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A B S T R A C T 

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 
( α = 10 −3 ), but exhibits a step function at lower turbulence ( α = 10 −4 ), with giant planet formation requiring (initial) 
snowline pebble mass flux es e x ceeding 100 M ⊕ Myr −1 . We find qualitative agreement between pebble mass flux es inferr ed 
for discs aged ∼1 Myr and our planet-containing models, especially for larger discs ( ≥40 au), high α ( 10 −3 ), and low 

v frag ( 3 m s −1 ). Additionally, giant planets in high turbulence discs are found to perturb the snowline pebble flux only 
temporarily (for ≈10 5 −6 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 w ords: planets and sat ellit es: dynamical ev olution and stability – planets and sat ellit es: formation – planet–disc 
interactions – protoplanetary discs. 
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 INTRODUCTION  

odern planet formation theory reserves a big role for pebble 
rift, with the large-scale inw ard migr ation of marginally de- 
oupled pebbles featuring centrally in models of planetesimal 
ormation (J. Dr ̨a żkowska & Y. Alibert 2017 ; D. Schoonenberg
 C. W. Ormel 2017 ; J. Dr ̨a żkowska et al. 2023 ), planet growth
nd accretion (A. Johansen & M. Lambrechts 2017 ; C. W. Ormel
 B. Liu 2018 ), early Solar syst em ev olution (T. Licht enberg et
l. 2021 ), and evolving disc chemistry (e.g. R. A. Booth et al.
017 ; S. Krijt et al. 2020 ; J. Mah, S. Savvidou & B. Bitsch 2024 ; J.
illiams et al. 2025 ). At the same time, qualitative observational
onstraints on the timing and magnitude of pebble drift have 
een challenging to obtain, with measur ements of e.g . dust disc
ass or size evolution challenging to interpret (I. Pascucci et al. 
016 ; J. R. Najita & E. A. Bergin 2018 ). 
In this context there has been push in recent y ears t o att empt

 o estimat e pebble fluxes at specific locations in discs (i.e. at
ajor snowlines, primarily those of CO, CO 2 , and H 2 O) by mea-
uring variations in the gas-phase abundance of major carbon 
 E-mail: danila.astrakhan@gmail.com 
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 epr oduction in any medium, provided the original work is properly cited. 
nd o xy gen carriers – and associated/attributing those changes 
o pebble drift and ice sublimation (see A. D. Bosman, A. G.
. M. Tielens & E. F. van Dishoeck 2018 ; K. Zhang et al. 2019 ;
. Zhang, A. D. Bosman & E. A. Bergin 2020 ; J. Williams & S.
rijt 2025 ). For water in particular, system-to - system variations
een via infrared spectroscopy first with Spitzer and now with 
he James Webb Space Telescope ( JWST ) are frequently attributed
o variations in the icy pebble mass capable of reaching the in-
er disc (J. R. Najita et al. 2013 ; A. Banzatti et al. 2020 , 2023 ;
. E. Romero-Mirza et al. 2024 ; A. D. Sellek, M. Vlasblom &
. F. van Dishoeck 2025 ). 
Most recently, S. Krijt et al. ( 2025 ) combined JWST MIRI/MRS
nd ALMA continuum data for 21 protoplanetary discs to (a) 
easure pebble mass fluxes across the water snowline (building 
n the method outlined in C. E. Romero-Mirza et al. 2024 ) and
b) demonstrate how those fluxes are shaped by the influence of 
aps acting as pebble traps in the outer disc – a process studied
n various numerical works (e.g . B . Bitsch & J. Mah 2023 ; A.
alyaan et al. 2023 ; S. M. Stammler et al. 2023 ; W. East erw ood, A.
alyaan & A. Banzatti 2024 ; J. Mah et al. 2024 ). Pebble mass flux
stimates ranged from ∼1 to 10 3 M ⊕ Myr −1 in these ∼Myr -old 
yst ems, broadly consist ent with ranges estimated for the early
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. Model parameters used in this study. 
St ellar paramet ers (t op) are held constant, while 
disc (middle) and prot oplanet (bott om) parame- 
ters are allowed to vary. 

Quantity Value (s) 

M ∗ M �
L ∗ 1 . 2 L �
M 0 0 . 1 M �
R 0 [20, 40, 60, 80] au 
α 10 −4 , 10 −3 
v frag 3 ms −1 , 9 ms −1 
t 0 [0.1, 0.25, 0.5, 0.75, 1] Myr 
a p (t 0 ) [0.5, 1, 2, 5, 10, 20] au 
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olar system and values assumed in planet formation models (T.
ichtenberg et al. 2021 ; S. Krijt et al. 2025 , fig. 2). Given that
odels indicate that the emerging masses (and ar chitectur es) of 
nner planetary systems are very sensitive to the pebble mass
ux arriving in the inner disc (e.g. M. Lambrechts et al. 2019 ;
. Dr ̨a żkowska, S. M. Stammler & T. Birnstiel 2021 ; C. Danti,
. Lambrechts & S. Lorek 2025 ; S. McCloat, G. D. Mulders &
. Fieber-Beyer 2025 ), what does this broad range of inferred
nowline pebble fluxes mean for the planets growing in the in-
er regions of these systems? The aims of this study then are
wofold: (a) study what planet formation models predict in terms
f final planet masses as a function of snowline pebble flux;
nd, at the same time (b) study how accreting and gap - opening
lanets themselves may in turn affect the snowline pebble mass
ux. 
This paper is structured as follows: in Section 2 we outline the
hemcomp model, how we use it, and the parameter space we
 xplor e. We then e xplor e how the snowline pebble flux (measured
t either the time of protoplanet insertion or 1 Myr) affects final
lanet properties in Sections 3.1 and Section 3.2 . The feedback
f growing planets’ on the snowline pebble flux is described in
ection 3.3 . Finally, we discuss how our results connect to JWST
bservations in Section 4.1 , before highlighting possible exten-
ions (Section 4.2 ) and conclusions. 

