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ABSTRACT

Context. Dust structures in protoplanetary discs have been widely observed, and their creation remains an active field of research.
Several possible origins have already been explored, including magnetohydrodynamic processes, shadows, and planet—disc interac-
tions.

Aims. The goal of this paper is to investigate whether a single migrating planet in a low-viscosity disc, including radiative processes,
is capable of generating observable dust structures. We examine both the lifetime of such structures and potential asymmetries within
them.

Methods. We performed a set of high-resolution, two-dimensional hydrodynamic simulations of migrating planets using three differ-
ent equations of state: isothermal, constant S-cooling, and an adaptive 8 model. We included dust in all simulations and post-processed
the resulting dust density profiles to create radiative transfer images.

Results. For all equations of state considered, the planet undergoes one or several migration jumps, each producing dust rings and
gaps. The lifetime of these structures depends on the phase of slow migration preceding and occurring between jumps, but in all cases
they remain visible for at least 400 kyr. We find that cooling has a decisive effect on the migration behaviour and the number of jumps,
but no measurable influence on the lifetime of the dust structures. The structures exhibit relatively few asymmetries and large-scale
vortices persist for an average of only 90 kyr.

Conclusions. Our models highlight the ability of planets to open multiple gaps while migrating and stress the importance of a realistic

cooling model. Care should be taken when interpreting and comparing such models directly with observations.
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1. Introduction

The Disk Substructures at High Angular Resolution Project
(DSHARP) survey (Andrews et al. 2018) observed the 4 =
1.25 mm continuum and >COJ = 2 — 1 line emission of 20
nearby protoplanetary discs. They confirm without doubt that
the brightest and largest protoplanetary discs can contain visible
dust rings and gaps, as well as asymmetries in their dust profile.
At A = 1.25 mm, the emission is dominated by thermal radiation
from millimetre-sized dust grains in the disc mid-plane, which
allows identification of disc substructures. Similar observations
have also been reported by the Ophiuchus DIsk Survey Employ-
ing ALMA (ODISEA) (Orcajo et al. 2025), exoALMA (Teague
et al. 2025), the Molecules with ALMA at Planet-forming Scales
(MAPS) (Oberg etal. 2021), and the ALMA survey of the Lupus
(Ansdell et al. 2018) and Taurus (Long et al. 2018) star-forming
regions. A better understanding of the formation of these dust
structures would provide a deeper insight into the dynamics of
the disc.

Several theoretical formation mechanisms to explain the devel-
opment of substructure have been identified. These mechanisms
include the formation of pressure bumps at the inner edge of the
dead zone (Armitage et al. 2001; Varniere & Tagger 2006; Flock

et al. 2015; Flock et al. 2017; Roberts et al. 2025), spontaneous
dust ring formation due to the streaming instability (Youdin &
Goodman 2005; Ostertag & Flock 2025), differential radial drift
(Jiang & Ormel 2023), magnetic effects (Béthune et al. 2016;
Riols et al. 2020), thermal instabilities (Ueda et al. 2021; Sudar-
shan et al. 2026; Owen 2020), warps (Smallwood et al. 2024a,b),
and shadow-driven structures (Su & Bai 2024; Qian & Wu 2024,
Ziampras et al. 2025a; Zhang et al. 2025).

Another commonly proposed explanation is the presence of em-
bedded planets. They launch spiral waves due to a resonance be-
tween the planet’s gravitational potential and the epicyclic mo-
tion of the disc material (Goldreich & Tremaine 1979; Ogilvie &
Lubow 2002). For sufficiently high planetary masses or low disc
viscosities, the excited spiral waves steepen into shocks, clear-
ing material from the planet’s vicinity and thus opening a gap
(Goodman & Rafikov 2001; Rafikov 2002). Zhang et al. (2018);
Miranda & Rafikov (2020a); Zhang & Zhu (2020), and Ziampras
et al. (2020) show that a single non-migrating planet can open
multiple gaps and study the effects of radiative processes on gap
formation.

McNally et al. (2019) (hereafter Mc19) and later Wafflard-
Fernandez & Baruteau (2020) (hereafter WB20), who consid-
ered higher viscosities, investigated the migration of a single
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planet in an isothermal disc and discovered migration jumps,
referred to as ‘intermittent migration’. These jumps can create
dust ring and gap structures, which remain visible when plotting
the continuum emission at (sub)millimetre wavelengths. Mein-
ers et al. (2026) (hereafter M26) continued the analysis of mi-
gration, covering different aspect ratios and viscosities, and dis-
abling the gas self-gravity in all simulations. They also observed
intermittent migration jumps, further confirming their existence.
In general, planetary migration is highly dependent on the level
of turbulence within the disc, typically modelled as an effective
‘viscosity’ with an « parameter (Shakura & Sunyaev 1973). For
@ 2 1073, planets migrate in the classical type-I and type-II
regimes (Paardekooper et al. 2011; Kley & Nelson 2012), de-
pending on whether they can open a gap. Type-I migration is
driven by an interplay of Lindblad and corotation torques, re-
sulting in rapid migration. For an Earth-sized planet, this corre-
sponds to a migration timescale of 7,,;; ~ 10° yr (Kley & Nelson
2012).

If the planet opens a sufficiently deep gap and clears its corota-
tion region, only very few Lindblad modes act, which produces
a negligible net torque. Kley & Nelson (2012) suggest that the
planet is now coupled with the viscous evolution of the disc, as
the deep gap prevents material from entering the inner disc. On
the other hand, Diirmann & Kley (2015) found that the planet
only prevents gas from crossing the gap in its immediate vicin-
ity, challenging the idea that the planet is coupled to the viscous
evolution. This results in migration rates that differ significantly
from the viscous timescale. Furthermore, Scardoni et al. (2022)
show that a planet in the type-II regime might switch from in-
ward to outward migration, decoupled from the viscous evolu-
tion, but still migrating with a similar rate. Additionally, a planet
might undergo phases of very rapid migration, which are of-
ten labelled as type-III migration (Masset & Papaloizou 2003;
Rometsch et al. 2020).

In recent years, a number of studies have suggested that the
disc’s viscosity takes lower values, with a median around o ~
10~ (Villenave et al. 2022; Dullemond et al. 2018; Rosotti
2023), but its value remains a topic of discussion. We further
acknowledge that inferring viscosity values from observations
comes with limitations. Ziampras et al. (2025b) (hereafter Z25)
introduced new migration regimes in these nearly inviscid discs,
which emerge for planets in a certain mass range. Hence, migra-
tion is more diverse than previously thought.

As a continuation of Mc19 and M26 work, the goal of this paper
is to investigate the ability of a single planet to open multiple
gaps while including radiative processes on the disc. We tailor
our setups to model the outer disc, ensuring comparability with
ALMA observations. We further analyse the lifetime and appear-
ance of the created rings and gaps and assess the observability of
these structures.

