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ABSTRACT

We investigate the pebble isolation mass (PIM) for a planet on a fixed eccentric orbit in its protoplanetary disc by conducting
a set of two-dimensional (2D) hydrodynamical simulations, including dust turbulent diffusion. A range of planet eccentricities
up to e = 0.2 is adopted. Our simulations also cover a range of «-turbulent viscosities, and for each pair {«, e} the PIM is
estimated as the minimum planet mass in our simulations such that solids with a Stokes number 2>0.05 do not flow across the
planet orbit and remain trapped around a pressure bump outside the planet gap. For « < 1073, we find that eccentric planets
reach a well-defined PIM, which can be smaller than for planets on circular orbits when the eccentricity remains smaller than
the disc’s aspect ratio. We provide a fitting formula for how the PIM depends on the planet’s eccentricity. However, for o >
1073, eccentric planets cannot fully stall the pebbles flow and, thus, do not reach a well-defined PIM. Our results suggest that
the maximum mass reached by rocky cores should exhibit a dichotomy depending on the disc’s turbulent viscosity. While being
limited to O(10 Mg) in low-viscosity discs, this maximum mass could reach much larger values in discs with a high turbulent
viscosity in the planet vicinity. Our results further highlight that pebble filtering by growing planets might not be as effective as

previously thought, especially in high-viscosity discs, with important implications to protoplanetary discs observations.

Key words: accretion —planet—disc interactions — protoplanetary discs.

1 INTRODUCTION

Planets beyond a few Earth masses can generate a partial gap around
their orbit in the disc of gas and dust in which they form. Depending
on the disc’s temperature and turbulent viscosity, a pressure bump can
build up at the outer edge of this gap (e.g. Crida, Morbidelli & Masset
2006; Paardekooper & Mellema 2006; Duffell 2015). Several studies
have shown that for a planet on a circular orbit, this pressure bump can
act as a barrier against the radial drift of solids marginally coupled to
the disc gas, thereby halting their accretion on the planet (Morbidelli
& Nesvorny 2012; Lambrechts & Johansen 2014; Lambrechts,
Johansen & Morbidelli 2014; Brasser, Bitsch & Matsumura 2017;
Ataiee et al. 2018; Bitsch et al. 2018). Such solids have a size
comparable to that of pebbles, and the critical mass that a planet
needs to reach before it gets completely isolated from surrounding
pebbles in the disc is called the pebble isolation mass (PIM).

Since the PIM depends on the effective trapping of pebbles around
a pressure bump outside the planet orbit, previous studies have
examined its dependence on the aspect ratio / and the a-turbulent
viscosity of the disc gas, as well as on the Stokes number (St) of
the solids. The effect of the planet’s eccentricity (e) on the PIM has
not been previously addressed, which is yet of importance for planet
formation and evolution models (Levison, Kretke & Duncan 2015;
Bitsch et al. 2019; Lambrechts et al. 2019; Bitsch, Trifonov & Izidoro
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2020; Izidoro et al. 2021; Matsumura, Brasser & Ida 2021). It also
has a strong observational motivation. While the mass distribution of
planets in observed close-in planetary systems could be accounted
for by the disc’s thermal mass (Wu 2019) or the PIM (Bitsch 2019),
most of these planets actually have slightly eccentric orbits (Lissauer
et al. 2011; Mayor et al. 2011; Fang & Margot 2012; Johansen et al.
2012; Xie et al. 2016; Zhu et al. 2018), which naturally leads to
wonder whether and how the PIM differs for eccentric planets. For
a protoplanetary core on an eccentric orbit, Liu & Ormel (2018)
found that the pebble accretion efficiency first increases with e once
e becomes of the order of the absolute value of the dimensionless
radial pressure gradient || = (h>/2)|dlog P/dlog r|. However, when
e exceeds a few per cent, typically, that is of order A, the high relative
velocity between the planet and pebbles precludes pebble accretion,
whose efficiency drops quickly.