 METHODOL  OG  Y  

.1 Model 

e use chemcomp 1 (A. D. Schneider & B. Bitsch 2021a ) to study
he combined evolution of discs, their dust/pebbles, and planet
ccretion and migration. This is a semi-analytical 1D model that
v olv es a viscous protoplanetary disc, including pebble drift,
v apor ation and condensation, planetary growth and migration,
nd multiple chemical species. The mid-plane temperature of the
isc is set at the start and is calculated from viscous heating and
rradiation from the star. 
The chemcomp code is described in detail in A. D. Schneider &
. Bitsch ( 2021a , b ) and has in recent years been used to study, for
xample, giant planet formation (S. Savvidou & B. Bitsch 2023 ),
he transport and thermal decomposition of refractory organics
A. Houge et al. 2025b ), and the impact of volatile entrapment
n evolving C/O ratios (J. Williams et al. 2025 ). In the remainder
f this section we discuss the disc parameters we use, how the
nowline pebble mass flux is obtained in our modelling frame-
ork, and finally how planets are inserted and evolve using a few
llustrative examples. 

.2 Central star and disc parameters 

e choose a Sun-like star with mass M ∗ = 1M � and luminos-
ty L ∗ = 1 . 2 L � and take the initial disc mass M 0 = 0 . 1M � and
har acteristic r adii R 0 = [20 , 40 , 60 , 80] au . We also vary the disc
arameters α = [10 −4 , 10 −3 ] and v frag = [3 , 9] m s −1 (see Table 1 ).
hese ranges corr espond r oughly to those in S. Krijt et al. ( 2025 ),
nd typical values for the turbulence are in line with G. P.
 osot ti ( 2023 ). For the disc’s composition, the initial elemen-
al and molecular compositions are identical to those in A. D.
chneider & B. Bitsch ( 2021a , tables 1 and 2) and are based on
NRAS 548, 1–12 (2026) 

 https://github.com/AaronDavidSchneider/chemcomp 

i
t
a

. Asplund et al. ( 2009 ). For each combination of parameters,
he initial surface density pr ofile �g (R ) , disc temperatur e pr ofile 2 
 (R ) (important for the snowline position), the pr essur e gradient
(R ) (important for pebble drift), and other relevant quantities
re calculated self-consistently as detailed in A. D. Schneider &
. Bitsch ( 2021a ). 

.3 The snowline pebble flux 

n general, dust evolution and pebble drift models (in the absence
f complicating factors due to planets or substructure) predict
adial pebble fluxes in the inner disc regions to first increase (as
ust coagulation takes place), then plateau for some period (as the
isc is close t o st eady-stat e), and then decrease gradually as the
uter disc is drained of solids through drift (see e.g. T. Birnstiel,
. Klahr & B. Ercolano 2012 ; J. Dr ̨a żkowska et al. 2023 ). We are
rimarily int erest ed in the time-ev olution of the mass flux near
he (mid-plane) water snowline F 

SL 
p (t ) , i.e. at the radial position

here T (R ) = 150 K , which for our syst ems happens betw een
1 and 5 au . 
The pebble flux at any given location can be written as ˙ m p =

 πrv r �dust (J. Dr ̨a żkowska et al. 2021 ), where �dust is the surface
ensity of solids and v r the pebble radial drift velocity. In chem-
omp ’s fr amework, dust coagulation/fr agmentation is treated us-
ng an approach similar to the two-population model of T. Birn-
tiel et al. ( 2012 ), but due to the presence of multiple dust and
olecular species the radial pebble flux is made up of multiple

 efractory (i.e. r ocky) and volatile (i.e. icy) compounds whose
urface densities are added together (A. D. Schneider & B. Bitsch
021a , sections 2.1 and 2.2). We note here that the pebble flux very
lose to the water (or any other) snowline can become elevated by
he high abundance of ice resulting from the re-condensation of 
utwardly diffused vapour. While this effect is interesting from a
lanetesimal formation perspective (see e.g. J. Dr ̨a żkowska & Y.
libert 2017 ; D. Schoonenberg & C. W. Ormel 2017 ; G. Andama,
. Mah & B. Bitsch 2024 ; K. O. Xenos, B. Bitsch & G. Andama
025 ), we are mainly interested in how much matter arrives from
he outer parts and hence opt to measure the pebble flux slightly
urther out (out at a position where T (R ) = 100 K ), where the re-
ondensation will have a minimal effect on the pebble surface
ensity. 
ng and irradiation by the star, but chemcomp currently does not include 
 emperatures ev olving with time (see A. D. Schneider & B. Bitsch 2021a , 
ppendix B). 

https://github.com/AaronDavidSchneider/chemcomp
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Fig. 1 illustrates the diversity in snowline pebble fluxes seen 
cross our model grid. In each panel, we see how the pebble mass
ux across the snowline ev olv es throughout a disc’s lifetime for
ifferent disc conditions in our model. We observe typical ranges 
f pebble flux, between 10 −7 and 10 −3 M ⊕ yr −1 , which are similar 
o those reported in C. E. Romero-Mirza et al. ( 2024 ) and S. Krijt
t al. ( 2025 ) as discussed in more detail in Sections 3.2 and 4 . It
an be seen how certain aspects, such as the peak of the flux, can
e delayed in larger discs. These findings are similar to results
ound in J. Dr ̨a żkowska et al. ( 2021 , fig. 7) and J. Williams & S.
rijt ( 2025 , fig. 2), particularly those showing how a larger disc,
ower v frag and higher α extend the time pebble flux remains at a
igher value (see also B. Bitsch & J. Mah 2023 ). The maximum
ebble size in the case of fragmentation-limited growth scales as 
 max ∝ v 2 f /α (T. Birnstiel et al. 2012 ; T. Birnstiel 2024 ), so either
 higher fragmentation velocity or weaker turbulence will lead 
o larger pebbles, which in turn result in faster drift and higher
ebble fluxes early on ( t ∼ 0 . 1 −1 Myr ), which then in turn results
n faster dust depletion and lower pebble fluxes at t � 1Myr . 

