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ABSTRACT

Context. Planet formation models are necessary to understand the origins of diverse planetary systems. Circumstellar disc substruc-
tures have been proposed as preferred locations of planet formation, but a complete formation scenario has not been covered by a single

model so far.

Aims. We aim to study the formation of giant planets facilitated by disc substructure and starting with sub-micron-sized dust.
Methods. We connect dust coagulation and drift, planetesimal formation, N-body gravity, pebble accretion, planet migration, plane-
tary gas accretion, and gap opening in one consistent modelling framework.

Results. We find rapid formation of multiple gas giants from the initial disc substructure. The migration trap near the substructure
allows for the formation of cold gas giants. A new pressure maximum is created at the outer edge of the planetary gap, which triggers
the next generation of planet formation resulting in a compact chain of giant planets. A high planet formation efficiency is achieved, as
the first gas giants are effective at preventing dust from drifting further inwards, which preserves material for planet formation.
Conclusions. Sequential planet formation is a promising framework to explain the formation of chains of gas and ice giants.

Key words. planets and satellites: formation — protoplanetary disks

1. Introduction

Planet formation is a multi-step process spanning over 40 orders
of magnitude in mass. In recent years, there has been signif-
icant progress in the understanding of this process driven by
the numerous discoveries of exoplanets and observations of pro-
toplanetary discs (see Drazkowska et al. (2023) for a recent
review). The formation of the first gravitationally bound build-
ing blocks of planets, the planetesimals, which used to be a
major bottleneck of the planet formation theory, was addressed
by the streaming instability (Johansen et al. 2007). The proper-
ties of planetesimals formed in the streaming instability broadly
match comets and the Kuiper belt objects (Blum et al. 2017,
Nesvorny et al. 2019). The growth timescale of giant planet
cores, which was prohibitively long in the classical planetesimal-
driven paradigm (Lissauer 1987; Kokubo & Ida 2000, 2002),
has been addressed by introducing pebble accretion (Ormel &
Klahr 2010; Lambrechts et al. 2014). Despite these new devel-
opments, a consistent model covering all the stages of planet
formation does not exist yet. Formation of the cores of giant
planets remains a challenge, particularly at large orbital distances
(Voelkel et al. 2020; Coleman 2021; Eriksson et al. 2023).
Current planet formation models in general fail to meet both
the physical and cosmochemical constraints required to explain
the Solar System (e.g. Matsumura et al. 2017; Liu et al. 2019;
Bitsch et al. 2019; Lau et al. 2024). The main challenge remains
to be the ‘migration problem’, where rapid migration occurs for
planetary cores of 1 to 10 Mg, resulting in the formation of
super-Earths and hot Jupiters. While the above models generally
assume a smooth planetary disc, multiple works (e.g. Coleman
& Nelson 2016; Morbidelli 2020; Guilera et al. 2020; Chambers
2021; Andama et al. 2022; Lau et al. 2022) have modelled

the formation and evolution of planetary cores retained at the
migration trap near a pressure bump in the disc. Nonetheless,
the origin of such pressure bumps remains uncertain, the pro-
posed non-planetary causes include late-stage infall of material
(Gupta et al. 2023), sublimation (Saito & Sirono 2011), instabil-
ities (Takahashi & Inutsuka 2014; Flock et al. 2015; Dullemond
& Penzlin 2018), and the edge of the dead zone, where the
magneto-rotational instability (MRI) is suppressed (Pinilla et al.
2016).

More recently, the high-resolution interferometry observa-
tions by the Atacama Large Millimeter/submillimeter Array
(ALMA) have shown that substructures are typical in protoplan-
etary discs. Multiple surveys (e.g. Andrews et al. 2018; Long
et al. 2018; Cieza et al. 2021), have shown that most of the sub-
structures are presented in the form of axisymmetric rings. While
these observations are limited to large and bright discs, disc
population synthesis and theoretical models (Toci et al. 2021;
Zormpas et al. 2022) have demonstrated that disc substructures
may be common in unresolved discs as well.

Chatterjee & Tan (2013) presented an analytic model demon-
strating the ‘inside-out’ planet formation scenario, where planet
formation starts at the outer edge of the MRI active zone around
the star. Although this work focuses on explaining the tightly
packed chains of planets commonly seen in exoplanetary sys-
tems, the model suggests the possibility of planet formation
being triggered by the planet formed in the previous generation.
A similar idea was also proposed for the formation of Saturn
after the completion of Jupiter (Kobayashi et al. 2012), in which
the core of Saturn grows rapidly without significant inward drift
in the pressure bump induced by the planetary gap of Jupiter,
although they did not consider planetesimal formation from dust
and pebble accretion.
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Motivated by the current models and observations, a sub-
structure in a protoplanetary disc has recently emerged as an
ideal location for planet formation (Chambers 2021; Lau et al.
2022; Jiang & Ormel 2023). Lau et al. (2022) modelled the for-
mation and evolution of planetesimals in an initial axisymmetric
disc substructure by coupling the dust and gas evolution code
DustPy (Stammler & Birnstiel 2022) with the parallelised sym-
plectic N-body integrator SyMBA parallelised (SyMBAp; Lau &
Lee 2023). As the disc evolves and satisfies the condition for the
streaming instability and the subsequent gravitational collapse,
a fraction of the dust is converted into planetesimals as N-body
particles. On top of the full N-body gravitational interactions,
additional subroutines are gas drag, planet-disc interactions, and
pebble accretion. Lau et al. (2022) showed the rapid formation
of planetary cores thanks to the concentrated dust, which are
also retained due to the migration trap near the pressure bump.
However, this work did not attempt to form giant planets, as the
authors focused on the formation of planetary cores, where gas
accretion and planetary gap opening are missing in the model.

In this work, we further developed the model in Lau et al.
(2022) for the formation of giant planets initiated by a disc sub-
structure and found a scenario of sequential planet formation. In
the following, Sect. 2 summarises the methods adopted in Lau
et al. (2022) and the new components implemented in this work.
The results are presented in Sect. 3, which are followed by the
discussions in Sect. 4. The findings of this work are summarised
in Sect. 5.

2. Method

We employed the dust and gas evolution code DustPy v1.0.3
(Stammler & Birnstiel 2022) and the symplectic N-body inte-
grator SYMBAp v1.6 (Lau & Lee 2023), a parallelised version
of the Symplectic Massive Body Algorithm (SyMBA; Duncan
et al. 1998). The coupling of the two codes to construct a con-
sistent planet formation model was first presented in Lau et al.
(2022), which only modelled the formation of planetary cores.
In this work, we added gas accretion and planetary gap opening
to model the subsequent evolution of the embryos formed at a
pressure bump. The following summarises the employed method
in Lau et al. (2022) and describes the new components in detail.