Although previous studies have shown that the eccentricity of
a planet can be dampened by the interactions with the gas disc
(Cresswell & Nelson 2008; Bitsch & Kley 2010), several mechanisms
can grow and maintain a substantial level of eccentricity for planets
that are still embedded in their protoplanetary disc. Before they reach
their PIM, low-mass accreting planets can acquire an eccentricity
comparable to the disc’s aspect ratio if their luminosity (which
results from the heat release due to solids accretion) exceeds a critical
value (Chrenko, Broz & Lambrechts 2017; Eklund & Masset 2017,
Fromenteau & Masset 2019; Romero, Masset & Teyssier 2022).
Eccentricity growth can also arise from gravitational interactions
with another planet companion, and a large range of eccentricities can
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be obtained depending on the planets mass, their mutual separation,
and the disc’s physical properties like its density and temperature
(see, e.g. Kley, Peitz & Bryden 2004 and Pierens & Nelson 2008 for
resonant interactions in different regimes of planet masses). While
giant planets on circular orbits have a mass largely beyond the PIM,
this might not be the case, as we will see, when such planets are on
eccentric orbits. Single massive planets, typically above a Jupiter
mass, can experience eccentricity growth due to the dominance
of eccentric resonances in the disc—planet interaction, particularly
when the planet is in a low-density environment like a gas cavity
(e.g. Papaloizou, Nelson & Masset 2001; D’ Angelo, Lubow & Bate
2006; Kley & Dirksen 2006; Bitsch et al. 2013; Debras, Baruteau &
Donati 2021). For instance, the simulation of Baruteau et al. (2021)
shows that a 2 Jupiter mass planet around a two solar-mass star can
reach and maintain an eccentricity ~0.25 after migrating into a low-
density gas cavity in a few Myr (see their fig. 1). Moreover, planets’
eccentricity can be grown and maintained via the interaction between
the planet and a distant vortex, as shown in Chametla & Chrenko
(submitted).

With all this in mind, we revisit in this study the PIM in a proto-
planetary disc by considering planets with eccentricities between 0
and 0.2, using a disc model very similar to that of Ataiee et al. (2018),
who studied the PIM in two-dimensional (2D) hydrodynamical
simulations, including solid particles for planets on circular orbits.
The planet’s eccentricity is fixed in a given simulation, and we
do not assume one particular mechanism behind the growth and
maintenance of the eccentricity. The paper is organized as follows:
In Section 2, we present the physical model and numerical setup used
in our 2D gas and dust hydrodynamical simulations. In Section 3, we
present a brief summary of the results of two previous studies on the
isolation mass for planets on circular orbits. We present our results
in Section 4, followed by Section 5, in which we introduce a fitting
formula for the PIM of eccentric planets. Concluding remarks can
be found in Section 6.

2 PHYSICAL MODEL AND NUMERICAL SETUP

We have carried out 2D hydrodynamical simulations to model the
evolution of the gas and dust in protoplanetary discs harbouring
planets on eccentric orbits. Apart from the planet’s eccentricity, the
physical model and numerical setup used in this study basically
follow those in Ataiee et al. (2018), which we briefly recall for
convenience. The simulations use the code Dusty FARGO-ADSG,
which is an extended version of the original 2D FARGO code (Masset
2000) that includes Lagrangian dust particles (Baruteau & Zhu 2016).