.4 Protoplanet injection 

or a given disc model, we insert (proto)planets (one planet 
er disc) at different times t 0 = [0 . 1 , 0 . 25 , 0 . 5 , 0 . 75 , 1] Myr and
 range of initial semimajor axes a p (t 0 ) = [0 . 5 , 1 , 2 , 5 , 10 , 20] au .
heir initial masses are calculated by chemcomp to be the pebble 
ransition mass, where pebble accretion starts to become efficient, 
iven by 

 t = 

√ 

1 
3 

�v 3 

G �
, (1) 

here �v is the deviation of the gas azimuthal velocity from the
eplerian due to the radial pr essur e gradient in the disc, � is the
eplerian angular frequency, and G is the gravitational constant 
see A. D. Schneider & B. Bitsch 2021a , equations 3 and 29). This
hoice results in initial protoplanet masses increasing with their 
nitial position a p , with maximum initial masses of up to ≈0 . 1 M ⊕
or those furthest out. For each planet, variations in disc param-
ters and the position and time at which the planet is inserted
ive rise to a diverse range of planet accretion and migration
cenarios and hence planetary outcomes (e.g. final planet masses 
nd orbital radius) (e.g. A. D. Schneider & B. Bitsch 2021a ; S.
avvidou & B. Bitsch 2023 ). 

.5 Planet accretion and migration 

nce inject ed, prot oplanets grow by accreting drifting pebbles 
nd/or gas, and can migrate radially as they interact with the am-
ient disc. For pebble accretion, chemcomp conv olv es the ev olv-
ng pebble flux at the planet’s location with a pebble accretion 
fficiency, which depends primarily on the pebble Stokes number, 
he turbulence, and the protoplanet mass (see A. D. Schneider & 

. Bitsch 2021a , section 2.6.1 for a detailed description). Both 2D
nd 3D regimes (see e.g. A. Johansen & M. Lambrechts 2017 ; C.
. Ormel & B. Liu 2018 ) are considered. 
A key mass scale in this story is the so - called pebble isolation
ass, above which planets significantly perturb the local gas 
urface density, preventing pebbles from reaching their location 
nd bringing a halt to pebble accretion. Based on B. Bitsch et al.
 2018 ), chemcomp takes the pebble isolation mass to equal 

 iso = 25 M ⊕ ×
(
H/r 
0 . 05 

)3 
[ 

0 . 66 + 0 . 34 
(
log (10 −3 ) 
log (α) 

)4 ] 

, (2) 

here H is the gas scale-height, r distance to the star, and α the
urbulence. As H/r typically increases with radius, the pebble iso- 
ation mass incr eases towar ds the outer disc (see also S. Savvidou
 B. Bitsch 2023 ). 
For gas accretion, the accretion rate on to the planet is based on

 esults fr om M. Ikoma, K. N akazawa & H. Emori ( 2000 ) and M.
. Machida et al. ( 2010 ), and is capped by the rate at which the
isc can viscously supply gas to the planet’s horseshoe region (N.
dugu et al. 2021 ). For a complete description of the procedure
nd the assumptions therein we refer the reader to A. D. Schnei-
er & B. Bitsch ( 2021a , section 2.6.2). 
Type I and type II planet migration are included as described

n A. D. Schneider & B. Bitsch ( 2021a , section 2.5), with rates
hat depend on planet mass and directions that can be inwards
r outwards (see also N. Ndugu et al. 2021 ). We return to planet
igration (and in particular the way in which the rates depend
n viscosity) in more detail in Sections 3.1 . 

.6 Feedback on the gas and pebbles 

nce planets e x ceed the pebble isolation mass, their presence will
erturb the local gas density and lead to the creation of a gap
nd (if the gap is deep enough) an associated pr essur e maximum
xt erior t o the gap. Since the pebbles’ radial drift velocity scales
ith the pr essur e gradient, pebbles can become stuck at this pres-
ur e maximum, r educing the pebble mass flux r eaching the disc
egions interior to the planet’s orbit. In chemcomp , the planet-
nduced gap in the gas surface density is achieved by introduc-
ng a planet-mass-dependent modulation in the local viscosity 
arameter α. This modulation, the strength of which increases 
s the planetary mass incr eases, r esults in a r educed g as surface
ensity in the gap while keeping the radial g as accr etion rate
onstant (see A. D. Schneider & B. Bitsch 2021a , section 2.7). 

.7 Representative planet growth tracks 

e present in Fig. 2 the planet growth tracks of 480 planets
enerated using the methodology outlined above, and illustrate 
he diversity in outcomes by discussing briefly the behaviour of 
our ‘typical’ planets highlighted in the figure and with initial and
nal properties summarized in Table 2 . 
Planet 1 is injected relatively late ( t 0 = 1 Myr ) and close-in in

 small disc with low turbulence and high fragmentation ve- 
ocity (see Table 2 ). For these disc parameters, the pebble flux
y 1Myr has already significantly decreased (see Fig. 1 ), and as
 result Planet 1’s growth is slow, and it ends up with a final
ass well below 0 . 1 M ⊕ as one of the smallest planets in our
imulations. Planet 2 is inserted a bit earlier ( t 0 = 0 . 5 Myr ) just
nside the snowline in an int ermediat e-sized disc with a lower
ragmentation velocity. Due to the higher pebble flux around t 0 
his planet can grow more easily, reaching ∼ 0 . 6 M ⊕ before the
imulation is st opped. Conv ersely, planet 3 is insert ed v ery early
0.1 Myr) and far out, at a p (t 0 ) = 20 au in a low-turbulence disc.
rowing rapidly due to the large pebble flux combined with low
, it crosses the pebble isolation mass and grows into a gas giant
ithout migrating significantly inwards, ending up at a semima- 
or axis of 12 au. Lastly, planet 4 highlights the role of turbulence.
MNRAS 548, 1–12 (2026) 



4 D. Astrakhantsev et al. 

M

Figure 1. Snowline pebble mass fluxes over time for discs of varying R 0 , α, and v frag . The shaded region shows pebble mass fluxes assumed in the 
accretion simulations of M. Lambrechts et al. ( 2019 ). 