In Sect. 2 we introduce our physical model and numerical frame-
work. We present our results in Sect. 3 and discuss them in
Sect. 4. We present our conclusions in Sect. 5.

2. Physics and numerics

In this section, we briefly describe the physical model and nu-
merical setup. We adopted our radiative cooling model from Zi-
ampras et al. (2023) and summarise it below.

2.1. Physical model

We modelled a vertically integrated disc around a central star.
The gas is assumed to be ideal with a surface density X, internal
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energy e, and velocity u. Its equations of motion are given by the
Navier—Stokes equations in cylindrical coordinates {R, ¢} with
the adiabatic index y:

oz

E+u~VZ=—ZV'u, (1)
ou -

25+ Tw- V= -VP-Tg+V.7, )
oz T-T

a_ze +V- (Sew) = —PY -u — ey —L0 . 3)

Here, & denotes the viscous stress tensor and P = (y — 1)Xe
denotes the vertically integrated pressure. The isothermal sound
speed is given by ¢; = VP/X = /RT/u, with the mean molecu-
lar mass u = 2.35. We define a pressure scale height H = ¢4/,
with a Keplerian frequency Qg = +/GM../R3. The aspect ratio
is given by h = H/R, where R is the radial distance to the central
star. The viscosity follows the model from Shakura & Sunyaev
(1973), with v = acsH. We define the vorticity w = V X u and
the inverse vortensity (V) of the gas as

)y
Iv=—.
w

“
We used this quantity to confirm the existence of small vortices
in the disc, which present as local maxima. We used the inverse
vortensity, since it scales with the coorbital mass deficit, which
is related to intermittent migration, scales with 7V (Masset &
Papaloizou 2003; Wafflard-Fernandez & Baruteau 2020).

We did not include viscous heating because the paper focuses
on planets predominately in the outer regions of the disc. Fol-
lowing Ziampras et al. (2023) and Miranda & Rafikov (2020a),
we defined cooling timescales for radiative loss from the surface
(hereafter surface cooling), cooling of the mid-plane through
radial radiative diffusion (now mid-plane cooling), and flux-
limited diffusion (FLD). Estimating a cooling timescale using
teool ~ €/é (Ziampras et al. 2020) results in a dimensionless cool-
ing timescale for surface cooling,

¢ Tt 3r V31
surf = —— Qk,  Qcool = 20— Tef = — +—+—,
Prart |Qcooll K : sB Teff ft 8 4 41
(5)

where osg denotes the Boltzmann constant and the effective op-
tical depth 7.¢ follows Hubeny (1990). Defining a timescale for
mid-plane cooling is more difficult since the diffusion length /4
is not constant. Miranda & Rafikov 2020a show that if we ther-
mally perturb the disc, we can approximate the m-th azimuthal
Fourier component of this perturbation. Combining this approx-
imation with the assumption that the dominant diffusion length
14 is on the order of H (Ziampras et al. 2023) results in

Qx 1
Bmia = El (H2 + glrzad)~ (6)
We define /g = 1/(xp), with the opacity given by x. Combining
Eq. 5 and Eq. 6 produces a S-cooling description of FLD:

2
= lon el _TP %
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We assume that Tr = 7p, where 7y is the Rosseland mean op-
tical depth and 7p is the Planck mean optical depth. In contrast

PBra =
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to a full radiative description, B4 cools the disc only locally. Zi-
ampras et al. (2023) show that Sgq can substitute full FLD with
respect to the cooling time in shock-driven gap opening, but it
cannot reproduce all migration-related effects of FLD (Ziampras
et al. 2024). With this, we define three different equations of
state, adjusting the complexity of them step-wise:

1. Locally isothermal: there is no compressive heating and the
disc is in thermal equilibrium. The temperature is given by
a balance between irradiation and surface cooling following
Menou & Goodman (2004):

R \37 R \27
®)

With ¢ oc VT, the pressure is directly linked to the surface
density.

2. Constant 8 = 1: the system exponentially cools back to the
steady-state temperature profile given by Eq. 8 and is only
heated by shocks, as in Eq. (3).

3. Adaptive B: the cooling timescale instead follows a density-
, temperature-, and opacity-dependent formulation through
Egs. (5)—(7). This represents an accurate model of 8 follow-
ing Miranda & Rafikov (2020a); Ziampras et al. (2023); Zi-
ampras et al. (2026). Figure 1 shows Sgq over the disc extent
for our setup at r = O kyr.

We set 8 = 1 for the constant 8-cooling simulation, since it trans-
lates to strong radiative damping of planetary wakes and there-
fore to a single-gap configuration (Miranda & Rafikov 2020b;
Ziampras et al. 2023; Zhang et al. 2024). This minimises the risk
of secondary gaps produced by the planet (Zhang et al. 2018) af-
fecting its inward migration track, but does not necessarily elimi-
nate it (e.g. Lega et al. 2021; Wafflard-Fernandez & Lesur 2025).
As shown by Ziampras et al. (2024), radiative processes can
modify the local vortensity @ through baroclinic forcing S:

ow VEXVP P (8S0T 04T
5 o VIw = =

¥3 TR \AR ¢y ¢ aR) =50
Specifically, a parcel of gas approaching the planet within the
horseshoe region gains (loses) vortensity as it U-turns behind
(ahead of) the planet. Cooling results in an asymmetry between
the two sides and typically leads to vortensity growth within the
planet’s horseshoe region, with the effect maximised for g ~ 1.
This can substantially influence the planet’s migration, as we
discuss in the following. We note that using Bnig as a substi-
tute for in-plane diffusion can exaggerate this effect (Ziampras
et al. 2024), however, we chose to use this approach due to the
prohibitive computational costs of a fully radiative model.

2.2. Numerical setup

We used the hydrodynamic code FARGOCPT (Rometsch et al.
2024), a successor of Fargo (Masset 2000), to create a verti-
cally integrated, cylindrically symmetric (R, ¢) disc extending
from 5-500 au. We analysed the data using python. We set the
grids resolution to 16 cells per scale height at 50 au in radial and
azimuthal directions. This corresponds to 1230 x 1676 approx-
imately square cells, logarithmically spaced in the radial direc-
tion. The inner and outer boundaries are set to outflow, both with

damping zones in front of them. These damping zones range
from 5-6 au and 425-500 au, respectively, damping the values
exponentially on a timescale of 107! 27/Qg evaluated at the
boundary. We tested different configurations of boundary con-
ditions, damping zones, and exponential cut-off beforehand. The
chosen setup prevented any pile-ups at the inner boundary and
reflections of density waves at the outer boundary. We set the
initial surface density to

-1

T=10 ) Co(r).

