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Dust distribution in circumstellar disks harboring multi-planet systems
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Abstract

Context. Theoretical formation models and exoplanet detection surveys indicate that systems with multiple giant planets are common.

Aims. We investigate how multiple super-thermal-mass planets embedded in a circumstellar disk shape the dust distribution and examine the consequences for interpreting disk substructures and inferring planetary properties.

Methods. We performed two-dimensional hydrodynamical simulations with a modified PLUTO code, treating dust as Lagrangian particles in a wide range of sizes. We analyzed systems with two planets of different masses and orbital separations, comparing them to the single-planet scenario. We generated synthetic ALMA continuum maps using RADMC-3D and computed the relative impact velocities of dust particles to assess potential limitations to grain growth.

Results. Dust morphologies in multi-planet systems cannot be described as a simple superposition of single-planet gaps. Secular planetary perturbations can generate multiple dust traps and asymmetric structures, while also exciting significant eccentricities in dust particle orbits. As a consequence, the locations and widths of dust rings and gaps depend on the size of the particles, the masses of the planet, and the orbital configurations. Synthetic continuum images may hide gaps carved by multiple planets, thereby complicating the interpretation of observed substructures. In addition, eccentricities induced in dust orbits lead to stronger gas drag, reducing the Stokes number for a given particle size, and the enhanced relative velocities associated with eccentric orbits can further suppress grain growth, promoting fragmentation and replenishment of small dust grains.
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1 Introduction
High-angular-resolution observations of millimeter dust continuum emission in circumstellar and protoplanetary disks have profoundly advanced our understanding of disk structure and evolution (ALMA Partnership 2015; Avenhaus et al. 2018; Andrews et al. 2018). These observations reveal a remarkable diversity in disk sizes and morphologies and demonstrate that disks are commonly characterized by substructures such as rings, gaps, spirals, and asymmetries (Isella et al. 2018). Among these features, gap–ring systems are ubiquitous and appear to be a fundamental outcome of disk evolution rather than exceptional configurations.
Several physical mechanisms have been proposed to account for the origin of these substructures. One prominent explanation involves planet–disk interactions, in which embedded planets gravitationally perturb the disk and carve gaps in the gas and dust components (Crida et al. 2006; Dong & Fung 2017). Alternative scenarios include dust growth and fragmentation near snow lines, whereby changes in grain composition enhance dust accumulation (Zhang et al. 2015), as well as magnetohydrodynamic (MHD) processes such as turbulence driven by magneto-rotational instability (Flock et al. 2015), MHD winds (Riols & Lesur 2019), and pressure maxima associated with transitions between magnetically active and dead zones (Dzyurkevich et al. 2010). Distinguishing between these mechanisms remains a key challenge in interpreting high-resolution observations.
In this work, we focus on the formation of gaps and rings induced by giant planets embedded in circumstellar disks. In Roatti et al. (2025), we studied sub-thermal mass planets, for which 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: [image: Mathematical equation: $(M_{p} / M_{\star})_{th} = 3(H/r _{p})^3$], with rp the radius of the planet’s orbit. In that case, we illustrated how the planets were able to open dust gaps without perturbing the gas distribution. In general, a single sufficiently massive planet can open a gap in the gas disk through tidal torques, provided that its gravitational perturbation exceeds the stabilizing effects of viscosity and pressure (Lin & Papaloizou 1986). The resulting gap is accompanied by the formation of pressure maxima at its edges, which act as efficient dust traps by halting the inward or outward radial drift of solid particles (Weidenschilling 1977; Rosotti et al. 2020). Dust initially residing within the gap is rapidly depleted and redistributed toward these pressure maxima, where it accumulates and forms ring-like structures. In particular, dust drifting inward from the outer disk tends to pile up efficiently at the outer edge of the gap, leading to a pronounced dust ring that is frequently observed in disks hosting giant planets (Pinilla et al. 2012; Isella et al. 2016).
If the planet migrates radially, the structure and efficiency of the associated dust traps evolve over time. The morphology and relative brightness of the resulting dust rings depend sensitively on both the direction and the rate of migration, introducing an additional layer of complexity when interpreting the observed disk substructures.
The problem becomes substantially more complex in systems hosting multiple planets, particularly giant ones. Formation models (e.g., Ida et al. 2013; Matsumura et al. 2021) and radial velocity surveys (Knutson et al. 2014; Zhu 2022) suggest that multiple giant planets often form and coexist. The combined gravitational influence of two or more planets can significantly alter the gas surface density profile and, consequently, the efficiency and location of the dust traps associated with each planet. In such cases, the resulting dust distribution may differ markedly from that expected from a simple superposition of the individual gaps and rings produced by isolated planets. This has important implications for attempts to infer planetary masses and orbital configurations from observed dust substructures, as assuming that each planet acts independently may lead to biased or inaccurate conclusions.
Previous studies have explored some aspects of this regime. In particular, Marzari et al. (2019) investigated the case of two resonant giant planets that open a common gap in gas and dust and, while migrating outward, induce a strong dust accumulation at the outer edge of the gap. Here, we instead focus on systems hosting two widely separated giant planets, a configuration that is particularly relevant for disks exhibiting multiple, well-separated rings.
We performed hydrodynamical simulations using the PLUTO code (Mignone et al. 2007), modified to include Lagrangian dust particles spanning a broad range of sizes, as in Picogna et al. (2018). To provide a more realistic description of dust evolution, we implemented a constant particle flux at the outer disk boundary, included diffusive processes, and accounted for dust sublimation at the water snow line. These ingredients allowed us to follow the coupled evolution of gas and dust under the combined influence of multiple planets.
We find that the dust structures produced by multiple, widely separated giant planets cannot, in general, be interpreted as a linear superposition of the gaps and rings generated by each planet individually. We show that the combined gravitational perturbations of the planets lead to complex gas pressure profiles that give rise to nontrivial dust trapping structures and induce significant eccentricities in the dust particle orbits. As a result, the dust morphology exhibits features that are qualitatively different from those expected from single-planet models, even when the planets are well separated.
In addition, we post-processed the hydrodynamical simulations using the radiative transfer code RADMC-3D (Dullemond et al. 2012) to generate synthetic dust continuum emission maps in several ALMA observing bands. This allowed us to assess whether the physical properties of the planetary system, most notably the planetary masses and orbital parameters, can be reliably recovered from continuum observations. In particular, we investigated the extent to which observed disk substructures can be misinterpreted when the presence of multiple planets is not properly accounted for. For this purpose, we fed our synthetic images to DBNets2.0 (Ruzza et al. 2025), a machine learning tool that observers can use to estimate the mass of a single embedded planet provided the location of the observed gap. Therefore, we can find the mismatch between the real and derived mass in the case of a multi-planet system.
Finally, we computed the relative impact velocities between dust particles to evaluate whether the eccentricities induced by the planets lead to enhanced collision velocities that may inhibit further grain growth. This provides an additional insight into the interplay between the disk substructure, dust dynamics, and the early stages of planet formation.
This paper is organized as follows. In Sect. 2 , we describe the modifications to the PLUTO code that enable a more realistic treatment of dust evolution. In Sect. 3, we present the initial setup of the simulations. In Sect. 4, we validate the model by considering the case of a single giant planet. In Sect. 5, we examine systems with two equal-mass planets in different orbital configurations, including both closely spaced and widely separated systems. In Sect. 6 we extend the analysis to planets of unequal masses, considering a Jupiter–Saturn pair. In Sect. 7, we present the synthetic continuum images obtained with RADMC-3D. In Sect. 8, we analyze the impact velocities between dust particles and discuss their implications for dust growth. Finally, in Sect. 9 we summarize our results and discuss their broader implications.
2 The PLUTO code and additional features