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 R 0 = 40 au . The difference to other discs is minor, within a few M ⊕. 

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 t 0 [Myr] R 0 [au] α v frag [ m s −1 ] a p (t 0 ) [au] M 

final 
p [M ⊕] a final p [au] 

1 1.0 20 10 −4 9 0.5 0.0156 0.2 
2 0.5 40 10 −4 3 1.0 0.657 0.69 
3 0.1 60 10 −4 3 20 1950 12 
4 0.1 80 10 −3 9 20 12 300 0.36 
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nserted at a similar time and position as Planet 3, this planet also
aptures a lot of pebbles and reaches the pebble isolation mass in
he outer disc, but due to the higher α Planet 4 migrated through
he water snowline (see below) and ultimately ends up inside the
nner 0.5 au where it accretes more gas until reaching a final mass
 x ceeding 10 4 M ⊕. These four planets then highlight variations in
utcomes that have been discussed previously in the context of 
ebble and gas accretion models (with or without migration) (see 
.g . B . Bitsch, M. Lambrechts & A. Johansen 2015 ; A. D. Schneider
 B. Bitsch 2021a , b ; J. Dr ̨a żkowska et al. 2021 ; S. Savvidou & B.
itsch 2023 ; H. F. Johnston et al. 2025 ). 
We also highlight in Fig. 2 the position (and current mass) of 

 planet when it migrates through the water snowline (coloured 
rosses). Snowline positions can be seen to range from 1 to 5 au,
oughly in line with snowline position estimates for disc models 
e.g. G. D. Mulders et al. 2015 ; S. Savvidou, B. Bitsch & M. Lam-
rechts 2020 ; Y.-J. Kim et al. 2025 ). In our models, the spread in
nowline positions is caused by the variation in the viscous heat- 
ng term [which scales with α and opacity (see A. D. Schneider 
 B. Bitsch 2021a , appendix B)], which causes variations in the
isc t emperature ev en if the st ellar mass and luminosity is kept
onstant. The locations of the x’s in Fig. 2 will be relevant for
ection 3.3 , where we discuss the planets’ impact on the snowline
ebble flux, as only planets that are (a) massive, and (b) (well)
utside the snowline are expect ed t o influence the pebble flux
rriving at the inner disc. 

 RESULTS  

e now turn to discussing the connection between the final 
lanet properties (e.g. final mass and position as indicated by the
ink points in Fig. 2 ) and snowline pebble flux (as depicted in
ig. 1 ). We will follow two approaches that tell different parts of 
he st ory. First, w e compare planet out comes t o the snowline peb-
le flux measured at the time of protoplanet insertion (Section 3.1 ).
his approach highlights primarily the impact of the snowline 
ebble flux (and other disc properties) on the planet’s ability to
r ow. A dditionally, in Section 3.2 , we compare planet outcomes
o the snowline pebble flux as evaluated around 1 Myr , which 
llows for a more direct connection of observations as this time is
loser to the ages sampled in e.g. S. Krijt et al. ( 2025 ). We discuss
he impact of planets (if already sufficiently massive by 1 Myr) on
he snowline pebble flux in Section 3.3 . 

.1 Pebble flux at the time of (proto)planet injection 

ig. 3 shows final planet mass versus the snowline pebble mass
ux (evaluated at the time of protoplanet injection t 0 ) as a func-
ion of a range of disc and protoplanet parameters (various colour
ars). We also highlight in each panel the positions of the four
lanets discussed in Section 2.7 to aid in the interpretation. 
First and foremost, just from the distribution of the points 

n any of the panels, we see there is a clear correlation be-
ween the (maximum) final planet mass and snowline peb- 
le flux: protoplanets inserted when the pebble flux is below 

50 −100 M ⊕ Myr −1 cannot reach masses exceeding a few 10 M ⊕. 
his can be explained by planets in discs with a lower pebble flux
truggling to grow quickly early on, and thus not being able to
apture significant gas envelopes during the gas disc lifetime. 
On top of this general trend how ev er there is considerable
catt er. Indeed, ev en in discs with pebble flux es appr oaching
10 3 M ⊕ Myr −1 ther e ar e planets that end up with masses of 
just) 0 . 1 M ⊕. There can be various reasons for this. First, it is
orth stressing that while the pebble flux is measured at the water
nowline (as we want to compare fluxes inferred from JWST ob-
ervations), pr otoplanets ar e inserted with initial positions rang -
ng from 0.5 and 20 au (see Section 2.7 and Fig. 3 A). As such,
here may be differences between the pebble flux at the planet
osition (most relevant for its growth) and the one at the snow-
ine, although we expect these differences to be minimal in the
nner ∼ 10 au for most of the disc’s lifetime (see e.g. G. D. Mulders
t al. 2021 , fig. 1). Secondly, and likely more important, it is that
he rate of pebble accretion depends not solely on the pebble flux
ut also on the pebble accretion efficiency, which itself is a com-
lex function of also the pebble Stokes numbers, the turbulence 
trength α, the protoplanet mass (relative to the star), and the disc
spect ratio (e.g. A. Johansen & M. Lambrechts 2017 ; C. W. Ormel
 B. Liu 2018 ) – all factors that vary from disc to disc and planet
o planet. We discuss some of these factors in more detail here. 
Fr om Fig . 3 (C), we find that planet injection time plays a criti-
al role in the formation of gas giants with M p � 10 2 M ⊕: planets
njected early have a higher chance of experiencing high pebble 
uxes (see also Fig. 1 ) and thus a higher pr obability of gr owing
nto gas giants. Similar results, i.e. earlier insertion times result- 
ng in larger planets, were found by J. Dr ̨a żkowska et al. ( 2021 ,
g. 3) (for static planets) and S. Savvidou & B . Bitsch ( 2023 , fig . 5)
for migrating planets). 
Most planets migrate inwards by considerable distances, owing 

