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ABSTRACT

Pebble drift plays a central role in modern planet formation models. In this work we carry out planet formation simulations
(including pebble accretion and migration) for a range of disc parameters to investigate (a) the impact of the snowline
pebble mass flux on final planet orbits and masses, and (b) the back-reaction of growing and migrating planets on the
snowline pebble fluxes in their natal discs. We find a strong correlation between the snowline pebble flux (at the time
of protoplanet insertion) and the final planet mass. The correlation is continuous in discs with high turbulence levels
(a = 1073), but exhibits a step function at lower turbulence (¢ = 10~*), with giant planet formation requiring (initial)
snowline pebble mass fluxes exceeding 100 Mg Myr~—!. We find qualitative agreement between pebble mass fluxes inferred
for discs aged ~1 Myr and our planet-containing models, especially for larger discs (>40 au), high « (1072), and low
Virag (3 ms™1). Additionally, giant planets in high turbulence discs are found to perturb the snowline pebble flux only
temporarily (for 105~ yr) due to them quickly growing and migrating across the snowline. Our simulations show that
currently observed pebble fluxes can indeed be used to constrain planet formation simulations, emphasizing that planet
formation via pebble accretion is broadly in agreement with the currently available constraints from disc evolution as
provided by James Webb Space Telescope.

Key words: planets and satellites: dynamical evolution and stability — planets and satellites: formation — planet-disc

interactions - protoplanetary discs.

1 INTRODUCTION

Modern planet formation theory reserves a big role for pebble
drift, with the large-scale inward migration of marginally de-
coupled pebbles featuring centrally in models of planetesimal
formation (J. Drazkowska & Y. Alibert 2017; D. Schoonenberg
& C. W. Ormel 2017; J. Drazkowska et al. 2023), planet growth
and accretion (A. Johansen & M. Lambrechts 2017; C. W. Ormel
& B. Liu 2018), early Solar system evolution (T. Lichtenberg et
al. 2021), and evolving disc chemistry (e.g. R. A. Booth et al.
2017; S. Krijt et al. 2020; J. Mah, S. Savvidou & B. Bitsch 2024; J.
Williams et al. 2025). At the same time, qualitative observational
constraints on the timing and magnitude of pebble drift have
been challenging to obtain, with measurements of e.g. dust disc
mass or size evolution challenging to interpret (I. Pascucci et al.
2016; J. R. Najita & E. A. Bergin 2018).

In this context there has been push in recent years to attempt
to estimate pebble fluxes at specific locations in discs (i.e. at
major snowlines, primarily those of CO, CO,, and H,0) by mea-
suring variations in the gas-phase abundance of major carbon
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and oxygen carriers — and associated/attributing those changes
to pebble drift and ice sublimation (see A. D. Bosman, A. G.
G. M. Tielens & E. F. van Dishoeck 2018; K. Zhang et al. 2019;
K. Zhang, A. D. Bosman & E. A. Bergin 2020; J. Williams & S.
Krijt 2025). For water in particular, system-to-system variations
seen via infrared spectroscopy first with Spitzer and now with
the James Webb Space Telescope (JWST) are frequently attributed
to variations in the icy pebble mass capable of reaching the in-
ner disc (J. R. Najita et al. 2013; A. Banzatti et al. 2020, 2023;
C. E. Romero-Mirza et al. 2024; A. D. Sellek, M. Vlasblom &
E. F. van Dishoeck 2025).

Most recently, S. Krijt et al. (2025) combined JWST MIRI/MRS
and ALMA continuum data for 21 protoplanetary discs to (a)
measure pebble mass fluxes across the water snowline (building
on the method outlined in C. E. Romero-Mirza et al. 2024) and
(b) demonstrate how those fluxes are shaped by the influence of
gaps acting as pebble traps in the outer disc - a process studied
in various numerical works (e.g. B. Bitsch & J. Mah 2023; A.
Kalyaan et al. 2023; S. M. Stammler et al. 2023; W. Easterwood, A.
Kalyaan & A. Banzatti 2024; J. Mah et al. 2024). Pebble mass flux
estimates ranged from ~1 to 10> Mg Myr ! in these ~Myr-old
systems, broadly consistent with ranges estimated for the early

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the
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Solar system and values assumed in planet formation models (T.
Lichtenberg et al. 2021; S. Krijt et al. 2025, fig. 2). Given that
models indicate that the emerging masses (and architectures) of
inner planetary systems are very sensitive to the pebble mass
flux arriving in the inner disc (e.g. M. Lambrechts et al. 2019;
J. Drazkowska, S. M. Stammler & T. Birnstiel 2021; C. Danti,
M. Lambrechts & S. Lorek 2025; S. McCloat, G. D. Mulders &
S. Fieber-Beyer 2025), what does this broad range of inferred
snowline pebble fluxes mean for the planets growing in the in-
ner regions of these systems? The aims of this study then are
twofold: (a) study what planet formation models predict in terms
of final planet masses as a function of snowline pebble flux;
and, at the same time (b) study how accreting and gap-opening
planets themselves may in turn affect the snowline pebble mass
flux.

This paper is structured as follows: in Section 2 we outline the
chemcomp model, how we use it, and the parameter space we
explore. We then explore how the snowline pebble flux (measured
at either the time of protoplanet insertion or 1 Myr) affects final
planet properties in Sections 3.1 and Section 3.2. The feedback
of growing planets’ on the snowline pebble flux is described in
Section 3.3. Finally, we discuss how our results connect to JWST
observations in Section 4.1, before highlighting possible exten-
sions (Section 4.2) and conclusions.

2 METHODOLOGY

2.1 Model

We use chemcomp ! (A. D. Schneider & B. Bitsch 2021a) to study
the combined evolution of discs, their dust/pebbles, and planet
accretion and migration. This is a semi-analytical 1D model that
evolves a viscous protoplanetary disc, including pebble drift,
evaporation and condensation, planetary growth and migration,
and multiple chemical species. The mid-plane temperature of the
disc is set at the start and is calculated from viscous heating and
irradiation from the star.

The chemcomp code is described in detail in A. D. Schneider &
B. Bitsch (2021a, b) and has in recent years been used to study, for
example, giant planet formation (S. Savvidou & B. Bitsch 2023),
the transport and thermal decomposition of refractory organics
(A. Houge et al. 2025b), and the impact of volatile entrapment
on evolving C/O ratios (J. Williams et al. 2025). In the remainder
of this section we discuss the disc parameters we use, how the
snowline pebble mass flux is obtained in our modelling frame-
work, and finally how planets are inserted and evolve using a few
illustrative examples.