2.1. Disc model

DustPy simulates the viscous evolution of the gas, coagula-
tion, fragmentation, advection, and diffusion of the dust in a
protoplanetary disc. The different parts of the disc model are
described in this section.

2.1.1. Gas component

We considered a protoplanetary disc around a solar-type star,
which is axisymmetric and in vertical hydrostatic equilibrium.
The initial gas surface density X ini is given by

-1
Maise [ T r
zgm:%(—) exp(——), (1)

27Trc re re

with the distance from the star r, the initial mass of the disc M;sc,
and the characteristic radius r.. We set Mg;sc = 0.0263 M and
re = 50 au, which imply ¢ ;pic (r = 5 au) =~ 134.6 g cm™2.
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The gas disc viscously evolves in time ¢ according to the
advection-diffusion equation

0Zy 30| ,,0

e P ey e 2
ot ror [r ar(v e )} @
(Liist 1952; Lynden-Bell & Pringle 1974), while the backreaction
from the dust is neglected. The Shakura & Sunyaev (1973) a-
parametrisation was adopted for the kinematic viscosity v such
that

v = acsH,, 3)

with the speed of sound ¢, and the disc scale height H,. The
viscosity parameter a = {3,5} x 10™* was set in this work. The
disc scale height is defined by H, = ¢;/Qx, where the local
Keplerian orbital frequency Qg = vGMy/r? with the gravita-
tional constant G. The isothermal sound speed was used and
given by ¢, = /kgT /u with the Boltzmann constant kg, the mid-
plane temperature 7 and the mean molecular weight of the gas
u = 2.3 my. The disc was assumed to be passively irradiated by
the solar luminosity at a constant angle of 0.05, which gives a
midplane temperature profile

r 172
T ~ 221 (—) K. 4)
au

We note that the normalisation is about 0.84 of that in Lau et al.
(2022), which is the result of a correction made to DustPy since
v1.0.2. This setup yields the dimensionless gas disc scale height

. r\1/4
hy = —% ~ 0.0299 (—) . )
au

The midplane pressure gradient parameter 7 is then given by

_hiomp
2 dlnr’

(6)

with the midplane gas pressure P, which describes the degree of
‘sub-Keplerity’ of the gas. A logarithmic radial grid was adopted
with 133 cells from 3 to 53 au and with an additional 42 cells
from 53 to 1000 au.

2.1.2. Dust component

The initial dust surface density Zq it 1S given by
Zg,init = ZLg init @)

with the global dust-to-gas ratio Z set at the solar metallicity of
0.01. We followed Mathis et al. (1977), that is, the MRN size
distribution of the interstellar medium, for the initial size distri-
bution of the dust grains. The maximum initial size was set at
1 um with the internal density of 1.67 g cm™ assumed. A total
of 141 dust mass bins logarithmically spaced from 1072 to 108 g
were used. Each dust species was evolved in time through trans-
port with the advection-diffusion equation (Clarke & Pringle
1988) coupled to growth and fragmentation with the Smolu-
chowski equation. The fragmentation velocity was assumed to be
5 ms~!. At collision velocities above which, the dust aggregates
are assumed to fragment. The Stokes number St; of the dust in
each dust species i was calculated by considering the Epstein and
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the Stokes I regimes. The dust scale height of each dust species
H,; was calculated according to Dubrulle et al. (1995),

@
Hyj = Hg \|——cr ®)

assuming St; < 1. Further details of the algorithms for the disc
model are described in Stammler & Birnstiel (2022).

2.1.3. Initial disc gap

An initial axisymmetric gap was introduced to the disc following
the model by Dullemond et al. (2018), which is motivated by
the commonly observed substructures in protoplanetary discs.
To modify the gas profile, we applied a modified a-parameter
with radial dependence «'(r) = «/ F(r), where the function

2
F(r) =exp [—A exp (— (r 2wr20) )] ©))

with the gap amplitude A = 1, the location rp = 5.5 au and the
gap width w = 0.5 au. The initial gap is removed when the first
planet has the gap opening factor K (Kanagawa et al. 2015) of
250. The K factor is further described in Sect. 2.3 on planetary
gap opening. This value translates to a perturbation towards the
gas disc of about 1/10 of the unperturbed gas surface density.

Since we do not study the physical cause of the initial disc
gap, the modified o’(r)-parameter only serves the purpose to
attain a target gas profile and does not change the actual tur-
bulence in the disc. Therefore, the modified a-parameter o’ (r)
is exclusively experienced by the gas, while dust diffusion, dust
scale height and turbulent collision speeds are set by . Nonethe-
less, the dust evolves according to the resulting gas profile. We
note that this treatment is not consistent with the substructure
formation scenarios where the actual turbulence is changed, for
example, the edge of the dead-zone, but consistent with the
cases where the turbulence is unchanged, for example, infall of
material.

2.1.4. Planetesimal formation

Lau et al. (2022) adopted the truncated power-law cumula-
tive mass distribution from the fitting by Abod et al. (2019).
However, the upper end of the distribution is not limited and
Lau et al. (2024) noted that the largest planetesimal in the actual
realisation depends on the total number of planetesimals. There-
fore, here we adopted the Toomre-like instability criterion Q,
for the gravitational collapse of the dense filament induced by
streaming instability and the initial mass function from Gerbig
& Li (2023). The criterion for collapse is Q) < 1 with

0 cQ
Qp = )
Stavg TGy jocal

and the mass-averaged Stokes number of the dust in the cell St,y,.
The local dust surface density Xq joca Was assumed to be 10 times
of the averaged Z4 of the cell. Motivated by the streaming insta-
bility simulations in Schreiber & Klahr (2018), the small-scale
diffusion parameter § was set at 107>, The model converts dust
into planetesimals based on the prescription by Drazkowska et al.
(2016) and Schoonenberg et al. (2018). The Q, criterion was
combined with the smooth planetesimal formation activation
function from Miller et al. (2021), which is given by

po_ 1
T T+ exp[10x(Q, - 0.75)]

10)

an
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Fig. 1. Differential mass distribution of the planetesimals formed near
the initial disc substructure for the set of simulations with @ = 5 x 107*
drawn from the adopted initial mass function by Gerbig & Li (2023).
There are 10 bins per decade in mass m and AN is the number of
planetesimals in each bin. Each colour corresponds to one of the five
simulations.

and evaluated at each radial grid cell. If any cell also satisfies
the criterion of pq/p, > 1, the local dust surface density for each
dust species i is reduced by

0Zq,; Ie
— = —PTgi——.
at prdy tset,i

(12)
The planetesimal formation efficiency per settling time is { =
1073 and the settling time of dust species i is fsr; = 1/(St;Qx).