|

. 10
cm? \50au (19)
An outer surface-density profile cut-off is given by C,(r), imple-
mented starting at 350 au:

-1
C, = (1 + exp(w)) : (11)

WoC
Here, roc = 350 au is the cut-off point and w,c = 35 au the cut-
off width. The total disc mass between 5-500 au is ~ 0.12 M.
We disabled gas self-gravity, since the Toomre parameter Q =

% > 1 over the entire disc. We used a turbulent a-value of @ =

10~ for our viscosity. The disc aspect ratio follows Eq. (8). The
central star has solar parameters, and the grid frame is centred on
the star. All disc parameters fall within the range characteristic
of DSHARRP discs, except for the radial extent (Dullemond et al.
2018; Huang et al. 2018; Zhang et al. 2025). We set the planet
mass M, = 100 Mg. We define the thermal mass as

h3
My = 2?"M*, (12)
and the feedback mass as
0\
M; ~ 3.8(2) My, (13)

If My ~ My, the planetary wakes steepen into shock waves im-
mediately after launch, while a planet with M, ~ M; has the
minimal mass required to significantly modify its surroundings.
Mc19 and Z25 define different migration regimes based on the
ratios of My, to My, and M, to M;. In this paper M, ~ 2 My, and
~ 3.4 M;. We placed the planet at R, = 50 au and allowed it to
migrate immediately. The planet’s potential is given by

oMy d=R-R

NE+ 5 P
with a smoothing length s = eH and a smoothing parameter € =
0.6to account for the vertical stratification of the disc (Miiller &
Kley 2012). We let the system evolve for 530 kyr, corresponding
to 1500 orbits at R = 50 au.

The planet and star influence each other’s motion. Because we
fixed our frame onto the star, the frame is non-inertial, introduc-
ing additional forces. In FARGOCPT, these forces are accounted
for by the so-called indirect terms. We include the indirect ac-
celeration of the star due to the star—planet system orbiting their
common centre of mass. However, because we did not include
self-gravity in our simulations, we disabled the disc-disc indi-
rect term ‘ITdd’ described in Crida et al. (2025b) (i.e. the back-
reaction of the disc’s acceleration on the star onto the disc),
which would otherwise artificially enhance vortices and poten-
tially trigger the reflex instability (Crida et al. 2025a).

We also included dust in our simulation. In FARGOCPT, this is
achieved using Lagrangian super-particles with a particle den-
sity of 2.08 g/cm? following the DIANA standard model. They

®pop = - (14)
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Fig. 1: Dimensionless cooling timescale Bqq across the extend

of the disc at = Okyr. We also plot the approximations for the

optically thick and optically thin limit.

Table 1: Overview of the simulations considered in this study.

Name EOS M, [Mg]
iso isothermal 100
beta-01 B =0.01 100
beta B=1 100
beta-3 B=3 100
beta-7.5 B=15 100
adapt B = Pad 100
adapt-low-mass B = Pad 62

are split into three sets of 33000 particles with sizes aq fixed
at 3um, 30 um, and 0.3 mm. These sizes correspond to Stokes
numbers of St = 107, 1073, and 1072 at 50 au, respectively.
Their surface density profile follows the gas surface density
without the cut-off. The initial dust-to-gas ratio is 0.01, and the
total dust mass is therefore 0.0012 M, initialised with an MRN
((Mathis et al. 1977a)) size distribution such that Z4; o agf
(Mathis et al. 1977b). We did not include dust feedback onto the
gas.

Table 1 lists the simulations. We analyse the migration of
some simulations in detail in Sect. 3.2 and discuss their post-
processing in Sect. 3.3.

3. Results
3.1. Migration regimes

One aspect of the simulation analysis is the identification of the
planet’s migration regimes and their link to the feedback and
thermal masses My, My, (see Egs. (12) and (13)). Mc19 and Z25
demonstrated that in nearly inviscid discs, planets with masses
M; < My, < My, migrate in the turbulent vortex-assisted regime.
The planet opens a partial asymmetric gap that is deeper behind
the planet than ahead of it, resulting in a pronounced surface-
density gradient at the outer gap edge (see also Fig. 5 in Z25).
This configuration is eventually unstable to the Rossby wave in-
stability (RWI; Lovelace et al. 1999) and is further subject to
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baroclinic forcing via radiative processes that can significantly
modify the vortensity around the planet’s orbit (Ziampras et al.
2024, 2025b). The change in vortensity is directly linked to a
change in the surface-density profile, which produces additional
RWI vortices. These RWI vortices, whether driven by baroclinic
forcing or not, at the outer gap edge refill the gap and thus sus-
tain the outer Lindblad torques (Armitage & Kley 2019), driv-
ing inward migration. With a width of ~ 6-23% of the half-
width of the horseshoe region, these small vortices are often only
visible when inspecting the inverse vortensity (ZV) profile at
high resolution. They can also be identified by plotting the rela-
tive deviation from the azimuthally averaged inverse vortensity,

ITV/IV—1.We do not distinguish between two vortex-assisted
sub-regimes, one without cooling and one with cooling, but note
that when cooling is active, baroclinic forcing significantly alters
the regime.

As My, decreases while the planet migrates inwards, the planet
mass eventually becomes super-thermal and transitions into the
type-II regime, ultimately stalling its migration.

In addition, we observe intermittent migration, first introduced
by Mc19 (see also WB20; Z25; M26). Intermittent migration
can be described as brief episodes of type-III migration (Masset
& Papaloizou 2003), in which the dynamical co-rotation on the
planet (Paardekooper 2014),

LV 2 dR,
Fh = 27‘[(1 — Z_—(vp)EpRpthp (? —UR|),

becomes momentarily strongly negative due to a sharp contrast
between the 7V enclosed within the horseshoe region (ZVy)
and the local, approximately Keplerian, 7V (= ZQ]‘(l). This pro-
cess can be repeated several times. In the above equation, xy, de-
notes the half-width of the horseshoe region (Paardekooper et al.
2010), ug is the local radial velocity of the disc, and quantities
with a subscript ‘p’ are evaluated at the planet’s location.
Generally, intermittent migration can be further divided into the
following phases, which we illustrate using our fiducial model
iso (Fig. 2). In our models intermittent migration differs slightly
from those described in WB20, in particular, as we find that vor-
tex formation is triggered after a jump, more in line with the
description of M26.

(15)

a) First, due to gap opening by the planet, an 7V maximum
forms ahead of the planet (R < R,) and an 7V minimum
behind it (R > Rp).

b) The minimum and maximum migrate inwards together with
the planet. In this paper, the planet migrates in the vortex-
assisted regime.