PLUTO (Mignone et al. 2007) is a grid-based versatile hydrodynamics and magnetohydrodynamics code designed to solve problems of astrophysical fluid dynamics with high precision. It is well suited for modeling the complex gas and dust dynamics in circumstellar disks. To make the simulations more realistic, we implemented several features (see Roatti et al. (2025) for more details on the numerical setup). First, we considered a thin disk without self-gravity, which can be described as either globally or locally isothermal. To handle the dynamics of the planets, we added an N-body module as in Thun & Kley (2018). Instead of introducing the planets right at the beginning of the simulation, we gradually increased their mass from 0 to their final mass with either a linear or exponential growth profile, to avoid significant perturbations of the gas and particles (de Val-Borro et al. 2006).
We computed the acceleration due to the mutual gravitational 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 ɛ = 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 gravitational feedback of the disk onto the planets (and the star) to account for planet migration (Thun & Kley 2018).
We modeled the solid component of the disk using a large number of Lagrangian particles representative of dust dynamics (Picogna et al. 2018). We chose this approach over the pressureless fluid to be able to follow individual particles’ trajectories. Moreover, the fluid approach is not particularly accurate when working with large particle sizes. We initialized N = 5 × 105 particles with a multi-size distribution divided into 10 bins from 100 µm to 5.12 cm, separated by powers of 2. Particle orbits were numerically integrated with a semi-implicit scheme (Zhu et al. 2014) under the gravitational influence of the massive bodies, while also experiencing local gas drag, which was computed by interpolating the Epstein and Stokes regimes as in Lyra et al. (2009):
[image: Mathematical equation: C_D = \frac{9\mathrm{Kn}^2 C _D ^{\mathrm{Eps}} +C _D ^{\mathrm{Stk}} }{(3\mathrm{Kn} + 1)^2}\,,](1)
where [image: Mathematical equation: $C _D ^{\mathrm{Eps}}$] and [image: Mathematical equation: $C _D ^{\mathrm{Stk}}$] are the Epstein and Stokes drag coefficients, respectively, and Kn = λ/2s is the Knudsen number, with λ the mean free path of the gas and s the particle size (Woitke & Helling 2003; Lyra et al. 2009; Picogna et al. 2018). From Eq. (1) we can compute the dust stopping time,
[image: Mathematical equation: \tau _s = \frac{4 \lambda \rho _d}{3 \rho _g C_D c_s}\frac{1}{\mathrm{MaKn}}\,,](2)
where ρd = 1 g/cm3 is the internal density of dust particles, ρg is the density of gas, cs is the speed of sound, and Ma = |vrel|/cs is the Mach number. Then, the drag force acting on a dust grain moving with velocity vrel relative to the gas is given by
[image: Mathematical equation: F_D = - \frac{\mathbf{v}_{\mathrm{rel}}}{\tau _s}.](3)
Then we calculated the location of the water snow line as the radius at which the pressure of the water vapor is equal to the equilibrium pressure (see Gárate et al. 2020, Eqs. (33) and (34)). The equations define the thermodynamic threshold for the phase transition. The abundance of water is set by the initial solid-togas ratio. Following Drążkowska & Alibert (2017), we assumed an initial global dust-to-gas ratio of 0.01. Beyond the snow line, water ice typically constitutes about 50% of the total solid mass (or a water-to-gas mass ratio of roughly 5 × 10−3). At the snow line, the sizes of particles crossing the line are reduced by a factor of two due to ice sublimation. As a result, particles transition to a smaller size bin. Because we assumed the same gas and temperature profiles in all of our models, the water snow line is always located at rsnow ≃ 3 au.
Moreover, a constant flux of dust from the outer disk regions was simulated by maintaining a steady number of dust particles in the outer ring of the grid , replacing the particles lost from the inner boundary because of dust drift. This allows the numerical integration to continue over a long period of time without the inconvenience of exhausting the flux of dust particles from the outer regions of the disk. Note that this makes sense physically as a real disk extends further than the simulation domain. For the gas component, we added wave-killing zones at the inner and outer radial boundaries of the grid, so that the surface density of the gas is damped toward its initial value (de Val-Borro et al. 2006). However, the integration time is too short for the viscous evolution of the disk to have a noticeable effect. Specifically, for a disk with characteristic size r, the surface density at all radii will evolve on a timescale of τν − r2/v (Armitage 2020). For our disk parameters this translates into a viscous timescale of 6.4 × 106 yr, that is more than two orders of magnitude larger than our integration time of 270 orbits at 22 au: t − 2.8 × 104 yr. Our constant disk surface density at the outer boundary provides an effective gas influx from the outer disk, that is supposed to extend much further than our computational domain and matches the constant particle surface density at the outer boundary. Finally, we included the diffusion of dust particles following Charnoz et al. (2011), incorporating periodic position jumps to simulate turbulent mixing.
2.1 Postprocessing with RADMC3D
An important aspect of modeling dust evolution in protoplane-tary disks hosting planets is the interpretation of observed substructures such as rings, gaps, and spiral arms. In order to achieve this goal, our simulations include a broad range of dust grain sizes, which is essential to accurately reproduce ALMA observations at different wavelengths and frequency channels. By capturing how dust of different sizes responds to the presence of planets, we aim to establish a robust link between disk morphology and planetary perturbations. Ultimately, the main objective is to tackle the inverse problem, namely to infer the physical properties of the embedded planets, such as their masses and orbital parameters, from the observed disk features. With this goal in mind, we post-processed the output of the hydrodynamical simulations using the radiative transfer code RADMC-3D (Dullemond et al. 2012) to generate synthetic dust continuum emission maps at wavelengths of 0.85, 1.3, and 3 mm, corresponding to ALMA Bands 7, 6, and 3, respectively. Dust density distributions were calculated using a modified version of the FARGO2RADMC3D code (Baruteau et al. 2019). We assumed a standard power-law dust size distribution, n(a) ∝ a−3.5, covering the minimum and maximum grain sizes considered in the simulations. Since dust back-reaction on the gas was neglected, the dust mass does not affect the gas dynamics; consequently, only the spatial distribution of the dust enters the continuum radiative transfer calculations (Baruteau et al. 2019).
The dust surface density for each size bin was calculated from its spatial distribution as follows (Baruteau et al. 2019):
[image: Mathematical equation: \sigma _{i,\rm{dust}}(r, \theta) = \frac{N_i (r,\theta)}{A(r)}\frac{M_{i,\rm{dust}}}{\sum _{r,\theta}N_i (r,\theta)},](4)
where Ni is the number of particles per bin size in each grid cell, A(r) is the cell surface area (seen face-on), and
[image: Mathematical equation: M_{i,\rm{dust}} = \xi M_{\rm{gas}}\frac{a_i ^{4-p}}{\sum _i a_i ^{4-p}}](5)
is the mass of dust per size bin. Here, p = 3.5 is the powerlaw index of the size distribution, ξ = 0.01 the dust-to-gas ratio, and Mgas the total gas mass. To make the synthetic images more realistic, we included an additional dust bin with small particles (1 µm) that are tightly coupled to the gas.
We expanded the dust surface density along the vertical direction (128 cells from 0 to π) to obtain the dust volume density. We assumed hydrostatic equilibrium and a Gaussian vertical profile for each size bin, where the dust particle scale height for the i-th size bin was set as [image: Mathematical equation: $H_{i, \rm{dust}}/H = \sqrt{\alpha/(\alpha + \rm{St _i})}$] (Youdin & Lithwick 2007), where St = τsΩK is the Stokes number of the particles, with τs the stopping time and ΩK the Keplerian frequency. Dust opacities were calculated using the optool code (Dominik et al. 2021), which adopts the Mie theory for compact spherical grains with the optical constants of astronomical silicates (Draine 2003).
For the synthetic observations, we placed the disk at a distance of 140 pc, that is typical of close star-forming regions, with the central star of radius R = 2.4 RΘ and temperature T = 4300 K. The dust temperatures were computed with a Monte Carlo calculation. We adopted a logarithmically spaced wavelength grid with 300 elements 5 × 10−2 ≤ λ[μm] ≤ 104 and we used 108 photon packages for ray-tracing, generating 2048 × 2048 pixel flux maps that include both absorption and scattering, assuming Henyey–Greenstein anisotropic scattering.
3 Initial setup
We performed two-dimensional simulations of a circumstellar disk in which two giant planets have formed at a significant distance from each other such that there is no resonant locking between them. The initial orbital configuration for each model is shown in Table 1. Since the planets are assumed to have completed their formation, the surface density of the gaseous disk is set to a low value, with its profile described by a power law of the form
[image: Mathematical equation: \Sigma = \Sigma_0 r^{-1} ,](6)
with the initial density Σ0 = 100 g/cm2 in all models, as we are considering aged disks in which planet formation has already been completed. The temperature profile is given by
[image: Mathematical equation: T(r) = T_0 r^{-0.5}.](7)
Table 1 
Initial orbital configurations of the simulated models.


