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Abstract

The nucleosynthetic isotope dichotomy between carbonaceous (CC) and non-carbonaceous (NC) meteorites has been interpreted as evidence for spatial separation and the coexistence of two distinct planet-forming reservoirs for several million years in the solar protoplanetary disk. The rapid formation of Jupiter’s core within one million years after the formation of calcium-aluminium-rich inclusions (CAIs) has been suggested as a potential mechanism for spatial and temporal separation. In this scenario, Jupiter’s core would open a gap in the disk and trap inward-drifting dust grains in the pressure bump at the outer edge of the gap, separating the inner and outer disk materials from each other. We performed simulations of dust particles in a protoplanetary disk with a gap opened by an early-formed Jupiter core, including dust growth and fragmentation as well as dust transport, using the dust evolution software DustPy. Our numerical experiments indicate that particles trapped in the outer edge of the gap rapidly fragment and are transported through the gap, contaminating the inner disk with outer disk material on a timescale that is inconsistent with the meteoritic record. This suggests that other processes must have initiated or at least contributed to the isotopic separation between the inner and outer Solar System.
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1. Introduction
Recent high-precision isotopic measurements reveal a dichotomy between carbonaceous (CC) and non-carbonaceous (NC) meteorites indicating that they were formed in separate reservoirs within the early Solar System (Trinquier et al. 2007, 2009; Leya et al. 2009; Warren 2011; Mezger et al. 2020; Kleine et al. 2020). Kruijer et al. (2017) and Desch et al. (2018) argue that these reservoirs must have been well separated for at least two million years without interchanging solid material, and propose the rapid formation of Jupiter’s core opening a gap in the protoplanetary disk as the possible mechanism that prevents the mixing of the two reservoirs. The physical origin of the isotopic separation is a potential critical clue to the timescales of planet formation in both the inner and outer Solar System (Nimmo et al. 2018), and thus ultimately the origin of the chemical abundances in the terrestrial planets and similar exoplanets (Krijt et al. 2022; Lichtenberg et al. 2022).
This concept of a gap-opening Jupiter preventing dust reservoir mixing, however, strongly depends on the evolution of the dust flux during the evolution of the protoplanetary disk. Dust particles in protoplanetary disks are subject to gas drag and drift (Whipple 1973; Weidenschilling 1977; Takeuchi & Lin 2002). The radial dust velocity is given by
[image: thumbnail](1)
The Stokes number St is an aerodynamic measure and proportional to the particle size. Small particles with small Stokes numbers are dragged along with the gas with velocity vg, as can be seen by Eq. (1). The gas, in contrast to the dust, is pressure supported and orbits the star at sub-Keplerian velocities in a typical smooth disk with inward pointing pressure gradient. The dust particles, on the other hand, are not pressure supported, exchange angular momentum with the gas, and drift in the direction of the pressure gradients. Intermediate particle sizes are most affected by this effect. Small particles are tightly coupled to the gas, while large particles are completely decoupled. From Eq. (1) it can be seen that a particle with a Stokes number of unity will experience maximum drift in the direction of the pressure gradient with velocity vP, which is given by
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with the sound speed cs, pressure P, and the Keplerian velocity vK. Particles typically grow to maximum sizes with Stokes numbers between 10−2 and 10−1 (see Birnstiel et al. 2012), depending on the disk parameters, and are therefore affected by radial drift.
Growing planets can perturb the pressure structure in the disk by opening a gap in the gas (Paardekooper & Mellema 2006; Rice et al. 2006). At the outer edge of the gap the pressure gradient reverses and points outward. If the pressure pertubation is large enough, large dust pebbles that are affected by drift can be prevented from crossing the gap. The planetary mass at which the pressure pertubation is large enough to stop particle drift is called pebble isolation mass (see Lambrechts et al. 2014; Bitsch et al. 2018) and is given by Drazkowska et al. (2022) as
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NASA’s Juno mission estimated that Jupiter’s core has a mass of up to 25 M⊕ (Wahl et al. 2017); it would therefore have been able to open a gap and stop the flux of dust pebbles in the disk. A rapid formation of Jupiter’s core could therefore explain two isolated dust reservoirs with the dust in the outer disk forming the carbonaceous and the dust in the inner disk the non-carbonaceous bodies in the Solar System.