For the gas, the continuity and Navier—Stokes equations are solved
on a polar grid centred on to the star, and in a frame co-rotating with
the planet. For simplicity, a locally isothermal equation of state is
used with the vertically integrated gas pressure P and the isothermal
sound speed c; satisfying P = Zc?2, with ¢, kept stationary. We also
note that the inclusion of an energy equation in Bitsch et al. (2018)
does not significantly change the PIM in their simulations. The
source terms in the Navier—Stokes equation include the gravitational
potential due to the star, the planet, and the indirect terms arising from
the stellar acceleration imparted by the disc gas and the planet. In the
planet potential, a softening length € = 0.4H(rp) is included to mimic
the effects of finite vertical thickness, with H the disc’s pressure scale
height and r,, the planet’s orbital radius. A viscous acceleration is also
included with a turbulent kinematic viscosity (v) that is expressed
in terms of a dimensionless alpha parameter (v = ac H). The initial
radial profiles of the surface density and temperature are power-law
functions with exponents o and B, respectively.
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On the other hand, the dust (or solids) in the disc are modelled as
Lagrangian test particles in our simulations. The gas drag accelera-
tion is accounted for, so is dust turbulent diffusion via stochastic kicks
on the position of the particles (see Section 2.1 in Ataiee et al. 2018
for more details). The dust drag acceleration on the gas is, however,
discarded. Table 1 summarizes the set of disc parameters and initial
conditions used in our simulations. We recall that the Stokes number
of the solid particles is the ratio between the stopping time (i.e. the
time particles need to adjust to the gas flow due to drag forces) and
the dynamical time. In the Epstein regime, which is relevant to our
disc model, it can be expressed as St = 7sp,/(2X), where s and p,
are the size and internal density of the dust particles, respectively.

For the boundary conditions, we use radial damping boundaries
to avoid reflections of the planet wakes near the radial edges of the
grid in the same way as described in de Val-Borro et al. (2006).
The planet mass is gradually increased over the first five orbits of
the simulations to avoid artefacts due to the instantaneous insertion
of the planet in the disc. Before inserting the dust particles beyond
the planet orbit in the disc, we first evolve the gas disc over 1000—
6000 planet orbits, depending on the disc viscosity, to achieve a
steady state. We subsequently let the dust evolve in the disc for up
to three times the duration of the preliminary simulations, which we
find necessary to ascertain whether solid particles with St > 0.05
get effectively trapped or not beyond the planet orbit. The main
differences between our setup and that of Ataiee et al. (2018) are in
the number of grid cells and the total duration of the simulations.

3 SUMMARY OF PREVIOUS RESULTS ON THE
PIM FOR CIRCULAR PLANETS

Ataiee et al. (2018) estimated the PIM for circular planets via a
semi-analytical calculation using the analytical gap density profile
of Duffell (2015). Their PIM, which takes the following expression:

0.7
Mpim 3 Jo [ 1
~ h’/37.3 0.01 1402 —14/— +4 ,
M R < nVse®

*

ey

was checked against 2D gas and dust hydrodynamical simulations
with a setup that is very similar to that used in the present study. A
good agreement was found, except at large turbulent viscosities, for
which the effective PIM found in their simulations was up to a factor
~3 larger than predicted by equation (1) for @ = 1072 (see fig. 8 in
Ataiee et al. 2018).

By means of 3D hydrodynamical simulations, Bitsch et al. (2018)
found a PIM that could be expressed as (see equation (A6) in Ataiee
etal. 2018)

o
M ~ 25 fouMay X (1 +4.2§) , )
with
h 3 lOg(Ol‘g) 4 9lnpP +25
=|— 4 : 0.66| |1 —2r "] (3
fu {o.os] (log(a)) + 6 )

and a3 = 1073, A detailed comparison between equations (1) and (2)
can be found in appendix A of Ataiee et al. (2018).

4 RESULTS OF HYDRODYNAMICAL
SIMULATIONS

Following Ataiee et al. (2018), we consider that a planet has reached
its PIM when no solids with a Stokes number ~>0.05 can flow through
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Table 1. Initial conditions and main parameters of our simulations (@, denotes the planet’s fixed semimajor axis).

Gas Dust

Aspect ratio h 0.04 Dust size s[mm] [1-300]

a-turbulent viscosity o [1074-102] Internal density of particles oplg cm™3] 2

Mass of the central star M,[Mp] 1.0 Number of dust particles Np 50000

Number of cells in radius N; 384 Size distribution n(s) st

Number of cells in azimuth Ny 1206 Stokes number St [3 x 1074-0.2]
. ‘ I 14482

Radial extent of the grid rlap] [0.5-2.5] Dust turbulent diffusivity Dy v m

Azimuthal extent of the grid 1% [0-271]