o rapid type II migration – especially in the α = 10 −3 case (see
lso Fig. 2 ). Those that start further out gain the most mass as they
ravel through the disc. This is seen clearly Fig. 3 (B), which shows
he final positions of the majority of the planets to be � 1 au .
dditionally, the majority of the highest-mass planets grew from 

rot oplanets that w ere insert ed early (t op-right region of panel
). 
In plot D we find that the planet mass does not necessarily
orrespond to the disc size; how ev er, the low est pebble fluxes are
n the smallest discs, and hence produce the smallest planets. 
ow ev er, w e also see that these smaller discs can produce the
argest planets, with more material in the vicinity of the planet
esulting in higher accretion r ates, which w as also seen in S.
avvidou & B. Bitsch ( 2023 ). 
Looking at the effect of changing the turbulence (panel E), 
e notice that there is positive correlation between final planet 
ass and pebble flux across the entire parameter space for the
ow turbulence case ( α = 10 −4 ), while the α = 10 −3 simulations
esult in two populations: giant planets (found only at high peb-
le fluxes) and � 10 M ⊕ planets (found across all pebble fluxes).
imilar behaviour is observed in S. Savvidou & B. Bitsch ( 2023 ,
g . 5), wher e it is explained through a combination of faster gas
ccretion (as gas accretion is limited by the accretion rate through
he disc, which itself scales with α) and faster (type II) planetary
igration for higher viscosities, resulting in fewer planets being 
eft behind at int ermediat e masses (S. Savvidou & B. Bitsch 2023 ,
nd section 4.4). The effects of faster growth and migration can
lso be seen in Fig. 2 , which shows giants planets outside of 1 au
nly in the α = 10 −4 case. 
Similarly, plot F shows a clearer correlation between final 
lanet mass and snowline pebble flux for the v frag = 9 m s −1 
ase, while for v frag = 3 m s −1 an additional population of 
ow-mass planets exists even for high snowline pebble fluxes 
> 100 M ⊕/ Myr . This population of protoplanets, which strug- 
les to grow despite high pebble mass fluxes being present (at
east during the time of insertion), may be explained by low
MNRAS 548, 1–12 (2026) 
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(a) (b)

(c) (d)

(e) (f)

Figure 3. Final planet mass versus pebble flux across the snowline at time of insertion. Plots A and B ar e colour ed by the planet’s initial and final 
semimajor ax es, r espectively. Plot C is colour ed by the planet’s insertion time t 0 , and plot D is colour ed by the char acteristic disc r adius R 0 . Plot E 
is coloured by the disc’s α parameter, and plot F is coloured by the fragmentation velocity v frag . All plots contain outlined numbered points, which 
correspond to the points numbered in Fig. 2 . 
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ebble accretion efficiencies as the high turbulence levels (panel
) and low fragmentation velocity (and thus lower Stokes num-
ers in the fragmentation regime) (panel F) both contribute to
ecr eased pebble accr etion efficiencies (e.g . C. W. Ormel & B .
NRAS 548, 1–12 (2026) 
iu 2018 , fig. 4). The late injection times for many of these
lanets (panel C) also play a role, as these imply the pebble
uxes – while high at t 0 may start to decrease relatively quickly
see Fig. 1 ). 
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.2 Pebble flux at 1 Myr 

he pebble mass flux es inferr ed fr om the e x cess cold wa-
er emission in JWST /MIRI spectra (e.g. C. E. Romero-Mirza 
t 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
nclear how far planet formation (especially in the inner disc) has
roceeded in these systems. To investigate the predictive power of 
hese observations, we show in Fig. 4 the same synthetic planet 
opulation as in Fig. 3 but this time using the snowline pebble
ux evaluated at 1 Myr. With planet injection times between 
.1 and 1 Myr, some of these systems will already contain gas
iants by the time the pebble flux is measured, 3 in which case the
nowline pebble flux can be affected dramatically by the impact of 
he giant planet on the gas surface density profile and pebble drift
ehaviour. This ‘feedback’ of the growing planet on the pebble 
ux through the disc, included self-consistently in chemcomp , 
an be quite dramatic and is discussed in the next Section 3.3 . 
Comparing Figs 3 and 4 it is clear that the correlation between
nal planet mass and pebble flux at 1 Myr is significantly weaker
nd obfuscated by the variations in the various disc and planet 
arameters. None the less, we can point out a few interesting
bservations. 
When looking at the final planet mass against the pebble flux
easured at 1 Myr in Fig. 4 we can relate the observations of discs
o our simulations, and see how planets may affect the disc. Here
 e find sev eral v ertical lines along discrete values of the pebble
ux. In plot C we can see that these lines are mostly produced by
ater insertion times, suggesting that these planets have not had 
 chance to affect the disc’s pebble flux. We can see the largest
lanets are generally inserted earlier ( ≤ 0 . 5 Myr ), and the pebble
ux es ar e mor e spr ead out, suggesting these planets could be
ffecting the pebble flux as seen in Fig. 5 . 
In plots E and F we can see a split between pebble flux for dif-

erent values of α and v frag , which once again comes from the late
nsertion time of the planets, and consequently shows a mostly 
nperturbed flux as would be e xpected fr om Fig . 1 . Focusing on
nly the largest planets we can again find that they can come from
ny disc size, and generally start far out and migrate inwards, as
een in plots A and B. A small correlation may be seen between
he pebble flux at 1 Myr and the final planet mass for the largest
lanets. But, overall there is not as clear a correlation between the
lanet mass and pebble flux at 1 Myr as there was when taking
he pebble flux at the insertion time in Fig. 3 . 

