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ABSTRACT

Aims. We investigate the formation of dust gaps in circumstellar disks driven by the presence of multiple low-mass planets, focusing
on the distinct physical mechanisms that operate across different gas-dust coupling regimes.
Methods. We performed 2D hydrodynamical simulations of multiple planets embedded in a circumstellar disk using the PLUTO code,
with the addition of dust treated as Lagrangian particles with a multi-size distribution. We carried out a large parameter space analysis
to check the influence of disk and planetary properties on the dust component.
Results. Planets with m ≳ 1 M⊕ can open dust gaps for small grains in dense and warm disks (strong coupling) and for large grains
in thin and cold disks (weak coupling), without significantly perturbing the gas. In the strong coupling regime, rapid Type I migration
can shift the gap location inward or outward with respect to the planetary orbit, depending on the direction of migration. We also find
dust gaps that overlap with Lindblad resonances. In the weak coupling regime, planets can create an inner dust cavity, multiple dust
rings, or hide inside a common gap.
Conclusions. Our results show how low-mass multi-planet systems perturb the dust distribution, which cannot be explained by
considering each planet in isolation and has a crucial dependence on local disk conditions and dust grain sizes.
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1. Introduction

High-resolution observations of millimeter dust continuum
emission from circumstellar disks have revealed the ubiquitous
presence of axisymmetric substructures in the dust distribu-
tion, such as gaps, rings, and cavities (ALMA Partnership 2015;
Andrews et al. 2018). These features can be produced by a
variety of physical processes that perturb the radial motion
of dust grains. Those include zonal flows (Flock et al. 2015;
Béthune et al. 2016), self-induced dust pileups (Gonzalez et al.
2015), dust growth at snow lines (Zhang et al. 2015), aggre-
gate sintering (Okuzumi et al. 2016), magnetic disk winds and
accretion streams (Suriano et al. 2017), radial pressure bumps
(Dullemond et al. 2018), large-scale instabilities due to dust
settling (Lorén-Aguilar & Bate 2016), secular gravitational insta-
bilities (Takahashi & Inutsuka 2014; Tominaga et al. 2018), or
thermal wave instabilities (Watanabe & Lin 2008; Ueda et al.
2021; Wu & Lithwick 2021).

The other interpretation of dust substructures is related to
embedded planets. These can open dust gaps by interacting with
the surrounding gas (Paardekooper & Mellema 2004). Specifi-
cally, analytical and numerical studies have shown that a giant
planet embedded in a circumstellar disk excites spiral density
waves at the location of Lindblad resonances, opening a gap in
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the surrounding gas across several Hill radii and increasing the
local pressure gradient at the gap edges (see the review by Kley
& Nelson (2012) and references therein). This pressure bump
acts as a trap for dust grains, stopping them from drifting toward
the star, and therefore opening a gap in the dust distribution. This
process is expected for super-thermal mass planets, where the
thermal mass, Mth, is defined as the planetary mass at which the
Hill radius of the planet, rH , is equal to the vertical scale height
of the disk: (Mp/M⋆)th = 3(H/rp)3, with rp the radius of the
planet’s orbit.

In recent work, it has been proposed that small planets of
a few Earth masses (sub-thermal mass) could also open a dust
gap, which is not necessarily correlated with gas pressure bumps.
Two different physical mechanisms have been studied: first,
Dipierro & Laibe (2017) considered the competition between the
gap opening contribution of the tidal torque exerted by the planet
and the gap-closing gas viscous torque. The balance between
these two torques outside the planet’s orbit determines whether
the planet is able to carve a gap in the dust or not. This is impor-
tant for dust grains that have a large Stokes number, meaning
that they are less coupled to the gas and more prone to tidal
interactions. In this case, the planet may open a gap in the dust
without altering the gas distribution. Second, Kuwahara et al.
(2022) focus on dust grains with small Stokes numbers that are
tightly coupled to the gas. In this context, the authors computed
the radial gas outflow produced by a low-mass planet in the prox-
imity of its orbit. Because dust grains are forced to follow the gas
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motion, the gas outflow deflects the grains’ trajectories, inhibit-
ing their radial inward drift. As a consequence, a dust gap is
opened without any perturbation in the gas pressure gradient.

The efficiency of these processes critically depends on disk
properties, including grain size distribution, disk temperature,
gas density profiles, and the degree of coupling between dust and
gas. In addition, several secondary effects can modulate the for-
mation of gaps. These include: planetary migration, which can
prevent gap formation (Malik et al. 2015); resonant interactions,
which can enhance dust trapping (Marzari et al. 2019); plane-
tary growth, which changes the torque balance over time (Kley
& Nelson 2012); and turbulent diffusion, which counteracts dust
segregation (Marzari & D’Angelo 2023). The presence of con-
densation fronts such as the snow line may further influence
dust accumulation (Zhang et al. 2015). Moreover, when multiple
planets are present in the system, their combined gravitational
influence on the disk and mutual gravitational interactions may
alter the dust structure. As a consequence, the overall dust distri-
bution may differ significantly from what would be expected by
considering each planet in isolation.

In this paper, we investigate how low-mass planets embed-
ded in typical circumstellar disks affect the surrounding dust,
with a focus on identifying the dominant mechanisms respon-
sible for dust gap opening across a range of particle sizes and
Stokes numbers. For a given disk, all the gap opening mecha-
nisms induced by the planets (gas outflows, tidal torques, and gas
pressure bumps) may be at work simultaneously. Therefore, we
aim to understand whether any observable features in the dust
distribution can help to disentangle the three mechanisms. We
performed hydrodynamical simulations using the code PLUTO
(Mignone et al. 2007), modified to handle Lagrangian particles
of varying sizes. We carried out a large parameter space analysis
to check the influence of disk and planet parameters on the dust
component.

2. Numerical setup

We simulated the evolution of two planets embedded in a gas
disk using the hydrodynamical code PLUTO (Mignone et al.
2007), which solves the Navier-Stokes equations on a static polar
grid (r, ϕ). We considered a thin, non-self-gravitating, locally
isothermal viscous disk extending from 0.5 to 15 au, described
by a grid with 342 × 682 elements, with a logarithmic spacing
in radius and a uniform spacing in the azimuthal direction. This
corresponds to a grid resolution of 4–6 cells per scale height
(“cps”) at the planet’s location, depending on the specific model
considered.