2.2 Central star and disc parameters

We choose a Sun-like star with mass M, = 1My and luminos-
ity L, = 1.2L, and take the initial disc mass My = 0.1M and
characteristic radii Ry = [20, 40, 60, 80] au. We also vary the disc
parametersa = [107*, 107*] and vy = [3, 9] m s~ (see Table 1).
These ranges correspond roughly to those in S. Krijt et al. (2025),
and typical values for the turbulence are in line with G. P.
Rosotti (2023). For the disc’s composition, the initial elemen-
tal and molecular compositions are identical to those in A. D.
Schneider & B. Bitsch (2021a, tables 1 and 2) and are based on

Lhttps://github.com/AaronDavidSchneider/chemcomp
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Table 1. Model parameters used in this study.
Stellar parameters (top) are held constant, while
disc (middle) and protoplanet (bottom) parame-
ters are allowed to vary.

Quantity Value (s)

M. Mo

L. 1.2Lg

Mo 0.1Mg

Ro [20, 40, 60, 80] au

o 1074,1073

Vfrag 3ms~!,9ms™!

fo [0.1,0.25,0.5,0.75, 1] Myr
ap(to) [0.5,1,2,5,10,20] au

M. Asplund et al. (2009). For each combination of parameters,
the initial surface density profile £,(R), disc temperature profile*
T(R) (important for the snowline position), the pressure gradient
n(R) (important for pebble drift), and other relevant quantities
are calculated self-consistently as detailed in A. D. Schneider &
B. Bitsch (2021a).

2.3 The snowline pebble flux

In general, dust evolution and pebble drift models (in the absence
of complicating factors due to planets or substructure) predict
radial pebble fluxes in the inner disc regions to first increase (as
dust coagulation takes place), then plateau for some period (as the
disc is close to steady-state), and then decrease gradually as the
outer disc is drained of solids through drift (see e.g. T. Birnstiel,
H. Klahr & B. Ercolano 2012; J. Drazkowska et al. 2023). We are
primarily interested in the time-evolution of the mass flux near
the (mid-plane) water snowline F,(t), i.e. at the radial position
where T(R) = 150 K, which for our systems happens between
A~ 1and 5 au.

The pebble flux at any given location can be written as r1, =
271V, Yaust (J. Drazkowska et al. 2021), where 24,4 is the surface
density of solids and v, the pebble radial drift velocity. In chem-
comp’s framework, dust coagulation/fragmentation is treated us-
ing an approach similar to the two-population model of T. Birn-
stiel et al. (2012), but due to the presence of multiple dust and
molecular species the radial pebble flux is made up of multiple
refractory (i.e. rocky) and volatile (i.e. icy) compounds whose
surface densities are added together (A. D. Schneider & B. Bitsch
2021a, sections 2.1 and 2.2). We note here that the pebble flux very
close to the water (or any other) snowline can become elevated by
the high abundance of ice resulting from the re-condensation of
outwardly diffused vapour. While this effect is interesting from a
planetesimal formation perspective (see e.g. J. Drazkowska & Y.
Alibert 2017; D. Schoonenberg & C. W. Ormel 2017; G. Andama,
J. Mah & B. Bitsch 2024; K. O. Xenos, B. Bitsch & G. Andama
2025), we are mainly interested in how much matter arrives from
the outer parts and hence opt to measure the pebble flux slightly
further out (out at a position where T(R) = 100 K), where the re-
condensation will have a minimal effect on the pebble surface
density.

2The temperature profile is calculated by considering both viscous heat-
ing and irradiation by the star, but chemcomp currently does not include
temperatures evolving with time (see A. D. Schneider & B. Bitsch 2021a,
appendix B).
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Fig. 1 illustrates the diversity in snowline pebble fluxes seen
across our model grid. In each panel, we see how the pebble mass
flux across the snowline evolves throughout a disc’s lifetime for
different disc conditions in our model. We observe typical ranges
of pebble flux, between 10~7 and 10~ Mg, yr !, which are similar
to those reported in C. E. Romero-Mirza et al. (2024) and S. Krijt
et al. (2025) as discussed in more detail in Sections 3.2 and 4. It
can be seen how certain aspects, such as the peak of the flux, can
be delayed in larger discs. These findings are similar to results
found in J. Drazkowska et al. (2021, fig. 7) and J. Williams & S.
Krijt (2025, fig. 2), particularly those showing how a larger disc,
lower vg,g and higher o extend the time pebble flux remains at a
higher value (see also B. Bitsch & J. Mah 2023). The maximum
pebble size in the case of fragmentation-limited growth scales as
Smax X v? /o (T. Birnstiel et al. 2012; T. Birnstiel 2024), so either
a higher fragmentation velocity or weaker turbulence will lead
to larger pebbles, which in turn result in faster drift and higher
pebble fluxes early on (¢ ~ 0.1—1 Myr), which then in turn results
in faster dust depletion and lower pebble fluxes at ¢ 2 1Myr.

2.4 Protoplanet injection

For a given disc model, we insert (proto)planets (one planet
per disc) at different times ¢, = [0.1, 0.25, 0.5, 0.75, 1] Myr and
a range of initial semimajor axes a,(t,) = [0.5, 1, 2, 5, 10, 20] au.
Their initial masses are calculated by chemcomp to be the pebble
transition mass, where pebble accretion starts to become efficient,
given by

M—\/TAV:; (1)
TV36e’

where Av is the deviation of the gas azimuthal velocity from the
Keplerian due to the radial pressure gradient in the disc, €2 is the
Keplerian angular frequency, and G is the gravitational constant
(see A. D. Schneider & B. Bitsch 2021a, equations 3 and 29). This
choice results in initial protoplanet masses increasing with their
initial position a,, with maximum initial masses of up to ~0.1 Mg,
for those furthest out. For each planet, variations in disc param-
eters and the position and time at which the planet is inserted
give rise to a diverse range of planet accretion and migration
scenarios and hence planetary outcomes (e.g. final planet masses
and orbital radius) (e.g. A. D. Schneider & B. Bitsch 2021a; S.
Savvidou & B. Bitsch 2023).

2.5 Planet accretion and migration

Once injected, protoplanets grow by accreting drifting pebbles
and/or gas, and can migrate radially as they interact with the am-
bient disc. For pebble accretion, chemcomp convolves the evolv-
ing pebble flux at the planet’s location with a pebble accretion
efficiency, which depends primarily on the pebble Stokes number,
the turbulence, and the protoplanet mass (see A. D. Schneider &
B. Bitsch 2021a, section 2.6.1 for a detailed description). Both 2D
and 3D regimes (see e.g. A. Johansen & M. Lambrechts 2017; C.
W. Ormel & B. Liu 2018) are considered.

A key mass scale in this story is the so-called pebble isolation
mass, above which planets significantly perturb the local gas
surface density, preventing pebbles from reaching their location
and bringing a halt to pebble accretion. Based on B. Bitsch et al.

Snowline pebble flux on planet formation 3

(2018), chemcomp takes the pebble isolation mass to equal

3 3y 4
Miso = 25Myg x <%> |:0.66 +0.34 (%) } , ©))
where H is the gas scale-height, r distance to the star, and « the
turbulence. As H/r typically increases with radius, the pebble iso-
lation mass increases towards the outer disc (see also S. Savvidou
& B. Bitsch 2023).

