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ABSTRACT
Observations have confirmed the existence of multiple-planet systems containing a hot Jupiter and smaller planetary companions.
Examples include WASP-47, Kepler-730, and TOI-1130. We examine the plausibility of forming such systems in situ using
N-body simulations that include a realistic treatment of collisions, an evolving protoplanetary disc, and eccentricity/inclination
damping of planetary embryos. Initial conditions are constructed using two different models for the core of the giant planet: a
‘seed-model’ and an ‘equal-mass-model’. The former has a more massive protoplanet placed among multiple small embryos in
a compact configuration. The latter consists only of equal-mass embryos. Simulations of the seed-model lead to the formation of
systems containing a hot Jupiter and super-Earths. The evolution consistently follows four distinct phases: early giant impacts;
runaway gas accretion on to the seed protoplanet; disc damping-dominated evolution of the embryos orbiting exterior to the
giant; a late chaotic phase after dispersal of the gas disc. Approximately 1 per cent of the equal-mass simulations form a giant and
follow the same four-phase evolution. Synthetic transit observations of the equal-mass simulations provide an occurrence rate of
0.26 per cent for systems containing a hot Jupiter and an inner super-Earth, similar to the 0.2 per cent occurrence rate from actual
transit surveys, but simulated hot Jupiters are rarely detected as single transiting planets, in disagreement with observations. A
subset of our simulations form two close-in giants, similar to the WASP-148 system. The scenario explored here provides a
viable pathway for forming systems with unusual architectures, but does not apply to the majority of hot Jupiters.

Key words: planets and satellites: composition – planets and satellites: dynamical evolution and stability – planets and satellites:
formation – planets and satellites: gaseous planets – planets and satellites: terrestrial planets – planet–disc interactions.

1 IN T RO D U C T I O N

Since the discovery of the hot Jupiter 51 Pegasi b (Mayor & Queloz
1995), observations using the radial velocity (RV) technique have
unveiled a large number of such objects (e.g. Udry et al. 2002;
Butler et al. 2006; da Silva et al. 2006; Quinn et al. 2012; Flagg
et al. 2019).1 The population study by Mayor et al. (2011) indicates
that ∼14 per cent of Sun-like stars host a gas giant planet with mass
� 50 M⊕ and orbital period �5000 d, and the fraction of stars hosting
such planets with periods �10 d is ∼1 per cent.

Various scenarios have been proposed to explain the origins of
hot Jupiters, including formation at larger distances followed by
migration driven by the gaseous protoplanetary disc, in situ formation
after the build-up of a large reservoir of planetary building blocks
close to the star, and migration due to tidal interaction with the
central star after a giant planet achieves a high eccentricity orbit
due to planet–planet scattering, or through the Kozai–Lidov effect
induced by a distant companion (see Dawson & Johnson 2018, and
references therein for a comprehensive discussion on the origins of
hot Jupiters).

� E-mail: s.t.s.poon@qmul.ac.uk
1All exoplanet data used in this paper are from the NASA Exoplanet Archive
unless stated otherwise.

Transit surveys have also discovered hot Jupiters. Of particular
interest are the discoveries of multiple systems that contain a
transiting hot Jupiter and inner planetary companions, such as WASP-
47 (Becker et al. 2015), Kepler-730 (Cañas et al. 2019), and TOI-
1130 (Huang et al. 2020). These multiple-planet systems cannot
have formed through high-eccentricity migration, and hence must
have formed in situ or after large-scale migration. Previous studies
have examined the consequences for planet formation of a giant
planet migrating over large distances, and have shown that a natural
outcome can be the formation of relatively compact multiplanet
systems consisting of hot Jupiters and nearby super-Earths/mini-
Neptunes (e.g. Fogg & Nelson 2005, 2007; Raymond, Mandell &
Sigurdsson 2006; Mandell, Raymond & Sigurdsson 2007). Our aim
in this study is to examine whether or not such systems naturally
arise from an in situ formation scenario, for which a key assumption
is that disc-driven migration does not occur.