Then, the removed dust is summed over all dust species and
added to the local planetesimal mass surface density. We first
draw the location of a new planetesimal using the radial pro-
file of the planetesimal mass surface density. Then, we draw the
planetesimal mass according to the initial mass function given by
Gerbig & Li (2023), which is resulting from the stability analysis
of the dispersion relation for dust influenced by turbulent dif-
fusion (Klahr & Schreiber 2021). The maximum and minimum
masses associated with the unstable modes are given by

9 [x( 6 V*.4f1 [1 ’
xmin = = A [ = RBl—=z . |=-1| M, 13
imamin 8\/Q(Stavg) é°[Qp o ] e )

and the fastest-growing mode is given by

9 [z ¢\,
Mfgm = g \/;(Tﬂwg) thgMo (14)
. 283 2
6/105 \2( hy Y (O,
~ 037 ————] || (2] Mcers. 15
(Stavg/O.l) 005) \'1 ) e (15)

assuming isotropy in the small-scale diffusion. We refer the read-
ers to Eq. (20) in Gerbig & Li (2023) for the expression of
the probability density function. Figure 1 shows an example of
the differential mass distribution of the planetesimals formed
at about 6.5 au near the initial disc substructure for the set of
simulations with @ = 5 x 1074,

As described in Lau et al. (2022), the eccentricity e and the
inclination i in radian are randomly drawn from two Rayleigh
distributions with the scale parameters 10~ and 5 x 1077 respec-
tively. The rest of the angles of the orbital elements in radian
are drawn randomly from O to 2. The physical radius R, is
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calculated by assuming an internal density p; of 1.5 g cm™.

The drawn mass is subtracted from the surface density from the
nearest radial grid cells and the realisation stops when the total
remaining mass is less than the drawn mass. Any residue of the
planetesimal mass surface density and the last drawn value of
planetesimal mass is retained for the next time step to avoid bias
towards the lower mass, that is, the drawn mass will be realised
as soon as enough planetesimal surface density is available.

2.2. Planetesimal evolution

The realised planetesimals, and a Solar-mass star, were then
evolved by SyMBAp with full gravitational interactions as well
as additional subroutines to include gas drag, the planet-disc
interactions, pebble accretion, gas accretion and planetary gap
opening. If two bodies collide, they were assumed to merge
completely, that is, collisions are perfectly inelastic. At each
communication step, on top of the newly formed planetesimals,
the radial profiles of the disc were passed to SyMBAp. This
included the gas components:

— the gas surface density Xg;

— the midplane temperature 7';
the gas disc scale height Hy;
the midplane gas density pg, and;
the midplane pressure gradient parameter 7,
and the dust component, for each dust species i,:

— the Stokes number St;;

— the dust disc scale height Hy;, and;

— the dust surface density 2.
Also, the feedback to the disc was also passed to DustPy
including

— the dust mass loss due to pebble accretion (Sect. 2.2.1);

— the gas mass loss due to gas accretion (Sect. 2.2.2), and;

— the change in gas surface density due to planetary gap

opening (Sect. 2.3),

which are further described in the respective subsections.

2.2.1. Pebble accretion

The treatment for the pebble accretion rate of each planetesimal
is identical to that presented in Lau et al. (2022) and summarised
below. First, the pebble mass flux of dust species i at any location
is given by

Mper = 27rvgifi Zd,i- (16)

The pebble drift speed of dust species i iS vgrire; = 2St;|771rQx
(Weidenschilling 1977). Then, we implemented the pebble
accretion efficiency factor eps; by Liu & Ormel (2018) and
Ormel & Liu (2018) to calculate the fraction of the local peb-
ble mass flux being accreted by each planetesimal or planet for
dust species i. The pebble accretion rate by a planetesimal or a
planet is then given by summing the contributions from all dust
species, which is

Tipy = Z €PA i 27T Vdrift,i i (17)

1

The mass of the accreted pebbles is then subtracted from the
respective dust species and radial cell of the dust disc at the next
immediate communication step.

We did not implement the pebble isolation mass explicitly
with a prescription (e.g. Lambrechts et al. 2014) in this work.
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Instead, as dust and gas evolve consistently in this model, the
planetary gap opening by a planet (Sect. 2.3) can interrupt the
pebble flux capturing the process of pebble isolation within the
model.

2.2.2. Gas accretion

We followed Piso & Youdin (2014) and Bitsch et al. (2015) to pre-
scribe the gas accretion rate with the modification by Chambers
(2021) to account for the energy released from pebble accre-
tion. Gas accretion generally begins when the energy released
from pebble accretion decreases enabling the cooling of the gas
envelope. The gas accretion rate in this phase is

-1 -1/6
K Pe
m? g—‘) (5.5 g cm‘3)
11/3 -1 ~12
me Meny T ) 1 .
X|— —_— M, -15 18
(M@) (M@) (SIK ® mpa] (18)

with the opacity of the gas envelope « and the density of the
core p. = 5.5 g cm™>. We note that the solid mass accreted from
planetesimal accretion is negligible compared to pebble accre-
tion in our simulations. We followed Brouwers et al. (2021) for
the grain size near the Bondi radius of the gas envelope to calcu-
late its Rosseland mean opacity. Assuming the Epstein regime,
the incoming solids converge to the size

ool = MAax [O, 4375%107° (c

R= PglthUfrag
JBPe

, 19)

with the midplane gas density p,, the thermal velocity vy, the
gravity at the Bondi radius gg and the monomer density p, =
1.67 g cm™>. The Rosseland mean opacity is given by

= 30eftpd
4peRpo,

(20)

with the midplane dust density pg. The extinction efficiency
is Qe = min(0.6R,/ Apear, 2) with the peak wavelength of the
emission given by

0.29 cm

TR Q1)

/lpeak =

where the temperature 7 is assumed to be the local disc midplane
temperature.