The initial temperature at 1 au was set in all models to T0 = 300 K, while an alpha-viscosity prescription was adopted (Shakura & Sunyaev 1973), with α = 1 × 10−3. 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 evolution timescale, so we did not include disk evolution in our code. The disk extends from 0.5 to 30 au and is covered by a grid of 744 × 682 cells in the radial and azimuthal directions, respectively. Damped boundary conditions were applied at both the inner and outer radial edges of the computational domain to prevent spurious wave reflections and ensure numerical stability.
Dust particles are initially uniformly distributed within each ring, resulting in a radial density distribution that declines as 1/r. This distribution can be re-normalized to obtain any radial density profile for the dust. Initially, the planets were placed on circular orbits with a mass of 1 Earth mass, which increases to their final value over a ramp-up time of 100 yr to avoid instabilities in the gas.
4 The single planet case
As a preliminary test, we carried out a simulation with a single migrating giant planet of one Jupiter mass, initially located on a circular orbit at a distance of 5 au from the central star. The resulting dust distributions after 270 planet orbits are shown in the top row of Fig. 1. The planet-induced gap acts as a barrier for larger dust particles, as the mass of the planet exceeds the so-called pebble isolation mass. The latter is defined as the mass at which the accretion of cm-sized dust grains (“pebbles”) stops, when the planetary core generates a pressure bump that traps drifting pebbles outside its orbit (Lambrechts et al. 2014; Bitsch et al. 2018):
[image: Mathematical equation: M_{\rm{iso}} \approx 20 \left( \frac{a}{5\, \rm{au}} \right) ^{3/4} M_{\oplus},](8)
where the exact value also depends on the viscosity of the disk and the diffusion of dust particles, which varies with particle size (see Bitsch et al. 2018). However, smaller particles can filter through the outer dust trap. In particular, we observe small dust grains in the horseshoe region, but they could also represent particles that would have been accreted. In the histogram of Fig. 2 (top left), it is also evident that the outer peak in dust density is more pronounced. This happens because in our simulations we have a constant flux of dust particles coming from the outside (i.e., from the outer disk) which are trapped at the outer edge of the dust gap, whereas particles in the inner region tend to drift toward the star and vanish from the simulation. Furthermore, the width of the dust gap depends on particle size, as the inward drift is halted at different equilibrium distances from the star. The wavy pattern of the gas distribution creates additional dust traps, particularly for pebbles, as shown in the top row of Fig. 1. The formation of multiple dust traps by a single planet is consistent with previous results for a planet on a fixed circular orbit (Dong et al. 2018) and for a migrating planet (Wafflard-Fernandez & Baruteau 2020). In our case, the planet migrates slowly and multiple dust traps develop only for large particles with St ~ 1, which are more efficiently concentrated at the pressure bump. Small particles can get closer to the planet, and their orbits are significantly excited (see the top left panel of Fig. 3).
5 Models with two Jupiter-mass planets
If more than one planet is present in the system, the gravitational perturbations on the gaseous disk become complex and cannot be accurately modeled as a simple superposition of the individual effects from each planet. A similar situation applies to the dust distribution, which responds to the resulting complex gas dynamics and may accumulate in different gas-induced dust traps or have its inward drift halted at different locations compared to the single-planet case.
In the following, we consider three different scenarios. In the first, two Jupiter-sized planets orbit the star on relatively close orbits but remain far enough from the main first-order resonances. In the second scenario, the two planets are placed farther apart. In the third case, the mass of the outer planet is reduced to that of Saturn.
5.1 Close-orbit configurations
We considered two Jupiter-sized planets: the first was initially placed on a circular orbit with a semimajor axis of 8 au, while the second orbits farther out, also on a circular orbit, with a semimajor axis of 15 au. In the second row of Fig. 1, we show the dust distribution for 100-µm, 1.6-mm, and 2.6-cm particles (pebbles) after 270 orbits of the outer planet. Around the inner planet, the gap is well defined at all particle sizes, as is also confirmed by the dust distribution histogram (Fig. 2, top right). For the outer planet, the gap in the small particles is not as deep as expected, implying significant filtering of particles from the outer dust trap. The histogram clearly shows that the gap is continuously replenished by particles coming from outside. Additionally, notable structures appear in the regions beyond the outer dust trap because of spiral waves excited by the planet. As in the case of a single planet, the size of the gap depends on the size of the particles. Pebbles are trapped in the outer dust trap induced by the outer planet, forming multiple ring-like structures associated with local maxima and minima in the gas density. This ultimately produces a single wide gap that encompasses both planets. However, contrary to expectations, pebbles do not disappear inside the inner planet, thereby preventing the formation of a typical transition disk at this dust size. Most of the pebbles are concentrated near the water snow line located at 3.06 au, which could also play a role in slowing down these particles in the inner disk. The sudden change in the Stokes number of the particles creates a “traffic jam” mechanism where pebbles can accumulate. In contrast, a transition disk is formed for smaller dust sizes (left and middle panels in the second row of Fig. 1). These effects can likely be attributed to the small eccentricities acquired by the planets as a result of mutual secular perturbations. The inner planet reaches an average eccentricity of approximately 0.003, while the outer planet attains an average eccentricity of about 0.005 (in the single planet case it is 0.001).
In addition, the gas spirals and the gravitational perturbations from both planets contribute to the excitation of the orbital eccentricities of the dust particles. Far from the planets, smaller particles that are well coupled to the gas have their eccentricity primarily driven by the gas spiral; larger particles, instead, are dominated by the planet’s gravitational perturbations; in the vicinity of the planets, the gravitational perturbations dominate across all particle sizes. As shown in the top right panel of Fig. 3, the eccentricities of small 100 µm-sized particles are high within the gap opened by the outer planet. These particles are dragged into the gap by the gas spiral, and as a result they acquire significant eccentricity. For pebbles, the eccentricity is particularly high in the outer region of the disk, which may explain the observed drop in density near the outer dust trap. Because of their increased eccentricity, the particles migrate inward more rapidly as a result of enhanced drag with the gas. This implies that the Stokes number of a particle of a given size decreases with increasing vrel (see Eq. (2)), which should be taken into account when interpreting dust observations in terms of the Stokes number of the particles.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Dust distributions for three representative grain sizes. From left to right: 100 µm, 1.6 mm, and 2.6 cm particles. Rows correspond to different planetary configurations: single planet (top), two Jupiter-mass planets on close orbits (second), two Jupiter-mass planets on wide orbits (third), and a Jupiter–Saturn pair on wide orbits (bottom). The dashed black curve shows the radial gas surface density profile (normalized between 0 and 2π). Filled green circles mark the planet locations.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Radial distribution of dust particle number density for each model, computed in radial bins of 0.25 au. Black, red, and blue lines correspond to 100 µm, 1.6 mm, and 2.6 cm particles, respectively. Filled orange circles mark the planet locations. Top left: single planet. Top right: two Jupiter-mass planets on close orbits. Bottom panels: wide-orbit configurations.



