive prescription and the simpler
prescription grow the planets faster, but the simpler prescription still
results in less-massive planets. With these different prescriptions, we
find that the two main regimes of low-mass and high-mass and their
corresponding behavior still exist. Like the default prescription, the
low-mass cases have short-lived dust asymmetries and the high-mass
cases have dust asymmetries that survive the entire simulation. The
only main difference we find is that the mass ranges for these regimes
shift.

The simpler prescription is intended to model the accretion rate
assuming there is no added accretion above the natural rate from
the prescribed viscosity. We choose A = 0.9 instead of A = 1.0
to account for 2D cylindrical accretion slightly overestimating 3D
spherical accretion, albeit this choice does not change the planet’s
growth trajectory by much. Although the high-mass regime is similar
to that from the fiducial prescription, the highest-mass case differs
in that it does have later-generation vortices. None the less, the
dust configuration for this case is still more compact throughout
due to its steeper density contours in the vortex. Overall, the mass
ranges for the regimes shift to lower values. The cases with indefinite
dust asymmetry lifetimes begin with planet masses as low as M}, =
0.23 Myyp, almost half the value of M, = 0.42 Mj,, at which this
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regime begins with our fiducial prescription. If the growth tracks
of actual planets better resemble this simpler prescription, it would
broaden the applicability of our fiducial results for high-mass planets
to a wider range of planet masses.

The more-massive prescription is more similar to the fiducial one
because it has the same accretion radius. The regime with indefinite
dust starts at the only slightly higher mass of M, = 0.45 Mj,, with
the same lowest disc mass of Xo/Xp.e = 1.5 as with our fiducial
prescription. In the low-mass regime, none of the dust asymmetries
survive more than 2000 orbits, a slight difference from the fiducial
prescription in which the highest-mass case in this regime had a
dust asymmetry lifetime of nearly 3000 orbits. Overall, these cases
require a slightly lower planet mass to initially trigger the RWI.

APPENDIX B: COMPARING PLANET GROWTH
IN 2D AND 3D

The differences we do observe between 2D and 3D may in part be
due to the planet’s different growth tracks. We cannot use the exact
same accretion prescription in 2D and 3D because the prescription
depends on the grid cells, which are inherently different depending
on the number of dimensions. Fig. B1 compares the planet’s growth
tracks between 2D and 3D for two different disc masses: X/ Zpase
= 5.0, which was the most different; and X¢/Xpe = 1.0, which
like any of the lower-mass cases yielded planets with similar mass
between both numbers of dimensions.

The most obvious difference is that the planet accretes from a
sphere in 3D compared to what is effectively a cylinder in 2D. As
such, we expect the planets in the 3D simulations to grow slower, at
least at first, which is what we do observe in every case. Naturally,
we also expect that the planet’s final mass would be lower in 3D
than 2D; however, that only happens for the lower disc masses when
Yo/ Zpase < 1.0. For the higher-mass cases, the 3D planet grows more
massive than the 2D planet. For the highest-mass case in particular,
there is a huge difference.

Some of the difference in planet masses between 2D and 3D, which
increases with planet mass, is due to the different smoothing lengths
used. To test the effect of having a Ry = 0.1Ry in the 3D simulations
compared to the much larger R, = 0.6H used in 2D, we ran additional
low-resolution simulations that tested the planet growth with three
different coefficients: 0.1, 0.3, and 0.6. As Fig. B2 shows, we found
that planet masses increase as we lower the smoothing length in both
2D and 3D. Had we used the same smoothing length, the planet in
a 3D disc would still grow less than the corresponding 2D case, just
like what happens with less massive planets. Since actual discs do
not have a smoothing length (R, = 0), we suspect the planet masses
attained in the 3D simulations in which it is sensible to have a much
smaller smoothing length are more realistic and the 2D simulations
may underestimate the final planet masses, particularly for the higher-
mass planets. While a smoothing length of Ry = 0.6H may be optimal
for producing a more realistic gap structure with a fixed-mass planet
(Miiller, Kley & Meru 2012), we find that it may not be realistic for
modelling planetary accretion, particularly for higher-mass planets.

Another smaller difference we observe in the planet growth
trajectories is the general shapes of the curves. The 2D curves all
follow a sort of logarithmic or inverse parabolic growth track with
negative concavity when the bulk of the planet’s growth takes place.
Meanwhile, the 3D curves start out with a positive concavity before
switching to a negative concavity at a point of inflection somewhat
early on, but not right away.
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Figure B1. Comparison of planet mass as a function of time for a high-mass planet in the highest-mass disc with X¢/Xpase = 5.0 (left-hand panel) and a
low-mass planet with the default disc mass of X/Xpase = 1.0 (right-hand panel) for 2D and 3D and different resolutions. At lower planet masses, there is not a
significant difference between 2D and 3D; however, at higher planet masses, the different smoothing lengths used creates a much larger discrepancy. Resolution
has only a small effect on the planet’s growth track in both 2D and 3D.