For the initial conditions, we characterized the gas surface
density in the disk using a power-law profile,

Σ = Σ0

( R
1 au

)−p

, (1)

where Σ0 and p are initial parameters that are set at the beginning
of the simulation. We chose different initial values in the range
of Σ0 = 100–1000 g/cm2 and p = 0.1–1.0 to check the response
of the dust to different disk masses. In fact, varying the gas den-
sity can change the regime of dust-gas interactions, which may
impact the resulting dust substructures. The surface densities
that we employed are lower than what is predicted for the mini-
mum mass solar nebula (Weidenschilling 1977; Hayashi 1981) to
account for the time required by the planets to grow. During this
time, viscous evolution and possibly photo-evaporation dissipate
the gas disk (Winter & Haworth 2022).

We assumed that the disk is locally isothermal, which implies
that the disk temperature also follows a power-law function of
the radius

T = T0

( R
1 au

)−q

, (2)

with initial parameters T0 and q. The locally isothermal approx-
imation allowed us to ignore the energy equation and focus
on a 2D framework. However, the same code could support
the addition of heating and cooling processes in the context of
3D simulations (see, for example, Teşileanu et al. (2008)): we
discuss potential limitations of our approach in Section 4.5.

We described the viscosity of the disk using the α pre-
scription (Shakura & Sunyaev (1973)) with a turbulent viscosity
parameter α = 0.004, which is the same value adopted by
Dipierro & Laibe (2017). We also performed simulations with
α = 10−4, following the recent hypothesis that disk evolution
may be driven by magnetic disk winds instead of viscosity (see
Rosotti (2023) and references therein). Although different values
of the α parameter can significantly influence the evolution of the
disk, the timescale of gap opening is much shorter than the evo-
lution timescale, so we did not account for the evolution of the
disk in the code. Instead of introducing the planets right at the
start of the simulation, we gradually increased their mass from 0
to their final mass in a ramp-up time of 100 years, to avoid sig-
nificant perturbations of the gas and the particles (de Val-Borro
et al. 2006).

We computed the acceleration due to the mutual gravita-
tional attraction between the planets and the star as in Thun &
Kley (2018). We smoothed the gravitational potential to avoid
singularities in the numerical evaluation of the acceleration: in
particular, we used a smoothing length of ϵ = 0.6 H, as this value
describes the vertically averaged forces very well (Müller et al.
2012; Cordwell et al. 2025). Moreover, we calculated the grav-
itational feedback of the disk onto the planets (and the star) to
account for the planetary migration (Thun & Kley 2018).

We modeled the solid component of the disk using a large
number of Lagrangian particles representative of dust dynam-
ics (Picogna et al. 2018). We preferred this approach over the
pressureless fluid because in this way, we could follow the tra-
jectories of the individual particles. Moreover, the fluid approach
is not particularly accurate when working with large particle
sizes. We included 200 000 particles with a multi-size distribu-
tion divided into 10 bins from 100 µm to 5.12 cm, separated by
powers of 2.

Even if pebble-size particles are not typically observed in the
millimeter range, pebble accretion is a crucial process in planet
formation, and centimeter-size grains could represent the miss-
ing fraction of dust mass that is required for disks to have enough
solid material to form planets (this is the known disk mass bud-
get problem; see Manara et al. (2018) for reference). Moreover,
the size of the dust grains has an important impact on the physi-
cal mechanism that acts in the gap opening process. On the one
hand, larger particles are less coupled to the gas and more prone
to tidal interactions, which could lead to a gap opening via plan-
etary tidal torque (Dipierro & Laibe 2017). On the other hand,
smaller grains are forced to follow the motion of the gas, and
a gap could be opened by the radial gas outflow produced by
the planet in its vicinity (Kuwahara et al. 2022). By simulat-
ing a wide range of particle sizes at once, we could test both
mechanisms at the same time and see which one is dominant.

At the start of the simulation, the dust grains had Keplerian
velocities and were initially distributed to have the same number
of particles at each radius, r, leading to a density distribution
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that decreases as 1/r. This distribution could be re-normalized to
obtain any radial density profile for the dust. Note that we did not
include dust growth and fragmentation in our code, as it would be
numerically challenging: we discuss the possible consequences
of omitting these processes in Section 4.5.

We integrated the trajectories of the dust particles together
with the hydrodynamical evolution of the gas using a semi-
implicit scheme, following Zhu et al. (2014). In particular, we
computed the forces acting on a dust particle: the gravitational
acceleration due to the planets and the star, and the gas drag
force.

Because of pressure support, the gas rotates at a slightly
sub-Keplerian velocity. As a consequence, the dust particles
experience a headwind, causing them to drift radially toward the
star. Drag forces can be calculated in different regimes depend-
ing on the relationship between the mean free path of the gas,
λ, and the particle size, s, which can be expressed in terms
of the Knudsen number, Kn = λ/2s. High Knudsen numbers
correspond to strong dust-gas coupling in the Epstein regime,
whereas Stokes drag applies at low Knudsen numbers. Because
we considered a wide range of grain sizes, we computed the drag
coefficient by interpolating the Epstein and Stokes regimes as in
Lyra et al. (2009),

CD =
9Kn2CEps

D +CStk
D

(3Kn + 1)2 , (3)

where CEps
D and CStk

D are the coefficients of Epstein and Stokes
drag, respectively. From Equation (3) we can compute the dust
stopping time,

τs =
4λρd

3ρgCDcs

1
MaKn

, (4)

where ρd = 2 g/cm3 is the material density of dust particles, ρg is
the gas density, cs is the sound speed and Ma = v/cs is the Mach
number. Then, the drag force acting on a dust grain moving with
velocity vrel relative to the gas is simply given by

FD = −
vrel

τs
. (5)

Because of gas drag, particles tend to disappear from the sim-
ulation when they reach the central star. Therefore, to study the
long term evolution of the system, we fixed the number of dust
particles in the outermost ring at every timestep, and thus kept a
constant dust flux through the disk.

In addition to drag forces, we computed the gravitational
acceleration onto the particles due to the star and the planet(s),
while the back-reaction of the dust is ignored. Moreover, we
accounted for the diffusion of dust grains due to turbulent
motions by adding kicks in the positions of the particles, as in
Charnoz et al. (2011). Finally, when the grains reach the water
snowline, we halved their size to account for the evaporation of
the ices, and reduced their mean densities. We computed the
location of the water snowline as the radius at which the pres-
sure of the water vapor is equal to the equilibrium pressure (see
Gárate et al. (2020), Eq. (34)).