5.2 Distant planetary orbits
In this section we consider a configuration with two Jupiter-sized planets placed farther apart than in the previous case. The inner planet is initially on a circular orbit with a semimajor axis of 5 au, whereas the outer planet orbits at a semimajor axis of 22 au. In this case, the disk extends to 40 au, and the grid is set to 796 × 546. The density and temperature profiles are identical to those in the previous model. The simulation ends after 270 orbits of the outer planet, as in the previous case.
The third row of Fig. 1 illustrates the dust distribution for this model. The 1.6 mm dust particles exhibit a behavior similar to that shown in the case of two closer planets: a single gap forms, which can be interpreted as due to a single massive planet. However, the pebble distribution is significantly different. In the case
of close planets, a dense ring forms within 5 au, inside the orbit of the inner planet, whereas for two distant planets, the dense ring forms between the two, at distances between 6 and 14 au. As a consequence, a completely different interpretation can be derived simply by examining the pebble distribution in terms of the size and location of the planets responsible for the formation of the rings.
The distribution of smaller particles also appears to be significantly different. With close planets, there is an inner gap and a mild gap around the outer planet. In contrast, when the planets are more widely separated, a gap appears between the two planets. This is confirmed by inspecting the histograms in Fig. 2 (top right and bottom left panels).
In addition, in Fig. 1, we identify a pronounced overdensity of small and intermediate-size dust grains at a radial distance of approximately 30 AU, which is clearly non-axisymmetric. To investigate the origin of this feature, we present in Fig. 4 the spatial distribution of dust particles overlaid on the perturbed gas surface density, δΣ/Σ0. We find no evident spatial correlation between the dust overdensity and the spiral wake launched by the outer planet. Moreover, we do not detect the presence of a vortex or localized pressure maximum that could be associated with the Rossby wave instability. The dust overdensity is radially narrow, suggesting a possible connection with meanmotion resonances (MMRs) with the outer planet. However, we find that its location does not coincide with a specific resonance but instead lies between the nominal 2:1 and 3:2 MMRs. Instead, the radial location of the dust overdensity is related to the pressure bump generated by the outer planet, which traps the small and intermediate-sized dust particles, whereas pebbles are able to filter through the gap and are trapped in the pressure bump generated by the inner planet. This azimuthal asymmetry is present only in the dust at this stage, but we identify in earlier snapshots a perturbation in the gas vortensity consistent with transient vortex formation. As the planets migrate inward, the gas feature dissipates, while dust remains trapped for longer timescales. Interestingly, this asymmetric structure is absent both in the single planet case and the two Jupiter-mass planets in close orbits of the previous section. This may be due to dust diffusion, which tends to smooth out dust perturbations and acts on a shorter timescale in these cases.
Finally, the arch shape observed in Fig. 1 for the 2.56 cm dust particles is due to the high eccentricity excited by the secular perturbations of the two planets, combined with the gas perturbations. In the bottom left panel of Fig. 3, we show the eccentricity distribution of the same particles in this model. Close to the outer planet, eccentricities as high as e ∼ 0.2 are reached, leading to complex dynamics in its vicinity and to a nontrivial radial distribution. Even in this case, the elevated eccentricities make a classification of particles based solely on their Stokes number problematic, since the dust–gas drag depends on the instantaneous relative velocity along the orbit.
For particles on eccentric orbits, vrel is systematically larger than in the circular case, owing to both radial and azimuthal velocity differences between the particle and the gas. As a consequence, the effective coupling strength averaged over an orbital period differs from that inferred under the assumption of circular motion.
This has two important implications. First, when simulation results are reported only in terms of a Stokes number, without specifying the orbital elements (in particular the semimajor axis and eccentricity), the corresponding physical grain size cannot be uniquely determined. In eccentric configurations, the mapping between St and grain size depends not only on the local gas properties but also on the orbital parameters. Second, observations generally do not constrain particle eccentricities directly. Therefore, adopting a Stokes number derived under the assumption of circular motion may bias estimates of the dust– gas coupling and, consequently, the planetary mass required to reproduce the observed disk structure.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Dust particle orbital eccentricity versus radial distance for each model. Filled green circles mark planet locations. Colored points denote grain sizes of 100 µm (green), 1.6 mm (cyan), and 2.6 cm (magenta).