When the gas envelope m.,,, exceeds the solid core mass m,
gas accretion enters the runway phase following the treatment by
Bitsch et al. (2015). The gas accretion rate in this phase is deter-
mined by the gas stream flowing towards the planet (Tanigawa &
Tanaka 2016), which is

4/3

m ~_
Firunaway = 0.29%1 Qg (V@) hy? (22)
with the planet mass m. The accreted gas is then subtracted from
the gas disc assuming the half-width of the accretion zone equals
twice the Hill radius of the planet.
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2.2.3. Physical radius

As the planetesimals or planets grow by many orders of magni-
tude in mass, the physical radius R;, is evaluated correspondingly.
For mass m less than 0.1 Earth mass, we assumed an internal
density ps of 1.5 g cm™3, which is the same when the planetes-
imals are formed. For m above 0.1 Mg but less than 5 Mg, we
followed Seager et al. (2007) for the mass-radius relationship of
rocky planets, which is

R m
1 P_)=-02 1 -0.
og(3.3R$) 0.209 + = Og(SSM@) 008(

0.4
55 M@)
(23)

with the radius of Earth Rg. For m above 5 Mg, we followed
the mass-radius relationship applied in Matsumura et al. (2017),
which is

m
Ry =165,/ —Re.
P 5Mg

2.3. Planetary gap opening

(24)

For all planetesimals and planets, the non-dimensional gap open-
ing factor (Kanagawa et al. 2015) was evaluated, which is given
by

m 2
K= (o) o

My (25)

Since the treatment in Sect. 2.1.3 to attain a target gas profile does
not change the actual turbulence experienced by the dust and we
only consider the torque exerted on the gas disc, planetary gap
opening was applied through the modified o’-parameter. When
K > 0.25, we impose a planetary gap to the gas disc by dividing
a’ by the ratio of the perturbed surface density to the unperturbed
one Xg/Zs 0. In other words, the planetary gap is imposed when
the change caused by the corresponding body is more than about
1% of the unperturbed surface gas density.

The effects on &’ were multiplied when more than one planet
can open a gap, that is, for all gap opening planets i
o= (26)

F - T1 (Ze/Ze0),

with the function to impose the initial disc gap F (see Eq. (9)).

We note that some small but short-period chaotic movements
of massive planets can prevent the disc from converging to a
quasi-steady state and the speed of code is significantly reduced.
Therefore, we allowed a’(r) to reach the target value exponen-
tially on a relaxation timescale of 250 x (1073 /a) yr, which is
below the viscous evolution timescales of the disc in the adopted
radial domain of the simulations.

We adopted the empirical formula by Duffell (2020) for the
gap profile, which is

1
0.45 qz(r)

Zy

— =1+ —=—
Zg,O 3r
with izg evaluated at the planet’s location. The radial profile

function §(r) is defined by
q

{1 + D3 [(r/r) V6~ 1]6}”3

5( ( ))] 27

(28)

q(r) =

with the mass ratio ¢ = m/M,, the planet’s radial distance from
the star r, and the scaling factor D = 7h;**a~'"/4. The function
o(x) is given by

1+ (x/qu)*, if x < gnL
o6 = { VanL/x + (</qn)s if x> g @9

with the factor gnp = 1.04?12 and the factor ¢, = 34gnL AJ@/ fzg.

We note that there is a minor discrepancy in the form of d(x) for
the case of x < gni between the text and the Python code pre-
sented in Duffell (2020). We confirm that the expression given
above by Eq. (29) is consistent with the mentioned Python code,
which is continuous and more appropriate (Duffell 2022, priv.
comm.).

2.4. Gas drag and planet-disc interactions

All bodies experience the combined effects of aerodynamic gas
drag and the planet-disc interactions. For low-mass planet with-
out gap opening, the treatment for gas drag and planet-disc
interaction are identical to that presented in Lau et al. (2022)
and summarised below.

We adopt the aerodynamic gas drag by Adachi et al. (1976),
which is

3C
Qdrag = — (_Dp) UrelUrel

TFon: (30)

with the drag coefficient Cp and, the relative velocity between
the planetesimal and the gas v.;. The gas flow is assumed to
be laminar and cylindrical, where the magnitude is given by
rQg (1 — |nl). As the planetesimals in this work are well larger
than a kilometre in size, the large Reynolds number case is gen-
erally applicable, that is, Cp = 0.5 (Whipple 1972). The gas
density p at the planetesimal’s position z above the midplane is
given by p = p, exp(—O.Szz/Hé).

For type-I damping and migration, we adopted the pre-
scription based on dynamical friction by Ida et al. (2020). The
timescales for the isothermal case and finite i, while i < fzg,
(Appendix D of Ida et al. 2020) were implemented. The evo-
lution timescales of semimajor axis, eccentricity and inclination
are defined, respectively, by

i

a
aE__7 EE__7[.E_- . 31
T = "Gajde T Tdejar T T dijdr S
These timescales are given by, with é = e/izg and i = i/ fzg,
tWZ‘lV
L P Y e (32)
CT/’lé CM
+ 2\3/2
7o = 1282t |1 + %} (33)
4 2)32
7; = 1.838%ya [1 %] (34)

The characteristic time ty,, (Tanaka et al. 2002) is given by

o = () (2L hy
U Nz ) ok )

(35)
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where X, and /i, are retrieved from the local radial cell of the
disc model. The normalised torques Cy; and Ct are given by

Cm = 6Q2ps — g7 +2), (36)

Cr=2.73+1.08ps +0.87¢gr, (37)

with ps = —dInZ,/dInr and gr = —dInT/dInr. The three
timescales were then applied to the equation of motion

VK Uy Vg — VK U,
g — —€, — €y — —ée,

a=-
27, Te T, T

(38)
in the cylindrical coordinates (r,6,z) that the velocity of the
embryo v = (v, vy, ;). And, the local Keplerian velocity vg was
evaluated at the instantaneous r of the particle.

As the planet grows and opens a gap in the disc, Kanagawa
et al. (2018) suggested that the magnitude of the torque scales
linearly with the local surface density providing a smooth transi-
tion to the high-mass (type-II) regime of planet migration. Since
the dependence of #y,, on X, as in Eq. (35) is retrieved from the
local grid cell, the above treatment combined with gap opening
(Sect. 2.3) can already capture this transition.

We note that planetary gap opening (Sect. 2.3) and planet
migration are the results of planet-disc interactions, which are
physically coupled by the action-reaction pair. However, we have
adopted two independent prescriptions for each of them since
a prescription for a torque profile which is suitable for a one-
dimensional model and a general planet mass is still missing.
Further discussions on the adopted treatments are in Sect. 4.4.2.

2.5. Numerical setup

The time step for SYMBAp 7 = 0.2 yr was used and particles
were removed if the heliocentric distance is less than 4 au or
greater than 100 au. The additional subroutines for the evolution
of the N-body particles were added to SYMBAD as

PRMPNTM2PTI2, (39)

The operator £ handles the effect of pebble accretion, gas
accretion and gap opening, M handles the effect of gas drag
and planet-disc interactions, and N is the second-order sym-
plectic integrator in the original SyMBAp. The operators #
and M operate in the heliocentric coordinates and N oper-
ates in the democratic heliocentric coordinates so coordinate
transformation is required at each step.