.3 Pebble flux evolution in planet-hosting discs 

iant planets are expect ed t o carv e out gaps in the gas surface
ensity that can – locally – act as pebble traps/filters with various 
egrees of efficiency (e.g. B. Bitsch et al. 2018 ; P. Weber et al.
018 ; S. M. Stammler et al. 2023 ; P. Huang et al. 2025 ; S. Savvidou
 B. Bitsch 2025 ), affecting also the flux of pebbles arriving in
he inner disc (e.g. A. Kalyaan et al. 2021 , 2023 ; W. East erw ood
t al. 2024 ; J. Mah et al. 2024 ; P. Pinilla et al. 2024 ). To quantify
his feedback for our simulations we show in Fig. 5 once more
nowline flux versus time, in the same format as in Fig. 1 but this
ime extracting the mass flux from the simulations with planets 
or which the impact of the planets on the disc-wide pebble flux
 The complete planet mass and orbital period distribution as present at 
 = 1 Myr is provided in Appendix A . 

4

2
l

s calculat ed self-consist ently as the planets grow and migrat e.
or cont ext, w e show also the 21 discs described in S. Krijt et al.
 2025 ). Current dust disc radii for these systems are known and
all between ≈30 and 300 au (S. Krijt et al. 2025 , fig. 1); however,
hese radii – as shaped by substructure – are expect ed t o deviat e
r om initial g as disc characteristic sizes and we ther efor e plot all
iscs in each panel in Fig. 5 . 
We see that the formation of a planet may greatly decrease the
ebble flux after a few 10 5 yr , by factors of up to and e x ceeding
wo orders of magnitude. This is particularly evident in larger 
iscs, wher e mor e mass is likely to be pr esent e xt erior t o the
iant planet, an effect captured in the analytical model of S. Krijt
t al. ( 2025 , equation 2). Additionally, we see that in discs with
ower α the pebble flux is usually decreased essentially perma- 
ently, whereas in discs with α = 10 −3 the flux is often decreased
nly for a period of ≈10 5 −6 yr before climbing again and even
piking briefly before returning to typical (non-planet) value. We 
ttribute this behaviour to massive planets migrating inwards 
nd approaching and passing through the mid-plane snowline. 
nce the planets cross the snowline, the pebbles trapped in the
r essur e bump e xt erior t o the planet will also follow, leading to a
emporary spike in the pebble mass flux (see also M. Eberlein, B.
itsch & R. Helled 2024 ). Once this spike has passed, the planets –
ow well inside the snowline – have a negligible impact on the
he snowline pebble flux. Fig. 2 already showed that many of our
lanets cross the snowline, but what is key is that (1) giant planets
n the α = 10 −4 models have a higher probability of staying in
he outer disc, and (2) if crossing the snowline, the planet masses
n the α = 10 −4 models are generally below the pebble isolation
ass (shown as dashed lines in Fig. 2 ). These two effects together
xplain why pebble flux decreases in our simulations are more 
hort-lived particularly in the α = 10 −3 models, and why this 
eriod usually ends with a brief ‘spike’ in pebble flux. 

 DISCUSSION  

e now turn to discussing how the above results can connect to
ecently derived snowline pebble fluxes in a handful of ∼1Myr- 
ld protoplanetary discs, and the limitations within observations 
nd our models. 

.1 Connecting planet formation to JWST /MIRI-derived 
nowline pebble fluxes 

ne of the main drivers behind this study was provided by the
nowline pebble mass flux constraints derived from JWST /MIRI 
easurements of cold water excess as presented in C. E. Romero-
irza et al. ( 2024 ) and S. Krijt et al. ( 2025 ). 
For comparison, we show in Fig. 5 the pebble fluxes and ages
f the 21 discs studies studied in S. Krijt et al. ( 2025 ). It is im-
ortant t o not e here, how ev er, that the syst em ages and inferred
ebble fluxes used for the comparison in Fig. 5 carry significant
ncertainties: For the ages the typical uncertainty is ∼0 . 5 Myr
discussed in S. Krijt et al. 2025 , Section 2), while the pebble flux
arries uncertainties associated with (1) estimating the mass of 
he surface cold water reservoir 4 and (2) converting that mass to a
id-plane pebble flux. The latter in particular can be complicated 
MNRAS 548, 1–12 (2026) 

 Which inv olv es either fitting slab models (C. E. Romero-Mirza et al. 
024 ) or using empirical relations and measurements of specific water 
ine flux ratios (S. Krijt et al. 2025 , appendix A). 
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Final planet mass versus pebble flux across the snowline at 1 Myr. Plots A and B are coloured by the planet’s final and initial semimajor axes, 
respectively. Plot C is coloured by the planet’s insertion time t 0 , and plot D is coloured by the characteristic disc radius R 0 . Plot E is coloured by the 
disc’s α parameter, and plot F is coloured by the fragmentation velocity v frag . All plots contain outlined numbered points, which correspond to the points 
numbered in Fig. 2 . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/3/stag721/8656782 by guest on 12 M
ay 2026
NRAS 548, 1–12 (2026) 



Snowline pebble flux on planet formation 9 

Figur e 5. Pebble flux es over time for discs of v arying char acteristic r adius R 0 (left t o right), turbulence lev el α , and fragmentation velocity v frag (top 
and bottom). The thicker lines show the flux fr om 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 α = 10 −3 case), the timing of which varies from simulation to simulation (see Section 3.3 ). We also overlay the pebble mass fluxes 
inferr ed fr om cold water e x cess glimpsed by JWST /MIRI as described in S. Krijt et al. ( 2025 ). 
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s pebbles also deliver dust which may shift the observable layers
urther up (see e.g. A. Houge et al. 2025a ; A. D. Sellek et al. 2025 ).
one the less, our simulations, which self-consistently solve for 
ust coagulation and transport in discs with a (single) growing 
nd migrating planet, appear in qualitative agreement with the 
oy models presented in S. Krijt et al. ( 2025 , section 3.4) in that
he data seem to rule out the v frag = 9 m s −1 scenario as being
ominant as it fails to r epr oduce typical pebble flux es ar ound
 ≈ 1 Myr . Inst ead, a relativ ely high turbulence and low frag-
entation velocity is favoured. This is in line with recent studies
tt empting t o r epr oduce multiwavelength ALMA continuum ob-
ervations in outer disc regions, which rule out combinations of 
igh v frag and low α (e.g. H. Jiang et al. 2024 ; S. Tong, R. Alexander
 G. R osot ti 2025 ; J. Williams & S. Krijt 2025 ). 
The presence of (giant) planets outside the snowline does – as 