For gas accretion, the accretion rate on to the planet is based on
results from M. Ikoma, K. Nakazawa & H. Emori (2000) and M.
N. Machida et al. (2010), and is capped by the rate at which the
disc can viscously supply gas to the planet’s horseshoe region (N.
Ndugu et al. 2021). For a complete description of the procedure
and the assumptions therein we refer the reader to A. D. Schnei-
der & B. Bitsch (2021a, section 2.6.2).

Type I and type II planet migration are included as described
in A. D. Schneider & B. Bitsch (2021a, section 2.5), with rates
that depend on planet mass and directions that can be inwards
or outwards (see also N. Ndugu et al. 2021). We return to planet
migration (and in particular the way in which the rates depend
on viscosity) in more detail in Sections 3.1.

2.6 Feedback on the gas and pebbles

Once planets exceed the pebble isolation mass, their presence will
perturb the local gas density and lead to the creation of a gap
and (if the gap is deep enough) an associated pressure maximum
exterior to the gap. Since the pebbles’ radial drift velocity scales
with the pressure gradient, pebbles can become stuck at this pres-
sure maximum, reducing the pebble mass flux reaching the disc
regions interior to the planet’s orbit. In chemcomp, the planet-
induced gap in the gas surface density is achieved by introduc-
ing a planet-mass-dependent modulation in the local viscosity
parameter «. This modulation, the strength of which increases
as the planetary mass increases, results in a reduced gas surface
density in the gap while keeping the radial gas accretion rate
constant (see A. D. Schneider & B. Bitsch 2021a, section 2.7).

2.7 Representative planet growth tracks

We present in Fig. 2 the planet growth tracks of 480 planets
generated using the methodology outlined above, and illustrate
the diversity in outcomes by discussing briefly the behaviour of
four ‘typical’ planets highlighted in the figure and with initial and
final properties summarized in Table 2.

Planet 1 is injected relatively late (t, = 1Myr) and close-in in
a small disc with low turbulence and high fragmentation ve-
locity (see Table 2). For these disc parameters, the pebble flux
by 1Myr has already significantly decreased (see Fig. 1), and as
a result Planet 1’s growth is slow, and it ends up with a final
mass well below 0.1Mg as one of the smallest planets in our
simulations. Planet 2 is inserted a bit earlier (¢, = 0.5Myr) just
inside the snowline in an intermediate-sized disc with a lower
fragmentation velocity. Due to the higher pebble flux around ¢,
this planet can grow more easily, reaching ~ 0.6Mg before the
simulation is stopped. Conversely, planet 3 is inserted very early
(0.1 Myr) and far out, at ap(t) = 20 au in a low-turbulence disc.
Growing rapidly due to the large pebble flux combined with low
«a, it crosses the pebble isolation mass and grows into a gas giant
without migrating significantly inwards, ending up at a semima-
jor axis of 12 au. Lastly, planet 4 highlights the role of turbulence.

MNRAS 548, 1-12 (2026)
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Virag = 3ms ™2
FaH(t) [MgMyr—]

Virag = 9ms ™1
FoH(t) [MeMyr™1]

Ro =20au Ro =40au Ro =60au Ro = 80au

103
102

10!

—_a=10"*
— a=107
L+2019

10°

10! {
103 |

102
101 4

10°

101+ . . . . . . .
10°% 108 108 108 10% 108 10° 108
Time [yr] Time [yr] Time [yr] Time [yr]

Figure 1. Snowline pebble mass fluxes over time for discs of varying R, &, and vi,g. The shaded region shows pebble mass fluxes assumed in the
accretion simulations of M. Lambrechts et al. (2019).

a=10"*
10 4 10% 5
103 — 103 4
"o 2 _ "o 2 ]
E&.) 10 §® 10
rzc 10" 4 g 10" 4
g ] g
c 1004 c 100 4
f E o
[a o
1071 5 1071 5
1072 5 1072 -
10_3 T T ].0_3 T T
107! 10° 10! 1071 10° 10!
Planet Semi-Major Axis [aul Planet Semi-Major Axis [aul

Figure 2. Planet growth tracks, mass versus semimajor axis. The dots represent the final planet mass and positions, with the numbered dots showing
selected planets numbered 1-4. The crosses show where the planet crosses the water snowline, if it does so. The dashed line represents the approximate
pebble isolation mass (equation 2) for a disc with Ry = 40 au. The difference to other discs is minor, within a few Mg.

Table 2. Initial conditions and final masses and locations for highlighted planets 1-4 discussed in Section
2.7 and shown in Figs 2, 3, and 4.

Planet to [Myr]  Ro [au] o Virag [m s ap(to) [au] M Mg ] afinal [au]
1 1.0 20 1074 9 0.5 0.0156 0.2
2 0.5 40 10~ 3 1.0 0.657 0.69
3 0.1 60 1074 3 20 1950 12
4 0.1 80 10~3 9 20 12300 0.36

MNRAS 548, 1-12 (2026)
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Inserted at a similar time and position as Planet 3, this planet also
captures a lot of pebbles and reaches the pebble isolation mass in
the outer disc, but due to the higher o Planet 4 migrated through
the water snowline (see below) and ultimately ends up inside the
inner 0.5 au where it accretes more gas until reaching a final mass
exceeding 10* M. These four planets then highlight variations in
outcomes that have been discussed previously in the context of
pebble and gas accretion models (with or without migration) (see
e.g. B. Bitsch, M. Lambrechts & A. Johansen 2015; A. D. Schneider
& B. Bitsch 2021a, b; J. Drazkowska et al. 2021; S. Savvidou & B.
Bitsch 2023; H. F. Johnston et al. 2025).

We also highlight in Fig. 2 the position (and current mass) of
a planet when it migrates through the water snowline (coloured
crosses). Snowline positions can be seen to range from 1 to 5 au,
roughly in line with snowline position estimates for disc models
(e.g. G. D. Mulders et al. 2015; S. Savvidou, B. Bitsch & M. Lam-
brechts 2020; Y.-J. Kim et al. 2025). In our models, the spread in
snowline positions is caused by the variation in the viscous heat-
ing term [which scales with « and opacity (see A. D. Schneider
& B. Bitsch 2021a, appendix B)], which causes variations in the
disc temperature even if the stellar mass and luminosity is kept
constant. The locations of the x’s in Fig. 2 will be relevant for
Section 3.3, where we discuss the planets’ impact on the snowline
pebble flux, as only planets that are (a) massive, and (b) (well)
outside the snowline are expected to influence the pebble flux
arriving at the inner disc.