3. Results

In the following section, we show the results of different models
that we considered by varying the physical properties of the disk
and/or the masses and semimajor axes of the embedded planets.

Table 1. Model parameters used in the simulations.

Models 1 2 3 4 5 2S 5S

m1 (M⊕) 5 1 10 10 10 1 10
m2 (M⊕) 1 1 5 5 5 / /
a1 (au) 2 1 4 4 5 1 5
a2 (au) 3.3 1.58 6.5 6.5 10 / /
Σ0 (g/cm2) 1000 1000 100 100 0.1 1000 0.1

p 0.5 1.0 1.0 1.0 0.1 1.0 0.1
T0 (K) 300 200 200 200 300 200 300

q 0.5 0.9 1.0 1.0 0.5 0.9 0.5
α 0.004 0.004 0.004 10−4 0.004 0.004 0.004

Fig. 1. Schematic representation of the proposed dominant gap opening
mechanism for a sub-thermal mass planet, as a function of planetary
mass and Stokes number of the dust particles. Black dots (crosses) indi-
cate the dust sizes considered in our models for which we found (no)
dust gaps.

Table 1 resumes all the model parameters used in the simula-
tions. Figure 1 schematically represents the proposed dominant
gap opening mechanism for a sub-thermal mass planet (Mp <
Mth), as a function of the planetary mass and Stokes number
of the dust particles. The superpositions of the colored regions
highlight the fact that the boundaries of each mechanism are not
rigorously defined.

3.1. Models with low Stokes numbers

In Model 1, we examined a massive, somewhat evolved proto-
planetary disk characterized by a high initial gas surface density
of Σ0 = 1000 g/cm2 at 1 au, with index p = 0.5. The disk
temperature profile was modeled with T0 = 300 K and index
q = 0.5.

To explore the interaction between planets and dust in this
regime, we focused on dust particles with low Stokes numbers
(St = τsΩK , with τs the stopping time of the dust particles and
ΩK the Keplerian frequency), which means that they are tightly
coupled to the gas. This condition is necessary to test the gas
outflow-driven gap opening mechanism proposed by Kuwahara
et al. (2022), which predicts dust depletion without requiring
significant perturbations of the gas.
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Fig. 2. Dust distribution in Model 1. From left to right, the dust particle distributions in the (r, ϕ) plane for 200 µm, 1.6 mm, and 2.6 cm dust sizes
in Model 1, respectively. The black lines show radial density distribution of the gas normalized between (0, 2π), while the filled green circles mark
the position of the planets. The plots are zoomed in the inner region (0.5, 6) au and the width of the density profile is multiplied by a constant for
readability.

Fig. 3. Histogram illustrating the number density of dust particles in
Model 1 as a function of radial distance from the star. The number
density is computed in 100 radial bins with logarithmic spacing. Filled
green circles mark the positions of the planets. The black line represents
200-micron particles, while the red and blue lines represent 1.6-mm and
2.6-cm grains, respectively.

We introduced two low-mass planets in the disk, with masses
of m1 = 5 M⊕ and m2 = 1 M⊕, initially located near the 2:1
mean motion resonance at semimajor axes of a1 = 2 au and
a2 = 3.3 au, respectively. However, due to the high gas surface
density, both planets experienced rapid Type I migration, lead-
ing to divergent migration that quickly separated them from the
resonant configuration (see Fig. A.1).

Figure 2 displays the resulting spatial distributions of gas and
dust for three representative grain sizes. Interestingly, we find
that a dust gap is formed only for grains of sizes s ≤ 6.4 mm
(corresponding to Stokes numbers St < 10−2), while the gas pro-
file remains essentially unperturbed (as is seen from the black
profiles in Fig. 2). This is consistent with the outflow-driven
mechanism described by Kuwahara et al. (2022), where small
grains are removed by gas outflows launched near the planet,
even in the absence of a significant gas gap. Our results suggest
that even an Earth-mass planet can carve a localized dust gap
under these conditions, provided that the grains are well coupled
to the gas.

Although the gap in the total dust surface density is shal-
low, we observe a nearly complete depletion of small grains in a
narrow region just inside the orbit of the outer planet. In partic-
ular, this location differs from the prediction of Kuwahara et al.
(2022), where the gas outflow induced by the planet causes dust
depletion around the planetary orbit. The observed offset may
result from the combined effects of planet migration and mutual
gravitational interactions between the two planets.

To quantify the substructure, we show in Figure 3 the number
of particles as a function of the radial distance for three different
dust sizes (see also the first panel of Fig. 15). The observed gap in
the small grains is narrow (∆gap ≃ 0.8 au), but deep, since all the
grains coming from the outer disk have stopped at the outer edge
of the gap. This result highlights the complexity of interpreting
observations of protoplanetary disks. A dust gap does not neces-
sarily reveal the presence of a single planet inside it, as multiple
bodies and their dynamical evolution can alter the shape and
location of dust substructures. Therefore, caution is warranted
when attempting to infer planet masses from dust continuum
observations alone.

In Model 2, we modified the thermal structure of the disk to
more closely match the conditions explored by Kuwahara et al.
(2022). Specifically, we reduced the disk temperature to T0 =
200 K at 1 au and steepened the radial temperature gradient with
a power law index q = 0.9. These changes affect both the gas
scale height and the coupling between dust and gas, as the Stokes
number increases with decreasing temperature for a given grain
size.

We considered two equal-mass planets with masses of m1 =
m2 = 1 M⊕, located near the 2:1 mean motion resonance at the
initial semimajor axes of a1 = 1 au and a2 = 1.58 au. Despite
the convergent nature of their migration in this case, both planets
again failed to become trapped in resonance (see Fig. A.1). This
suggests that at the assumed gas density and viscosity, the migra-
tion timescale remains too short for efficient resonance capture,
especially for Earth-mass planets.