Drążkowska et al. (2019), however, showed in two-dimensional hydrodynamic simulations of gas and dust including collisional dust evolution that the pressure bump at the outer edge of planetary gaps shows an accumulation of large dust pebbles, and also of small dust particles. However, in contrast to the large pebbles, these small particles are not trapped by the pressure bump; they are produced in situ by collisions of large particles leading to fragmentation. These small fragments can escape the pressure bump due to diffusion and gas drag. The equations of motion of the dust particles are given by
[image: thumbnail](4)
with the dust diffusivity given by Youdin & Lithwick (2007) as
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where δr is a free parameter that defines the strength of radial dust diffusion. Small particles are therefore most affected by diffusion. If the diffusivity is high enough, these small particles can diffuse out of the pressure maximum and are dragged with the gas through the gap. If this is the case, the inner disk would be contaminated with dust from the outer disk, negating the idea of two distinct dust reservoirs separated by an early-formed Jupiter core.
In this Letter we test this hypothesis. In Sect. 2 we present a toy model that initially has dust placed only outside of the planet to show, as a proof of concept, that solid material can penetrate planetary gaps if the dust is subject to fragmentation and diffusion. In Sect. 3 we investigate the influence of the planetary mass and the dust diffusivity on the dust permeability of planetary gaps. In Sect. 4 we present models with a realistic evolution of the planetary mass, as has been suggested for Jupiter, for models with both fragmentation and bouncing. Finally, in Sect. 5 we discuss our results, and in Sect. 6 we present our conclusions.
2. Toy model
To investigate the influence of a planet on the dust flux in the inner disk, we modeled dust coagulation and transport in a protoplanetary disk with a planet opening a gap at 5 AU using the dust evolution software DustPy1 (Stammler & Birnstiel 2022). In a first simplified toy model, we initialized the disk only with dust outside of a Saturn-mass planet. Therefore, any dust flux measured inside the planet must have crossed the gap. We used this simplified model to investigate different scenarios: dust growth limited by fragmentation, dust growth limited by bouncing, and unlimited dust growth. Furthermore, we compare the toy model to a model without a gap.
We initialized the gas surface density with the self-similar solution of Lynden-Bell & Pringle (1974)
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with a cutoff radius of rc = 30 AU and an initial disk mass of Mdisk = 0.05 M⊙. We imposed a gap onto this gas surface density profile originating from a Saturn-mass planet located at 5 AU, for which we used the gap profile fits provided by Kanagawa et al. (2017). To maintain this gap profile F(r) throughout the simulation we imposed the inverse of this profile onto the turbulent viscosity parameter α since the product of gas surface density and viscosity is constant in quasi steady state:
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In the default setup, we use α0 = δr = 10−3. We note that this change in α(r) does not affect the turbulent diffusion of the dust particles since δr is a constant in our models.
We initialized the dust surface density with a constant gas-to-dust ratio of 100 and the dust size distribution according Mathis et al. (1977) as n(a) = a−3.5 with a maximum initial particle size of 1 μm. In the toy model we initially had dust only outside of 15 AU. DustPy simulates dust growth by solving the Smoluchowski equation of a dust mass distribution. Dust transport is simulated by solving Eq. (4) for every dust size individually.
The gas surface density is evolved by solving the viscous advection-diffusion equation
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with the gas velocity given by Lynden-Bell & Pringle (1974) as
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and the kinematic viscosity given by
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with the sound speed [image: equation], the pressure scale height HP = cs/ΩK, and the viscosity parameter α given by Eq. (7).