One argument deployed in favour of the migration scenario for
the formation of hot Jupiters is that a protoplanetary disc with mass
characteristic of the Minimum Mass Solar Nebula model (MMSN;
Hayashi 1981) lacks sufficient mass in solids and gas to build a planet
in situ. Instead, it is envisaged that planet cores form beyond the snow
line and start to accrete their gas envelopes at large distances from the
star (Pollack et al. 1996). Subsequent angular momentum exchange
with the disc leads to inwards migration (e.g. Lin, Bodenheimer
& Richardson 1996; Tanaka, Takeuchi & Ward 2002; Nelson &
Papaloizou 2004; Alibert et al. 2005; Kley & Nelson 2012; Coleman
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& Nelson 2014, 2016b; Bitsch et al. 2019), during which accretion
of gas on to the planet continues. Various arguments have been used
against this scenario. For example, Bailey & Batygin (2018) suggest
that the inner envelope of the mass-period distribution for hot Jupiters
is best explained by a model in which hot Jupiters accrete their gas
in situ. This argument hinges on both the planet mass and the size
of the magnetospheric cavity in a protoplanetary disc depending on
the mass accretion rate through the disc. It is possible a migration
based scenario might also produce such a relation if a migrating
planet accretes gas through a gap at a rate that scales with the overall
accretion rate through the disc. The difference between the planetary
mass distributions when comparing hot and cold giants, where the
mean mass of hot Jupiters is slightly lower than that of cold Jupiters,
also seems to be in tension with the migration scenario, since this
trend is not expected if hot and cold Jupiters both formed at large
distance and hot Jupiters continue to accrete as they migrate.

Transit surveys such as Kepler have discovered a large population
of close-in planets (Borucki et al. 2010, 2011; Batalha et al. 2013;
Burke et al. 2014; Mullally et al. 2015; Rowe et al. 2015; Coughlin
et al. 2016; Thompson et al. 2018), and have shown that systems of
multiple super-Earths/mini-Neptunes with orbital period <100 d are
common around Sun-like stars (e.g. Dressing & Charbonneau 2013,
2015; Fressin et al. 2013; Petigura, Howard & Marcy 2013; Zhu et al.
2018). Some of these compact planetary systems contain a significant
amount of mass (e.g. Lissauer et al. 2011), and a number of studies
have been conducted to examine in situ formation scenarios, where
it is assumed a large amount of solid mass has drifted into the inner
disc before accumulating into planetary building blocks which then
collide to form compact planetary systems (e.g. Chiang & Laughlin
2013; Hansen & Murray 2013; Moriarty & Ballard 2016; Matsumoto
& Kokubo 2017; Mustill, Davies & Johansen 2018; Matsumoto et al.
2020; Poon et al. 2020). A natural extension of this scenario is to
suppose that hot Jupiters can form in situ if sufficiently massive cores
form through collisional accretion during the gas disc lifetime such
that they can accrete massive envelopes (e.g. Lee, Chiang & Ormel
2014; Batygin, Bodenheimer & Laughlin 2016; Boley, Granados
Contreras & Gladman 2016; Hasegawa, Yu & Hansen 2019).

A key assumption adopted by the above cited in situ models is that
gas disc-induced planetary migration can be neglected completely.
Some justification for this comes from the fact that migration occurs
because of the net torque that results from the competition between
contributions from inner and outer Lindblad resonances and the
corotation region, and these can depend in a complicated way of
the local conditions in the protoplanetary disc that are not well
understood. Both the direction and speed of migration depend on
the local level of turbulent viscosity, the temperature gradient and
the thermal relaxation time-scale, among other disc properties. In
order to examine the specific issue of what types of planetary system
architectures arise from in situ models of giant planet formation,
we also adopt the assumption that migration can be neglected. We
refer readers who are interested in comparing the in situ models
presented here with those that include migration to our previous
studies (Coleman & Nelson 2014, 2016a,b), see also Ogihara et al.
(2013, 2014).