Figure 4 presents the gas and dust distribution resulting
from this model for three different grain sizes. A clear dust gap
forms for particles with sizes s ≤ 3.2 mm, which is smaller
than in the previous case due to the higher Stokes numbers
and lower planetary masses. Still, as in the previous model,
the gas distribution remains smooth, reinforcing the conclusion
that the dust gap originates from the dust-gas interaction influ-
enced by planet-induced gas flows. Interestingly, the dust gap in
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Fig. 4. Dust distribution in Model 2. From left to right, the dust particle distributions in the (r, ϕ) plane for 200 µm, 3.2 mm, and 1.3 cm dust sizes
in Model 2, respectively. The black lines show radial density distribution of the gas normalized between (0, 2π), while the filled green circles mark
the position of the planets. The plots are zoomed in the inner region (0.5, 5) au and the width of the density profile is multiplied by a constant for
readability.

Fig. 5. Same as Fig. 3, but for Model 2. The black line represents 200-
micron particles, while the red and blue lines represent 3.2-mm and
1.3-cm grains, respectively.

Model 2 is centered near 2 au, significantly beyond the orbit of
the outer planet. This contrasts with Model 1, where the gap
formed slightly interior to the orbit of the outer planet. The
observed shift in gap location may be attributed to the direc-
tion of planetary migration: in Model 2, both planets migrate
outward, because of the steeper temperature gradient and the
symmetric mass configuration. The direction of migration may
affect where the gas outflows accumulate, and consequently the
dust depletion, thereby displacing the location of the gap from
the planetary orbits.

In addition to the main dust gap at 2 au, we observe minor
depletions in dust density between the two planets. This can be
seen in Figure 5, where the decrease in the density of small
grains around 0.8 and 1.3 au is less than an order of magnitude,
while the gap observed around 2 au is narrow (∆gap ≃ 0.3 au),
but deep. The minor depletions in dust density may result from
mutual gravitational perturbations between the planets, which
could be more significant here because of their smaller orbital
separation compared to the other models. The location of the
dust gap at 2 au and the dust depletion at 1.3 au may also be
related to Lindblad resonances. These are orbital resonances
around which a planet excites spiral density waves that propa-
gate in the disk. Specifically, density waves are launched around

the Lindblad resonance at (Goldreich & Tremaine 1979)

rm =

(
1 ±

1
m

) 2
3

rp, (6)

where rp is the radius of the circular orbit of the planet and m
is the azimuthal wavenumber of the resonance. These density
waves propagate outward and inward in the disk. Interestingly,
the dust gap observed at 2 au coincides with the location of the
second-order (m = 2) outer Lindblad resonance (OLR) for the
outer planet, while the dust depletion observed at 1.3 au cor-
responds to the second-order Lindblad resonance for the inner
planet. This can be seen in Figure 6, where we plot the dust dis-
tribution of 200 µm size grains, overlapped with the perturbed
surface density δΣ/Σinit, with δΣ = Σ − Σinit and Σinit the initial
unperturbed gas surface density. The reason why we observe a
gap in the dust distribution around 2 au might be due to the OLR
from the outer planet with m = 2 (2.07 au, solid white line in
Figure 6) which strongly affects the gas and thus the dynami-
cally coupled dust, opening a gap over time. The depletion of
dust at 1.3 au could then be caused by the competition between
the OLR with m = 2 (1.31 au, solid white line in Figure 6) from
the inner planet and the inner Lindblad resonance with m = 4
(1.304 au) from the outer one. Although less significant, the
small dust depletion within 0.8 au could also be related to the
inner Lindblad resonance with m = 4 (0.85 au) from the inner
planet. This overlap between dust features and Lindblad reso-
nances is observed only in this configuration, but it would imply
that planetary torques can affect the small dust grains because of
their strong coupling to the gas.

Together, the results of Models 1 and 2 highlight the sensitiv-
ity of dust gap formation to both disk thermodynamics and the
architecture of the planetary system. In particular, temperature
gradients and planet mass ratios play a critical role in deter-
mining the location and depth of dust gaps. This underscores
the challenge of interpreting observed disk structures, which
may reflect a complex interplay of disk physics and multi-body
dynamics.

3.2. Models with high Stokes numbers

According to the mechanism proposed by Dipierro & Laibe
(2017), a low-mass planet can open a dust gap without perturbing
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Fig. 6. 2D distributions of the perturbed gas surface density δΣ/Σinit
in Model 2, overlapped with the dust distribution of 200 µm grains.
Solid white lines mark the location of the second-order OLR for the
two planets. Dashed white lines mark the borders of the dust gap and
the dust depletion discussed in the main text.

the gas if the tidal torque it exerts on the dust particles over-
comes the competing aerodynamic drag of the gas. This effect
is most pronounced for weakly coupled particles, i.e., those with
high Stokes numbers, where gas drag is relatively inefficient. To
investigate this regime, we constructed Model 3, which adopts
disk parameters that promote higher Stokes numbers.

Specifically, we considered a thinner and colder disk with
a lower gas surface density of Σ0 = 100 g/cm2 (with a radial
slope p = 1.0) and a temperature of T0 = 200 K (with q = 1.0).
The temperature gradient equal to 1 produces a geometrically
flat disk; this has important implications for gap formation: in
particular, a planet is expected to affect the local gas profile and
open a dust gap if its mass exceeds the threshold mass given by
Mgap ≳ 0.1 Mth (Rosotti et al. 2016; Dipierro & Laibe 2017). In
flat disks, this threshold does not vary with the orbital radius,
simplifying the analysis of the gap opening criteria across the
disk.

In this model, we introduced an inner planet with m1 =
10 M⊕ at a1 = 4 au and an outer planet with m2 = 5 M⊕ at
a2 = 6.5 au. Due to the low gas density, the migration torques
are weak, and the planets remain nearly fixed in their orbits
throughout the simulation (see Fig. A.1).

The resulting gas and dust distributions for three represen-
tative grain sizes are shown in Figure 7. The first result is that
the outer planet is virtually invisible in the gas and dust distribu-
tions. Its mass is insufficient to perturb the gas and it produces
only shallow depletions of millimeter- and centimeter-size dust
around its orbit.

In contrast, the inner planet has a more noticeable effect.
Although not yet massive enough to carve a full gas gap or pro-
duce a pressure bump, it does induce a localized decrease in gas
surface density near its orbit. This weak gas perturbation, com-
bined with the tidal torque on high-Stokes-number particles, is
sufficient to stop the inward drift of large grains (s ≳ 6.4 mm) at
the outer edge of the planet’s orbit, consistent with the dust-only
gap opening mechanism proposed by Dipierro & Laibe (2017).