We ran five different flavors of the toy model: one with a fragmentation velocity of vfrag = 10 m s−1 (fiducial), one with no fragmentation at all, one with a fragmentation velocity of 1 m s−1, one with bouncing as described by Windmark et al. (2012), and one without a gap (i.e., F(r) = 1). In the default collision model used by DustPy particles fragment once their relative collision velocities exceed the fragmentation velocity. Fragmenting collisions of equal size particles lead to catastrophic fragmentation of both collision partners. If the target particle is significantly larger, only the projectile particle fragments entirely while eroding mass off the target particle (Schräpler et al. 2018; Hasegawa et al. 2021). The transition between pure sticking and fragmentation is smooth, since DustPy assumes a velocity distribution of possible collision velocities. For details on the collision model we refer to Stammler & Birnstiel (2022).
Panel A of Fig. 1 shows the initial dust distribution with dust only located outside of 15 AU with particles sizes up to 1 μm. Panel B shows the fiducial simulation with a Saturn-mass planet at 5 AU and the fragmentation velocity vfrag = 10 m s−1 after 1 Myr. Particles trapped in the pressure bump outside the planetary gap can reach sizes with Stokes numbers of up to St = 10−1 corresponding to particle sizes of a few centimeters. It can be seen that even small particles are accumulated in the pressure bump, even though their Stokes numbers are too small to be affected by drift. These small dust particles are produced by collisional fragmentation of larger particles trapped in the bump. They diffuse out of the bump and are dragged with the gas contaminating the inner disk with outer disk material. It can be seen that particles with Stokes numbers of about St = 10−2, corresponding to particle sizes of a few millimeters, can diffuse through the gap into the inner disk. Particles in the inner disk can again grow to centimeter sizes and can contribute to phenomena like the streaming instability or pebble accretion. Panel C shows a simulation with identical initial conditions, but without a planet opening a gap.
	[image: thumbnail]	Fig. 1. Comparison of different toy models with dust initially only present outside of 15 AU. Panel A: initial dust distribution. The white lines correspond to Stokes numbers of St = {10−3,10−2,10−1,100}; the bold white line corresponds to St = 1. All other panels show snapshots of models at 1 Myr. Panel B: fiducial toy model with a Saturn-mass planet at 5 AU and a fragmentation velocity of 10 m s−1. Panel C: Model without a planet. The vertical dashed lines are the location at which the dust flux is measured in Fig. 2. Panel D: model without fragmentation. Panel E: model with a reduced fragmentation velocity of 1 m s−1. Bottom right: model with bouncing instead of fragmentation.



The dust fluxes measured in the outer disk at 15 AU are identical in both simulations with the solid and dashed green lines overlapping in Fig. 2. The fluxes in the inner disk at 2 AU, however, differ in the two simulations. The onset of dust flux in the inner disk in the simulation with a planet is delayed by about 20 000 yr compared to the simulations without a planet. Without a planet, the large dust particles can freely drift into the inner disk. With a planet, however, they are first trapped in the pressure bump at the outer edge of the gap, fragment down to smaller sizes, and diffuse out of the pressure bump before the gas can drag them into the inner disk where they grow to larger particles again. Due to this delayed processing, the maximum dust flux is reduced by about one order of magnitude. The duration, however, is prolonged such that the total mass of dust flowing through the inner disk is identical after 10 Myr, as can be seen in the bottom panel of Fig. 2. The Saturn-mass planet did not separate the inner from the outer disk material, but only delayed the material transport.
	[image: thumbnail]	Fig. 2. Comparison of dust fluxes and the fraction of total accreted dust mass in the toy model with and without planet. Top: comparison of the dust flux in the inner disk (at 2 AU) and outer disk (at 15 AU) in the toy model with a Saturn-mass planet at 5 AU (panel B in Fig. 1) and a model without a planet (panel C in Fig. 1). The two green 15 AU lines overlap. Bottom: total dust mass accreted through the inner disk over time in the model with (solid line) and without (dashed line) a planet.



Panel D of Fig. 1 shows a simulation without fragmentation. In this scenario, particles sizes are limited only by the radial drift, consistent with the model presented by Kobayashi & Tanaka (2021). In the center of the pressure bump, the pressure gradient is zero and the growth is, in principle, unlimited until the particles accumulate at the upper end of the simulation grid. This scenario most closely represents the separation of inner and outer dust reservoirs with very few particles being able to diffuse through the gap because they were not able to grow to large particles quickly enough. It is, however, rather unlikely that the dust particles do not fragment or get eroded at some point given the relative velocities they typically experience (see Blum & Münch 1993; Wada et al. 2009; Schräpler et al. 2018).