Since disc dissipation is not included in this work, all simu-
lations stop at 2 Myr, which is the typical timescale that internal
photoevaporation becomes significant to the disc (e.g. Owen
et al. 2010, 2011; Picogna et al. 2019; Garate et al. 2021). We
note a numerical difficulty when multiple giant planets are pro-
duced, which causes multiple deep planetary gaps in the disc and
a small integration time step is required for the disc. Each simu-
lation requires a wall-clock time of 2 to 4 weeks. We tested two
values of @ = {3, 5} x 10~* and five simulations were conducted
for each to evaluate the statistical effect.

3. Results
3.1. The case of a =5x107*

3.1.1. Formation and evolution of massive bodies

Figure 2 presents one of the simulations with @ = 5 x 10~* with
the panels showing the six key timestamps. The solid and dashed
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Fig. 2. Six key timestamps demonstrating sequential planet formation in
one of the simulations with @ = 5 X 10~*. Each panel shows the radial
profiles of the gas surface density X, (solid line), the dust surface density
24 (dashed line) and, the mass m and the semimajor axis r of the massive
bodies (dot) at the noted time. The final panel also shows the massive
bodies from the rest of the simulation set with each colour showing one
of the five simulations.
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Fig. 3. Tracks of the massive bodies in the simulation with @ = 5x 107*.
Each colour shows one of the five simulations corresponding to those in
the final panel of Fig. 2, where the key timestamps are also denoted
along the time axis on the right. The solid lines show the semimajor
axis of the bodies reached 10 Mg by the end of the simulations. The
shaded areas indicate the extents of the lower and upper quartiles of the
semimajor axes of all bodies when the total number is above 50.

lines show the profiles of the gas surface density X, and the
dust surface density X4 respectively. The dots show the mass
m and the semimajor axis r of the massive bodies, with the
error bar indicating the extent of the apoapsis and periapsis for
those above 10 Mg. The final panel (vi), which presents the end
results at 2 Myr, also includes the massive bodies from the rest
of the simulation set with each colour showing one of the five
simulations.

Figure 3 presents the evolution of the semimajor axis of the
massive bodies with each colour showing one of the five simula-
tions corresponding to those in the final panel of Fig. 2. The solid
lines show the ones reaching more than 10 Mg by the end of the
simulations. The shaded areas indicate the extents of the lower
and upper quartiles of semimajor axes, which is only shown
when the total number of bodies is above 50 for a meaningful
representation.

At 0.05 Myr (i), the imposed initial substructure has reached
the target shape and dust has started to accumulate. At 0.17 Myr
(ii), the midplane volumetric dust-to-gas ratio of the disc at about
6.5 au reaches the criteria and planetesimal formation starts.
Since these bodies are naturally born in a dust-rich environment,
where the dust surface density is more than an order of magni-
tude higher than the unperturbed case, they can grow rapidly by
pebble accretion. The core has also migrated towards the migra-
tion trap, which is slightly interior to the peak of the pressure
bump, but not further inside as shown by the track in Fig. 3.

At 0.34 Myr (iii), the first massive core has entered the run-
away gas accretion phase and opened a significant gap in the disc
as it becomes a gas giant (>100 Mg). The less massive core and
planetesimals, which are also formed from the initial pressure
bump, are being scattered mainly to wider orbits as shown by
the tracks in Fig. 3. While most planetesimals have been scat-
tered out of the system, the orbit of the second-most massive

planetary core is circularised near 8-9 au, and it continues to
grow.

At 0.86 Myr (iv), the second core also starts runaway gas
accretion but at a much later time relative to the first one. When
the second gas giant opens a gap in the disc, the dust near its loca-
tion follows the sudden change in the gas profile and is pushed
away from the forming gas giant to both inner and outer part of
the disc. This corresponds to the formation of a small batch of
planetesimals near 11 au shown in Fig. 3.

At 1.5 Myr (v), the second gas giant also reached approxi-
mately one Jupiter mass with another planetary gap fully opened.
A new pressure bump is steadily formed at the outer edge of this
gap and dust re-accumulates at about 13—14 au, which contains
a part of the leftover dust from the initial dust trap and the dust
drifted from the outer disc. Another generation of planetesimals
is formed at this location. A minor instability occurred between
two newly formed massive cores at around 1.75 Myr that widens
their radial separation.

Due to the late formation of the second generation of plan-
etary cores, which ultimately form a pair of ice giants (10—
100 Mg), they remain in the thermal contraction phase of gas
accretion at the end of the simulation at 2 Myr (vi). A compact
chain of giant planets is produced spanning from 5 to 15 au, with
a pair of gas giants formed from the initial pressure bump and a
pair of ice giants formed over 1 Myr later from the edge of the
planetary gap opened by the outer gas giant. The orbital periods
of the inner pair are in near 2:1 commensurability and those of
the outer pair are in near 4:3 commensurability.

Across the five random simulations, the final panel of Figs. 2
and 3 show very similar results for the gas giant pair formed in
the first generation. For the next generation of planet formation,
further stochasticity presents. Two (blue and green) simulations
produce a pair of ice giants and another two (red and purple)
produce only one ice giant. One simulation (orange) shows no
ice giant at 2 Myr but a swarm of still-growing planetesimals
and planet embryos.

3.1.2. Dust mass budget

Figure 4a shows the solid mass budget throughout the simulation
presented by the colour blue in Figs. 2 and 3. The solid mass is
divided into four categories, which are the dust mass M, inside
and outside of 5 au, solids bound in massive bodies, and massive
bodies ejected out of the simulation domain. The six timestamps
in Fig. 2 are also denoted here on the time axis.

After the initial substructure is imposed, the dust mass
between 3 au and 5 au (inner disc) decreases sharply due to the
inward drift of dust, while the dust supply from 5 au and beyond
(outer disc) is stopped at the pressure bump. At 0.05 Myr (i), the
pressure bump is saturated with dust and the dust mass in the
inner disc increases due to leakage by turbulent diffusion. Plan-
etesimals start to form and grow by pebble accretion at 0.17 Myr
(ii), which start converting dust into massive bodies. The conver-
sion is paused when the first core starts to perturb the disc and
stops pebble accretion.