An important distinction from previous models is that a full
dust cavity is formed inside the inner planet’s orbit. This arises
because (i) large grains from the outer disk are halted at the
orbit of the inner planet, and (ii) grains originally interior to the
planet have already drifted inward and accreted onto the star. As
a result, the region inside 4 au becomes depleted of large grains,
producing a dust cavity rather than a localized gap, or a so-called
transition disk.

To provide a more quantitative description of the substruc-
tures, we show in Fig. 8 the number density of particles in Model
3 as a function of radial distance (see also Fig. 15). For the
200 µm grains, we observe a dust gap around the inner planet
with ∆gap ≃ 2 au and a depth of about an order of magnitude
in dust density. Note that the dust ring at the location of the
inner planet is an artifact, as the dust particles coming close
to the planet become trapped and would be accreted. Still, the
dust depletion around the planet may imply that the gas out-
flow mechanism is playing a role even in this case because of
the low Stokes number of these particles. For the 3.2-mm grains,
we observe shallow depletions around both planets and a cavity
inside 1 au, which has no clear interpretation: it could be related
to the water snowline that is present at 1.1 au in this model, but it
would be the only case in which the snowline produced signifi-
cant dust features. For the 6.4-mm grains, a dust cavity is formed
with ∆gap ≃ 4 au, together with a dust ring at the outer edge of
the inner planet’s orbit, where the dust density is about 2 orders
of magnitude above the average.

Due to the continuous influx of dust grains from the outer
disk boundary in our simulations, large particles accumulated at
the outer edge of the dust-depleted region, forming a pronounced
dust ring. This pile-up could enhance local solid densities to
the point where streaming instability is triggered, potentially
facilitating further planetesimal or planet formation. Meanwhile,
large grains originally located inside the dust cavity have been
completely lost to inward drift, further highlighting the planet’s
filtering role in shaping the dust architecture.

To explore the impact of disk viscosity on dust gap forma-
tion, we performed an additional simulation, called Model 4,
in which we adopted the same disk and planetary parameters
as in Model 3, but significantly reduced the viscosity by set-
ting α = 10−4. This model allowed us to isolate the effects of
low-viscosity conditions on both the dynamical evolution of the
planets and the resulting dust substructures.

In standard viscous accretion theory, the angular momentum
is transported outward through turbulent stresses parameter-
ized by α viscosity (Lynden-Bell & Pringle 1974). However,
recent work suggests that angular momentum transport in some
disks may be dominated by magnetized winds (Rosotti 2023,
and references therein). In such low-viscosity environments, the
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Fig. 7. Dust distribution in Model 3. From left to right, the dust particle distributions in the (r, ϕ) plane for 200 µm, 3.2 mm, and 6.4 mm dust sizes
in Model 3, respectively. The black lines show radial density distribution of the gas normalized between (0, 2π), while the filled green circles mark
the position of the planets. The width of the density profile is multiplied by a constant for readability.

Fig. 8. Same as Fig. 3, but for Model 3. The black line represents 200-
micron particles, while the red and blue lines represent 3.2-mm and
6.4-mm grains, respectively.

dynamical coupling between planets and the gas disk is funda-
mentally altered. In fact, to open a gas gap, the planetary torque
must overcome the viscous diffusion that tends to close the gap
(Lin & Papaloizou 1986, 1993; Picogna & Kley 2015).

In Model 4, an immediate consequence of low viscosity is
that the disk feedback to the planets is significantly weakened, as
the planets maintained basically fixed orbits (see Fig. A.1). Cru-
cially, the gravitational torque exerted by the planets on the gas
becomes significantly more effective in this regime. With less
viscous diffusion to smooth out perturbations, even sub-thermal
mass planets can carve pressure bumps in the gas distribution.
These pressure maxima act as dust traps, halting the radial drift
of grains of all sizes. Figures 9 and 10 clearly show the emer-
gence of deep dust gaps around the planetary orbits, with the
largest grains forming an extended cavity, similarly to Model 3.
In particular, the left panel of Figure 9 shows 200 µm grains
forming two gaps around the orbits of the planets, separated by a
ring. Intermediate-size grains (the central panel of Fig. 9) behave
in a similar way, except for the inner region, which is more
depleted of dust grains because they have already drifted toward
the star. This is more evident for large grains (on the right panel),
with almost all of them stopping at the outer edge of the outer
planet’s orbit, creating a transition disk. A key difference from

Model 3 is that, in this low-viscosity scenario, dust accumulated
at both edges of the pressure bump, forming sharp double-ringed
structures in the dust distribution. This accumulation of parti-
cles can be clearly seen from the number density of dust in
Figure 10. The dust gaps are narrower for small grains (∆gap <
1.5 au for 200-µm) and become progressively larger as the dust
size increases (∆gap ≃ 4 au for the 2.6-cm size dust cavity, see
also Fig. 15), while the dust rings are extremely narrow but reach
a density that is two orders of magnitude higher than the initial
one. This morphological signature, a central gap flanked by two
narrow rings, is a direct consequence of the structure of the pres-
sure bump in the gas and is not seen in the other gap opening
mechanisms of Models 1–3. This provides a potentially pow-
erful observational diagnostic: the detection of double rings in
(sub)millimeter continuum images may indicate the presence of
a pressure bump formed by a low-mass planet in a low-viscosity
disk.

Moreover, we see in the central panel of Fig. 9 and in Fig. 10
that the distribution of 1.6-mm size grains presents secondary
and tertiary gaps interior to the orbit of the inner planet, around 3
and 1 au, respectively. The formation of multiple gaps by a super-
Earth in a low-viscosity disk has been studied by Bae et al. (2017)
and they related it to the spiral arms produced by the planet in
the gas distribution, which steepen into shocks (see also Dong
et al. 2018). The fact that we observe multiple gaps produced by
a planet only in a low-viscosity scenario is in agreement with
previous results (Bae et al. 2017).