Panel E of Fig. 1 shows a model with a fragmentation velocity of 1 m s−1 as indicated by recent experiments (see, e.g., Blum 2018; Gundlach et al. 2018; Musiolik & Wurm 2019). In this case, the particles cannot reach particles sizes large enough to be efficiently trapped in the pressure bump.
The objective is therefore to halt particle growth without producing small particles. This can be achieved if the growth is limited by bouncing, when particles simply bounce off of each other without growing or fragmenting. Panel F of Fig. 1 shows a simulation with the bouncing barrier implemented as described by Windmark et al. (2012). In this model, bouncing starts when the relative velocity reaches a few centimeters per second. In this case, however, the particles only reach sizes of a few 100 μm, corresponding to Stokes numbers lower than 10−3, which is too small to be efficiently trapped in the pressure bump created by the planet. The particles can diffuse through the gap and contaminate the inner disk.
3. Full disk models
The toy model in Sect. 2 served as a proof of concept that planets do not prevent dust flux if particles are subject to fragmentation. In this section we discuss full disk models with different planet masses where dust is initialized in the entire disk to investigate the dust permeability of the gap. The top panel of Fig. 3 shows the dust flux through the planetary gap for different planet masses, from 30 Earth masses to one Jupiter mass. In the case of a Saturn-mass planet, we additionally performed simulations with different dust diffusivity parameters δr (see Eq. (5)). The bottom panel of Fig. 3 shows the total fraction of outer disk dust material that has been accreted through the gap over time. In all the models the planets have their respective masses already from the beginning of the simulations.
	[image: thumbnail]	Fig. 3. Comparison of dust fluxes and the fraction of total accreted dust mass in the full disk models for various planet masses and dust diffusivities. Top: dust flux through the planetary gap in models with different planet masses. The blue line is for a model without a planet. The dashed, dotted, and dash-dotted red lines show additional simulations with a Saturn-mass planet for different radial dust diffusivity parameters δr. Bottom: total fraction of outer dust mass accreted through the planetary gap.



The lowest planetary mass considered here is 30 M⊕, which is already higher than the upper estimate of Jupiter’s core mass. The highest mass considered is 1 Mjup. The lowest planetary mass is not capable of efficiently suppressing the dust flux through the gap. After about 300 000 yr almost the entire dust mass (horizontal line in bottom panel) of the outer disk has been accreted through the gap. Increasing the planetary mass simply delays the accretion time, but is not able to prevent accretion. The maximum delay of accretion seems to be achieved already with a 200 M⊕ planet. Increasing the planet mass further to a Jupiter-mass planet does not significantly change the accretion history. At the end of the simulation at 10 Myr about 80% of the dust mass has been accreted through the gap.
The dust diffusivity δr has a more significant influence on the accretion. Increasing the diffusivity by a factor of 10 to δr = 10−2 in the Saturn-mass simulation has the same effect as reducing the planet mass by a factor of about 2, mimicking the accretion history of a 40 M⊕ planet with diffusivity of δr = 10−3. We note that we only changed δr and kept α0 = 10−3, and therefore keeping the shape of planetary gap. The relative collision velocities of the dust particles are not affected by this change in δr. Decreasing δr by a factor of 10 is more efficient in retaining the dust than having a Jupiter-mass planet with the default diffusivity. In this case only about 10% of the dust mass has been accreted at the end of the simulation after 10 Myr. Lowering the diffusivity even further to δr = 10−5 reduces the dust permeability further to about 5% of the outer disk mass after 10 Myr. It should be noted, however, that the fraction of outer disk material present in the inner disk is usually significantly larger since the inner disk material is accreted onto the star on short timescales and is only re-supplied with outer disk material.