Shortly after 0.2 Myr, there is a spike in the dust mass inside
of 5 au. This is caused by the gap opening in a dust rich location
as the first planetary core reaches the mass of 10 Mg. Similarly,
another spike occurs at about 0.34 Myr (iii) when the first core
enters the runaway gas accretion phase but it is much smaller
as dust is already depleted around the planet. Pebble accretion
resumes for the second core at about 0.4 Myr after its orbit has
been circularised, which also causes the change in the dust mass.

A22, page 7 of 12



Lau, T. C. H, et al.: A&A, 688, A22 (2024)

0.0 0.5 1.0 1.5 2.0
2) " w3 5au) W Biected bodies
102 s Mg (>5 au) B Massive bodies
o
2
z 10!
<
=
0
il il iv v vi
b) 20 7| T T T T
. . —— Dust entered 5 au after 0.5 Myr
® |
;_/ 1.5 C
2 L
o L
= L
- 1-0 -
[ L
2 L
e
= L
2 051
g [
o |
0_07‘ P TR R
0.0 0.5 1.0 1.5 2.0
t (Myr)

Fig. 4. Evolution of the solid mass in the simulation with @ = 5 x 107
that corresponds to the one presented by the colour blue in Figs. 2 and 3.
The six timestamps in Fig. 2 are also denoted on the time axis. a) Solid
mass budget. The solid mass is divided into four categories: the dust
mass M, inside and outside of 5 au, solids bound in massive bodies and
ejected massive bodies. It shows a high planet formation efficiency that
the majority of solid mass (85% of the initial dust mass beyond 5 au)
are converted into massive bodies. b) Cumulative inflow of dust entered
5 au after 0.5 Myr. A total of about 1.6 Mg, of inflow to the inner disc is
recorded over the next 1.5 Myr up to the end of the simulation.

Planetesimal formation occurs again at 1.5 Myr (v) and peb-
ble accretion continues to convert the remaining dust to massive
bodies. The final (vi) masses of the four categories show that the
majority of solids, or 85% of the initial dust mass beyond 5 au,
are eventually incorporated into massive bodies.

Figure 4b shows the cumulative inflow of dust that crossed
5 au after 0.5 Myr, which is the time when the first gas giant has
reached approximately one Jupiter mass. The subsequent dust
inflow to the inner Solar System is, on average, 0.5—1 M@Myr_1
or, in total, about 1.6 Mg including two significant episodic
inflows to the inner disc.

The first one occurs shortly at about 0.86 Myr (iv) as the
second planetary core enters the runaway gas accretion phase
and opens a gap in the disc. The dust near its location follows the
sudden change in the gas disc and is pushed by the forming gas
giant to both inner and outer part of the disc, which is also shown
in the profiles of the surface densities (Fig. 2iv). The second one
corresponds to a small instability occurs between the two newly
formed massive cores at around 1.75 Myr and perturbs the disc
(Fig. 3).

3.2. The case of « =3x 107*

Figure 5 presents the tracks of the massive bodies for the set of
simulations with & = 3 x 107 in the manner of Fig. 3. Figure 6
presents the end results to the final panel of Fig. 2. The radial
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Fig. 5. Tracks of the massive bodies in the simulations with & = 3x 107
presented in the same manner as in Fig. 3.
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Fig. 6. Results of the set of five simulations with @ = 3 x 107*. Similar
to the final panel of Fig. 2 except the surface density profiles are shown
for all simulations.

profiles of the surface densities are also shown for the whole set
of simulations. Compared to the case of @ = 5 X 10~*in Sect. 3.1,
a larger variation across the simulations is shown. For all simu-
lations, planetesimal formation occurs at about 0.25 Myr, which
is about 0.1 Myr later than the case of @ = 5 x 107*.

In the simulations denoted by the colour red in Fig. 5, a
massive core is scattered through the migration trap by another
core and is lost to the inner simulation boundary. Later at about
0.6 Myr, the next generation of planetesimals are formed result-
ing in two massive cores. Similarly, in the simulations denoted
by the colour green, only one core is formed from the ini-
tial pressure bump and two is formed from the subsequent
generation.

In the simulations denoted by the colour blue and purple, two
cores are formed from the initial bump. The second generation
of planet formation occurs at about 1.75 Myr for the former one,
while only a concentrated dust ring presents at the outer edge of
the planetary gap for the latter one at the end of the simulation.
And, the simulation denoted by the colour orange forms three
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gas giants from the initial pressure bump and no further planet
formation occurs before the simulation ends.

Figure 6 summarises the final architecture of the planets
where three out of the five simulations form three gas giants and
the remaining two (blue and purple) form two. Also, a signifi-
cant dust ring remains respectively for all simulations external to
their outermost gas giant.

4. Discussions
4.1. Sequential planet formation

The results presented in Sect. 3 demonstrate a complete sce-
nario of sequential planet formation. In the case of @ = 5 x 107*
(Sect. 3.1), two gas giants are formed from the initial disc sub-
structure. As the outer gas giant has reached its final mass and
a steady planetary gap is opened, dust re-accumulates at a later
time near the new pressure bump triggering the next generation
of planet formation. The case of @ = 3 x 10~* shows similar trend
despite of the greater degree of stochasticity.

Comparing the results with the ‘inside-out’ planet formation
scenario by Chatterjee & Tan (2013) for Kepler systems, we note
that gas giant that has reached its final mass is more likely to
trigger the next generation of planet formation. For low-mass
planets that cannot open a significant gap in the disc (5100 M),
dust leakage from the pressure bump at the outer edge of the
gap is significant and requires a large supply from the outer
disc to reach the conditions for planetesimal formation. Even
if planetesimals may form, they are under greater gravitational
influence of the planets as the width of the gap scales with m!/?
(Kanagawa et al. 2016; Duffell 2020) while the Hill radius scales
with m'/3. In this case, the perturbation from the planet is more
likely to prevent the growth of the planetesimals as pebble accre-
tion, particularly when the planet continues to grow, is sensitive
to the relative velocity as noted in Lau et al. (2022). These plan-
etesimals will likely be scattered out of the system as well, if the
planet enters the runaway gas accretion phase to become a gas
giant. Therefore, the outer edge of the planetary gap opened by a
steady gas giant is a much more favourable environment for the
next generation of planet formation.

4.1.1. Architecture of the resulting systems

In the case of @ = 5 x 107* (Sect. 3.1), the delay in the formation
of the second generation of planets directly shortens the time
available for their growth. Therefore, they remain at about 10 Mg
by the end of the simulations. Although disc dissipation is not
included in the current model, the sequential planet formation
scenario provides the delay in formation time of the ice giants
required by the models explaining their masses (e.g. Lee et al.
2014; Ogihara et al. 2020; Raorane et al. 2024). At the end of the
simulations, the second generation planetesimals and embryos
formed still remain in the system as the ice giants are not able to
scatter them. This results in a system with diversity that consists
of gas giants, ice giant(s) and small massive bodies.