The comparison between Models 3 and 4 underscores the
crucial role of disk viscosity in shaping both gas and dust struc-
tures for a given planetary system. In viscous disks, feedback
onto the planets is stronger, which makes it hard for them to
perturb the gas distribution, but they can still open gaps in the
dust. In contrast, low-viscosity disks allow for the formation
of long-lived pressure bumps that, in turn, trap dust efficiently
and produce observable substructures that are correlated with
gas features. These results show that the interpretation of dust
gaps in circumstellar disks requires careful consideration of the
viscosity of the disk. The same planetary system can generate
drastically different observable features depending on the value
of α. Therefore, combining morphological analysis of dust rings
with constraints on disk turbulence, for example from gas kine-
matics, may be essential to accurately infer the presence and
properties of embedded planets.

In Model 5, we considered two planets with masses of m1 =
10 M⊕ and m2 = 5 M⊕ and semimajor axes of a1 = 5 au and
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Fig. 9. Dust distribution in Model 4. From left to right, the dust particle distributions in the (r, ϕ) plane for 200 µm, 1.6 mm, and 2.6 cm dust sizes
in Model 4, respectively. The black lines show radial density distribution of the gas normalized between (0, 2π), while the filled green circles mark
the position of the planets. The plots are zoomed in the inner region (0.5, 10) au and the width of the density profile is multiplied by a constant for
readability.

Fig. 10. Same as Fig. 3, but for Model 4. The black line represents
100-micron particles, while the red and blue lines represent 1.6-mm and
2.6-cm grains, respectively.

a2 = 10 au. The disk parameters are the same as in the simula-
tions performed by Dipierro & Laibe (2017): the gas density is Σ0
= 0.1 g/cm2 at 1 au with the power law index p = 0.1 and the disk
temperature is T0 = 300 K with the index q = 0.5. In such a low-
density disk, the dust particles are weakly coupled to the gas, so
that the Stokes number is higher and the gravitational interaction
with the planets is stronger. Moreover, a low gas density implies
very slow migration, so it has no impact on the gap opening pro-
cess (see Fig. A.1). In this configuration, the mass of the planets
is below 0.1Mth, so they cannot create a gas pressure bump in the
disk. However, they are still perturbing the dust distribution, as
shown in Figure 11. In particular, most of the 200-µm grains
(on the left in the figure) have been able to pass through the
orbits of the planets, while a gap has opened in between the two
orbits for the 3.2 mm grains (at the center of Fig. 11) and all the
1.3 cm-size grains (on the right) have stopped at the location of
the outer planet, leaving an inner cavity. We quantify the sub-
structures showing the density of dust particles as a function of
the radial distance in Figure 12. The 200 µm size grains form two
gaps (∆gap ≃ 1 au, see Fig. 15) around the orbit of the planets,
accompanied by two rings with density about 1.5 orders of mag-
nitude above the average. The 3.2-millimeter-size grains show a

wider interior gap (∆gap ≃ 8 au) to the orbit of the outer planet,
with smaller concentrations of dust at the location of the planets,
which are dust particles that would have been accreted. Finally,
the 1.3-cm grains present a cavity with a width of ∆ ≃ 9 au inte-
rior to the orbit of the outer planet. In summary, a single gap (or
cavity) is created by two planets when the outer one is stopping
the grains from drifting inside, while the dust in the inner region
has already drifted toward the star. This shows that the dust dis-
tribution in a multi-planet system is not the outcome expected
by the sum of the contributions of isolated planets, as multiple
bodies may be hidden inside a single dust gap.

3.3. Single planet cases

We have claimed that multi-planet systems perturb the dust dis-
tribution in a way that cannot be explained by considering each
planet in isolation. To verify the robustness of this conclusion,
we performed simulations with isolated planets under the same
conditions as the previous models. In particular, we show in
Figure 13 the result of Model 2S, a simulation with the same
disk parameters as Model 2 but with a single Earth-mass planet
located at 1 au (that is, the first planet considered in Model 2),
as an example of models with low Stokes numbers. In this case,
the dust distribution presents only minor perturbations around
the planet’s orbit for the small grains, but no gap is observed
at 2 au. This means that one Earth-mass planet is not enough
to significantly perturb the dust component under these condi-
tions, but the combined influence of two equal-mass planets can
open a deep and narrow dust gap for small grains (as shown in
Figure 5).

Similarly, in Figure 14 we show the result of Model 5S, a
simulation with the same disk parameters of Model 5 but with a
single planet with mass m = 10 M⊕ located at 5 au, which is the
first planet in Model 5, as an example of models with high Stokes
numbers. In this case, the planet can open a gap for millimeter-
and centimeter-size grains, but this gap is only interior to the
orbit of the planet. This is a key difference from Fig. 12, where
the presence of a lower-mass (5 M⊕) planet at 10 au is enough
to open an extended gap in between the orbits of the two plan-
ets. This common gap may be misinterpreted in observations as
due to a single planet located in the middle of the gap, but our
results show that this feature can only be explained by invoking
the presence of multiple planets.
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Fig. 11. Dust distribution in Model 5. From left to right, the dust particle distributions in the (r, ϕ) plane for 200 µm, 3.2 mm, and 1.3 cm dust sizes
in Model 5, respectively. The black lines show radial density distribution of the gas normalized between (0, 2π), while the filled green circles mark
the position of the planets. The width of the density profile is multiplied by a constant for readability.

Fig. 12. Same as Fig. 3, but for Model 5. The black line represents 200-
micron particles, while the red and blue lines represent 3.2-mm and
1.3-cm grains, respectively.

Fig. 13. Same as Fig. 5, but for the case of Model 2S.

3.4. Radial gap widths

To provide a more quantitative analysis, we computed the radial
gap width for each model. First, we divided the dust distribution
into 100 radial bins with logarithmic spacing (similar to the sim-
ulation grid) to calculate the 1D dust density profile ΣD(r) as a

Fig. 14. Same as Fig. 12, but for the case of Model 5S.

function of the radial distance from the star. Then we normalized
this profile by the initial density, ΣD,0: the inner and outer radius
of the gap are found where this normalized density exceeds a
threshold of ΣD,norm > f = 0.1. If a dust peak were found at the
location of the planet, we neglected it because it is related to dust
particles that are trapped in the horseshoe region and would be
accreted. In the case of a dust cavity, the width is given by the
distance between the first density peak and the internal boundary
of the simulation grid, which is 0.5 au. This method of measur-
ing the width of the gap differs from that employed in previous
work (for example, Dong & Fung 2017), which considered the
distance between the points where the dust density reaches the
geometric mean of the initial and final densities in the center of
the gap. This does not apply in our case because for many dust
sizes the density is 0 inside the gap (for the same reason, we
cannot give an accurate measurement of the gap depth).