4. Time-dependent planet mass
In the previous models we assumed that the planets are fully formed from the beginning of the simulation and the planet mass does not evolve over time. Kruijer et al. (2017) argue that the two dust reservoirs have been separated from about 1 Myr to 3 − 4 Myr after the formation of calcium-aluminium-rich inclusions (CAIs). They therefore claim that Jupiter’s core must have been massive enough to open a gap at 1 Myr and must have reached a mass of about 50 M⊕ after 4 Myr to be able to scatter planetesimals from the outer disk to the inner disk where they are observed today in the asteroid belt. We therefore performed simulations with a time-dependent planet mass, as shown in the top left panel of Fig. 4. The solid blue line shows an evolutionary track where the planet reaches 30 M⊕ after 1 Myr, 50 M⊕ after 4 Myr, and a final mass of Mjup at the end of the simulation after 10 Myr.
	[image: thumbnail]	Fig. 4. Comparison of models with fragmentation and bouncing with variable planet masses. Top left: evolution of the planetary mass in the time-dependent model. The solid line shows the default model where the planet reaches 20 M⊕ at 1 Myr. The dashed line shows the evolution in a model with rapid early growth in which the planet reaches 40 M⊕ at 1 Myr. Bottom left: fraction of outer disk dust mass accreted through the gap after 1 Myr in the default planetary mass evolution model for different values of dust diffusivity δr with fragmentation limited growth. Bottom right: solid lines show the fraction of outer disk material accreted through the gap after 1 Myr for bouncing limited growth for different values of the δi parameters in the default planetary growth model. The dashed green line shows a model of bouncing limited growth with δi = 10−5 and rapid early growth of the planet (dashed line in top left panel). The vertical lines indicate 4 Myr until which the two reservoirs needed to be separated. Top right: snapshot of the dust distribution at 4 Myr for the model with bouncing limited growth and δi = 10−5 (dashed green line in bottom right panel). The inner disk is depleted in dust and only supplied with small amounts of outer disk material.



The bottom left panel of Fig. 4 shows the fraction of mass accreted through the planetary gap normalized to the dust mass in the outer disk at 1 Myr when the planet was massive enough to open a gap. We performed simulations with different values of the dust diffusivity δr between 10−5 and 10−3. In the standard run with δr = 10−3 about 80% of the dust mass was accreted through the gap after 4 Myr when the assembly of the meteorite parent bodies was completed. Even in the low diffusivity run with δr = 10−5 about 60% of the mass was accreted though the gap between 1 Myr and 4 Myr, strongly contaminating the inner disk with dust from the outer reservoir on a system-wide scale. Lowering the dust diffusivity to very low values did not help in keeping the two reservoirs separated since the planet mass is too low in this scenario.
The bottom right panel of Fig. 4 shows a model with bouncing instead of fragmentation. As already shown in Sect. 2, this is not sufficient to stop dust accretion through the gap. Only after 7 Myr when the planet already reached a mass of about 200 M⊕ is the gap deep enough and accretion halted. Allowing the planet to reach these masses at earlier times, however, would not change the dust redistribution since these massive planets are able to scatter planetesimals from the outer disk into the inner disk, which is inconsistent with observations from the meteoritic record at these early times (Deienno et al. 2022).
We ran additional models with δr = δt = δz = 10−5. The parameters δt and δz are similar to δr and parameterize the strength of turbulent motion and vertical settling of the particles (see Stammler & Birnstiel 2022; Pinilla et al. 2021, for details). In that way the relative velocities between the particles are reduced, allowing them to grow to larger sizes before being limited by bouncing. They can therefore be trapped by gaps created by lower mass planets. However, even in that case accretion was only halted after abut 3 Myr when the planet reached a mass of about 40 M⊕.
We therefore additionally ran a model where the planet reaches a mass of 40 M⊕ already after 1 Myr. In this case accretion of dust through the gap was efficiently stopped at 1 Myr. The top right panel of Fig. 4 shows a snapshot of this simulation after 4 Myr. The inner disk is heavily depleted in dust, all of which has been accreted onto the star. The dust mass in the inner disk at this stage was all supplied from the outer disk. Meteoritic bodies formed in the inner disk would therefore be entirely made out of outer disk material.