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Gas and dust distributions for two widely separated Jupiter-mass planets. Blue dots represent 1.6-mm dust particles, superimposed on the perturbed gas surface density ΔΣ/Σ0 (color scale). Dashed green (yellow) lines indicate the 2:1 (3:2) mean motion resonance with the outer planet. The plot is zoomed in the region between 15 to 35 AU to better visualize the dust overdensity near the outer gap edge.



6 Models with two planets of different mass
Another interesting case involves two planets of different mass, modeled after Jupiter and Saturn. As in the previous setup, the inner planet is initially placed on a circular orbit with a semimajor axis of 5 au, while the outer planet starts with a semimajor axis of 22 au. The disk parameters remain the same as in the earlier model, and the simulation is terminated after 270 orbital periods of the outer planet.
By comparing the third and fourth rows of Fig. 1, we can observe morphological differences in the dust distribution compared to the case with two Jupiter-mass planets. For small grains of 100 µm, the distribution is broadly similar, with the exception of a gap located closer to 15 au rather than 20 au. In the distribution of 2.6-cm pebbles, the wavy pattern appears less pronounced in the case of a Saturn-mass planet, as it produces weaker gas waves. For intermediate-sized particles (1.6 mm), the dust distribution follows that of the previous model, but the inner edge of the large inner hole extends to 25 au, whereas in the case with two massive planets it is located at 28 au. This clearly poses a challenge when trying to interpret the size of a large inner hole in the dust distribution of a disk in terms of planet mass. Such a feature could be produced either by two nearby massive planets or by two planets where the outer one is less massive and located farther away. Then, for pebbles, the overall distributions remain similar, although beyond 15 au the dust density is lower than that with massive planets.
In addition, we note the presence of an asymmetric structure in the dust distribution near the edge of the outer gap, in particular for millimeter-sized grains. Similarly to the previous case, most of the grains are trapped in the pressure bump generated by the outer planet, whereas pebbles are able to escape because of their weak coupling with the gas. As mentioned before, the asymmetry is likely due to a vortex that has not been smoothed out by particle diffusion; moreover, the overdensity is less prominent in the small grains compared to the previous simulation, likely because of the lower mass of the outer planet. These features are confirmed by Fig. 2 (bottom right panel), where the density of the dust particles shows that intermediate-size grains are mostly stopped at the outer edge of the outer planet’s orbit creating a large cavity, whereas both smaller and bigger grains are able to filter through the gap: in particular, 2.6 cm pebbles are mostly concentrated in between the two planetary orbits.
By comparing the dust distributions for each model in Fig. 1, together with the corresponding histograms in Fig. 2, it appears difficult to identify a common behavior. For most particle sizes, a transition disk forms which in some cases may extend slightly beyond the orbit of the inner planet, while in others it may extend outside the orbit of the outer planet. This leads to an imbalance in the dust size distribution, which is not homogeneous but instead depends on the radial distance from the star, in a manner consistent with our findings for sub-thermal mass planets in Roatti et al. (2025). This complicates the interpretation of real disk observations, where a broad range of dust sizes with different optical depths contributes to the emission, potentially blending or masking the dynamical signatures produced by embedded planets.
7 Synthetic images
To evaluate the observational impact of our results, we generated ALMA-like synthetic continuum images for each simulation. We show in Fig. A.1 the raw emission maps (before beam convolution) for the different multi-planet systems simulated in Band 7 (0.85 mm), Band 6 (1.3 mm), and Band 3 (3 mm). To have a more realistic picture, we created mock observations by convolving the raw emission maps with realistic ALMA beam sizes: configurations C43-8, C43-9, and C43-10 were used for Bands 7, 6, and 3, yielding beams of 0.028″, 0.024″, and 0.041″, respectively. Figure 5 shows the resulting intensity maps (Jy/arcsec2) for each
system, along with radial profiles of dust and gas (dashed lines). The intensity is generally higher at shorter wavelengths, indicating that small grains dominate the continuum emission. In most cases, the inner planet is barely visible due to its proximity to the star and the narrowness of its dust gap, which is unresolved by the beam. In the close-orbit system (left column), the inner
gap is detectable only in Band 6, while the outer gap is visible in all bands. In wide-orbit systems, only one gap appears in between the two planets. This is because continuum emission arises from all dust sizes, each with a markedly different spatial distribution (see histograms in Fig. 2), so that the combined signal rarely produces two clearly separated gaps. This shows the challenge of interpreting the dust distribution shaped by more than one planet. In particular, inspection of the images by themselves provides very limited constraints on the planetary masses and semimajor axes, and even the number of planets present in the disk cannot be robustly determined.
In addition, asymmetric structures are observed in some cases, particularly for two distant Jupiter-mass planets (center column, near 6 o’clock), outside the orbit of the outer planet. These correspond to a local dust overdensity that originates from hydrodynamical simulations and is smoothed out by the beam. This feature is most prominent in Band 6, showing that intermediate-sized grains are more concentrated in the clump, whereas smaller and larger grains are more diffused, producing more extended emission in Bands 7 and 3 (as seen in Fig. 1). Such structures resemble crescent-shaped asymmetries seen in disks such as MWC 758 (Baruteau et al. 2019). However, at this stage, we do not detect a strong gas asymmetry that would indicate an active Rossby wave instability; in our simulations, the dust clump is consistent with the remnant of an earlier perturbation in the gas vortensity, near the outer pressure bump. As the planets migrate inward, the original gas feature dissipates, while the dust remains trapped on longer timescales; this dust concentration develops after ∼5 kyr in both wide-orbit configurations, whereas it does not form in the case of close planets.
Table 2 
Results of planetary mass estimation with DBNets2.0.