¢) The planet’s migration is accelerated by small RWI vortices
at the outer gap edge. This acceleration enables the planet to
catch up with the 7V structures it has generated, which in
turn triggers a short episode of runaway migration. All ma-
terial in the 7V maximum ahead of the planet then enters
the horseshoe region, performs U-turns, and accelerates mi-
gration (see Eq. 15), breaking into small vortices during this
process.

d) This runaway phase ends when all material initially in the
TV maximum ahead of the planet has entered the horseshoe
region. After the jump, the planet’s semi-major axis fluctu-
ates for a short duration due to the small vortices created
during the jump.
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Fig. 2: Semi-major axis (a,) evolution of models iso, beta, and
adapt. Figure 6 shows the inverse vortensity at Ty and T,. The
dash-dotted lines indicate the different stages of the migration of
model iso. The plot is truncated at 350 kyr because the planet’s
semi-major axis does not change significantly thereafter.

3.2. Planetary migration

This section provides an evaluation of the migration behaviour
of each simulation listed in Tab. 1. We then analyse the post-
processed intensity profiles in Sect. 3.3.

3.2.1. Isothermal model

First, we analyse the simulation with the most simplified equa-
tion of state (EOS): iso. This simulation confirms the results of
M26, Mc19, and WB20 and serves as the fiducial model of this
paper.

Fig. 2 shows the evolution of the semi-major axis of the planet.
The planet starts its migration in the classical type-I regime for
a very short period of time, ~ 3 kyr, during which no significant
gap opens. It then transitions into the feedback regime and slows
down. Shortly after, the planet enters the vortex-assisted regime,
partially accelerating its migration again. Around ¢ ~ 81 kyr, the
planet undergoes a migration jump as described in Mc19. Af-
ter the jump, at R, =~ 26 au, the planet transitions to the type-II
regime, carving a substantially deeper gap as it becomes signif-
icantly super-thermal, with M, = 3.4 My, at this radial location
(Z25). Around ¢ = 320 kyr, the planet transitions to slow outward
migration.

The migration jump and the planet’s ability to open a gap create
pressure maxima and minima in the disc (Mc19, WB20), which
act as dust traps (Pinilla et al. 2012). The centre-left panel in
Fig. 3 shows the azimuthally averaged radial pressure gradient
for the model iso, where P is the vertically integrated pres-
sure. We observe three distinct pressure maxima (Rp,x = 60, 37,
and 20au) and four additional minima (R, = 48, 32, 25,
and 17 au). The planet-induced density variation causes a corre-
sponding change in pressure, shifting the pressure maxima to the
locations of the density maxima (Goldreich & Tremaine 1979;
Crida et al. 2006). Therefore, the pressure minima coincide with
the gaps carved by the planet. Here, the minima at R, ~ 32 and
25 au lie within the planet’s primary gap. The pressure maxima
coincide with the rings (Fig. 4).

isothermal

B=1

X[t,r1/2[0,r]

n(P) / din(r)

-10 £
10° 3 [ S
= . . : —— . . . -20

m 1.00

E |- 0.75

[E R SR SR
200 400

t [kyr]

400 0

0 200
t [kyr]

Fig. 3: Averaged surface density (top), azimuthally averaged val-
ues dIn(P)/dIn(r) (centre), and standard deviation of X in the
azimuthal direction, normalised to show asymmetries in Z (bot-
tom), for models iso (left) and beta (right) over the span of
the whole disc and the duration of the simulation. In the centre
panels, white regions at the transition from red to blue (towards
larger R) indicate local pressure maxima. Transition from blue to
red (towards larger R) indicate local pressure minima. Light pink
regions in the bottom panels indicate large-scale vortices. Val-
ues within the horseshoe region cannot be correctly plotted and
should be ignored. Dotted lines show the planet’s semi-major
axis. Vertical lines indicate the times at which we plot the con-
volved intensity profile in Fig. 14.

As seen in M26, large scale vortices form but have a very short
lifetime. Fig. 5 illustrates their appearance in the 7V profile. We
detect three large-scale (~ 8 au radial extend) vortices, which ap-
pear as local maxima in the 7V profile. Over the next 10 kyr,
these three vortices merge into a single vortex, which dissi-
pates after 100 kyr (Fig. 3). We observe an additional large-scale
vortex created after the migration jump between 40-30au, at
R ~ 37 au, with a lifetime of ~90 kyr. Both vortices are fully de-
coupled from the planet. They eventually smear out azimuthally,
forming rings of low vortensity and, importantly, preserving the
underlying pressure maxima.

The gap at R ~ 48 au is carved by the planet during its slow in-
ward migration up to ¢ ~ 81 kyr. Even after the migration jump,
the initial primary gap and resulting pressure profile dissipate
slowly due to the low viscosity and remain visible in the gas sur-
face density profile at t = 500 kyr. Figures 3 and 4 additionally
show that the planet carves a secondary gap at R.x = 17 au. This
gap is created by shocks from the secondary and tertiary spirals
launched by the planet (Bae & Zhu 2018a,b) and has been ob-
served by Zhang et al. (2024) and M26.

While the gas surface-density profile and dust-particle distribu-
tion share the same features, these features appear amplified in
the dust (Fig. 4). This includes material at the co-orbital La-
grange point L5, which is not visible in the gas surface-density
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Fig. 5: Normalized inverse vortensity of model iso at ¢ ~ 14 kyr.
The quantity 7V, denotes the initial inverse vortensity of the
disc. Three large-scale vortices are visible around R = 60 au.
The white cross marks the planet’s location.

profile. We further observe that the outer ring is predominantly
composed of faster-drifting 0.3 mm-sized particles that are not
located within the gaps, whereas smaller particles follow the gas
across pressure maxima (Weidenschilling 1977; Nakagawa et al.
1986; Zhang et al. 2018).

3.2.2. Constant 8

We now introduce cooling with a constant cooling timescale
B = 1. Fig. 2 shows the semi-major axis evolution of model
beta. The planet starts carving a gap, producing the same 7V
minima and maxima structures as in model iso. In addition to
the Rossby-wave unstable partial gap, cooling drives significant
baroclinic forcing at the gap edges (Z225). The asymmetric baro-
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Fig. 6: Small-scale vortices at the outer horseshoe edge of model
iso (left) and model beta (centre) during migration in the
vortex-assisted regimes. Right: Baroclinic forcing (in cgs units)
of model beta in the vicinity of the planet. The quantity 7V,
denotes the initial inverse vortensity of the disc. Without baro-
clinic forcing, they appear as maxima in the 7V profile around
R ~ 44.5 au. With baroclinic forcing, we observe ‘ribbons’ of
high and low 7V, where high-7V material breaks into vortices
around R = 46.5 au. These structures are indicated by dotted
lines. We also observe an asymmetry in the baroclinic forcing
term. The white and black crosses marks the planet’s position.
Bottom: Averaged 7V profiles at the same points in time.