In this paper, we use N-body simulations to study the in situ
formation of planetary systems containing a hot Jupiter and at least
one inner planetary companion. We assume there is sufficient solid
material in the inner region of the protoplanetary disc (a total of
∼25 to 30 M⊕ at � 0.5 au) to build a core that can undergo runaway
gas accretion. The solid mass is distributed among multiple (N >

50) protoplanets which dynamically evolve and collide to build the
final planetary system, and if a planet grows to be large enough

during the gas disc lifetime then it is able to accrete gas and become
a giant planet. We adopt two sets of initial conditions, namely the
‘seed-model’ and the ‘equal-mass-model’. The seed-model initially
contains a more massive seed-protoplanet that ensures a hot giant
can form in the simulation. This biased initial condition allows us to
study the dynamical history and behaviour of the in situ gas giant
formation model. The equal-mass-model initially contains equal-
mass protoplanets, where numerous protoplanet mergers in the early
stages of a simulation are essential to form a giant planet. This model
allows us to investigate the occurrence rate of giant planets in the
in situ model in an unbiased manner.

The possibility of significant gravitational scattering of protoplan-
ets during the growth of a giant planet, combined with the large
Keplerian velocities close to the star, have motivated us to adopt a
realistic collision algorithm in our N-body simulations (Leinhardt
& Stewart 2012). We employ a 1D evolving viscous disc model,
which is used to implement eccentricity and inclination damping
forces on to the protoplanets. Migration torques are neglected in
this study to be consistent with the in situ formation scenario. Our
model includes gas accretion on to planetary cores when they become
sufficiently massive, gap opening, and photoevaporation of the disc.
The realistic collision model allows us to track the nature of planet–
planet collisions, and the generation of collisional debris during
high-energy impacts, and we use this information to compare the
collisional behaviour between the gas-rich and gas-free phases. The
giant formation rate is sensitive to the gas envelope accretion model
adopted, and we examine the effect of this on the outcomes of our
simulations.

This paper is structured as follows. In Section 2, we describe
the simulation methods, including the realistic collision model and
the disc model. In Section 3, we describe the initial conditions. In
Section 4, we present the results and analyses of our simulations.
In Section 5, we investigated the impact of assuming different gas
envelope accretion models. Finally, we discuss our results and draw
conclusion in Section 6.

2 SI M U L AT I O N MO D E L

We use the N-body code SYMBA (Duncan, Levison & Lee 1998) to
undertake the simulations presented in this paper, and we utilize a
version that implements an algorithm to treat planet–planet collisions
realistically. We also include an evolving protoplanetary disc model
to provide a prescription for planet–disc interactions, which we
describe below.

2.1 Realistic collision model

The Leinhardt & Stewart (2012) collision model was implemented in
SYMBA as described in our previous study (Poon et al. 2020). Here,
we just summarize the post-collision outcomes that can arise in the
simulations. For a more detailed description, we refer the reader to
the above cited papers (see also Kokubo & Genda 2010; Genda,
Kokubo & Ida 2012; Stewart & Leinhardt 2012; Scora et al. 2020).

We refer to the more massive body involved in a collision as the
target, and the less massive object as the projectile. Post collision,
we can have a largest remnant, a second largest remnant, and debris
in the form of superplanetesimals. Superplanetesimals are non-
mutually interacting gravitating particles with masses between 0.1
and 10 times the mass of Ceres. The radii of all objects are calculated
using the mass–radius relation equation (A1). The collision algorithm
consists of a decision tree with the following possible outcomes that
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depend on how the impact velocity, Vimp, compares with the escape
velocity, Vesc:

(i) Perfect merger, when Vimp < Vesc. A single body is formed with
the total mass and momentum of the original two collided bodies.

(ii) Supercatastrophic disruption, when Vimp exceeds the threshold
for supercatastrophic disruption. No massive bodies remain and
all the mass is in the form of collision debris represented by
superplanetesimals.

(iii) Catastrophic disruption, when Vimp exceeds the threshold for
catastrophic disruption. Only one massive body remains and the rest
of the mass is in the form of collision debris.

(iv) Erosion, when Vimp exceeds the threshold for erosion. The
target is eroded by the projectile and loses some of its mass, while
the projectile is completely disrupted into superplanetesimals.