Surface density at ap X[g cm_z] 900

Surface density slope o —1/2

Temperature slope B —1

e a=0.001e=0.2
o a=0.002e=0.2

0.301

0.251

0.201

=t1)| |St>0.05
r>rp

= 0.151

= 0.10

10M ¢

0.051 - L

INp(t = t5) = Np(t
N
2
s

0.001, ~* , :
20 40 60 80

Figure 1. Relative difference between #; = 1000 and 7, = 2000 orbits of the
number of solid particles with Sz > 0.05 that stay beyond the planet orbit, as
a function of planet mass. Results are obtained for e = 0.2, and for « = 1073
(green) or o =2 x 1073 (red).

the planet orbit, being effectively trapped around the pressure bump
outside the planet gap. As long as o < 1073, we find that this
numerical criterion can be satisfied across the range of eccentricities
that we have explored. However, for larger viscosities, we find that
there are always solids with St 2> 0.05 that can cross the planet
orbit when it is eccentric (and only when it is eccentric). For such
large viscosities, the flux of St > 0.05 particles leaving the pressure
bump and flowing through the planet orbit, which we now simply
refer to as the pebbles flux, first decreases with increasing planet
mass (as expected), and then stays approximately the same when
further increasing planet mass. This is illustrated in Fig. 1, which
shows the relative difference between 1000 and 2000 planet orbits
of the number of solid particles with St > 0.05 that stay beyond
the planet orbit and which can be seen as a measure of the pebbles
flux.

Reaching or not the PIM depends on how large the remaining
pebbles flux is or, said differently, how efficient the planet filtration is.
Since our simulations do not use a realistic particle size distribution
(see Table 1), defining a quantitative criterion for when a planet
reaches its PIM can be a little arbitrary. In the end, we consider that
the PIM is reached when the pebbles flux does not increase with
increasing planet mass over 10Mg from the first planet mass for
which the pebbles flux reaches a near minimum. This criterion is
highlighted in Fig. 1. For « = 0.001 and e = 0.2 (green), we see
that the pebbles flux decreases from about 27Mg to 40Mg, where it
becomes near zero. In that case, we consider that the planet reaches

its PIM and that the latter is 40Mg. However, for « = 0.002 and
e = 0.2, the pebbles flux continuously increases from about 54Mg,
to 90Mg, so we consider that the planet does not strictly reach its
PIM. An approximate PIM can still be inferred, which in that case
we consider equal to 90Mg.

Having refined the criterion for when a planet reaches its PIM,
we show in Fig. 2 the PIM (hereafter, M;) inferred from our
hydrodynamical simulations for different planet eccentricities. We
distinguish the results for @ < 1073, which are shown by dashed
curves and for which a well-defined PIM is found, from those for
a > 2 x 1073, which are shown by X symbols, and for which we
find only an approximate PIM when the planet’s eccentricity is not
Zero.

Before describing our results for eccentric planets in more detail,
we stress that for e = 0, the difference between the PIM inferred from
our simulations (square symbols in Fig. 2) and that predicted by the
semi-analytical prediction of Ataiee et al. (2018) (filled circles, see
equation 1) is very similar to that already reported in fig. 8 of Ataiee
et al. (2018). For e = 0, we thus recover the same results as Ataiee
et al. (2018) despite the few minor differences in the numerical setup
of the simulations. Note also the overall good agreement between
equations (1) and (2), especially at large viscosities (compare the
filled circles and star symbols in Fig. 2; the quantity dln P/dInr in
the rightmost square bracket in equation (3) was substituted by o
+ B in light of our 2D disc model). Again, the reader is referred to
appendix A of Ataiee et al. (2018) for a detailed comparison between
equations (1) and (2).