2o/ Zpase = 3.0

h=0.06 a=3x10"°
1.6
1.4]
1.2]
=10 s
508 A 2D Ry=0.1H
= O / -
’ 3D R,=0.1Ry
0.6 ’ _
y 2D Ry=0.3H
0.4 / #7==== 3D R:=03Ry
02 AP s 2-D R.=0.6 H
) &7 A ——=- 3D R,=0.6Ry
0.0 : ‘
0 200 400 600 800 1000

Time [planet orbits]

Figure B2. Comparison of planet mass as a function of time for different
smoothing lengths (different colors), as well as 2D (solid lines) vs 3D (dashed
lines), for the highest-mass disc. The default smoothing lengths in 2D and 3D
are highlighted with thicker lines. Planet growth tracks are be very dependent
on the choice of smoothing length with higher-mass planets.

APPENDIX C: STEADY-STATE DUST
ASYMMETRY

In our 2D parameter studies with 7 = 0.06 for both static and
migrating planets, we find that dust asymmetries can reach a steady
state and stop decaying altogether, prolonging the dust asymmetry
lifetimes indefinitely, at minimum to at least through the end of our
simulations. With a static planet, the lack of decay originated from
later-generation vortices developing compact cores. With a migrating
planet, the lack of decay happened after the planet migrated away
from the dust asymmetry. We tested whether the steady-state outcome
was physical in several different ways.

Our first test was to see if the indefinite lifetimes were due to the
vortex receiving an unlimited supply of dust. Actual discs may indeed
have an unlimited supply of dust for a significant amount of time;

however, many observed asymmetries are the outermost dust feature
in their discs, leaving them with no additional dust supply. To test
this idea, we ran two additional simulations restarted midway from
the highlighted case with X¢/2p,e = 3.0. Specifically, we restarted
the gas from the default case at = 1600 T, the point when the last
elongated vortex has just decayed and all that remains is its compact
core. Instead of using the dust from that timestep, we experimented
with two new sets of dust profiles. The first restarted case used the
initial dust profiles from ¢ = 0. The second case again used the initial
profiles, but with the initial surface density profile multiplied by a
steep exponential cutoff. The cutoff is given by e~/ ran)’ "where the
cutoff radius is at roy = 2.0 rp. These kinds of tests are analogous to
how we measured the vortex lifetimes in H21. With the regular initial
profile, the dust asymmetry still survives well beyond t = 7000 T5,.
With the dust cutoff, however, we find that the dust asymmetry does
not even survive until 1 = 3200 T},. Such a significant difference
shows that the continual supply of dust to the vortex does indeed
help extend the dust asymmetry lifetime, even after the primary
series of elongated vortices has decayed.

Beyond limiting the dust supply, we also checked if other factors
were responsible for prolonging the dust vortex lifetimes to help
assess why the dust asymmetry outlives the gas vortex. To test
whether the boundary was artificially extending the lifetime, we
re-ran the default case with a grid that was same resolution per scale
height, but double the grid size in the radial direction. We found that
the dust asymmetry still decays at about the same rate, and in fact
even slower, suggesting that the proximity of the boundary to the
asymmetry is not responsible for sustaining it. Lastly, we checked
whether there was similar behavior in our additional tests with a lower
aspect ratio that likewise form compact vortices (see Section 3.2.3).
Based on the fact that the dust asymmetries in these cases do not
have dust asymmetries that outlive the gas vortex by anywhere near
as much as in the 2 = 0.06 cases, we suspect that the gas not perfectly
decaying into aring also plays arole in extending the dust asymmetry
lifetime. Regardless of the aspect ratio, we observe that the extent
by which the dust asymmetry outlives the gas vortex is significantly
longer with compact vortices than elongated ones. We interpret this
behavior as evidence that the compact cores help sustain the dust
asymmetry by making the dust configuration more compact. With
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such a low level of dust diffusion, this compact configuration takes
a significant amount of time to decay. Overall, we conclude that the
compact dust configuration, the continuous dust supply, and the not
perfectly symmetric ring structure all play a role in the dust asymme-
try surviving the entire simulation in our fiducial parameter studies.

C1 Dust asymmetry lifetimes with dust cutoff

Because we could not probe the trend of vortex lifetimes with the
fiducial initial dust density profiles, we ran additional simulations
that largely repeated the high-mass cases, but with the dust cutoff.
We applied the cutoff from the very beginning at t = 0, in effect
completely re-running each simulation. With the dust cutoff, the
dust asymmetry decays in all but the highest-mass case. We find
that the dust asymmetry lifetimes increase monotonically with the
planet’s final mass across the wide mass range in which the lifetimes
were indefinite without any cutoff. The lifetimes with the cutoff are
shown in Fig. 2 in comparison to the main parameter study. Even
with the cutoff, the lifetimes become rather long at above 4000 orbits
by around a mass of M, = 0.50 Mjy,,. The highest-mass case differs
from the others because it was the only one in which the longevity
of its dust asymmetry was due to the initial vortex and not compact
later-generation vortices. As such, the increasing trend for the vortex
lifetimes extends from around M, = 0.25 My, to at least M, =
1.0 Mjy,p, and likely beyond.