(v) Partial accretion, when Vimp is less than the threshold for
erosion and the collision angle is smaller than the critical angle. The
target gains mass from the projectile, which is completely disrupted
into numerous superplanetesimals.

(vi) Hit-and-spray, when the collision angle is larger than the
critical collision angle and Vimp exceeds the velocity of transition
to hit-and-spray. The projectile is completely disrupted into debris.

(vii) Hit-and-run, similar to the hit-and-spray criterion but with
Vimp between the velocities for transition to hit-and-spray and hit-
and-run. The projectile mass is reduced and the remaining mass goes
into debris.

(viii) Bouncing collision, similar to the hit-and-run criterion but
with Vimp smaller than the velocity for transition to hit-and-run
and greater than the normalized critical impact velocity (Kokubo
& Genda 2010; Genda et al. 2012). The target and projectile retain
all of their mass and the collision is treated as an inelastic bounce.

(ix) Graze-and-merge, similar to bouncing criterion but with Vimp

smaller than the normalized critical impact velocity. The outcome is
similar to perfect merge where single body forms containing all the
mass of the colliding objects.

When a supercatastrophic collision happens, it can lead to the
formation of a stable ring composed of superplanetesimals that sits
interior to the system of planetary embryos. This can be very stable
and remain present throughout the simulations. To avoid integrating
the large number of debris particles using a small time-step size, we
adopted the mass reduction scheme described in Poon et al. (2020),
which is based on determining the collision frequency of the debris
particles and assuming collisions will grind the debris to dust, which
is then quickly removed from the system.

2.2 Protoplanetary disc model

Here, we describe the viscously evolving protoplanetary disc model
and the eccentricity/inclination damping forces that are applied to
the planetary embryos.

2.2.1 Disc evolution

The disc adopted here is a typical α-disc model (Shakura & Sunyaev
1973). The kinematic viscosity, ν, is given by

ν = αc2
s �

−1 = α

(
kbT

μmH

)(
GM�

r3

)− 1
2

, (1)

where cs is the local sound speed, kb is the Boltzmann constant, � is
the local angular velocity, T is the local temperature of the disc, μ is
the mean molecular weight of the disc and set as 2.4 u in this study,

mH is the atomic mass of hydrogen, G is the gravitational constant,
M� is the mass of the host star, and r is the local distance from the
host star. We set α = 10−3.

The evolution of the disc surface density, �, is given by the usual
diffusion equation, augmented by additional terms that account for
the torque exerted by a gap forming planet (if present in a simulation)
and photoevaporation:

∂�

∂t
= 1

r

∂

∂r

[
3r1/2 ∂

∂r

(
ν�r1/2

) − 2��r3/2

(GM�)1/2

]
− ∂�pe

∂t
, (2)

where � is the injection rate of angular momentum per unit mass
due to tidal interaction with a planet (Lin & Papaloizou 1986), and
∂�pe/∂t is the rate of change of the disc surface density due to
photoevaporation (see equation 5). � is given by

� = sign(r − rp)
GM�

2r

(
Mp

M�

)2 (
r

max(H, |r − rp|)
)4

, (3)

where rp is the distance between the planet and the host star, Mp is
the mass of the planet, and H is the local disc scale height obtained
from H = cs/�. Equation (3) is only applied when a planet mass
reaches the gap opening criterion, otherwise � = 0. Gap opening
occurs when the following criterion is satisfied (Crida, Morbidelli &
Masset 2006):

50α

(
M�

Mp

)(
H

rp

)2

+ 3

4

(
3M�

Mp

)1/3 (
H

rp

)
− 1 � 0. (4)

During the late stage of a disc’s lifetime, when the accretion rate
is low, photoevaporation due to UV radiation from the star starts to
dominate the disc surface density evolution (e.g. Clarke, Gendrin
& Sotomayor 2001; Matsuyama, Johnstone & Hartmann 2003;
Ruden 2004; Takeuchi, Clarke & Lin 2005). The photoevaporation
term, ∂�pe/∂t in equation (2), is obtained using the prescription in
Dullemond et al. (2007):

∂�pe

∂t
= 1.16 × 10−11	

1/2
41 r−3/2

g Sg

(
M�

au2 yr

)
, (5)

where rg is the gravitational radius, Sg is a scaling factor in terms
of rg, and 	41 is the rate of emitted ionizing photons from the host
star in units of 1041 photons s−1. The scaling factor Sg is calculated
according to

Sg =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
r

rg

)−2

exp

(
r − rg

2r

)
for r ≤ rg,

(
r

rg

)−5/2

otherwise.