Now, moving to our results for eccentric planets, for our two
lowest a-viscosities, we find that the PIM first decreases with e,
up to e ~ h, and then it increases monotonically for the range of
eccentricities that we have considered (e < 0.2). In particular, for
o = 10"*and e = 0.05, Mp ~ 2.5Mg, which is 1Mg less than the
PIM in the circular case. A tentative explanation for this trend is as
follows. When the eccentricity first increases, the relative velocity
between the planet and the background gas also increases, and so
does the strength of the shock imparted by the planet’s outer wake to
the background gas. A moderately eccentric planet can thus provide
similar damping of angular momentum (or of potential vorticity) as
a slightly more massive but circular planet. This is why the PIM
first decreases upon increasing e. However, when the eccentricity
is large enough, the planet has a larger excursion through the disc,
and can deposit a smaller proportion of angular momentum to the
background disc. It is as if the planet’s outer wake was smoother or
weaker. This explains why the PIM ultimately increases with e at
large e.

Our results for & < 1073 are further illustrated with the help
of Fig. 3, which shows the position of the solid particles in the
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PIM with turbulent diffusion, St =0.05, h =0.04

—— Fit formula
® Ataiee et al.(2018)
* Bitsch et al.(2018)
B This work, e=0.0

102_

(Mo

M

101_

a=10"*
-A- a=5x10"*
-8 a=1073
X a=2x1073
X a=5x10"3
a=1072

0.0 0.04 0.08 0.12 0.16 0.20

e

Figure 2. M7 versus eccentricity e for six values of the a-turbulent viscosity. The disc aspect ratio % is fixed to 0.04 and the Stokes number St to 0.05. Only

for @ < 1073 do we find a well-defined PIM for all eccentricities, and we show by solid curves the predictions of our fitting formula given by equation (5).
Otherwise, we show by X symbols approximate values of the PIM for which there is still pebbles flowing through the planet orbit.

simulations superimposed on the gas surface density, as well as the
Stokes number of the particles versus their orbital radius r. In the left-
hand column of the figure, the formation of a ring of particles for the
largest sizes (0.1 m) is clearly seen beyond the orbit of the planet,

MNRAS 510, 3867-3875 (2022)

around the location of the pressure bump built up by the planet’s outer
wake. Even if the planet has reached its PIM based on our criterion,
solids with St < 0.05 can still flow across the planet orbit and drift
towards the central star, as can be seen in the right-hand column of
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Figure 3. Results of simulations for e = 0.2 and o < 1073, when the planet reaches its PIM (the planet mass is, from top to bottom, M}, = 8Mg, 20Mg, and
40Mg). Left-hand panel: gas surface density with the position of the solid particles overplotted by coloured dots. Right-hand panel: Stokes number of the solid

particles versus orbital radius r and particles size.

Fig. 3. We note that if the solids with 0.01 < St < 0.05 passing through
the planet orbit were accreted with 100 per cent efficiency on to the
planet, their contribution to the increase in the planet mass would
be very small, as we have verified — around five orders of magnitude

less than for solids with St > 0.05. It is also in line with the fact
that pebble accretion on to planetary cores should be most efficient
for solid particles with Stokes numbers in the range [0.1-1] (for a
review see, e.g. Baruteau et al. 2016; Johansen & Lambrechts 2017).

MNRAS 510, 3867-3875 (2022)
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We therefore think that the threshold Stokes number of 0.05 that we
apply for the practical estimation of the PIM via our simulations is
an appropriate value. It is also interesting to note the formation of a
secondary ring of solid particles with St < 0.05 slightly inward of the
mean orbit of the planet when the latter is eccentric (see discussion
below).

The previous trend for how the PIM changes with e does not
hold for o 2 1073, and we now find that the PIM increases
monotonically with e. We think that there are two good reasons
for this. First, increasing turbulent viscosity shortens the viscous
diffusion time-scale across the wakes, and it therefore smooths
out more efficiently the shocks induced by the wakes, even when
the planet is moderately eccentric. Second, a larger viscosity goes
with a larger dust turbulent diffusivity, so that it is even easier for
solid particles to get kicked out from a (weaker) pressure bump.
Furthermore, recall that for o > 1073, eccentric planets do not reach
a well-defined PIM because of the persistence of a flux of St >
0.05 particles crossing the planet orbit. This is actually illustrated by
Fig. 4, where it is clear that some particles with St > 0.05 can flow
across the planet orbit, implying that their accretion by the planet
may not be fully stalled. Although an eccentric planet cannot fully
stop the flow of St > 0.05 particles for @ > 1073, this does not
necessarily mean that the planet will accrete a substantial amount
of pebbles. In that regard, we mention the recent study by Liu &
Ormel (2018), who have shown that dust turbulent diffusion could
considerably reduce the efficiency of pebble accretion. An analysis
of how an eccentric planet would effectively accrete pebbles in our
hydrodynamical simulations is beyond the scope of this work. We
note that an accumulation of solid particles in the planet’s circum-
planetary environment is clearly seen for the three simulations shown
in Fig. 4.