5. Discussion
Isotopic measurements of meteoritic material indicate that meteorites must have formed in two dust reservoirs that coexisted spatially separated for several million years. The early formation of Jupiter’s core has been proposed as natural explanation for the observed separation. A planet exceeding the pebble isolation mass opens a gap in the gas disk creating a pressure bump at the outer edge of the gap, which can trap large dust particles. Two-dimensional hydrodynamic simulations by Drążkowska et al. (2019) including dust coagulation and fragmentation showed an overabundance of small dust particles at the location of the pressure bump, which should be too small to be efficiently trapped. These particles were created via a fragmenting collision of large dust pebbles trapped in the pressure bump. These small dust fragments can diffuse out of the bump and can be dragged by the gas through the gap.
Our simulations in this work suggest that the collisional fragmentation of dust pebbles in pressure bumps and the subsequent diffusion of small fragments can act as a leak for dust traps. As can be seen in Fig. 3, gaps opened by planets can only delay but not fully prevent dust accretion if particles are subject to fragmentation. To act as an efficient dust barrier, particles need to grow to large pebbles that can be trapped without producing small particles, as shown in panel D of Fig. 1.
We investigated different planet masses and showed in Fig. 3 that no planet mass was able to completely isolate the inner disk from the outer dust material on timescales that are relevant for the assumed reservoir separation. Even an initial gap formed by a fully-grown Jupiter-mass planet would leak 20% of the outer disk material into the inner disk within 1 Myr. Lower proto-Jupiter masses typically lead to complete homogenization within ∼105 to at most a few 106 yr. This presents a problem for the suggestion that the age differences in carbonaceus and non-carbonaceous meteorites may be used as a tracer to track the growth timescale of proto-Jupiters within the disk (Kruijer et al. 2017; Alibert et al. 2018); the initial spatial distribution of nucleosynthetic isotopes at the end of disk infall is degenerate with different Jupiter growth tracks in the Jupiter barrier hypothesis. Only significantly lowering the dust diffusivity to a value of δr = 10−5 could decrease the dust permeability such that the inner disk is only contaminated with a small percentage of outer disk material. However, isolating the inner disk from dust flux would quickly drain the inner disk from solids that got accreted onto the star, which was also previously noted by Liu et al. (2022). At later stages the dust in the inner disk then consists, to a large degree, of outer disk material that had slowly diffused through the gap, which is inconsistent with the meteoritic record.
The situation gets worse when using a more realistic evolution of the planetary mass, assuming Jupiter’s core reached a mass of 20 M⊕ after 1 Myr and 50 M⊕ after 4 Myr. These masses are not high enough to isolate the inner disk even in models with very low diffusivity. Even in the most optimistic cases at least 60% of the outer disk dust was accreted through the planetary gap after 4 Myr, as can be seen in Fig. 4. However, increasing the core mass even more and earlier would enable Jupiter to scatter outer disk planetesimals into the inner disk, polluting the inner dust reservoir, which has not been accounted for in this simple model. Only in models with bouncing limited growth without small particles, early planetary growth, and reduced relative particle collision velocities can the inner disk be efficiently isolated from the outer disk, as seen by Fig. 4. In these cases, however, the inner disk is quickly depleted from dust and only re-supplied by a small amount of outer disk material. Meteoritic bodies formed in the inner disk after this point would therefore consist almost entirely of outer disk material.
Drążkowska et al. (2019) noted that the shape of planetary gaps in two-dimensional simulations is not axisymmetric, which is ignored in the simple one-dimensional model in this publication. They further noted, however, that the asymmetry at the planet location would increase the dust flux through the gap. Weber et al. (2018) compared one- and two-dimensional simulations of dust transport through planetary gaps, and indeed found that gaps in two-dimensional simulations are more permeable to dust particles. Our one-dimensional simulations, therefore, need to be considered as more restrictive. If it is not possible to separate two reservoirs in one-dimensional models, it is less likely to be possible in higher dimensions.