Since the radial separation of the two generations of planets
is determined by the gap width, the resulting system is com-
pact with the four giants planets from 5 to 15 au. The gas giants
formed from the initial substructure are also commonly in the 2:1
mean-motion resonance. While a further test with a larger sam-
ple size is required, this may justify the compact chain of giant
planets adopted in the initial conditions of the Nice model (e.g.

Tsiganis et al. 2005; Morbidelli et al. 2005) and the early insta-
bility model (e.g. Clement & Kaib 2017; Deienno et al. 2018)
from the formation point of view.

Due to the computational cost, only two values of « are tested
in this work where a larger degree of stochasticity is presented for
the case of @ = 3 x 107 (Sect. 3.2). Other than @, which deter-
mines the evolution timescale of the disc, the resulting planetary
system should also be sensitive to the initial disc mass M;s., the
characteristic radius 7. and the location of the initial disc sub-
structure. Upon the availability of TriPoD (Pfeil et al. submitted),
which is a simplified three-parameter dust coagulation model, a
more extensive parameter study shall become computationally
feasible to study the diversity of planetary systems.

4.1.2. Dust mass budget

The resulting solid mass budget (Fig. 4a) shows a high planet
formation efficiency for the presented simulation with @ = 5 X
10~*. The common gap opened by the two gas giants is very
effective in preventing dust from drifting through. As a result,
the remaining dust is retained in the disc for a prolonged period
of time and preserved solids for the subsequent planet formation.

After the formation of the first gas giant, the quasi-steady
inflow and the episodic inflows result in a total of about 1.6 Mg
of outer disc dust flowing into the inner disc over a time period
of 1.5 Myr (Fig. 4b). The leftover planetesimals formed from
the initial disc substructure are also generally scattered outward
by the rapid formation of the first gas giant (Fig. 3). This indi-
cates the chemical division caused by the first gas giant is robust.
While further tests with the correct masses of the giant planets
and their time of formation are required, this formation scenario
may provide the required rapid formation of Jupiter’s core to
prevent significant exchange of the non-carbonaceous and car-
bonaceous reservoirs in the early Solar System (Kruijer et al.
2017).

Stammler et al. (2023) studied the efficiency of dust trapping
by planetary gaps corresponding to different planetary masses
and values of a. Their results show a dust leakage rate of about
1 Mg Myr~! for a gap created by a Saturn-mass planet with
« = 107*. This is broadly consistent with the presented leak-
age rate of about 0.5 Mg Myr~! with the episodic inflows due
to the dynamical instabilities excluded, since the planetary gap
prescription used here is about 30% deeper than the one given
by Kanagawa et al. (2016) (see Fig. 8 of Duffell 2020) and the
planet is about three times more massive in our case.

The small inflow of dust from the outer disc is likely to be
preferentially accreted by a proto-Earth and proto-Venus as peb-
ble accretion is more efficient for bodies with higher mass and
dynamically colder orbits. This may explain Earth’s chemical
abundances relative to Mars and Vesta (Kleine et al. 2023) with-
out causing a significant growth to form super-Earth. This result
also suggests against the scenario of significant growth by pebble
accretion in the inner Solar System (e.g. Johansen et al. 2021).

4.2. Comparison with the Solar System

We note that the results of @ = 5x 107 (Sect. 3.1) show a pair of
Jupiter-mass giants, instead of one Jupiter- and one Saturn-mass
giants. Although the second gas giant entered the runway gas
accretion about 1 Myr later than the first one, there is no signifi-
cant mass difference in the end. This is likely due to the absence
of disc dissipation, which results in a high gas surface density
throughout the simulation. Further developments of the model to

A22, page 9 of 12



Lau, T. C. H, et al.: A&A, 688, A22 (2024)

include photoevaporation are required to provide a complete sce-
nario of the formation of the early outer Solar System and planet
formation in general. We anticipate that the remaining dust in
the protoplanetary disc will form a belt of planetesimals resem-
bling the scenario proposed by Carrera et al. (2017). In this case,
these planetesimals will remain dynamically cold while growth
by pebble accretion is prohibited due to the depletion of gas and
dust. After disc dissipation, the N-body part (SyMBAp) can con-
tinue to model the long-term evolution of the system and show if
a Nice model-like instability can occur among the giant planets.

The formation of the gas giants in the results is likely too
quick compared to the meteoritic record (Kruijer et al. 2017,
2020). We note that the composition and the opacity of the enve-
lope of gas giant, which are critical to the gas accretion rate,
are still an active field of research (e.g. Szulagyi et al. 2016;
Lambrechts et al. 2019; Schulik et al. 2019; Ormel et al. 2021).
And, different gas accretion prescriptions are adopted among
recent planet formation models (e.g. Liu et al. 2019; Bitsch et al.
2019; Matsumura et al. 2021; Chambers 2021; Lau et al. 2024).
Further investigations on the different recipes and their conse-
quences are required to match the formation history of the Solar
System’s giant planets.

While the source of the initial disc substructure is not investi-
gated in this work, the water ice line in the early Solar System has
been proposed as a key feature in reproducing the Solar System
by multiple works (e.g. Morbidelli et al. 2016, 2022; Brasser &
Mojzsis 2020; Charnoz et al. 2021; Chambers 2023). Further
investigations are required to determine the criteria at the water
ice line in the early Solar System to trigger planet formation,
particularly, the change in the surface density required.

4.3. Other recent works
4.3.1. Predictions of planet formation at pressure bumps

Xu & Wang (2024) made theoretical predictions on the architec-
ture of the planetary systems assuming efficient planet formation
at pressure bumps. They concluded three main pathways: slow
core formation, fast core formation but slow gas accretion and,
fast core formation and gas accretion.

While Lau et al. (2022) and Jiang & Ormel (2023) show that
the high dust concentration at a pressure bump will likely favour
rapid growth of core, the slow core formation can be possible
if the planetesimals formed are dynamically heated to an extent
that pebble accretion is halted but they still remain close to their
birthplace.

The case of fast core formation but slow gas accretion is sug-
gested to form a chain of super-Earths or potentially Saturn-mass
planets over a prolonged period of time. This case is similar to
the scenario proposed by Chatterjee & Tan (2013). As discussed
in Sect. 4.1, the planetary gap formed by super-Earths may not be
able to trap a significant amount of dust and trigger planetesimal
formation. And, even if planetesimals could form, they are likely
much closer to the core and cannot grow efficiently by pebble
accretion.