Before closing this section, we note that the formation of a pressure
bump outside the planet gap can be conveniently inferred, from the
simulations, by the dimensionless quantity

h*>dlog P

2 dlogr’

“

which is a way to quantify how strong the radial pressure gradient is.
For a circular planet that has just reached its PIM, the 7 radial profile
has a smooth behaviour with only a single null (or slightly negative)
value outside the planet orbit, as can be seen in figs 1 and 4 of Ataiee
et al. (2018) and Bitsch et al. (2018), respectively. For an eccentric
planet that reaches its PIM, however, we find that the , radial profile
features several radii with null (or slightly negative) values near the
planet orbit as can be seen in Fig. 5. However, we find that only the
orbital radii where the azimuthally averaged 7 profile becomes null
or negative slightly beyond the planet orbit can form robust pressure
bumps that are able to stall the pebbles flux, as can be seen in Fig. 3. In
other words, although n may well depend on azimuth, and have null
or negative values at different azimuthal angles and different orbital
radii (see dotted and dash—dotted curves in Fig. 5), these locations do
not constitute solid pressure bumps that are able to stop the pebbles
flux.

Furthermore, we show in Fig. 6 the azimuthally averaged radial
profile of n (hereafter, (n),) when an eccentric, PIM-reaching
planet is at apoastron for & = 5 x 107 and three values of the
planet’s eccentricity. It can be clearly seen that when the eccentricity
increases, there can be several radii at which (n), cancels out, and
which thus constitute pressure traps where the flow of solid particles
can be stalled. In particular, for e = 0.2, a pressure bump forms inward
of the planet orbit. It arises from the fact that when an eccentric
planet carves a gap, there is a range of azimuthal angles where
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gas can pass through the gap and be accumulated over the radial
extent rp(1 £ e) (see Fig. 7). The planet actually opens a secondary
gap near r = ry(1 — e), which is a little shallower than the main

gap.

5 A SIMPLE FITTING FORMULA FOR THE
PIM FOR ECCENTRIC PLANETS

We have shown in the previous section that only for & < 1073 does an
eccentric planet (strictly) reach a PIM. With this in mind, we provide
in this section a fitting expression for the dependence of the PIM with
the eccentricity e of the planet orbit. As shown by the solid curves in
Fig. 2, our simulation results are well reproduced by the following
expression:

|+ @000 +02)¢ — > L
L P (5)3
n
()

with M3(e =0) given by equation (1). The relative difference
between the PIM inferred from our simulations and that given by
equation (5) does not exceed 10 per cent.

We point out that our new expression for the PIM includes a
dependence with the disc aspect ratio & and the Stokes number S?,
while our simulations were restricted to 4 = 0.04 and computed the
isolation mass for a threshold Stokes number of 0.05. It can thus be
seen as an extension of the results of the semi-analytical derivation
of Ataiee et al. (2018) to non-zero eccentricities. This approach is
justified by the good agreement obtained by Ataiee et al. (2018)
between the prediction of their semi-analytical derivation and results
of hydrodynamical simulations, as already mentioned above (see
their fig. 8).