clinic forcing profile produces three ribbons of high and low 7V
at the outer horseshoe edge, shown in the right panel of Fig. 6,
as opposed to model iso (left panel of the same figure). Fur-
ther analysis (see also Appendix B) shows that these ribbons are
created by gas outside the horseshoe orbit interacting with the
planetary shocks. Figure 7 shows a schematic sketch of the con-
tribution term 0X/AR - 0T /0¢ of the baroclinic forcing term S
(Eq. (9)) in the red-outlined area. The planet accumulates mass
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Fig. 7: Schematic illustration explaining the baroclinic forcing
contribution which creates the ‘ribbon’ of high 7V in model
beta, as shown in Fig. 6. Its shows the planet (dark blue dot),
the orbiting material in the horseshoe region (purple), the spirals
created by the planet (pink), and the unbound material (green).
The red-outlined areas highlight the regions of negative baro-
clinic forcing.

around its Hill sphere, which determines 9%/9R. Meanwhile, un-
bound gas outside the horseshoe orbits is heated by the planetary
shock and subsequently cools, determining 07 /d¢. Combining
both terms results in a negative baroclinic forcing contribution,
which produces the low vortensity ribbon in model beta. For
an isothermal EQOS, 0T /d¢ = 0, setting this baroclinic forcing
contribution to 0. The baroclinic forcing acts as a very efficient
vortensity ‘sink’, to the point that the gradient relative to the
background becomes large enough for the flow to quickly break
into vortices. These vortices refill the outer gap faster than those
seen in the iso model. Additionally, the term dX/0¢ - 0T /OR in
the baroclinic forcing drives vortensity inside the horseshoe re-
gion and thus contributes to inward migration, as in Ziampras
et al. (2024). This is further discussed in Appendix B.

The planet migrates in the vortex-assisted regime and undergoes
its first intermittent migration jump at r ~ 46 kyr. At this time, the
planet is located at R, = 40 au, the same radius at which model
iso enters the intermittent migration. In both simulations, the
planet ends the migration jump at R, ~ 30 au. Whether and when
the planet undergoes a jump is determined by its ability to catch
up with its own gap structure. The structure of the gaps depends
on the shock distance, which is proportional to ¢; (Goodman &
Rafikov 2001). Miranda & Rafikov (2020b) determined an ef-
fective ¢y, which is very close to the isothermal sound speed for
B = 1. Therefore, we expect that both planets open a similar gap,
which is confirmed by Fig. 8. Figures 4 and 5 in Ziampras et al.
(2026) also show that the angular-momentum deposited in the
gap is similar for isothermal and 8 = 1 simulations. Model beta
presents a shallower gap, because it was plotted at an earlier time
(TH >’T2)

The planet re-enters the vortex-assisted regime after the first
jump and carves a deeper gap than before the jump. The process
repeats: the planet modifies its surroundings to create a new IV
minimum and maximum around it, and the RWI vortices remain
strong enough to significantly refill the now deeper primary gap,
maintaining the inward migration. As a result, the planet under-
goes a second intermittent migration jump at ¢ = 82 kyr, covering
another 6.6 au in 4 kyr.

After the second jump, the planet reaches the type-II regime and
migrates outward slowly from R, ~ 18 au. Here, M;, = 4.49 My,,
and the planet mass is super-thermal, as expected (Ziampras
et al. 2025b). The planet’s primary gap depth decreases rapidly,
which is expected, since the primary gap opening is most effi-
cient for 8 = 1 (Miranda & Rafikov (2020b)).

N B BRI BLELELELES BLELELELE BUELELELE BLELELELE BUNLELELE B
—— isothermal, T=T; ]

— B=1,T=T,

2/%o

0.2 I B B IR IR S SR S B
25 30 35 40 45 50 55 60 65 70

R [au]
Fig. 8: Normalized, azimuthally averaged gas surface density
profile of models iso and beta at ¢+ = T; and T,. The dot in-
dicates the planet’s position.
80

60

40

y [au]
o
3 [g/cm?]

—-60

—-40 -20

Fig. 9: Surface density profile with dust for model beta at
t = 500kyr. The inset shows which colours correspond to the
respective particle sizes.

We observe that the pressure maxima created by the planet
at Rpax = 37au and Rp,x = 24 au begin to overlap around
t ~ 300kyr, since the gap edge at R = 24 au shifts towards
higher radii (Fig. 3). Therefore, the gas surface density and par-
ticle distribution in Fig. 9 show only the outermost and inner-
most rings (Rmax =~ 60 and 28 au) and gaps (Ryin = 47 au and
18 au), even though the planet undergoes two intermittent mi-
gration phases. Similar to model iso, the dust distribution shows
similar but more pronounced features compared to the gas sur-
face density, with larger grains populating the rings. No sec-
ondary gap is opened interior to the planet’s orbit, as expected
for g =1 (Fig. 3).

During the first jump, when the planet moves from 40 au down
to 30 au, a large vortex forms around R ~ 35au, with a life-
time of ~ 50 kyr, which is not coupled to the planet. The second
jump (the planet moves from 25 au to 18 au) generates two large-
scale vortices at R ® 24 au and R = 16 au. All three exhibit the
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Fig. 10: Normalized inverse vortensity profile and baroclinic
forcing S (in cgs units) in the horseshoe region of models beta
(left) and adapt (right) at = 10 kyr. Although both simulations
include cooling, model beta exhibits a significantly more asym-
metric baroclinic forcing term , which produces the characteris-
tic ribbons of high and low 7V, which break into vortices. The
more symmetric baroclinic forcing in adapt does not produce
this 7V structure. The white cross marks the planet’s position.

same JV structure as the vortex in Fig. 5 . While the vortex at
R ~ 16 au only has a lifetime of ~ 30 kyr, the vortex at R ~ 24 au
survives significantly longer, for 90 kyr. The latter may be peri-
odically perturbed by the planet, which delays its dissipation.

3.2.3. Adaptive 8

Next, we introduce an adaptive cooling timescale B4, the model
closest to the full radiative disc description. Fig. 2 shows the
semi-major axis evolution of model adapt. After opening a suf-
ficiently deep gap, the planet initially migrates in a type-I like
regime, with a starting value of Bgq ~ 0.15. The disc structure
changes, creating an 7V maximum ahead of the planet and a
minimum behind it.

After 10kyr, this changes, and the planet enters the vortex-
assisted regime with an asymmetric baroclinic forcing term.
Baroclinic forcing is much weaker than in the 8 = 1 case, with
only small, sometimes barely visible vortices in the IV pro-
file (Fig. 10). Additionally, the baroclinic forcing term becomes
asymmetric only once the planet has already opened a signifi-
cant gap. Both effects together result in slow migration, and the
planet does not catch up with the created 7V structures. Hence,
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Fig. 11: Semi-major axis (a,) evolution of models

adapt-low-mass and adapt.

the planet does not undergo a migration jump. We observe an ad-
ditional negative baroclinic forcing feature at R ~ 52 au in model
adapt, likely caused by the stronger temperature dependence of
Bha-

Att ~ 180kyr,R, ~ 41 au, the planet enters the type-II regime
but migrates outward. At this point, M, = 2.4My, and Sqq has an
approximate value of Szq4 =~ 0.146, which is close to the starting
value. We observe no large-scale vortices over the duration of
the simulation.