We furthermore assumed a dust fragmentation velocity of 10 m s−1, which may be rather high even for icy particles, as indicated by recent laboratory experiments that suggest values of 1 m s−1 (see Blum 2018; Gundlach et al. 2018; Musiolik & Wurm 2019). Lowering the fragmentation velocity, however, generally decreases the particle sizes, making them even less likely to be trapped in pressure bumps (see panel E in Fig. 1). Other experiments indicate a significantly higher fragmentation velocity (e.g., Kimura et al. 2020) than the 10 m s−1 used in this work. The exact value of the fragmentation velocity, however, does not significantly influence the problem of inner disk contamination. Either the fragmentation velocity is exceeded, which will lead to pollution of the inner disk with outer disk material (see panel B of Fig. 1). Or the fragmentation velocity is greater than the maximum collision velocity of dust particles in the disk, in which case the particles will efficiently grow to larger particles, which are trapped in the outer edge of the disk, and which will quickly deplete the inner disk (see panel D in Fig. 1). Similarily, the porosity evolution may have an effect on the collisional physics of dust particles (e.g., Suyama et al. 2008; Krijt et al. 2015; Kobayashi & Tanaka 2021). However, as for the fragmentation velocity, the details of the collision model do not have a strong effect on the outcome of the simulation. Either the particles fragment and the inner disk is polluted with outer disk material, or the particles grow unhindered to large particles that are trapped in the pressure bump, which quickly depletes the inner disk.
We furthermore did not consider the formation of planetesimals in the pressure bump in this work. Previous publications have shown that the conditions in pressure maxima at the outer edges of gaps can facilitate planetesimal formation (Stammler et al. 2019; Miller et al. 2021) or even the formation of planets (Lau et al. 2022; Jiang & Ormel 2023). One could conceive that small dust fragments could not penetrate the inner disk because they are quickly converted into planetesimals before they could transverse the gap. This would, however, require a nearly perfect planetesimal formation efficiency to efficiently isolate the two dust reservoirs, which has not been observed in previous simulations. Additionally, in simulations planetesimals formed at gap edges have been shown to quickly ablate (Eriksson et al. 2021). Enstatite and ordinary chondrites would thus have to be explained by planetesimal formation where the dust is replenished, for instance by late-stage planetesimal collisions in the NC reservoir (Dullemond et al. 2014; Lichtenberg et al. 2018; Bernabò et al. 2022).
This suggests that it is unlikely that the formation of Jupiter could have solely separated both dust reservoirs in the Solar System if the dust particles were subject to fragmentation. This does not only apply to gaps created by planets, but also to other substructures of non-planetary origin where particles are trapped in pressure maxima, as described in Brasser & Mojzsis (2020). Other suggested mechanisms to explain the observations include a temporal change in the isotopic content of inward-streaming dust grains (Schiller et al. 2018), and the formation of multiple distinct planetesimal populations in the inner and outer disk (Lichtenberg et al. 2021; Morbidelli et al. 2022; Izidoro et al. 2021; Liu et al. 2022). How these physical mechanisms are connected to the structures and gaps seen in ALMA disks (Miotello et al. 2022) and the underlying mechanisms of protoplanet formation (Drazkowska et al. 2022) and differentiation (Lichtenberg et al. 2022) remains to be explored.
6. Conclusions
Protoplanet-induced gaps in circumstellar disks are not able to efficiently separate dust in the inner disk from dust in the outer disk on million-year timescales if the particles are subject to fragmentation. Particles limited by bouncing without producing small fragments are usually too small to be trapped by pressure bumps. Only significantly reducing the relative collision velocities allows particles to be efficiently trapped in pressure bumps within 1 Myr, if the planet grew to 40 M⊕. In this case, however, the inner disk is quickly depleted from dust, making it difficult to form meteoritic bodies in situ. Our simulations suggest that other physical mechanisms must have initiated or at least substantially contributed to the large-scale separation of nucleosynthetic isotopes observed in the planetary materials of the inner and outer Solar System.