In Figure 15, we show the measured gap width as a function
of dust size for each model, focusing only on the primary gap
for each planet. We associated an uncertainty with each mea-
surement given by the local width of the bins. In the high-St
models, the gaps are significantly wider, indicating that the tidal
torque mechanism may be more efficient in opening dust gaps,
but requires higher planet masses compared to the low-St mod-
els. On average, the width of the gap increases with dust size,
with the largest widths measured for the common gaps observed
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Fig. 15. Radial gap widths. From left to right, radial gap width as a function of dust size for three different planetary masses (1, 5, 10 M⊕). The
shaded regions represent the uncertainty in the width measurement, which is equal to the local width of the bins used for computing the dust
density. Points denoted with stars refer to gaps common to both planets, so they are reported for each one. When no gap is observed (e.g., for the
outer planet in Model 3 and the single planet in Model 2S), no width is reported.

in Model 5. However, a common gap does not form for the 2.56
and 5.12 cm grains: this is probably because of the high drift
speed of these grains, which migrate past the outer planet, caus-
ing a fast influx of dust grains and forming a transition-type disk,
rather than a common gap. In the low-St models (1 and 2), the
dust gaps are much narrower, with ∆gap < 1 au, and form only for
the smallest grains. This is because the gas outflow mechanism
is expected to be efficient only for low-St particles in the vicin-
ity of the planet’s orbit. In addition, the outer planet of Model
3 and the single planet in Model 2S show shallow dust deple-
tions (see Figs. 8, 13) that are below the gap threshold (i.e., less
than an order of magnitude compared to the initial density), so
they are not reported in Figure 15. In summary, the presence
of multiple planets can have different effects: they may open a
dust gap where a single planet may not be able to (Models 2,
2S); they may shift the location of the gap inside or outside with
respect to the planets’ orbit (Models 1 and 2); they may open a
common gap which is significantly more extended compared to
single gaps generated by isolated planets (Models 3, 5, 5S); in
some cases, they may create multiple gaps and rings (Model 4).

4. Discussion

Our results on the formation of dust substructures by sub-thermal
mass planets present some similarities with previous work.
Duffell & MacFadyen (2013) studied the opening of a gas gap
by a Neptune-mass planet (q ∼ 10−4) in the gas distribution of
a low-viscosity disk (α < 10−4), and found no minimum mass
limit for a planet to open a gas gap in the low-viscosity limit.
This result is in agreement with what we find in Model 4, where
we studied the gap opening process by super-Earths in a low-
viscosity regime. By incorporating the dust component into the
analysis, we were able to characterize the potentially observable
dust substructures produced by the planets in this regime, even
when the planet’s Hill radius is lower than the disk scale height
(i.e., the planet has a sub-thermal mass).

4.1. Multiple gas gaps and their origin

We observed in Model 4 that low-mass planets can actually open
multiple dust gaps, in particular for millimeter-size grains (see
Figures 9 and 10). These multiple gaps could be related to spi-
ral arms generated by the planet in the gas distribution, which

steepen into shocks (Bae et al. 2017; Dong et al. 2018; Bae &
Zhu 2018; Bae et al. 2021). However, we do not find significant
perturbations in the gas beyond the first gap in our analysis (as
seen from the radial density profile in Figure 9). In contrast, sec-
ondary and tertiary dust gaps are observed only interior to the
orbit of the inner planet in the millimeter-sized grains, which
may imply that the gap opening process is size-dependent and
is much more effective in the dust than in the gas. Moreover,
according to Bae et al. (2017) multiple gas gaps driven by spiral
shocks are generated only if the disk viscosity is sufficiently low
(α < 5 × 10−4), so this mechanism cannot reproduce the result
we found in Model 2, where α = 4 × 10−3 and the dust substruc-
tures are found to overlap with the Lindblad resonances of the
two planets. Another potential relationship between dust gaps
and Lindblad resonances could be in Model 1, where the gap
is close to the first outer resonance for the inner, most massive
planet. We note that each of the models presented explores a
different region of the parameter space: as a consequence, dif-
ferent physical mechanisms can dominate, which are not easily
separable. Still, the difference we found between the dust distri-
bution produced by a single planet compared to a multi-planet
system can also be seen in the work by Dong et al. (2015): they
observe that the gap produced by a single, Jupiter-mass planet
has a width that is 45% of the one produced by four planets of
equal mass. This implies that the dust distribution generated by
a multiple system cannot be reproduced simply by summing up
the contributions of single planets.

Moreover, our results may have some implications for obser-
vational findings in multi-gapped and transition disks. Impor-
tantly, recent statistical analysis of the molecules with ALMA
at planet-forming scales (MAPS) survey has shown no signifi-
cant correlation between molecular line emission and continuum
substructures, challenging the usual pressure bump mechanism
for gap opening (Jiang et al. 2022). Note that pressure substruc-
tures may still be present, since optical depths and chemical
abundances also play major roles in shaping the observed line
emission. Izquierdo et al. (2023) found correlations between neg-
ative rotational velocity gradients (tracing pressure bumps) and
dust substructures in most MAPS sources. Nevertheless, if dust
substructures are observed without correlated gas perturbations,
they can be interpreted as due to radial outflows or tidal torques
produced by low-mass planets, depending on disk parameters,
as we have shown in our analysis. Conversely, when a dust sub-
structure is found to be correlated with gas pressure bumps, our
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results suggest that either the planet is super-thermal (M ≳Mth),
or the disk viscosity is low (α ≲ 10−4).

In addition to rings and gaps, nonaxisymmetric dust features
could be produced by planet–disk interactions, such as crescent-
shaped asymmetries due to dust trapping at Lagrange points
(Rodenkirch et al. 2021). We do not observe such features in
any of our models, probably because of the modest mass of the
planets considered.

4.2. TW Hya case

Multiple bright and dark dust rings have been observed from 1
to 47 au (Macías et al. 2021). These rings are too narrow and
shallow to be produced by giant planets, but we have shown that
smaller bodies are possible. In particular, bright and dark rings
in the distribution of micrometer- and millimeter-sized grains
could be produced by multiple low-mass planets, like the ones
we show in Models 1 and 2, which are not correlated with gas
perturbations (see Figures 2 and 4).