Although B4 varies across the disc, the planet halts its migration
in the transition between the optically thin and optically thick
disc regimes, where the dependence on X is weak (Fig. 1) and
does not trigger a runaway process. Even though the planet stalls
its migration, baroclinic forcing continues to increase in strength
due to the descending gap depth and the increasing steepness of
the gap edge. At t ~ 450kyr the small-scale vortices produced
by baroclinic forcing become strong enough to appear in the 7V
profile (Fig. 6, centre plot) and the planet could soon re-enter the
vortex-assisted regime. This is supported by the migration track,
which now no longer follows a smooth curve, but fluctuates.
Nevertheless, the planet did not undergo intermittent migration
in this simulation; consequently, only the primary and secondary
gaps carved by the planet are present. Since this work focuses
on planets that experience migration jumps and on their result-
ing structures, we reduced the planet mass from M, = 100 Mg
to M, = 62 Mg, corresponding to M, ~ 1.3My,. We name this
new simulation adapt-low-mass. While we expect the migra-
tion behaviour to change, we note that Bz4 does not depend on
the planet’s mass, enabling a fair comparison between the two
models.

3.2.4. Adaptive B with a lower-mass planet

Fig. 11 shows the semi-major axis evolution of model
adapt-low-mass. The simulation undergoes an intermittent
migration jump. As in model adapt, adapt-low-mass starts its
migration in the laminar regime and switches to vortex-assisted
migration after 15 kyr. Initially, small vortices at the outer gap
edge are only visible when plotting the deviation from the az-
imuthally averaged 7V profile, and later they also appear in the
IV profile, as seen in Fig. 6 (left panel). At later times, we ob-
serve the ribbons of high and low 7V ( Fig. 6, centre panel),
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Fig. 12: Averaged surface density (top), azimuthally averaged
values dIn(P)/dIn(r) (centre), and asymmetries in X (bottom) of
models adapt (left) and adapt-low-mass (right) over the span
of the whole disc and the duration of the simulation. Due to the
variable cooling timescale, a temperature spike forms in front
of the inner damping zone. This does not influence the planet’s
migration.

characteristic of strong baroclinic forcing. We conclude that the
planet is in the vortex-assisted regime, primarily driven by baro-
clinic forcing. These vortices accelerate the planet sufficiently
to trigger a migration jump around ¢ = 120 kyr, covering 7.5 au
in 9kyr. The planet reaches an equilibrium at R, ~ 24 au and
migrates in the type-II regime, with M, = 2.24My,. There, the
cooling timescale assumes a value of By = 0.28.

Unlike adapt, the planet migrated far enough into the opti-
cally thick regime of the disc, where B4 depends strongly on X
(Fig. 1). Hence, the planet enters a runaway process as described
in Sect. 3.1, reducing its surface density by a factor of 100 over
the next 300 kyr. Meanwhile, small vortices form at the outer gap
edge (as shown in Fig. 6, left panel), likely driven by a combina-
tion of the sharp radial vortensity contrast from gap opening and
baroclinic forcing, as in model adapt. However, since the gap
is continuously cleared, the planet remains in the type-II regime
until the end of the simulation.

The planet carves three gaps (Rnin ~ 45, 24, and 13 au) and three
rings (Rnax = 60, 33, and 18 au) consistent with the pressure
profile. The pressure maxima and minima associated with the
innermost gap and ring, caused by the planet’s secondary gap,
are significantly less pronounced (Fig. 12). Nevertheless, they
remain sharp enough to produce visible gaps in the averaged
surface density profile (Fig. 12) as well as in the dust particle
distribution (Fig. 13. The gas and dust distributions are consis-
tent with expectations (Fig. 13).

y [au]
3 [g/cm?]

—-60

—-40 -20

Fig. 13: Surface density profile with dust for model
adapt-low-mass at t = 500 kyr. The inset shows which colours
correspond to the respective particle sizes.

3.3. Radiative transfer images

To produce images similar to those obtained in the DSHARP sur-
vey, we modelled the evolution of dust grains alongside the gas,
as described in Sect. 2.2. We then binned the super-particles onto
a surface density grid using the python module coord2sigma
(Rometsch 2023). We calculated the observed intensity /, as
I,=(1-¢"™)B,. (16)
Here, B,(T) denotes the black-body intensity profile evaluated
at the gas temperature T'g,;. We used the DIANA standard opaci-
ties for each dust species, computed with optool (Dominik et al.
2021) at A ~ 1.25 mm, the wavelength used by the DSHARP sur-
vey and ALMA Band 6. We then interpolated the intensity heat
map I,(R, $) onto a Cartesian grid and convolved with a Gaus-
sian kernel. We assumed a distance of 100 pc and an inclination
of 0° for the discs and adopted the configuration used for Elias
20 in DSHARP, with a beam of angular size 8, = 32 x 23 mas
and a position angle of PA, = 76° (Andrews et al. 2018). This
produces observation-like images for model iso, beta, adapt,
and adapt-low-mass (Fig. 14).

Model iso displays several ring and gap features over the dura-
tion of the simulation. We also observe material at the co-orbital
Lagrange points, which is cleared over time (as also seen in Ro-
denkirch et al. 2021). A small remainder of the dust at the L5 La-
grange point remains visible at 500 kyr. The planet’s continuous
gap opening and dust drift causes the rings at R =~ 37 and 20 au
to become brighter as the simulation evolves from ¢ = 200 kyr
to ¢ = 500 kyr. Comparing the convolved intensity profile with
the dust distribution in Fig. 4, the gaps are deeper and more
pronounced in the dust picture. Nevertheless, all structures are
present in both distributions.

Compared to model iso, the planet in model beta undergoes
two migration jumps instead of one. Fig. 3 shows that some pres-
sure maxima merge over the duration of the simulation due to the
shift of the gap edge at R ~ 24 au. As shown in Fig. 9, this in-
fluences the dust particle distribution. Figure 14 also shows the
merging of the inner ring and the gap structure, leaving only two
distinct gaps at t = 500 kyr. We additionally observe that the gap
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Fig. 14: Intensity /, of model iso, beta, adapt and adapt-low-mass, convolved with a Gaussian beam at r = 200, 300, 400, and
500 kyr. The white ellipse represents the beam, and the white cross indicates the planet’s position.

at the planet’s final location is almost cleared at # = 200 kyr, with  respectively. Consistent with the other simulations, a substantial
very little material remaining at the co-orbital Lagrange points. accumulation of material is present at the co-orbital Lagrange
The planet does not open a secondary gap, as expected for 8 =1  points, which is progressively cleared by ¢ = 500 kyr.