(6)

The gravitational radius, rg is a characteristic radius where the
isothermal sound speed at the ionization temperature of the gas is
equal to the Keplerian orbital velocity (e.g. Begelman, McKee &
Shields 1983; Hollenbach et al. 1994). Thus,

rg = GM�μmH

kbT0
, (7)

where T0 is the ionization temperature of the gas (∼104 K; e.g.
Tanaka, Nakamoto & Omukai 2013). For a gas disc around a Sun-
like star (M� = 1 M�), with μ = 1 u and T0 = 104 K (∼ionization
temperature of hydrogen), the gravitational radius has a value of
rg ≈ 10.8 au. For all models presented below we adopt the values
rg = 10 au and 	41 = 1.

It is worth noting here that rg does not define the radius exterior to
which gas is able to escape the system, since a hydrodynamic flow is
established that places gas into the escaping photoevaporative wind
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at radii r < rg (see discussion in Dullemond et al. 2007). This effect is
accounted for in the prescription given by equations (5) and (6). Our
adoption of a fixed value of rg for all models, even though the masses
of the host stars differ between them, leads to a small discrepancy
between the lifetimes of the disc models and what they would have
been if a more accurate value of rg were used. We have undertaken a
suite of tests to examine the effects of this on our simulation results
and find that the differences are negligible.

2.2.2 Eccentricity and inclination damping

A planet orbiting in a gaseous disc will experience eccentricity
and inclination damping forces. It may also experience torques that
drive migration, but in this study we neglect these and examine how
systems evolve only under the influence of eccentricity/inclination
damping, while remaining agnostic about why migration does not oc-
cur. Migration arises from a competition between torques originating
at inner and outer Lindblad resonances and in the corotation region,
and both the direction and speed of migration can vary depending
on local disc conditions. For an embedded planet, it is expected that
damping of eccentricity and inclination will always occur.

We follow Papaloizou & Larwood (2000) in our implementation
of the damping forces. The accelerations of an object due to the
eccentricity damping, aaae-damp, and inclination damping, aaai-damp, are
given by

aaae-damp = −2
vr

te
r̂rr, (8)

and

aaai-damp = −2
vz

ti
ẑzz, (9)

where vr is the RV, vz is the velocity in the zzz direction (perpendicular
to the disc plane), te is the eccentricity damping time-scale, and ti is
the inclination damping time-scale.

We use the expressions from Cresswell & Nelson (2008) to
calculate te and ti, giving

te = twave

0.780

[
1 − 0.14

(
e

h

)2

+ 0.06

(
e

h

)3

+ 0.18

(
e

h

)(
I

h

)2
]

,

(10)

and

ti = twave

0.544

[
1 − 0.30

(
I

h

)2

+ 0.24

(
I

h

)3

+ 0.14

(
I

h

)(
e

h

)2
]

,

(11)

where e is the eccentricity, I is the inclination, h is the ratio between
the disc scale height and the local radius (H/r), and twave is the
characteristic time of the orbital evolution. These expressions were
calibrated against 3D simulations with surface density power-law
distributions � ∼ �0r−1/2 in Cresswell & Nelson (2008), similar
to those that arise in the constant α-disc models we consider
in this work. We note, however, that the surface density profile
may change significantly during the phase when the disc is being
photoevaporated.