M(e) = Mi(e = 0) x

6 DISCUSSION AND CONCLUSIONS

In this work, we report the results of a set of 2D gas and dust
hydrodynamical simulations, including dust turbulent diffusion, with
the aim to determine the PIM for planets on eccentric orbits in their
protoplanetary disc. As stated in the introduction, several mecha-
nisms may cause a planet to reach a substantial level of eccentricity
in its disc. Our simulations do not focus on one such mechanism.
Instead, a range of planet eccentricities is adopted that are kept
constant in each simulation. It is, however, interesting to consider
the case recently studied (Eklund & Masset 2017; Fromenteau &
Masset 2019) of low-mass planets made eccentric by the disturbance
created in the disc by their own accretion luminosity. In such a case,
accretion may proceed in an intermittent manner in a low-viscosity
disc: eccentric planets that reach a lower PIM stop accreting, their
luminosity decays, and so does their eccentricity, so that pebbles start
flowing inwards again. Our study generalizes the previous works by
Bitsch et al. (2018) and Ataiee et al. (2018), which were for planets
on fixed circular orbits.

For a-turbulent viscosities less than 1073, our simulations show
that eccentric planets reach a well-defined PIM, at least for the range
of eccentricities that we have probed (e < 0.2). How the PIM depends
on eccentricity is also related to the turbulent viscosity. When the
latter is small enough, the PIM first decreases with e so long as e
< h and then increases beyond. As « approaches 1073 the isolation
mass increases rather smoothly with e. For o > 1073, however,
eccentric planets never fully contain the flow of pebble particles
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Figure 4. Continuation of Fig. 3 for @ > 1073, i.e. for the cases where the planet does not strictly reach an isolation mass in terms of solids with St > 0.05. The
corresponding planet mass is 90Mg,, 230Mg;, and 5S00Mg, from the top panel to bottom panel.

beyond the planet orbit, and such planets do not strictly reach an
isolation mass. This is in contrast to circular planets, for which a
well-defined PIM is found even at large turbulent viscosities. This
may have interesting implications for the formation of the cores of

massive planets in highly turbulent protoplanetary discs, with the
possibility of a reduced efficiency of accretion for eccentric planets
(Liu & Ormel 2018; Ormel, Vazan & Brouwers 2021). It would be
interesting to examine whether such planets could still accrete gas
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FigureS. Dimensionless pressure gradient parameter 7(r, ¢) (see equation 4)
versus orbital radius r at ¢ = 0 when the planet is either at its periastron or
apoastron. Overplotted as a thick solid curve is the azimuthally averaged
profile of 1 at apoastron. The planet’s eccentricity is e = 0.04 (top panel) and
e = 0.2 (bottom panel), and the disc’s turbulent viscosity is @ = 10~ in both
panels.

with their envelope contraction not being hindered by the accretion
of solids.

Furthermore, our results imply that the masses of potential
planets derived via hydrodynamical simulations designed to match
ALMA observations (e.g. Zhang et al. 2018) might be off by a
factor of ~2 if the planets harbour low eccentricities (see also
Chen et al. 2021). In addition, our simulations show that pebble
filtering by slightly eccentric planets embedded in discs with large
turbulent viscosity is not efficient, implying that either Jupiter
retained a circular orbit or that the Solar System’s disc harboured
a low viscosity to allow Jupiter’s core to separate the reservoirs
of carbonaceous and non-carbonaceous chondrites (Kruijer et al.
2017).

Lastly, we provide a fitting expression for the dependency of PIM
with eccentricity, which could be helpful for models of population
synthesis considering cores of massive planets on orbits with low-to-
moderate eccentricities (Levison et al. 2015; Chambers 2016; Bitsch
et al. 2019; Bitsch et al. 2020; Izidoro et al. 2021; Matsumura et al.
2021).
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Figure 6. Azimuthally averaged radial profile of the dimensionless pressure
gradient 7 (see equation 4) when the planet is at apoastron, for & = 5 x 10™*
and three different eccentricities. The radial locations where this quantity
cancels out correspond to pressure maxima that may trap solid particles, just
like for circular planets, except that eccentric planets can feature several such
locations.
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Figure 7. Distribution of the gas surface density X(r, ¢) normalized by X
in polar coordinates for a planet with mass M} = 8.0Mg on an e = 0.2
eccentric orbit in an @ = 10~* disc. White dotted lines represent the radial
positions at r,(1 £ e), respectively.
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