(Miranda & Rafikov 2020b; Ziampras et al. 2023; Zhang et al.  pe intensity profile of adapt-low-mass shows three rings and

2024). gaps: the two outermost ones are created by the migration jump,
The planet in model adapt does not undergo a migration jump; while the innermost structures are produced by the planet’s sec-
hence, the convolved intensity profiles show only the primary ondary gap. The outer two rings remain visible in the inten-
and secondary gap around the planet and interior to its orbit, sity profile from their formation until the end of the simulation,

Article number, page 10 of 15



K. M. Weiskopf, S. C. Meiners, A. Ziampras and C. P. Dullemond: Radiative discs and observational signatures

400 kyr later. The innermost ring and gap only become distin-
guishable at + = 300kyr, over 100 kyr after the planet enters
the stalling regime. Although the surface density of the primary
gap is drastically reduced (in part due to cooling, e.g. Miranda
& Rafikov 2020b), this does not apply to the planet’s secondary
gap. Unlike in models iso and beta, there are no large vortices,
but model adapt-low-mass still creates pressure maxima. Ad-
ditionally, the gap at the planet’s final location (R, ~ 24 au)
still contains some dust at the co-orbital Lagrange points up to
t = 350 kyr, although its surface density decreases rapidly over
time. This is due to dust drift. Comparing the particle distribu-
tion in Fig. 13 with the intensity profile in Fig. 14, the planet’s
secondary gap is less visible, while asymmetries in the ring at
Riax = 18 au become more apparent.

This analysis shows that all three simulations that undergo a mi-
gration jump produce observable dust structures, which remain
visible over the full duration of the simulations. This suggests
that we may be able to explain the dynamical history of some
planetary systems that show similar structures to those in our
simulations.

We note that the ‘noise’ in the synthetic observations arises
from the binned particle distribution in the simulation output
and is unrelated to instrument noise (which would be negligible
on this scale). For the same reason, we caution that apparent
asymmetries within rings should not be interpreted as actual
non-axisymmetric features.

We find that planets in simulations with an isothermal EOS,
constant 8-cooling, or Baq can experience one or several migra-
tion jumps. These jumps create pressure maxima and minima
in the disc, which act as dust traps that translate into visible
rings and gaps in the intensity profile. Most of them remain
visible at + = 500kyr. We changed the planet mass in model
adapt, because the planet with M, = 100 Mg did not undergo
an intermittent migration jump.

4. Discussion

In this section we evaluate our results and their implications. We
discuss the limitations of our method and possible ways to im-
prove it.

4.1. Planet migration

We observe that regardless of the chosen EOS, the planet mi-
grates in the vortex-assisted regime and may undergo one or
several migration jumps. At its initial radial location, the planet
has a mass of M, ~ 2 My, in models iso, beta, and adapt
and M, ~ 1.3 My in model adapt-low-mass. Since model
adapt did not experience a migration jump, while models beta
and adapt-low-mass did, we infer that the transition between
the intermittent and type-II migration regimes depends on both
planet mass and the local cooling timescale. This implies that
modelling observed substructures in the context of migrating
planets should be carried out carefully, including a prescription
for cooling.

We also carried out models with 8 values of 0.01,3, and 7.5,
whose migration tracks are shown in Appendix A. The simula-
tions with 8 = 0.01 and 3 also undergo intermittent migration
when they reach the same radial location as iso and beta. This
is most likely related to these models having comparable gap
structures, due to the similar angular momentum flux profiles for

B =1 and 3 (Ziampras et al. 2026). The simulation with 8 = 7.5
does not experience any jumps and has a significantly different
gap structure. This suggests that planets that open similar gap
structures, regardless of the cooling timescale, undergo a jump
at similar radii.

Nevertheless, we note that Bzq only cools locally. The full inclu-
sion of FLD may be relevant, for example because Sgq overes-
timates the vortensity growth rate (Ziampras et al. 2024). This
should be further investigated in future work.

4.2. Lifetime of radial structures

Most of the created dust structures remain visible in the intensity
image at t = 500kyr. Our isothermal simulation confirms the
results of WB20, Mc19, and M26. As M26 point out in their
analysis of different viscosity levels, long-lasting structures are
only present for @ < 1074,

WB20 propose that the lifetime of these structures depends on
the time spent in slow migration before or between jumps. To
validate this statement in radiative discs, we additionally eval-
uated the simulations presented in Appendix A. Comparing the
pressure maxima, minima, and surface density profiles, we find
a clear correlation between the lifetimes of the structures and the
duration of slow migration (vortex-assisted migration in this pa-
per), in line with WB20. We find no direct correlation between
the cooling timescale and the dissipation of pressure maxima
(although we do identify an indirect connection, since the cool-
ing timescale influences the planets’ migration and number of
jumps). This is expected because the lifetime of these structures
is tied to the diffusion (i.e. viscous) timescale, which does not
depend on the cooling timescale.

4.3. Vortex lifetimes

We observe large-scale vortices (~3-5au in radial width)
in models iso and beta, but not in models adapt or
adapt-low-mass. They are decoupled from the planet, do not
influence its migration, and persist for an average of 120kyr in
mode iso and 55 kyr in model beta. This is short compared to
the disc’s lifetime and the simulation runtime (consistent with
Rometsch et al. 2021; Rafikov & Cimerman 2023). Thus, dust
asymmetries caused by vortices are expected to be less com-
monly observed than ring-like structures. Additionally, they are
only created in simulation with less realistic heating and cooling
implementations.

An additional comparison of vortex lifetimes across the different
simulation (including Appendix A) reveals that vortices survive
only marginally longer for § = 0.01 than for § = 1, and no
vortices are created if 8 > 1. This partially agrees with Rometsch
et al. (2021), which finds the shortest vortex lifetimes for 8 = 1
and longer lifetimes for 8 < 1 than for 8 > 1. The planet mass
used in both studies differs significantly, since Rometsch et al.
(2021) used a Jupiter-mass planet. This may explain parts of the
discrepancy.

We also observe that the locations of the large-scale vortices
coincide with the created pressure maxima in models iso and
beta. In model adapt-low-mass, the pressure maxima still ap-
pear but are considerably weaker, without any pre-existing large-
scale vortices. Furthermore, the lifetime of the vortices does not
determine the visibility and dissipation of the dust structures.
Therefore, contrary to the results of M26, for discs with more
realistic cooling timescales, pressure maxima are not strictly tied
to large-scale vortices.
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HD 143006

Fig. 15: Comparison of the convolved intensity image of model
iso at t=300kyr (left), placed at a distance of 100 pc, and
HD 143006 (right). The image of HD 143006 is taken from An-
drews et al. (2018). Both images include the 10 au scale bar.