3 RESULTS

We now turn to discussing the connection between the final
planet properties (e.g. final mass and position as indicated by the
pink points in Fig. 2) and snowline pebble flux (as depicted in
Fig. 1). We will follow two approaches that tell different parts of
the story. First, we compare planet outcomes to the snowline peb-
ble flux measured at the time of protoplanet insertion (Section 3.1).
This approach highlights primarily the impact of the snowline
pebble flux (and other disc properties) on the planet’s ability to
grow. Additionally, in Section 3.2, we compare planet outcomes
to the snowline pebble flux as evaluated around 1 Myr , which
allows for a more direct connection of observations as this time is
closer to the ages sampled in e.g. S. Krijt et al. (2025). We discuss
the impact of planets (if already sufficiently massive by 1 Myr) on
the snowline pebble flux in Section 3.3.

3.1 Pebble flux at the time of (proto)planet injection

Fig. 3 shows final planet mass versus the snowline pebble mass
flux (evaluated at the time of protoplanet injection f) as a func-
tion of a range of disc and protoplanet parameters (various colour
bars). We also highlight in each panel the positions of the four
planets discussed in Section 2.7 to aid in the interpretation.

First and foremost, just from the distribution of the points
in any of the panels, we see there is a clear correlation be-
tween the (maximum) final planet mass and snowline peb-
ble flux: protoplanets inserted when the pebble flux is below
~50—100Mg Myr~! cannot reach masses exceeding a few 10Mg,.
This can be explained by planets in discs with a lower pebble flux
struggling to grow quickly early on, and thus not being able to
capture significant gas envelopes during the gas disc lifetime.

On top of this general trend however there is considerable
scatter. Indeed, even in discs with pebble fluxes approaching
~10% Mg Myr~! there are planets that end up with masses of

Snowline pebble flux on planet formation 5

(just) 0.1Mg. There can be various reasons for this. First, it is
worth stressing that while the pebble flux is measured at the water
snowline (as we want to compare fluxes inferred from JWST ob-
servations), protoplanets are inserted with initial positions rang-
ing from 0.5 and 20 au (see Section 2.7 and Fig. 3A). As such,
there may be differences between the pebble flux at the planet
position (most relevant for its growth) and the one at the snow-
line, although we expect these differences to be minimal in the
inner ~ 10au for most of the disc’s lifetime (see e.g. G. D. Mulders
et al. 2021, fig. 1). Secondly, and likely more important, it is that
the rate of pebble accretion depends not solely on the pebble flux
but also on the pebble accretion efficiency, which itself is a com-
plex function of also the pebble Stokes numbers, the turbulence
strength «, the protoplanet mass (relative to the star), and the disc
aspect ratio (e.g. A. Johansen & M. Lambrechts 2017; C. W. Ormel
& B. Liu 2018) - all factors that vary from disc to disc and planet
to planet. We discuss some of these factors in more detail here.

From Fig. 3(C), we find that planet injection time plays a criti-
cal role in the formation of gas giants with M, 2> 10*Mg: planets
injected early have a higher chance of experiencing high pebble
fluxes (see also Fig. 1) and thus a higher probability of growing
into gas giants. Similar results, i.e. earlier insertion times result-
ing in larger planets, were found by J. Drazkowska et al. (2021,
fig. 3) (for static planets) and S. Savvidou & B. Bitsch (2023, fig. 5)
(for migrating planets).

Most planets migrate inwards by considerable distances, owing
to rapid type II migration - especially in the @ = 1073 case (see
also Fig. 2). Those that start further out gain the most mass as they
travel through the disc. This is seen clearly Fig. 3(B), which shows
the final positions of the majority of the planets to be <1 au.
Additionally, the majority of the highest-mass planets grew from
protoplanets that were inserted early (top-right region of panel
C).

In plot D we find that the planet mass does not necessarily
correspond to the disc size; however, the lowest pebble fluxes are
in the smallest discs, and hence produce the smallest planets.
However, we also see that these smaller discs can produce the
largest planets, with more material in the vicinity of the planet
resulting in higher accretion rates, which was also seen in S.
Savvidou & B. Bitsch (2023).

Looking at the effect of changing the turbulence (panel E),
we notice that there is positive correlation between final planet
mass and pebble flux across the entire parameter space for the
low turbulence case (¢ = 10~*), while the o« = 1073 simulations
result in two populations: giant planets (found only at high peb-
ble fluxes) and < 10Mg planets (found across all pebble fluxes).
Similar behaviour is observed in S. Savvidou & B. Bitsch (2023,
fig. 5), where it is explained through a combination of faster gas
accretion (as gas accretion is limited by the accretion rate through
the disc, which itself scales with «) and faster (type II) planetary
migration for higher viscosities, resulting in fewer planets being
left behind at intermediate masses (S. Savvidou & B. Bitsch 2023,
and section 4.4). The effects of faster growth and migration can
also be seen in Fig. 2, which shows giants planets outside of 1 au
only in the « = 107 case.

Similarly, plot F shows a clearer correlation between final
planet mass and snowline pebble flux for the vg,; =9m st
case, while for vg,, =3m s7! an additional population of
low-mass planets exists even for high snowline pebble fluxes
> 100 Mg/Myr. This population of protoplanets, which strug-
gles to grow despite high pebble mass fluxes being present (at
least during the time of insertion), may be explained by low
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Figure 3. Final planet mass versus pebble flux across the snowline at time of insertion. Plots A and B are coloured by the planet’s initial and final
semimajor axes, respectively. Plot C is coloured by the planet’s insertion time #, and plot D is coloured by the characteristic disc radius Ry. Plot E
is coloured by the disc’s o parameter, and plot F is coloured by the fragmentation velocity vg,s. All plots contain outlined numbered points, which

correspond to the points numbered in Fig. 2.

pebble accretion efficiencies as the high turbulence levels (panel
E) and low fragmentation velocity (and thus lower Stokes num-
bers in the fragmentation regime) (panel F) both contribute to
decreased pebble accretion efficiencies (e.g. C. W. Ormel & B.

MNRAS 548, 1-12 (2026)

Liu 2018, fig. 4). The late injection times for many of these
planets (panel C) also play a role, as these imply the pebble
fluxes — while high at ¢, may start to decrease relatively quickly
(see Fig. 1).
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3.2 Pebble flux at 1 Myr

The pebble mass fluxes inferred from the excess cold wa-
ter emission in JWST/MIRI spectra (e.g. C. E. Romero-Mirza
et al. 2024) so far primarily sample systems with ages between
~ 0.5 and 1.5 Myr (S. Krijt et al. 2025, table 1), and it remains
unclear how far planet formation (especially in the inner disc) has
proceeded in these systems. To investigate the predictive power of
these observations, we show in Fig. 4 the same synthetic planet
population as in Fig. 3 but this time using the snowline pebble
flux evaluated at 1 Myr. With planet injection times between
0.1 and 1 Myr, some of these systems will already contain gas
giants by the time the pebble flux is measured,? in which case the
snowline pebble flux can be affected dramatically by the impact of
the giant planet on the gas surface density profile and pebble drift
behaviour. This ‘feedback’ of the growing planet on the pebble
flux through the disc, included self-consistently in chemcomp,
can be quite dramatic and is discussed in the next Section 3.3.