	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Dust continuum emission convolved with a realistic ALMA beam in Band 7 (first row), Band 6 (second row) and Band 3 (third row). Columns correspond to the models CloseJup (left), WideJup (middle), and WideSat (right). Bottom panel: radial intensity profiles in Bands 7 (brown), 6 (orange), and 3 (yellow), together with dust (dashed blue) and gas (dashed black) radial profiles. Cyan crosses and filled green circles mark the planet locations.



7.1 Planetary mass estimation with DBNets2.0
We were of the view that a multi-planet system cannot be interpreted as a mere superposition of the effects of the single planets, so estimating the planetary mass assuming that it acts alone may lead to inaccurate conclusions. To verify this, we fed our mock observations to DBNets2.0 (Ruzza et al. 2025)1: a deep learning tool, based on convolutional neural networks (CNNs), that analyzes dust substructures observed in the continuum emission to infer the mass of putative embedded planets, together with disk properties such as α viscosity, the disk aspect ratio at the planet location, hp, and the dust Stokes number, S t. This tool is built to find single planets, although one could apply it multiple times to find a planet for each observed gap. Because we observe only one gap in each system, we applied the tool to search for a planet at the gap location (as an observer would do with a real image), and we repeated this procedure only for Band 6 and 7, as they are compatible with the training set (Ruzza et al. 2025).
The results are shown in Table 2: for each measurement, we also show the confidence score (CS), a metric that helps to assess the reliability of the inferred posteriors, particularly when applying the tool to out of distribution data. We find CS > 0.6 for all configurations, so that all estimates can be considered acceptable (Ruzza et al. 2025). For the system with two Jupiter-mass planets in a close orbit, a narrow gap is observed near the location of the outer planet, so that its mass is in the range measured by DBNets, although slightly underestimated. In the wide-orbit configurations, a wide gap is observed between the two planets: as a consequence, the tool finds a higher planetary mass. This shows how the interpretation of observed gaps requires careful consideration: even if a dust gap seems to be produced by a single planet, it can be the outcome of a multi-planet system embedded in the disk.
8 Dust impact velocities
After the possible rapid formation of giant planets, dust accumulation and growth can continue within the disk, leading to the formation of additional planetesimals and planets. An important parameter in this scenario is the relative impact velocity between dust particles. In our simulations, we computed these relative velocities from the simulated particles by dividing the entire 2D disk into sectors defined by bins in radial distance and azimuthal angle. Within each sector, the relative velocities were calculated after subtracting the local Keplerian velocity, thereby removing the contribution from Keplerian shear.
Since we have a large number of particles, we can keep the sectors sufficiently small to obtain a good approximation of the relative impact velocity due to the eccentricity of the orbits.
Because the simulations are 2D, we neglected the contribution from the out-of-plane velocity component produced by the inclination excited by the gravitational perturbations of the planets. However, we could estimate its effect using the equation from Lissauer & Stewart (1993), which gives the relative velocity between planetesimals moving on orbits with average eccentricity, e, and inclination, i:
[image: Mathematical equation: v_{\rm rel} \approx v_K \sqrt{\frac{5}{8} e^2 + \frac{1}{2} i^2} ,](9)
where νk is the local Keplerian velocity. The effect of a dispersion on the inclination is approximately equivalent to that of eccentricity, and it would increase the relative velocity by a factor of about [image: Mathematical equation: $\sqrt{2}$].
We show in Fig. 6 the mean impact velocities computed between dust grains of the same size as a function of the radial distance from the star for each of the simulated multi-planet systems. Because of the gravitational perturbations of the planets and the resulting eccentric orbits, the relative velocities are on the order of a few meters per second for 100-micron and 1.6-mm particles, and tens of meters per second for pebbles. Whether such velocities allow dust growth depends critically on the fragmentation threshold velocity, νfrag , which remains uncertain. Typical values of νfrag are often assumed to be on the order of a few meters per second for silicate grains and somewhat higher for icy particles, but only if the local disk temperature is sufficiently high (see the review by Birnstiel 2024 and references therein). Recent work suggests that values up to ∼30 m/s may be possible depending on grain porosity and monomer properties (Parizek et al. 2025).
For fragmentation thresholds below this upper limit, the collision velocities found in our simulations would likely hinder further growth of dust into larger bodies, even within dust traps at the edges of planet-induced gaps where the dust density is enhanced. In this case, dust pileups would not necessarily translate into efficient growth, as collisions may be dominated by fragmentation rather than sticking, potentially limiting the formation of second-generation planetesimals. An exception may occur in regions where giant-planet perturbations generate local turbulence at gap edges. There, strong pressure and vortensity gradients may trigger vortex formation, which could concentrate solids and enhance collisional growth.
From a theoretical standpoint, the dust content of circumstellar disks is expected to steadily decrease with age as micrometer-sized grains grow into larger aggregates, planetesimals, and eventually planets. However, an analysis of ALMA observations by Testi et al. (2022) suggests that disks in starforming regions with typical stellar ages of ≲1 Myr exhibit a similar or even lower median dust content compared to older disks with ages of 2–3 Myr. According to Turrini et al. (2019) and Bernabò et al. (2022), this behavior may be attributed to an enhanced collisional evolution of planetesimals driven by planetary perturbations, which can create conditions for the collisional rejuvenation of the dust population, partially halting or even reversing the expected decline trend and significantly contributing to the observed dust-to-gas ratio. When operating in conjunction with planetesimal fragmentation, the collisional grinding of dust induced by the enhanced dust eccentricities discussed here may further amplify the observed resurgence of millimeter and submillimeter dust densities reported by Testi et al. (2022).
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Mean impact velocities between dust grains of the same size as a function of radial distance. Top: two Jupiter-mass planets on close orbits. Middle: two widely separated Jupiter-mass planets. Bottom: Jupiter–Saturn pair.