 xpected (e.g . B . Bitsch et al. 2021 ) – act to reduce the pebble flux
t the snowline by multiple orders of magnitude (cf. Figs 1 and 5 ),
n effect most evident in our simulations for discs with R 0 �
0 au . Int erestingly, w e also find that the reduction in pebble flux
s limited to a period of � 1 Myr , as on longer time-scales the giant
lanet will migrate through and inside the snowline (see also 
ig . 2 ), a pr ocess culminating in a brief increase in the snowline
ebble flux (particularly evident in the α = 10 −3 simulations in 
ig. 5 , see also M. Eberlein et al. 2024 ). We do not suggest these
rief spikes are responsible for any of the observed values 5 but
 In fact, the methodology for estimating pebble mass fluxes from cold 
ater e x cess developed in C. E. Romer o-Mirza et al. ( 2024 ) is e xpected 
o break down when there is a gap - opening giant planet in the immediate 
icinity. 

6

l
f
i

his behaviour serves as a reminder that massive planets may 
erturb the inner disc evolution in multiple ways. We note that
he ability of giant planets to migrate all the way to the snowline
ay be reduced if planet–planet interactions are included (see 
ection 4.2 ). 
So what can the measured pebble fluxes say about the out-
omes of planet formation in the inner regions? As shown in
ig. 3 , the pebble mass flux at the time of protoplanet forma-
ion does correlate with accretion outcomes (in this case planet 
ass), although syst em-t o - system v ariations in disc par ameters
ntroduce significant scatter. 6 For example, focusing on planets 
hose cores were injected around t 0 = 1 Myr in Fig. 3 (C), it
eems only planets forming in discs with snowline pebble fluxes 
 50 −100 M ⊕ Myr −1 have the potential of growing into gas giants,
lthough this outcome is not guaranteed and growth may stall 
elow M p ∼ 1 −10 M ⊕, especially in small discs, discs with higher
urbulence, and discs with low v frag (see bottom-right regions in 
ig. 3 panels D, E, and F). If – in addition to snowline pebble flux –
lobal individual disc parameters can be reasonably estimated 
e.g. disc size, or the turbulence), these findings suggest planet 
ormation outcomes can to some degree be predicted. 
How ev er, the uncertainty in the timing of protoplanet forma-

ion has a large impact on such predictions, particularly since 
urrent pebble flux constraints are all for ≈Myr -old discs (cf. 
igs 3 and 4 ). In order to be able to make more quantitative
MNRAS 548, 1–12 (2026) 

 As noted before, some of the combinations presented in this work are 
ess likely then others (e.g. see discussion about low turbulence and high 
ragmentation velocity earlier). Including new constraints in future stud- 
es may help to reduce the scatter seen in Figs 3 and 4 . 
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redictions for planetary outcomes based on snowline pebble flux
easur ements, an impr oved understanding of (a) the timing of 
rotoplanet formation (and its likely dependence on formation
ocation and disc parameters, see e.g. O. Voelkel et al. 2020 , 2021 )
s well as (b) snowline pebble mass flux measurements for sys-
 ems significantly y ounger/older then those used in S. Krijt et al.
 2025 ) appear to be key. 
A final interesting point concerns the duration during which
rowing planets can exist before significantly impacting the snow-
ine pebble flux, i.e. how long can planets stay ‘unnoticed’ (see
lso P. Nazari, A. D. Sellek & G. P. R osot ti 2025 )? In our simu-
ations, the mass scale at which planets significantly perturb the
as disc is essentially the pebble isolation mass given by equation
 2 ) and shown in Fig. 2 . With pebble accretion (and migration)
ime-scales depending on disc parameters and planet insertion
imes (as discussed in Section 2.7 ), the time it takes to reach M iso 
aries, but some trends remain: Focusing exclusively on planets
hat start growing outside the water snowline, the average time to
row to M iso after being inserted equals 〈 t M iso − t 0 〉 ≈ 0 . 5 Myr for
he planets in α = 10 −3 discs, and almost twice as long ( 〈 t M iso −
 0 〉 ≈ 0 . 9 Myr ) for planets growing in α = 10 −4 discs. Folding in
he variations in planet insertion times t 0 , this results in typical
isc ages of 〈 t M iso 〉 ≈ 0 . 8 Myr ( α = 10 −3 ) and 〈 t M iso 〉 ≈ 1 . 3 Myr
 α = 10 −4 ). Another way of showing these differences is by fo-
using on t = 1 Myr , at which time we find that 76 per cent
f planets in α = 10 −3 have already reached M iso , compared to
nly 45 per cent in the discs with lower turbulence. So while
onsider able v ariation e xists fr om planet to planet, this shows
hat in discs with low turbulence levels, the slower growth can
esult in planets staying undet ect ed for longer – at least from a
nowline pebble flux point of view. During those periods where
lanets are still growing towards M iso , the pebble flux will still
lay a key role in shaping planet accretion (e.g. Fig. 3 ), but the
eedback of the planets on the pebble flux (Fig. 5 ) is expected to
e minimal. 