Comparing Figs 3 and 4 it is clear that the correlation between
final planet mass and pebble flux at 1 Myr is significantly weaker
and obfuscated by the variations in the various disc and planet
parameters. None the less, we can point out a few interesting
observations.

When looking at the final planet mass against the pebble flux
measured at 1 Myr in Fig. 4 we can relate the observations of discs
to our simulations, and see how planets may affect the disc. Here
we find several vertical lines along discrete values of the pebble
flux. In plot C we can see that these lines are mostly produced by
later insertion times, suggesting that these planets have not had
a chance to affect the disc’s pebble flux. We can see the largest
planets are generally inserted earlier (< 0.5Myr), and the pebble
fluxes are more spread out, suggesting these planets could be
affecting the pebble flux as seen in Fig. 5.

In plots E and F we can see a split between pebble flux for dif-
ferent values of  and vg,g, which once again comes from the late
insertion time of the planets, and consequently shows a mostly
unperturbed flux as would be expected from Fig. 1. Focusing on
only the largest planets we can again find that they can come from
any disc size, and generally start far out and migrate inwards, as
seen in plots A and B. A small correlation may be seen between
the pebble flux at 1 Myr and the final planet mass for the largest
planets. But, overall there is not as clear a correlation between the
planet mass and pebble flux at 1 Myr as there was when taking
the pebble flux at the insertion time in Fig. 3.

3.3 Pebble flux evolution in planet-hosting discs

Giant planets are expected to carve out gaps in the gas surface
density that can - locally — act as pebble traps/filters with various
degrees of efficiency (e.g. B. Bitsch et al. 2018; P. Weber et al.
2018; S. M. Stammler et al. 2023; P. Huang et al. 2025; S. Savvidou
& B. Bitsch 2025), affecting also the flux of pebbles arriving in
the inner disc (e.g. A. Kalyaan et al. 2021, 2023; W. Easterwood
et al. 2024; J. Mah et al. 2024; P. Pinilla et al. 2024). To quantify
this feedback for our simulations we show in Fig. 5 once more
snowline flux versus time, in the same format as in Fig. 1 but this
time extracting the mass flux from the simulations with planets
for which the impact of the planets on the disc-wide pebble flux

3The complete planet mass and orbital period distribution as present at
t = 1 Myr is provided in Appendix A.

Snowline pebble flux on planet formation 7

is calculated self-consistently as the planets grow and migrate.
For context, we show also the 21 discs described in S. Krijt et al.
(2025). Current dust disc radii for these systems are known and
fall between ~30 and 300 au (S. Krijt et al. 2025, fig. 1); however,
these radii - as shaped by substructure - are expected to deviate
from initial gas disc characteristic sizes and we therefore plot all
discs in each panel in Fig. 5.

We see that the formation of a planet may greatly decrease the
pebble flux after a few 10° yr, by factors of up to and exceeding
two orders of magnitude. This is particularly evident in larger
discs, where more mass is likely to be present exterior to the
giant planet, an effect captured in the analytical model of S. Krijt
et al. (2025, equation 2). Additionally, we see that in discs with
lower « the pebble flux is usually decreased essentially perma-
nently, whereas in discs with & = 1073 the flux is often decreased
only for a period of ~10°76 yr before climbing again and even
spiking briefly before returning to typical (non-planet) value. We
attribute this behaviour to massive planets migrating inwards
and approaching and passing through the mid-plane snowline.
Once the planets cross the snowline, the pebbles trapped in the
pressure bump exterior to the planet will also follow, leading to a
temporary spike in the pebble mass flux (see also M. Eberlein, B.
Bitsch & R. Helled 2024). Once this spike has passed, the planets —
now well inside the snowline — have a negligible impact on the
the snowline pebble flux. Fig. 2 already showed that many of our
planets cross the snowline, but what is key is that (1) giant planets
in the @ = 10~* models have a higher probability of staying in
the outer disc, and (2) if crossing the snowline, the planet masses
in the @ = 10~* models are generally below the pebble isolation
mass (shown as dashed lines in Fig. 2). These two effects together
explain why pebble flux decreases in our simulations are more
short-lived particularly in the o = 1073 models, and why this
period usually ends with a brief ‘spike’ in pebble flux.

4 DISCUSSION

We now turn to discussing how the above results can connect to
recently derived snowline pebble fluxes in a handful of ~1Myr-
old protoplanetary discs, and the limitations within observations
and our models.

4.1 Connecting planet formation to JWST/MIRI-derived
snowline pebble fluxes

One of the main drivers behind this study was provided by the
snowline pebble mass flux constraints derived from JWST/MIRI
measurements of cold water excess as presented in C. E. Romero-
Mirza et al. (2024) and S. Krijt et al. (2025).

For comparison, we show in Fig. 5 the pebble fluxes and ages
of the 21 discs studies studied in S. Krijt et al. (2025). It is im-
portant to note here, however, that the system ages and inferred
pebble fluxes used for the comparison in Fig. 5 carry significant
uncertainties: For the ages the typical uncertainty is ~0.5 Myr
(discussed in S. Krijt et al. 2025, Section 2), while the pebble flux
carries uncertainties associated with (1) estimating the mass of
the surface cold water reservoir* and (2) converting that mass to a
mid-plane pebble flux. The latter in particular can be complicated

4Which involves either fitting slab models (C. E. Romero-Mirza et al.
2024) or using empirical relations and measurements of specific water
line flux ratios (S. Krijt et al. 2025, appendix A).
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Figure 5. Pebble fluxes over time for discs of varying characteristic radius Ry (left to right), turbulence level « , and fragmentation velocity vg,g (top
and bottom). The thicker lines show the flux from Fig. 1 without planets (see Section 2.3) and the thin lines show the fluxes in the same discs but now
co-evolving with growing individual planets. The numbered black lines are for the typical planets discussed in Section 2.7. In the simulations where
significantly massive planets form, the pebble flux profiles display a sharp decrease in the pebble flux, sometimes followed by a single spike or surge
(especially in the o = 1073 case), the timing of which varies from simulation to simulation (see Section 3.3). We also overlay the pebble mass fluxes
inferred from cold water excess glimpsed by JWST/MIRI as described in S. Krijt et al. (2025).

as pebbles also deliver dust which may shift the observable layers
further up (see e.g. A. Houge et al. 2025a; A. D. Sellek et al. 2025).
None the less, our simulations, which self-consistently solve for
dust coagulation and transport in discs with a (single) growing
and migrating planet, appear in qualitative agreement with the
toy models presented in S. Krijt et al. (2025, section 3.4) in that
the data seem to rule out the vg,, =9 ms~! scenario as being
dominant as it fails to reproduce typical pebble fluxes around
t ~ 1 Myr. Instead, a relatively high turbulence and low frag-
mentation velocity is favoured. This is in line with recent studies
attempting to reproduce multiwavelength ALMA continuum ob-
servations in outer disc regions, which rule out combinations of
high vg,g and low « (e.g. H. Jiang et al. 2024; S. Tong, R. Alexander
& G. Rosotti 2025; J. Williams & S. Krijt 2025).