Tanaka & Ward (2004) defined twave as

twave =
(

Mp

M�

)−1(
�pa

2
p

M�

)−1(
cs

ap�p

)4

�−1
p , (12)

where ap is the semimajor axis of the object, and the values of �p,
cs, and �p are evaluated at ap. For an Earth-like planet (Mp = 1 M⊕)

orbiting around a solar-type star (M� = 1 M�) in the MMSN that we
adopted in our simulation model (μ = 2.4 u; equations 18 and 19),
the typical value for twave is given by twave ≈ 327(rp/1 au)2 yr.

The damping time-scales te and ti obtained from equations (10)
and (11), are applied until a planet satisfies the gap opening criterion
(equation 4). The gaps formed by tidal torques in 1D disc models,
as presented here, tend to be very deep and do not agree with the
results from hydrodynamic simulations of disc–planet interactions
(e.g. Hallam & Paardekooper 2017). Hence, determining eccentricity
and damping time-scales based on the density of gas in the gap would
be inaccurate. In this work, we set the damping time-scales to be 20
local orbital periods for gap opening planets, and for reference a
Jovian mass planet orbiting at 0.05 au in a disc with mass three
times larger than the MMSN, but located in a gap with a density
contrast of 1 per cent, would experience a damping time-scale of this
magnitude. We note that the damping is removed once the gas disc
is dispersed, and mutual dynamical interactions between the planets
are then able to raise the eccentricities and inclinations. The observed
systems we have used as templates either contain giant planets
for which there are no reported measurements of the eccentricity
(i.e. Kepler-730b, Kepler-487b) or have very low eccentricities, that
are essentially consistent with zero within the error bars [i.e. WASP-
47b has e = 0.0028+0.0042

−0.0020 (Almenara et al. 2016), Kepler-89d has e
= 0.022 ± 0.038, TOI-1130c has e = 0.047+0.040

−0.027]. These systems
are consistent with evolution that included efficient damping of
eccentricity and the absence of strong scattering of the giants, as
displayed by the simulations presented here, although it should be
noted that tidal interactions with the central star over Gyr time-scales
would have likely erased any significant eccentricities the observed
giant planets may have been born with.

2.3 Gas envelope accretion

We allow gas to accrete on to protoplanets if their masses reach a
threshold value. We adopt different gas accretion prescriptions to
examine the sensitivity of our results to the assumed gas accretion
rates, and these prescriptions are described below. For the main part
of our study, we adopt a simple prescription for the gas accretion rate
that is similar to or the same as one we have used in previous studies
of planet formation (Coleman & Nelson 2014, 2016a, b). This allows
for direct comparison between this work and these earlier studies.
In order to examine the impact of adopting a different gas accretion
prescription, we introduce a new and significantly more sophisticated
approach based on a large suite of 1D envelope accretion models that
are sensitive to local disc conditions. While these latter models are
more realistic, they are also dependent on assumptions such as the
opacity of the envelope, and hence cannot be compared directly with
previous work.

2.3.1 Simple model

In our simple model, a protoplanet can start to accrete a gaseous
envelope from the protoplanetary disc when its mass reaches 3 M⊕.
We adopt the expression for the gas accretion rate from Coleman &
Nelson (2016a), which provides a fit to the 1D calculations presented
in Movshovitz et al. (2010) for a planet located at 5.2 au from its host
star:

dMge

dt
= Ṁ0

(
Mcore

M⊕

)2.4

exp

[
Mge

M⊕

(
1

22
+ M⊕

Mcore

)]
. (13)

Here, Ṁ0 is the mass accretion rate for a 1 M⊕ protoplanet core
(with no gas envelope), Mcore is the mass of the protoplanet core, Mge
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is the mass of the accreted gas envelope, and we have the relation
Mp = Mcore + Mge. The value of Ṁ0 used is that in Coleman &
Nelson (2016a), namely Ṁ0 = 4.656 × 10−8 M⊕ yr−1. The simple
model, equation (13), is adopted in all the simulations presented in
Section 4.