4.3. J1604 case

In this transition disk with a prominent dust ring observed at 81
au, the surface density of the gas exhibits a drop at 60 au and
a pressure maximum that matches the location of the dust ring
(Yoshida et al. 2025), while the viscosity of the disk is found to
be as low as α ∼ 2×10−4. With this low viscosity value, the mass
of the putative planet responsible for the dust cavity may be sig-
nificantly lower than previously expected, based on our results
in Model 4. In fact, at a distance of 60 au, the Stokes number
of dust particles would be much higher than in our configura-
tion, and the resulting dust distribution could resemble the right
panel of Figure 9, where the planets generate an inner dust cavity
limited by a prominent dust ring.

4.4. HL Tau case

One of the dust gaps is found to be correlated with a drop
in the column density of HCO+ (Yen et al. 2019), suggesting
that the pressure bump mechanism is the dominant one. This
implies that the mass of the putative planets would be around
0.2–0.5 MJ , as was shown in previous works (Dipierro et al.
2015; Dong et al. 2015), much higher than the masses of the
planets that we considered.

4.5. Caveats

As was mentioned before, we did not include dust evolution in
our simulations. By dust evolution, we mean the introduction of a
realistic size distribution which can, for example, be tuned to fol-
low a power law. The variation in the number of particles within
each bin during the evolution of the system can then be translated
into a modification of the power-law size distribution. However,
this approach does not account for dust particle growth, which
may be more relevant for determining the dust size distribution.
For this reason, we limited our study to the dynamics of dust
particles.

Moreover, we adopted a 2D, locally isothermal setup. The
omission of heating and cooling processes and the full vertical
structure may prevent the development of additional instabilities,
such as multiple spiral arms (Bae et al. 2021). However, a 3D
setup would significantly increase computational cost, especially
for simulations including a large number of Lagrangian particles

with a wide size distribution, and could introduce numeri-
cal instabilities. By removing vertical and thermal complexity,
we can clearly track substructure formation for individual dust
sizes and maintain a stable, reproducible framework for multi-
size dust populations, serving as a baseline for understanding
gap opening mechanisms before including full 3D structure or
radiative effects in future work.

5. Conclusions

In this paper, we have investigated the formation of dust gaps
in circumstellar disks driven by the presence of multiple sub-
thermal mass planets, using 2D hydrodynamical simulations
with dust treated as Lagrangian particles. Here we summarize
the main results:

– Dust gaps can open due to radial gas outflows (for tightly
coupled particles) and tidal torques (for weakly coupled par-
ticles), without requiring perturbations in the gas pressure
gradient. Our parameter space analysis shows that the gas
outflow mechanism dominates for low Stokes numbers (St <
10−2), whereas tidal torques dominate for St > 1; in the inter-
mediate regime (10−2 ≲ St ≲ 1), no gaps are observed for
planet masses Mp < 10 M⊕, suggesting that no gap opening
mechanism is at work in this case;

– Our models with low Stokes numbers show that sub-thermal
mass planets can open narrow dust gaps (∆gap ≲ 1 au; see
Fig. 15) without any correlated gas structures. This is con-
sistent with the outflow mechanism proposed by Kuwahara
et al. (2022) for a single planet. However, in multiple sys-
tems, we find that dust gaps may be displaced with respect
to planetary orbits, particularly in dynamically evolving sys-
tems with migrating planets, where we also find gaps that
overlap with Lindblad resonances (see Fig. 6);

– Our models for high Stokes numbers show that sub-thermal
mass planets open large dust gaps and cavities (∆gap ≳ 4 au)
without gas pressure bumps, consistent with the tidal torque
mechanism proposed by Dipierro & Laibe (2017). However,
the dust morphology can change significantly when two or
more planets are present in the system. Multiple planets
can open a gap where a single planet is not able to, or a
common gap may form (see Fig. 15); as a consequence, esti-
mating the planet mass in observed disks assuming that it
acts alone may lead to inaccurate conclusions. We plan to
extend this work to super-thermal mass planets in a future
paper (Marzari et al., in prep.);

– Our findings indicate that the physical properties of the disk
are key in determining the dominant gap opening mechanism
within a system. This degeneracy introduces a significant
obstacle to interpreting observed dust substructures as direct
signatures of planet formation.
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Appendix A: Planet migration

We show in Figure A.1 the orbital evolution of the planets in
all models. Migration is generally slow because of the low mass
of the planets, with the exception of Model 1 due to the high
gas density and disk scale height. In all cases considered, planet
migration still prevents the planets from being captured in the
2:1 MMR. The faster migration of Model 1 (and partially in
Model 2) could affect the displacement of the dust gap with
respect to the positions of the planets. In fact, in Model 1 both
planets are migrating inward and the dust gap is located slightly
inside the orbit of the outer planet, while in Model 2 both planets
are slightly migrating outward and we observe the gap outside
of the orbit of the outer planet. In general, planet migration is
not expected to have a significant impact on whether the planets
can form a gap or not in our simulations. In fact, given the low
mass of the planets, the low gas surface density and the high gas
temperature (compared to models where the planets are farther
out), the migration timescale is significantly longer than the gap
formation timescale in all our models.

Fig. A.1. Orbital evolution of the planets across all models. The y axis
is normalized so that Rout = 1 and Rin = 0 represent the outer and inner
planets. The plot shows only the regions around 1 and 0 to highlight the
differences between the models.

Appendix B: Dust particle eccentricity

In addition to planet migration, the eccentricity of dust parti-
cles is another factor that can change the morphology of dust
substructures. Overall, the eccentricities of dust grains remain
extremely low across all our models, as expected given the mod-
est planetary masses, which are not able to significantly excite
the dust motion. The cases with the highest dust eccentricity are
shown in Figures B.1 and B.2, which highlight the orbital eccen-
tricities of small and large dust grains in Model 3 and Model 4.
We see that few particles with eccentricity e ≥ 0.01 have accu-
mulated near the most massive planet at 4 au - this behavior may
be related to particles passing very close to the planet, which
would have been otherwise accreted.

Fig. B.1. Orbital eccentricity of dust particles as a function of radial
distance in Model 3. Black dots represent 200 µm grains, while blue
dots correspond to 6.4 mm particles.

Fig. B.2. Same as Figure B.1, but for Model 4.
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