The presence of (giant) planets outside the snowline does - as
expected (e.g. B. Bitsch et al. 2021) - act to reduce the pebble flux
at the snowline by multiple orders of magnitude (cf. Figs 1 and 5),
an effect most evident in our simulations for discs with Ry >
40 au. Interestingly, we also find that the reduction in pebble flux
islimited to a period of < 1 Myr, as on longer time-scales the giant
planet will migrate through and inside the snowline (see also
Fig. 2), a process culminating in a brief increase in the snowline
pebble flux (particularly evident in the « = 1073 simulations in
Fig. 5, see also M. Eberlein et al. 2024). We do not suggest these
brief spikes are responsible for any of the observed values® but

SIn fact, the methodology for estimating pebble mass fluxes from cold
water excess developed in C. E. Romero-Mirza et al. (2024) is expected
to break down when there is a gap-opening giant planet in the immediate
vicinity.

this behaviour serves as a reminder that massive planets may
perturb the inner disc evolution in multiple ways. We note that
the ability of giant planets to migrate all the way to the snowline
may be reduced if planet-planet interactions are included (see
Section 4.2).

So what can the measured pebble fluxes say about the out-
comes of planet formation in the inner regions? As shown in
Fig. 3, the pebble mass flux at the time of protoplanet forma-
tion does correlate with accretion outcomes (in this case planet
mass), although system-to-system variations in disc parameters
introduce significant scatter.® For example, focusing on planets
whose cores were injected around f, = 1 Myr in Fig. 3(C), it
seems only planets forming in discs with snowline pebble fluxes
>50—100 Mg, Myr~! have the potential of growing into gas giants,
although this outcome is not guaranteed and growth may stall
below M, ~ 1—-10Mg, especially in small discs, discs with higher
turbulence, and discs with low vg,, (see bottom-right regions in
Fig. 3 panels D, E, and F). If - in addition to snowline pebble flux —
global individual disc parameters can be reasonably estimated
(e.g. disc size, or the turbulence), these findings suggest planet
formation outcomes can to some degree be predicted.

However, the uncertainty in the timing of protoplanet forma-
tion has a large impact on such predictions, particularly since
current pebble flux constraints are all for ~Myr-old discs (cf.
Figs 3 and 4). In order to be able to make more quantitative

6As noted before, some of the combinations presented in this work are
less likely then others (e.g. see discussion about low turbulence and high
fragmentation velocity earlier). Including new constraints in future stud-
ies may help to reduce the scatter seen in Figs 3 and 4.
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predictions for planetary outcomes based on snowline pebble flux
measurements, an improved understanding of (a) the timing of
protoplanet formation (and its likely dependence on formation
location and disc parameters, see e.g. O. Voelkel et al. 2020, 2021)
as well as (b) snowline pebble mass flux measurements for sys-
tems significantly younger/older then those used in S. Krijt et al.
(2025) appear to be key.

A final interesting point concerns the duration during which
growing planets can exist before significantly impacting the snow-
line pebble flux, i.e. how long can planets stay ‘unnoticed’ (see
also P. Nazari, A. D. Sellek & G. P. Rosotti 2025)? In our simu-
lations, the mass scale at which planets significantly perturb the
gas disc is essentially the pebble isolation mass given by equation
(2) and shown in Fig. 2. With pebble accretion (and migration)
time-scales depending on disc parameters and planet insertion
times (as discussed in Section 2.7), the time it takes to reach Mjg,
varies, but some trends remain: Focusing exclusively on planets
that start growing outside the water snowline, the average time to
grow to M, after being inserted equals (ty, — o) &~ 0.5 Myr for
the planets in & = 1072 discs, and almost twice as long ({ty,, —
t) ~ 0.9 Myr) for planets growing in o = 10~* discs. Folding in
the variations in planet insertion times ¢y, this results in typical
disc ages of (fy, ) ~ 0.8 Myr (¢ = 1073) and () ~ 1.3 Myr
(a = 107*). Another way of showing these differences is by fo-
cusing on t =1 Myr, at which time we find that 76 per cent
of planets in « = 1073 have already reached My, compared to
only 45 per cent in the discs with lower turbulence. So while
considerable variation exists from planet to planet, this shows
that in discs with low turbulence levels, the slower growth can
result in planets staying undetected for longer - at least from a
snowline pebble flux point of view. During those periods where
planets are still growing towards Mis,, the pebble flux will still
play a key role in shaping planet accretion (e.g. Fig. 3), but the
feedback of the planets on the pebble flux (Fig. 5) is expected to
be minimal.

4.2 Model limitations and future extensions

We also comment briefly on some of the limitations of our model
as outlined in Section 2.1. First, our model is limited to one planet
per disc, and thus cannot capture direct or indirect planet-planet
interactions. An interesting (indirect) effect for example could be
that planets growing interior to any present giant planets will
have their pebble accretion rates decreased due to the reduced
pebble flux. This process was recently modelled by S. McCloat et
al. (2025), who found that growing masses in the outer disc are
sufficient to prevent inner masses reaching the pebble isolation
mass. However, M. Eberlein et al. (2024) found this to not be the
case due to outer planets reaching the pebble isolation mass later,
when the inner planets would have already been formed. This
again brings in to question the timing of protoplanet formation,
and the way that process itself is regulated by the drifting peb-
bles (e.g. O. Voelkel et al. 2020, 2021). The lack of planet-planet
gravitational interactions could also be a contributor to the reason
most of our giant planets end up very close to their star, as we only
see outward migration for smaller planets by construction, due to
the heating torque that causes outward migration for planets up
to a few Earth masses (e.g. P. Benitez-Llambay et al. 2015; F. S.
Masset 2017).

Additionally, we note that the treatment of dust and pebble
coagulation and drift in the chemcomp simulations we employed
is based on the two-population model of T. Birnstiel et al. (2012)
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and a 1D (vertically integrated) disc model (A. D. Schneider &
B. Bitsch 2021a). Recent efforts that take into account the full
dust size distribution and/or are performed in 2D show that these
approximations can lead to variations in e.g. gap leakiness (e.g. J.
Drazkowska et al. 2019; S. M. Stammler et al. 2023; T. Pfeil, P. J.
Armitage & Y.-F. Jiang 2025), but we do not expect the results to
change qualitatively.