1 DustPy v1.0.1 was used for the simulations presented in this work.
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	[image: thumbnail]	Fig. 1. Comparison of different toy models with dust initially only present outside of 15 AU. Panel A: initial dust distribution. The white lines correspond to Stokes numbers of St = {10−3,10−2,10−1,100}; the bold white line corresponds to St = 1. All other panels show snapshots of models at 1 Myr. Panel B: fiducial toy model with a Saturn-mass planet at 5 AU and a fragmentation velocity of 10 m s−1. Panel C: Model without a planet. The vertical dashed lines are the location at which the dust flux is measured in Fig. 2. Panel D: model without fragmentation. Panel E: model with a reduced fragmentation velocity of 1 m s−1. Bottom right: model with bouncing instead of fragmentation.
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	[image: thumbnail]	Fig. 2. Comparison of dust fluxes and the fraction of total accreted dust mass in the toy model with and without planet. Top: comparison of the dust flux in the inner disk (at 2 AU) and outer disk (at 15 AU) in the toy model with a Saturn-mass planet at 5 AU (panel B in Fig. 1) and a model without a planet (panel C in Fig. 1). The two green 15 AU lines overlap. Bottom: total dust mass accreted through the inner disk over time in the model with (solid line) and without (dashed line) a planet.
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	[image: thumbnail]	Fig. 3. Comparison of dust fluxes and the fraction of total accreted dust mass in the full disk models for various planet masses and dust diffusivities. Top: dust flux through the planetary gap in models with different planet masses. The blue line is for a model without a planet. The dashed, dotted, and dash-dotted red lines show additional simulations with a Saturn-mass planet for different radial dust diffusivity parameters δr. Bottom: total fraction of outer dust mass accreted through the planetary gap.
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	[image: thumbnail]	Fig. 4. Comparison of models with fragmentation and bouncing with variable planet masses. Top left: evolution of the planetary mass in the time-dependent model. The solid line shows the default model where the planet reaches 20 M⊕ at 1 Myr. The dashed line shows the evolution in a model with rapid early growth in which the planet reaches 40 M⊕ at 1 Myr. Bottom left: fraction of outer disk dust mass accreted through the gap after 1 Myr in the default planetary mass evolution model for different values of dust diffusivity δr with fragmentation limited growth. Bottom right: solid lines show the fraction of outer disk material accreted through the gap after 1 Myr for bouncing limited growth for different values of the δi parameters in the default planetary growth model. The dashed green line shows a model of bouncing limited growth with δi = 10−5 and rapid early growth of the planet (dashed line in top left panel). The vertical lines indicate 4 Myr until which the two reservoirs needed to be separated. Top right: snapshot of the dust distribution at 4 Myr for the model with bouncing limited growth and δi = 10−5 (dashed green line in bottom right panel). The inner disk is depleted in dust and only supplied with small amounts of outer disk material.
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        Comparison of dust fluxes and the fraction of total accreted dust mass in the full disk models for various planet masses and dust diffusivities. Top: dust flux through the planetary gap in models with different planet masses. The blue line is for a model without a planet. The dashed, dotted, and dash-dotted red lines show additional simulations with a Saturn-mass planet for different radial dust diffusivity parameters δr. Bottom: total fraction of outer dust mass accreted through the planetary gap.
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        Comparison of models with fragmentation and bouncing with variable planet masses. Top left: evolution of the planetary mass in the time-dependent model. The solid line shows the default model where the planet reaches 20 M⊕ at 1 Myr. The dashed line shows the evolution in a model with rapid early growth in which the planet reaches 40 M⊕ at 1 Myr. Bottom left: fraction of outer disk dust mass accreted through the gap after 1 Myr in the default planetary mass evolution model for different values of dust diffusivity δr with fragmentation limited growth. Bottom right: solid lines show the fraction of outer disk material accreted through the gap after 1 Myr for bouncing limited growth for different values of the δi parameters in the default planetary growth model. The dashed green line shows a model of bouncing limited growth with δi = 10−5 and rapid early growth of the planet (dashed line in top left panel). The vertical lines indicate 4 Myr until which the two reservoirs needed to be separated. Top right: snapshot of the dust distribution at 4 Myr for the model with bouncing limited growth and δi = 10−5 (dashed green line in bottom right panel). The inner disk is depleted in dust and only supplied with small amounts of outer disk material.
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