.2 Model limitations and future extensions 

e also comment briefly on some of the limitations of our model
s outlined in Section 2.1 . First, our model is limited to one planet
er disc, and thus cannot capture direct or indirect planet–planet
nt eractions. An int er esting (indir ect) effect for e xample could be
hat planets growing interior to any present giant planets will
ave their pebble accretion rates decreased due to the reduced
ebble flux. This process was recently modelled by S. McCloat et
l. ( 2025 ), who found that growing masses in the outer disc are
ufficient to prevent inner masses reaching the pebble isolation
ass. How ev er, M. Eberlein et al. ( 2024 ) found this to not be the
ase due to outer planets reaching the pebble isolation mass later,
hen the inner planets would have already been formed. This
gain brings in to question the timing of protoplanet formation,
nd the way that process itself is regulated by the drifting peb-
les (e.g. O. Voelkel et al. 2020 , 2021 ). The lack of planet–planet
r avitational inter actions could also be a contribut or t o the reason
ost of our giant planets end up very close to their star, as we only
ee outward migration for smaller planets by construction, due to
he heating torque that causes outw ard migr ation for planets up
o a few Earth masses (e.g. P. Benítez-Llambay et al. 2015 ; F. S.
asset 2017 ). 
Additionally, w e not e that the treatment of dust and pebble
oagulation and drift in the chemcomp simulations we employed
s based on the two-population model of T. Birnstiel et al. ( 2012 )
NRAS 548, 1–12 (2026) 
nd a 1D (vertically integrated) disc model (A. D. Schneider &
. Bitsch 2021a ). Recent efforts that take into account the full
ust size distribution and/or are performed in 2D show that these
ppr o ximations can lead to variations in e.g . g ap leakiness (e.g . J.
r ̨a żkowska et al. 2019 ; S. M. Stammler et al. 2023 ; T. Pfeil, P. J.
rmitage & Y.-F. Jiang 2025 ), but we do not expect the results to
hange qualitatively. 
Finally, we do not self-consistently model the formation of 
lanetesimals or their subsequent growth into (proto)planets of 
asses up to the mass given by equation ( 1 ). Instead, we ef-
ectively treat the planet injection time and position as free pa-
ameters (see Section 2.7 ). Diverse global (i.e. disc-wide) models
redict very different formation times and positions (as reviewed
n J. Dr ̨a żkowska et al. 2023 , section 3.1.4), we expect these pro-
esses to depend on other disc parameters such as α and v frag (T.
irnstiel, M. Fang & A. Johansen 2016 ; J. Dr ̨a żkowska & C. P.
ullemond 2018 ). Thus, as some of the parameter combinations
 xplor ed in this study will be more or less likely then others, the
ynthetic planet population resulting from them should not be
ompar ed dir ectly to e.g . to e x oplanet occurr ence rates. 

 CONCLUSIONS  

e have used chemcomp (A. D. Schneider & B. Bitsch 2021a , b )
o model joint disc, dust, and pebble evolution (Fig. 1 ) together
ith planet accretion and migration (Fig. 2 ) t o inv estigat e more
uantitatively the link between the snowline pebble flux on one
and, and final planet properties (e.g. mass, orbital radius) on the
ther. Our main conclusions can be summarized as follows: 

(i) The (maximum) final planet mass str ongly corr elates with
he water snowline pebble flux at the time of protoplanet in-
ertion, while significant scatter is introduced when variations
n disc parameters (e.g. α, v frag , R 0 ) and/or different protoplanet
nsertion locations are considered (Fig. 3 ). 
(ii) For turbulence levels of α = 10 −4 , the final planet mass
ersus pebble flux correlation is essentially continuous, while
n discs with α = 10 −3 the correlation behaves almost like
 step function, with snowline pebble mass fluxes exceeding
00 M ⊕ Myr −1 (at the time of protoplanet insertion) being nec-
ssary for the formation of gas giants (Fig. 3 E). 
(iii) When comparing instead final planet masses to snowline
ebble fluxes specifically around 1 Myr (for which most of the
urrent constraints exist, see e.g. S. Krijt et al. 2025 ), the variation
n planet insertion times and various disc parameters allows for
 broad range of outcomes and the predictiv e pow er of the snow-
ine pebble flux is diminished (Fig. 4 ). Some of this degeneracy
ay be alleviated if for example additional constraints on disc
urbulence level, disc size, present sub - structure, and/or typical
rotoplanet formation times can be obtained. 
(iv) Once grown to the pebble isolation mass, the planets evolv-

ng in our simulations can significantly perturb the snowline
ebble flux, especially if they are located far out (i.e. well outside
he snowline) and form early enough to be able to block in their
akes a significant mass of pebbles (cf. Figs 1 and 5 ). 
(v) Intriguingly, our one-planet -per -disc simulations for α =
0 −3 result in the reduction of snowline pebble flux being only
emporary, with giant planet growing and migrating quickly, and
eing unable to affect the snowline pebble flux once they have
igrat ed t o the innermost 1 au (Figs 2 and 5 and Section 4.1 ). 

Generally speaking, the snowline pebble fluxes in our planet-
ontaining simulations broadly overlap with those inferred from
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WST /MIRI cold water e x cess studies (Fig. 5 , and C. E. Romero-
irza et al. 2024 ; S. Krijt et al. 2025 ), but we refrain here folding

n additional constraints for all those discs (e.g. disc sizes, details
f substructure, etc.), focusing instead on the impact these pebble 
uxes have on (potentially) pr esent pr otoplanets (Figs 3 and 4 ),
hile Fig. 5 highlights how valuable additional pebble flux con- 
traints – especially for younger ( � 0 . 5 Myr ) and older ( � 2 Myr )
iscs – could be for discriminating between models. To conclude, 
ur simulations show that the currently observed pebble fluxes 
an be used to constrain planet formation simulations, and em- 
hasize that diverse planet formation via pebble accretion is in 
greement with the currently available constraints from JWST . 
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PPENDIX  A:  PLANET  POPULATION  AT  1  MYR  

or complet eness, w e show in Fig. A1 the planet mass and semi-
ajor axis distribution (dots), and their growth tracks, up to t =
 Myr . 
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Figure A1. 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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