Finally, we do not self-consistently model the formation of
planetesimals or their subsequent growth into (proto)planets of
masses up to the mass given by equation (1). Instead, we ef-
fectively treat the planet injection time and position as free pa-
rameters (see Section 2.7). Diverse global (i.e. disc-wide) models
predict very different formation times and positions (as reviewed
in J. Drazkowska et al. 2023, section 3.1.4), we expect these pro-
cesses to depend on other disc parameters such as o and Vg (T.
Birnstiel, M. Fang & A. Johansen 2016; J. Drazkowska & C. P.
Dullemond 2018). Thus, as some of the parameter combinations
explored in this study will be more or less likely then others, the
synthetic planet population resulting from them should not be
compared directly to e.g. to exoplanet occurrence rates.

5 CONCLUSIONS

We have used chemcomp (A. D. Schneider & B. Bitsch 2021a, b)
to model joint disc, dust, and pebble evolution (Fig. 1) together
with planet accretion and migration (Fig. 2) to investigate more
quantitatively the link between the snowline pebble flux on one
hand, and final planet properties (e.g. mass, orbital radius) on the
other. Our main conclusions can be summarized as follows:

(i) The (maximum) final planet mass strongly correlates with
the water snowline pebble flux at the time of protoplanet in-
sertion, while significant scatter is introduced when variations
in disc parameters (e.g. @, Vig, Ro) and/or different protoplanet
insertion locations are considered (Fig. 3).

(ii) For turbulence levels of o = 107#, the final planet mass
versus pebble flux correlation is essentially continuous, while
in discs with o = 1073 the correlation behaves almost like
a step function, with snowline pebble mass fluxes exceeding
100 Mg Myr—! (at the time of protoplanet insertion) being nec-
essary for the formation of gas giants (Fig. 3 E).

(iii) When comparing instead final planet masses to snowline
pebble fluxes specifically around 1 Myr (for which most of the
current constraints exist, see e.g. S. Krijt et al. 2025), the variation
in planet insertion times and various disc parameters allows for
a broad range of outcomes and the predictive power of the snow-
line pebble flux is diminished (Fig. 4). Some of this degeneracy
may be alleviated if for example additional constraints on disc
turbulence level, disc size, present sub-structure, and/or typical
protoplanet formation times can be obtained.

(iv) Once grown to the pebble isolation mass, the planets evolv-
ing in our simulations can significantly perturb the snowline
pebble flux, especially if they are located far out (i.e. well outside
the snowline) and form early enough to be able to block in their
wakes a significant mass of pebbles (cf. Figs 1 and 5).

(v) Intriguingly, our one-planet-per-disc simulations for o =
1073 result in the reduction of snowline pebble flux being only
temporary, with giant planet growing and migrating quickly, and
being unable to affect the snowline pebble flux once they have
migrated to the innermost 1 au (Figs 2 and 5 and Section 4.1).

Generally speaking, the snowline pebble fluxes in our planet-
containing simulations broadly overlap with those inferred from
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JWST/MIRI cold water excess studies (Fig. 5, and C. E. Romero-
Mirza et al. 2024; S. Krijt et al. 2025), but we refrain here folding
in additional constraints for all those discs (e.g. disc sizes, details
of substructure, etc.), focusing instead on the impact these pebble
fluxes have on (potentially) present protoplanets (Figs 3 and 4),
while Fig. 5 highlights how valuable additional pebble flux con-
straints — especially for younger (<0.5 Myr) and older (=2 Myr)
discs - could be for discriminating between models. To conclude,
our simulations show that the currently observed pebble fluxes
can be used to constrain planet formation simulations, and em-
phasize that diverse planet formation via pebble accretion is in
agreement with the currently available constraints from JWST.

ACKNOWLEDGEMENTS

The authors would like to thank Joe Williams for helpful sug-
gestions and comments. DA would like to thank Scarlett Hutton,
Caleb Ostler, and Alice Smith for their support and contributions
during the MPhys project at the University of Exeter, from which
this paper developed. The following Python packages were used
for this study: matplotlib (J. D. Hunter 2007), numpy (C.R.
Harris et al. 2020).

DATA AVAILABILITY

The data underlying this article will be shared on reasonable
request to the corresponding author.

REFERENCES

Andama G., Mah J., Bitsch B., 2024, A&A, 683, A118

Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, ARA&A, 47, 481

Banzatti A. et al., 2020, ApJ, 903, 124

Banzatti A. et al., 2023, ApJ, 957, L22

Benitez-Llambay P., Masset F., Koenigsberger G., Szuldgyi J., 2015,
Nature, 520, 63

Birnstiel T., 2024, ARA&A, 62,157

Birnstiel T., Klahr H., Ercolano B., 2012, A&A, 539, A148

Birnstiel T., Fang M., Johansen A., 2016, Space Sci. Rev,, 205, 41

Bitsch B., Mah J., 2023, A&A, 679, A1l

Bitsch B., Lambrechts M., Johansen A., 2015, A&A, 582, A112

Bitsch B., Morbidelli A., Johansen A., Lega E., Lambrechts M., Crida A.,
2018, A&A, 612, A30

Bitsch B., Raymond S. N., Buchhave L. A., Bello-Arufe A., Rathcke A. D,
Schneider A. D., 2021, A&A, 649, L5

Booth R. A., Clarke C.J., Madhusudhan N., Ilee J. D., 2017, MNRAS, 469,
3994

Bosman A. D., Tielens A. G. G. M., van Dishoeck E. F., 2018, A&A, 611,
A80

Danti C., Lambrechts M., Lorek S., 2025, A&A, 700, A132

Drazkowska J., Alibert Y., 2017, A&A, 608, A92

Drazkowska J., Dullemond C. P., 2018, A&A, 614, A62

Drazkowska J., Li S., Birnstiel T., Stammler S. M., Li H., 2019, ApJ, 885,
91

Drazkowska J., Stammler S. M., Birnstiel T., 2021, A&A, 647, A15

Drazkowska J. et al., 2023, in Inutsuka S., Aikawa Y., Muto T., Tomida K.,
Tamura M, eds, ASP Conf. Ser. Vol. 534, Protostars and Planets VII.
Astron. Soc. Pac., San Francisco, p. 717

Easterwood W., Kalyaan A., Banzatti A., 2024, ApJ, 977, 21

Eberlein M., Bitsch B., Helled R., 2024, A&A, 691, A50

Harris C. R. et al., 2020, Nature, 585, 357

Houge A. et al., 2025a, MNRAS, 537, 691

Houge A., Johansen A., Bergin E., Ciesla F. J.,, Bitsch B., Lambrechts M.,
Henning T., Perotti G., 2025b, A&A, 699, A227

Snowline pebble flux on planet formation 11

Huang P, Yu F,, Lee E. J., Dong R., Bai X.-N., 2025, ApJ, 988, 94

Hunter J. D., 2007, Comput. Sci. Eng., 9, 90

Tkoma M., Nakazawa K., Emori H., 2000, ApJ, 537, 1013

Jiang H., Macias E., Guerra-Alvarado O. M., Carrasco-Gonzalez C., 2024,
A&A, 682, A32