4.4. Comparison to HD 143006

We find that the inner disc of model iso resembles the obser-
vations of HD 143006 (Andrews et al. 2018) reasonably well
(Fig. 15). Both present an asymmetry, which in the case of model
iso is created by material at the LS Lagrange point, in addition
to two rings in continuum emission. When omitting the outer
disc of model iso and comparing the inner discs, they qualita-
tively resemble each other (i.e. our model uses a smaller beam,
and the colour scale differs between the two panels). However, a
locally isothermal model is far from realistic for modelling mi-
gration jumps in real discs (see the discussion in Sects. 3.2.2 on-
wards), and the ring expected to exist exterior to the planet’s ini-
tial location (at R = 60 au) is missing. Hence, we caution against
over-interpreting our results in the context of this system.

5. Conclusions

This paper demonstrates that one single migrating planet can
produce several visible dust rings and gaps for different EOS.
These structures remain visible for at least 300-400 kyr after
their formation and likely persist for several hundred thousand
years longer, a sizeable fraction of the median disc lifetime (Ar-
mitage 2020). Therefore, we can potentially explain the dynam-
ical history of observed discs that show similar structures. We
also confirm that the lifetimes of the produced dust structures
depend on the time spent in slow migration before or between
migration jumps (as in WB20), even in radiative discs.

We also see that cooling substantially affects the migration be-
haviour of a planet. The resulting asymmetric baroclinic forc-
ing is an additional source of vortensity in the horseshoe region,
which may accelerate migration if the planet has not yet opened
a deep gap, as seen in models beta and adapt. The time re-
quired for a planet to clear its gap at its final location strongly
depends on whether it has migrated far enough into the optically
thick part of the disc, where cooling can assist in the gap-opening
process (see Z25).

Some simulations showed large-scale vortices, always tied to the
JV maxima. With an average vortex lifetime of only ~ 90 kyr
in our models, we should not expect protoplanetary discs with
asymmetries caused by them to be as common as those without,
if they are related to gap-opening planets. They also do not ap-
pear in the simulations with the most realistic cooling prescrip-
tion, likely due to their faster dissipation due to cooling (e.g.
Fung & Ono 2021; Rometsch et al. 2021). This does not include
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asymmetries created by other mechanisms, such as material left
at the Lagrange point, which is observed in all simulations.

Our results indicate that migrating planets could be the origin
of some of the substructure observed in millimetre emission
with ALMA and highlight the importance of including a realis-
tic cooling prescription when modelling this behaviour. As such,
care should be taken when modelling and interpreting such struc-
tures. Differentiating between observable signatures of migrat-
ing or non-migrating planets, or of other origins, is beyond the
scope of this paper but could be the focus of further work.
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Appendix A: Migration tracks of different g-cooling
simulations

— B=0.01 1
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Fig. A.1: Semi-major axis evolution of model beta compared to
simulations with 8 = 0.01, 3 and 7.5.

Figure A.1 displays the semi-major axis evolution of simulations
with different constant S-cooling timescales, compared to model
beta. We ran these additional models to further analyse the ra-
dius, where the planet undergoes its first migration jump as well
as the vortex and dust structure lifetimes as a function of the
cooling timescale for our analysis in Sects. 4.1 and 4.3. We ob-
serve that the planet in the simulations with 8 = 0.01 and 3 un-
dergoes one migration jump at the same radius as model beta.
Unsurprisingly, the simulation with § = 0.01 is very similar to
our isothermal model. On the other hand, the planet in the simu-
lation with 8 = 7.5 does not undergo a migration jump, since the
vortices did not accelerate the planet’s migration sufficiently for
it to catch up with its own gap.

Appendix B: Baroclinic forcing and low-vortensity
ribbons

In Sect. 3.2.2 we discussed the mechanism behind the formation
of a high-7V (i.e. low-vortensity) ribbon exterior to the planet’s
orbit, notably outside of the planet’s horseshoe region. As men-
tioned in the main text, this ribbon is the product of significant
baroclinic forcing as gas interacts with the shock front at ¢ = ¢,
before shearing past the planet. This suggests that there should
be a clear dependence of this forcing term on the temperature
gradient across the shock 07'/0¢, and, therefore, on the cooling
timescale.

To investigate this, we ran a set of five models using the
PLUTO code (Mignone et al. 2007, 2012), mirroring the setup in
Sect. 3.2.2 but using a lower resolution of Ng X Ny = 256 X 768
and holding the planet fixed at 50au for 10 orbits. Each of
these five models uses a different cooling prescription: locally
isothermal (8 = 0), cooling with 8 € [0.1, 1, 10], and adiabatic
(8 — o0). We then compute the individual components of the
baroclinic forcing term at ¢ = 10 planetary orbits as in Eq. (9):

P 9%OT
" TRX3 3R 0¢’

P 0zaT
== B.1
! S = e 3¢ OR’ (B.1)
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with § = S| + S;. The results are shown in Fig. B.1, which il-
lustrates that this baroclinic forcing does indeed depend strongly
on the prescribed cooling timescale. In particular, we find that
the forcing responsible for the high-7V ribbons (identified by
green patches close to the planet in the bottom row, as in Fig. 9)
peaks for 8 ~ 1 (at least among the values tested), in line with
the discussion in Sect. 3.2.2.

By plotting the individual components of S, we can identify that
this ribbon is indeed driven by term S; (top row) and is mostly
sensitive to 0T /d¢ (see also Fig. 7). Since 9T /d¢ = 0 in our
locally isothermal models, this term is completely absent there,
hence the lack of a high-7V ribbon in the model discussed in
Sect. 3.2.1. We can further note that the term S, (middle row)
peaks within the horseshoe region (here marked approximately
by black dashed curves), not contributing to this behaviour. In-
stead, these peaks are related to the mechanism described in Zi-
ampras et al. (2024), driving vortensity growth within the horse-
shoe region and contributing to a negative dynamical corota-
tion torque in addition to the vortex-assisted refilling of the gap
described in the main text. Ultimately, both processes operate
in tandem to accelerate migration inwards, explaining the more
vigorous “jumping” that the planet experiences in model beta.
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Fig. B.1: Different components of the baroclinic forcing term as in Eqs. (9) & (B.1) for our PLUTO models with different cooling
prescriptions. Dashed curves follow the edges of the horseshoe region, with the planet at the centre of each panel. We can identify
the vortensity sourcing within the horseshoe region as in Ziampras et al. (2024) (purple patches at R =~ R;,) as well as the vortensity
sinks associated with the high-ZV ribbons in Fig. 6 for 8 ~ 1 (green patches at ¢ ~ ¢p,).
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