APPENDIX D: PLANET MASS DEPENDENCE IN
LOW-RESOLUTION 2D AND 3D

Besides varying the disc mass to set the planet’s growth trajectory, we

alsoran 2D and 3D low-resolution simulations in which we varied the
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Figure D1. Total dust asymmetry lifetimes as a function of planet mass,
varying the planet mass with accretion parameter instead of the disc mass.
The 2D results are taken from Hammer et al. 2021 (MH+ 2021), except for
the most-massive planet, which was added for this study. In both 2D and
3D, the low-resolution simulations reproduce the U-shaped trend from MH+
2021 in which dust asymmetry lifetimes are the shortest with intermediate-
mass planets, increasing at either lower or higher planet masses. Some of
the dust asymmetries survive past the end of each simulation in all cases (as
indicated by the arrows).
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Table D1. 3D parameter study varying the accretion rate.

h b A MMy

0.06 5.787 x 1074 0.7 1.51
0.3 1.18
0.167 0.89
0.1 0.69
0.04 0.44
0.02 0.32
0.01 0.22

The final mass M, is recorded at the end of the vortex lifetime.

planet’s accretion rate in order to test whether we could reproduce our
results from H21. In that work, we had found that low-mass planets
generate longer-lived dust asymmetries than high-mass planets in
discs with & = 0.06. More generally, we found a ‘U-shaped’ trend in
which the lifetimes increase again above a certain mass, which we
only tested at &z = 0.04 but had not fully explored at &z = 0.06.

In both 2D and 3D low-resolution simulations, we find that planets
in discs with 4 = 0.06 induce vortices with dust asymmetry lifetimes
that qualitatively follow the U-shaped trend, as depicted in Fig.
D1. There is some quantitative disagreement in that the 2D low-
resolution simulations appear to overestimate the lifetimes by a
significant margin, while the 3D low-resolution simulations largely
underestimate the lifetimes from H21, although by a lesser margin.
Nevertheless, the qualitative trend still holds in both cases. Like the
dust asymmetry lifetime dependence on disc mass, the trend at high-
resolution from our previous work was due to re-triggered vortices.
Also like that dependence, we are able to reproduce the U-shaped
trend even though the low-resolution simulations do not have any re-
triggered vortices. Lastly, we also ran an additional higher-resolution
2D simulation following the fiducial parameters from our previous
work but with A = 1.0. We find that this extra simulation confirms
that the ‘U-shaped’ trend also occurs at & = 0.06 at higher resolution,
just as it did at 4 = 0.04 in our previous work.

APPENDIX E: EXTENTS IN SYNTHETIC
IMAGES

Figs E1 and E2 show how much the azimuthal extents and the number
of peaks can vary over time. The former figure highlights the featured
simulation that grows to M}, = 0.65 My, (X¢/Zpase = 3.0) using two
different beam sizes, and features a clear demarcation between its
early chaotic stage and simpler later stage. The latter figure shows
two other high-mass planet cases (X¢/Xpe = 2.0 and 5.0) with
indefinite dust asymmetry lifetimes, the first of which likewise has
an early chaotic stage because of the compact cores that develop in
the re-triggered vortices and the second of which has just a simple
first-generation vortex that never decays.

In our previous work, the expected range of observed azimuthal
extents was typically 100°-180°. During the early chaotic stage, the
default case (X¢/Zpae = 3.0) only has such an extent for a few
hundred orbits from about ¢ = 650 to 900 T},, and the other chaotic
case (Xo/Lpase = 2.0) only has such an extent for several hundred
orbits at the beginning. Both of these cases also have extents in this
range in the simpler later stage for around 1000 orbits, even longer
than in the chaotic, as the remaining dust from the last compact core
slowly spreads out towards a full ring. For the final case with no
early chaotic stage, the vortex begins with an azimuthal extent in the
expected range before settling at around 70° and decaying at a much
slower rate than the compact cores do in the more chaotic cases.
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Figure E1. Evolution of the azimuthal extents and number of peaks for the featured high-mass planet that grows to M, = 0.65 My, from a disc with Zo/Zpase
= 3.0, analysed with beam diameters of 0.043 arcsec = 6 AU (left-hand panel) and 0.107 arcsec = 15 AU (right-hand panel). The probabilities the vortex will
have a certain extent or number of peaks are shown. Both the azimuthal extents and numbers of peaks vary widely in the early chaotic stage before settling into
a steady-state in the later stage when the vortex has decayed. With a poor beam diameter, the dust at the Lagrange point can widen the azimuthal extent and add

another peak, particularly in the later stage.
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Figure E2. Evolution of the azimuthal extents and number of peaks for two high-mass planets, analysed with a beam diameter of 0.043 arcsec = 6 AU. The
first case (left-hand panel) also has two distinct stages like the previous figure, while the second case (right-hand panel) has a much simpler evolution because

the initial vortex never decays or re-forms.

A loose pattern that emerges is that vortices tend to have more
peaks when they have a more elongated azimuthal extent. These
additional peaks are typically due to the dust dynamics in the vortex.
With a larger beam size, however, a second peak can emerge due
to the dust away from the vortex and co-orbital with the planet at a
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Lagrange point. In the simpler later stage, that is the sole cause for
additional peaks, as shown in the right-hand panel of Fig. E1.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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