Johansen A., Lambrechts M., 2017, Annu. Rev. Earth Planet. Sci., 45, 359

Johnston H. F., Pani¢ O., Liu B., Jankowski P., 2025, MNRAS, 543, 4053

Kalyaan A, Pinilla P., Krijt S., Mulders G. D., Banzatti A., 2021, ApJ, 921,
84

Kalyaan A. et al., 2023, ApJ, 954, 66

Kim Y.-J., Lee J.-E., Baek G., Lee S., 2025, J. Korean Astron. Soc., 58, 243

Krijt S., Bosman A. D., Zhang K., Schwarz K. R., Ciesla F. J., Bergin E. A.,
2020, ApJ, 899, 134

Krijt S. et al., 2025, ApJ, 990, L72

Lambrechts M., Morbidelli A., Jacobson S. A., Johansen A., Bitsch B.,
Izidoro A., Raymond S. N., 2019, A&A, 627, A83

Lichtenberg T., Drazkowska J., Schonbéchler M., Golabek G. J., Hands T.
0., 2021, Science, 371, 365

Machida M. N., Kokubo E., Inutsuka S.-I., Matsumoto T., 2010, MNRAS,
405, 1227

Mah J., Savvidou S., Bitsch B., 2024, A&A, 686, L17

Masset F. S., 2017, MNRAS, 472, 4204

McCloat S., Mulders G. D., Fieber-Beyer S., 2025, ApJ, 992, 200

Mulders G. D., Ciesla F. J., Min M., Pascucci I., 2015, ApJ, 807, 9

Mulders G. D., Drazkowska J., van der Marel N., Ciesla F. J., Pascucci I.,
2021, ApJ, 920, L1

Najita J. R., Bergin E. A., 2018, ApJ, 864, 168

Najita J. R., Carr J. S., Pontoppidan K. M., Salyk C., van Dishoeck E. F.,
Blake G. A., 2013, ApJ, 766, 134

Nazari P., Sellek A. D., Rosotti G. P., 2025, A&A, 697, A84

Ndugu N., Bitsch B., Morbidelli A., Crida A., Jurua E., 2021, MNRAS, 501,
2017

Ormel C. W, Liu B., 2018, A&A, 615, A178

Pascucci L. et al., 2016, ApJ, 831, 125

Pfeil T., Armitage P. J., Jiang Y.-F., 2025, ApJ, 994, 272

Pinilla P., Benisty M., Waters R., Bae J., Facchini S., 2024, A&A, 686, A135

Romero-Mirza C. E. et al., 2024, ApJ, 975, 78

Rosotti G. P., 2023, New Astron. Rev., 96, 101674

Savvidou S., Bitsch B., 2023, A&A, 679, A42

Savvidou S., Bitsch B., 2025, A&A, 693, A302

Savvidou S., Bitsch B., Lambrechts M., 2020, A&A, 640, A63

Schneider A. D., Bitsch B., 2021a, A&A, 654, A71

Schneider A. D., Bitsch B., 2021b, A&A, 654, A72

Schoonenberg D., Ormel C. W., 2017, A&A, 602, A21

Sellek A. D., Vlasblom M., van Dishoeck E. F., 2025, A&A, 694, A79

Stammler S. M., Lichtenberg T., Drazkowska J., Birnstiel T., 2023, A&A,
670, L5

Tong S., Alexander R., Rosotti G., 2026, MNRAS, 545, staf2128

Voelkel O., Klahr H., Mordasini C., Emsenhuber A., Lenz C., 2020, A&A,
642, A75

Voelkel O., Deienno R., Kretke K., Klahr H., 2021, A&A, 645, A132

Weber P., Benitez-Llambay P., Gressel O., Krapp L., Pessah M. E., 2018,
ApJ, 854,153

Williams J., Krijt S., 2025, MNRAS, 537, 831

Williams J., Krijt S., Bitsch B., Houge A., Bergner J., 2025, MNRAS, 544,
3562

Xenos K. O., Bitsch B., Andama G., 2025, A&A, 701, A47

Zhang K., Bergin E. A., Schwarz K., Krijt S., Ciesla F., 2019, ApJ, 883, 98

Zhang K., Bosman A. D., Bergin E. A., 2020, ApJ, 891, L16

APPENDIX A: PLANET POPULATION AT1 MYR

For completeness, we show in Fig. Al the planet mass and semi-
major axis distribution (dots), and their growth tracks, up tot =
1 Myr.

MNRAS 548, 1-12 (2026)

920z Ke z1 uo 1senb Aq 28/9598/1 2. BEIS/E/8FS/aI0NE/SEIUL/WOD dNO"0IWEPED.//:SAYY WOy papEOjUMOQ


http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202348899
http://dx.doi.org/10.1146/annurev.astro.46.060407.145222
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ abbc1a
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acf5ec
http://dx.doi.org/10.1038/nature14277
http://dx.doi.org/10.1146/annurev-astro-071221-052705
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201118136
http://dx.doi.org/10.1007/s11214-016-0256-1
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202347419
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201526463
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201731931
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202140793
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stx1103
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201732056
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202555095
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201731491
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201732221
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab46b7
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202039925
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad891d
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202449840
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf057
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202555164
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1086/309050
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202348271
http://dx.doi.org/10.1146/annurev-earth-063016-020226
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf1507
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac1e96
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ace535
http://dx.doi.org/10.5303/JKAS.2025.58.2.243
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aba75d
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ adfbe3
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201834229
http://dx.doi.org/10.1126/science.abb3091
http://dx.doi.org/10.1111/j.1365-2966.2010.16527.x
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202450322
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stx2271
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ae0301
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 807\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 9
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac2947
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aad80c
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 766\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 134
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202451116
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staa3629
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201732562
http://dx.doi.org/10.3847/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 831\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 125
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ae1295
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202348707
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad769e
http://dx.doi.org/10.1016/j.newar.2023.101674
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202245793
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202449847
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201936576
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202039640
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202141096
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201630013
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202451137
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202245512
http://dx.doi.org/10.48550/arXiv.2509.24818
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202038085
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202039245
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aaab63
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf075
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf1839
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202555591
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab38b9
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab77ca

12  D. Astrakhantsev et al.

a=10"*% a=10"3
104 ' 104 4
10° 10° 4
i 2 _ i) 2 ]
E.@ 10 = 10
2 o1 ] 2 o
g 10° 5 g 10° 3
g ] 5
S 10° 4 c 100 4
i) E i)
o 1 o
107 5 1071 : * .
1072 1072 4
10_3- T T T T T T T T T T T T 10_3 T T T T T T T T T T T
107! 10° 10t 1071 10° 10!
Planet Semi-Major Axis [au] Planet Semi-Major Axis [au]

Figure Al. Same as Fig. 2 for with planet trajectories drawn only up to 1 Myr, the time at which the pebble fluxes reported in Fig. 4 are evaluated.
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