9 Conclusions
This study highlights the challenges that may arise when interpreting the dust distribution in a circumstellar disk shaped by more than one (super-thermal-mass) planet:

	Our numerical simulations show that, within the parameter range explored, the formation of clean, well-separated gaps almost never occurs across all dust sizes when two perturbing planets are embedded in the disk. This outcome arises from the complex wavy structures induced in the gas density, which generate multiple dust traps, and from gravitational perturbations associated with the planets’ eccentricity evolution, which excite the orbits of the dust particles. Together, these two mechanisms strongly affect dust dynamics, resulting in markedly different size-dependent distributions (see Fig. 1). These findings build upon previous studies of singleplanet systems (Dong et al. 2018; Wafflard-Fernandez & Baruteau 2020) by showing that the presence of a second perturber can substantially modify the orbital evolution of dust grains and produce disk substructures that are more complex and potentially ambiguous to interpret, even when the planets are widely separated.;


	The dust eccentricity enhances the headwind experienced by the particles. As a result, the drift rate is no longer determined solely by grain size and gas density, but is strongly dependent on the grains’ eccentricity (see Fig. 3). The latter significantly changes the relative velocity between the gas and the dust particles of a given size, reducing their Stokes number (see Eq. (2)), which is crucial for the interpretation of observed dust distributions in terms of St.;


	From the results of our simulations, we generated realistic mock observations with RADMC-3D (Dullemond et al. 2012), including a convolution with an ALMA-like beam. This mock data reveals the intrinsic complexity of disks containing multiple planets and illustrates the challenges associated with inferring the physical and dynamical properties of embedded planets from observations alone (see Fig. 5). To verify this, we tackled the inverse problem by using our mock data as an input to estimate the planetary mass with DBNets2.0 (Ruzza et al. 2025): because there is only one visible gap in our images, an observer interprets it as due to a single planet located in the center of the gap and misestimates its mass (see Table 2). This shows how multi-planet systems complicate the interpretation of observed dust substructures: a similar result on two planets showing a single observable gap has been found by Pinilla et al. (2015) using a 1D model for dust evolution and assuming a fixed circular orbit for the planets. We extended this result to migrating planets with different masses and orbital configurations, providing a more detailed view of the 2D dust distribution and kinematics for different grain sizes;


	Dust particles experience enhanced relative velocities as a direct consequence of their eccentricities. This leads to collision velocities that can become comparable to, or even exceed, the critical threshold above which fragmentation dominates over grain growth and coagulation into larger aggregates (see Fig. 6). As a result, the dust population undergoes progressive collisional grinding, effectively reversing the grain growth process and giving rise to an increasing abundance of smaller dust particles. This effect is also relevant in the vicinity of gap edges, where the dust surface density is highest and collisional rates are enhanced. This mechanism may contribute to sustained and continuous replenishment of small dust grains within the disk.
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1 We used the python tool available at https://github.com/dust-busters/DBNets/tree/dbnets2.0.0




Appendix A  Dust continuum emission
Figure A.1 shows the raw emission maps (before beam convolution) for the different multi-planet systems simulated in Band 7 (0.85 mm), Band 6 (1.3 mm) and Band 3 (3 mm). In all three configurations, the intensity of the dust emission has a maximum close to the star, which makes it hard to notice the gap created by the inner planet. The outer dust gap is more visible, in particular at longer wavelengths. A big difference between the close-orbit and the wide-orbit configurations is that the first one shows two gaps at the location of the planets, while in the second case a dust ring forms corresponding to the orbit of the outer planet. This could be an artifact due to particles that would have been accreted by the planet, or could represent a large number of dust particles trapped in the horseshoe region because the planets orbiting farther out did not have enough time to “clear” their orbits with respect to the closer configuration.
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Continuum emission raw maps in Band 7 (top row), Band 6 (middle row) and Band 3 (bottom row), for the models with two Jupiter-mass planets in close orbits (left column), wide orbits (middle column) and for a Jupiter-Saturn pair (right column). Crosses indicate the position of the planets.