The case of fast core formation and fast gas accretion is
suggested to form a chain of gas giants. This prediction is the
closest to the results shown in Sect. 3 while two to three gas
giants can form from the pressure bump in the presented work.
We note that the number of cores that can form from each pres-
sure bump likely depends on the amplitude and the width of the
dust trap, while this has not been tested in the presented work.
This requires an extensive parameter study and more random
simulations per set of parameters.
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Although dust trap favours planetesimal formation, we
emphasise that in situ planet formation at pressure bumps is
unlikely a general solution to the diversity of exoplanetary sys-
tems. In particular, for the observed compact planet chains in
resonance, a more probable formation scenario is that the cores
are formed at a temporary pressure bump which migrate sub-
sequently through the disc. Multiple works have studied the
scenario that the inner most planet can be trapped at the disc
edge (e.g. Terquem & Papaloizou 2007; Cossou et al. 2013;
Brasser et al. 2018; Huang & Ormel 2023) and the subsequent
inward-migrating planets can form a resonant chain through con-
vergent inward migration (e.g. Tamayo et al. 2017; Delisle 2017,
MacDonald & Dawson 2018; Wong & Lee 2024).

4.3.2. Sandwiched planet formation

With gas and dust hydrodynamics simulations, Pritchard et al.
(2024) proposed the ‘sandwiched planet formation’ scenario
where planet formation can occur with the dust trapped between
two massive planets that each creates a pressure maximum. The
authors already noted that formation of the planets and dust frag-
mentation are not modelled, which may have critical effect to
the dust concentration between the planets. Furthermore, from
the results presented above (Sect. 3), we also note that if plan-
etesimals could form between the planets, they are likely under
a great gravitational influence from the massive planets. This
will prevent them from growing efficiently by accreting pebbles,
or, more likely, scatter them. Nonetheless, their work confirms
dust rings can be created by massive planets with hydrodynamics
simulations and these are preferred locations of planet formation.

4.4. Caveats
4.4.1. Initial disc substructure

In this work, we studied the consequence of a substructure in the
disc that can trigger planetesimal formation, with the location
motivated by that of Jupiter. Although multiple non-planetary
mechanisms are proposed in the field as discussed in Sect. 1,
the parameter space, including the location, amplitude, width
and lifetime, is not explored in this work and requires future
investigations. For instance, from some test runs, we note that
the amplitude of the substructure needs to be large enough to
trap dust effectively and trigger planetesimal formation, although
non-axisymmetric features that may aid dust concentration such
as vortices (e.g. Barge & Sommeria 1995; Tanga et al. 1996) are
not considered. Sequential planet formation also cannot occur if
the dust mass remaining is not enough to trigger the next gener-
ation of planet formation. We emphasise that the criteria to form
planetesimals are not trivial to satisfy in typical disc conditions.
This work only focuses on a case where planetesimal formation
is possible. However, by combining the unknowns in the shape
and location of the initial disc substructure with different disc
parameters, we expect the model can produce a variety of plane-
tary systems through a parameter study, where sequential planet
formation may not always occur.

4.4.2. Planet migration and gap opening

At the end of Sect. 2.4, we note that planetary gap opening
and planet migration are treated by independent prescriptions
while they are both the results of planet-disc interactions and are
physically coupled. Also, multiple works (e.g. Lin & Papaloizou
1986; Armitage & Bonnell 2002; D’Angelo & Lubow 2010) have
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studied both effects consistently and provided formulae for the
torque density profile exerted by a planet on the disc. However,
upon applying the formula given by D’Angelo & Lubow (2010)
in our 1-D model, we note that the gap opened by a Jupiter-
mass planet is much narrower than that described in Duffell
(2020), which is also given by Eq. (27). Since this gap profile
is tested against a set of 2-D hydrodynamical simulations in a
general parameter space and is consistent with other works (e.g.
Kanagawa et al. 2015), we have opted to prescribe the gap profile
and planet migration separately. We also note that a fixed tem-
perature profile is adopted in this work, which implies that the
effect of shock heating (e.g. Zhu et al. 2015; Rafikov 2016) is
neglected while its effect is likely more significant in the outer
disc where less irradiation from the star is received. Nonethe-
less, upon the availability of a general torque formula applicable
to a 1-D model, this part of the model shall be modified for con-
sistency, especially in the case of having multiple gap-opening
planets in the disc.

5. Conclusions

This work demonstrates a scenario of sequential giant planet
formation that is triggered by an initial disc substructure. We
further extended the model in Lau et al. (2022) by including the
effects of planetary gas accretion and gap opening. We employed
DustPy to model a protoplanetary disc initially with micron-
sized dust, and SyMBAp was employed to model the evolution
of the planetesimals upon formation.

Consistent with the previous results, planetary cores are
formed rapidly from the initial disc substructure, which can then
be retained at the migration trap and start gas accretion. The
results show multiple (up to three) cores can form and grow into
giant planets in each generation. As the first generation of gas
giants has formed and opened a steady gap, the new pressure
bump at the outer edge of the planetary gap becomes the next
location of planet formation.

In the case of the higher value of @ = 5 X 1074, the second
generation of planet formation occurs about 1 Myr after the first
one, and only ice giants were formed instead of gas giants. This
case also shows a high planet formation efficiency where more
than 85% of the dust beyond 5 au is converted into massive bod-
ies. As the first generation of gas giants effectively prevent dust
from flowing through to reach the inner disc, the retained dust
is then available for the next generation of planet formation. In
the case of a lower value of @ = 3 x 107, a larger degree of
stochasticity was shown, while the general scenario of sequential
giant planet formation remains. In both cases, a compact chain
of giant planets are formed at the end of the simulations. While
the simulations were stopped at 2 Myr, a natural continuation to
the model would be to include the effect of photoevaporation to
physically dissipate the disc and stop gas accretion.

Although the formation mechanisms of disc substructure are
beyond the scope of this work, further investigations are required
to study the possible shape and location produced by physical
processes. It is unlikely that any disc substructure can trivially
provide the conditions required for planetesimal or planet for-
mation. Also, the parameter space and the number of random
simulations in this work are limited by the computational costs.
Further code optimisation is required to study the statistical
effects and to model the diversity of planetary systems. And,
planetary gas accretion is still an active field of research. Fur-
ther investigations specifically on gas accretion are required to
model the formation time of the Solar System’s giant planets.
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