Appendix B  Dust vortex
We have shown in Fig. 4 the presence of an azimuthal asymmetry in the dust distribution, which originates from an initial perturbation of the gas vortensity. In 2D, the vortensity, ω, is defined as the ratio of the curl of the velocity field to the gas surface density, Σ. Figure B.1 presents the time evolution of the perturbed vortensity, (ω − ω0)/ω0, overlaid with the distribution of dust particles of all sizes. Although the initial vortensity perturbation gradually dissipates, a dusty vortex forms at the same location and grows with time. The resulting dust overdensity produces the peak in continuum emission shown in Fig. 5.
	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Perturbed vortensity, (ω − ω0)/ω0 (color scale), overlaid with the distribution of dust particles of all sizes (black dots) at different times for the model with two Jupiter-mass planets on wide orbits. The outer planet is fixed at ϕ; = 0.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Dust distributions for three representative grain sizes. From left to right: 100 µm, 1.6 mm, and 2.6 cm particles. Rows correspond to different planetary configurations: single planet (top), two Jupiter-mass planets on close orbits (second), two Jupiter-mass planets on wide orbits (third), and a Jupiter–Saturn pair on wide orbits (bottom). The dashed black curve shows the radial gas surface density profile (normalized between 0 and 2π). Filled green circles mark the planet locations.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Radial distribution of dust particle number density for each model, computed in radial bins of 0.25 au. Black, red, and blue lines correspond to 100 µm, 1.6 mm, and 2.6 cm particles, respectively. Filled orange circles mark the planet locations. Top left: single planet. Top right: two Jupiter-mass planets on close orbits. Bottom panels: wide-orbit configurations.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Dust particle orbital eccentricity versus radial distance for each model. Filled green circles mark planet locations. Colored points denote grain sizes of 100 µm (green), 1.6 mm (cyan), and 2.6 cm (magenta).
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Gas and dust distributions for two widely separated Jupiter-mass planets. Blue dots represent 1.6-mm dust particles, superimposed on the perturbed gas surface density ΔΣ/Σ0 (color scale). Dashed green (yellow) lines indicate the 2:1 (3:2) mean motion resonance with the outer planet. The plot is zoomed in the region between 15 to 35 AU to better visualize the dust overdensity near the outer gap edge.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Dust continuum emission convolved with a realistic ALMA beam in Band 7 (first row), Band 6 (second row) and Band 3 (third row). Columns correspond to the models CloseJup (left), WideJup (middle), and WideSat (right). Bottom panel: radial intensity profiles in Bands 7 (brown), 6 (orange), and 3 (yellow), together with dust (dashed blue) and gas (dashed black) radial profiles. Cyan crosses and filled green circles mark the planet locations.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Mean impact velocities between dust grains of the same size as a function of radial distance. Top: two Jupiter-mass planets on close orbits. Middle: two widely separated Jupiter-mass planets. Bottom: Jupiter–Saturn pair.
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	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Continuum emission raw maps in Band 7 (top row), Band 6 (middle row) and Band 3 (bottom row), for the models with two Jupiter-mass planets in close orbits (left column), wide orbits (middle column) and for a Jupiter-Saturn pair (right column). Crosses indicate the position of the planets.
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	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Perturbed vortensity, (ω − ω0)/ω0 (color scale), overlaid with the distribution of dust particles of all sizes (black dots) at different times for the model with two Jupiter-mass planets on wide orbits. The outer planet is fixed at ϕ; = 0.
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      Table 1 

      Initial orbital configurations of the simulated models.

      
        


	Model
	M1 (Mj)
	M2 (Mj)
	a1 (au)
	a2 (au)





	Single
	1
	/
	5
	/



	CloseJup
	1
	1
	8
	15



	WideJup
	1
	1
	5
	22



	WideSat
	1
	0.3
	5
	22





      

    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Dust distributions for three representative grain sizes. From left to right: 100 µm, 1.6 mm, and 2.6 cm particles. Rows correspond to different planetary configurations: single planet (top), two Jupiter-mass planets on close orbits (second), two Jupiter-mass planets on wide orbits (third), and a Jupiter–Saturn pair on wide orbits (bottom). The dashed black curve shows the radial gas surface density profile (normalized between 0 and 2π). Filled green circles mark the planet locations.
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        Radial distribution of dust particle number density for each model, computed in radial bins of 0.25 au. Black, red, and blue lines correspond to 100 µm, 1.6 mm, and 2.6 cm particles, respectively. Filled orange circles mark the planet locations. Top left: single planet. Top right: two Jupiter-mass planets on close orbits. Bottom panels: wide-orbit configurations.
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        Dust particle orbital eccentricity versus radial distance for each model. Filled green circles mark planet locations. Colored points denote grain sizes of 100 µm (green), 1.6 mm (cyan), and 2.6 cm (magenta).
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        Gas and dust distributions for two widely separated Jupiter-mass planets. Blue dots represent 1.6-mm dust particles, superimposed on the perturbed gas surface density ΔΣ/Σ0 (color scale). Dashed green (yellow) lines indicate the 2:1 (3:2) mean motion resonance with the outer planet. The plot is zoomed in the region between 15 to 35 AU to better visualize the dust overdensity near the outer gap edge.

      

    

  
    
      Table 2 

      Results of planetary mass estimation with DBNets2.0.

      
        


	Model
	Band
	rgap (au)
	MDBN (Mj)
	CS





	CloseJup
	7
	13
	[image: Mathematical equation: 0.88$^{+0.41} _{-0.30} $]
	0.75



	CloseJup
	6
	12.79
	[image: Mathematical equation: 0.86$^{+0.36} _{-0.29} $]
	0.75



	WideJup
	7
	13.11
	[image: Mathematical equation: 2.83$^{+0.66} _{-0.52} $]
	0.84



	WideJup
	6
	13.5
	[image: Mathematical equation: 3.35$^{+0.98} _{-0.68} $]
	0.87



	WideSat
	7
	14.28
	[image: Mathematical equation: 2.93$^{+0.52} _{-0.49} $]
	0.84



	WideSat
	6
	14.95
	[image: Mathematical equation: 2.62$^{+0.69} _{-0.57} $]
	0.86
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        Dust continuum emission convolved with a realistic ALMA beam in Band 7 (first row), Band 6 (second row) and Band 3 (third row). Columns correspond to the models CloseJup (left), WideJup (middle), and WideSat (right). Bottom panel: radial intensity profiles in Bands 7 (brown), 6 (orange), and 3 (yellow), together with dust (dashed blue) and gas (dashed black) radial profiles. Cyan crosses and filled green circles mark the planet locations.
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        Mean impact velocities between dust grains of the same size as a function of radial distance. Top: two Jupiter-mass planets on close orbits. Middle: two widely separated Jupiter-mass planets. Bottom: Jupiter–Saturn pair.

      

    

  
    
      Fig. A.1 
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        Continuum emission raw maps in Band 7 (top row), Band 6 (middle row) and Band 3 (bottom row), for the models with two Jupiter-mass planets in close orbits (left column), wide orbits (middle column) and for a Jupiter-Saturn pair (right column). Crosses indicate the position of the planets.

      

    

  
    
      Fig. B.1 

      
        [image: Fig. B.1 Refer to the following caption and surrounding text.]
      

      
        Perturbed vortensity, (ω − ω0)/ω0 (color scale), overlaid with the distribution of dust particles of all sizes (black dots) at different times for the model with two Jupiter-mass planets on wide orbits. The outer planet is fixed at ϕ; = 0.
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