2.3.2 Gas accretion based on fits to local 1D models

We also run a subset of simulations using a newer local gas accretion
model (see Section 5). For this model, we calculated new fits to
gas accretion rates obtained using the 1D envelope structure model
of Coleman, Papaloizou & Nelson (2017; see also Papaloizou &
Terquem 1999; Papaloizou & Nelson 2005). While the gas accretion
rates used in Coleman & Nelson (2016a) were based on fits from
a handful of simulations in Movshovitz et al. (2010), they do
not take into account the local disc properties, i.e. surface density
and temperature. This was appropriate for those models since the
simulations performed in Movshovitz et al. (2010) were based on
formation scenarios for Jupiter located at 5.2 au.

In taking the local disc properties into account, we ran a large
number of simulations where we placed planetary cores of masses
between 2–15 M⊕ at orbital radii spanning 0.2–50 au in the evolving
disc model of Coleman & Nelson (2016a). Using the gas envelope
and accretion model of Coleman et al. (2017), these cores were able
to accrete gas until the protoplanetary disc dispersed, or until they
reached a critical state where runaway gas accretion occurs and they
become giant planets. We included an opacity reduction factor fopa

that reduces the grain opacity contribution, similar to other works
(e.g. Mordasini et al. 2014).

As the discs were evolving, the local disc properties for the planets
were ever-changing and this was taken into account when calculating
the 1D gas envelope structure. These local disc properties were
recorded, as well as the planet properties (e.g. core mass, envelope
mass) and the mass accretion rate. In total the simulations provided
∼50 000 data points to determine a gas accretion rate, a significant
improvement on the 20 data points used to formulate the equations
in Coleman & Nelson (2016a). With these results, we were able to
fit an equation that takes into account not only the properties of the
protoplanets, but also the local properties of the disc, notably the
temperature, Tlocal, and the opacity reduction factor, fopa. The local
gas accretion rate can then be calculated according to(

dMge

dt

)
local

= 10−10.199

(
M⊕
yr

)
f −0.963

opa

(
Tlocal

1 K

)−0.7049

×
(

Mcore

M⊕

)5.6549 (
Mge

M⊕

)−1.159

×
[

exp

(
Mge

Mcore

)]3.6334

. (14)

The strong dependence on the core mass in equation (14) is notable,
as is the dependence of the gas envelope mass fraction. Such strong
dependences are in agreement with Coleman et al. (2017) where the
accretion rate is heavily dependent on the core and envelope masses.
The dependence on the temperature is also consistent with previous
works where gas accretion rates decrease as the local disc temperature
rises. Note that the effect of surface density is not included in these
equations, since it is found to have a very weak effect.

When comparing the planet masses attained using equation (14)
to those arising from the 1D envelope structure model, we find that
they are in good agreement. Fig. 1 shows the final planet masses

Figure 1. Comparison of final planet masses from gas accretion fits to those
calculated using the 1D gas envelope structure model of Coleman et al.
(2017). The different colour markers represent different accretion fits arising
from (cyan) B15 (their equation 17), (yellow) Coleman & Nelson (2016a,
CN16), and (purple) equation (14). The open circle markers indicate where
the planets have reached the runaway gas accretion phase, and would become
giant planets. The black line indicates a 1:1 relation between the final planet
masses obtained using the fits and the 1D model.

arising from calculations using the 1D envelope structure model of
Coleman et al. (2017) (x-axis) versus those attained from different gas
accretion fits (y-axis). The purple points correspond to gas accretion
fits based on the 1D envelope model (equation 14), the yellow points
come from the fits in Coleman & Nelson (2016a) to the work of
Movshovitz et al. (2010), and the cyan points arise from the fits in
Bitsch et al. (2015, B15) to the envelope accretion calculations in
Piso & Youdin (2014).

To calculate these masses, we ran numerous single-planet-in-a-
disc models where we placed cores of different masses at different
locations in the disc, and allowed them to accrete locally. We did not
include any migration in these models, and we stopped each model
when the planets reached either: a critical state where the planet
envelope can no longer be hydrostatically supported (1D models),
a gas accretion rate of 2 M⊕/1000 yr (CN16 model, equation 14)
and where the envelope mass was equal to double the core mass
(the B15 model). We denote planets that reach a critical state using
open circles, whereas closed circles denote planets that did not reach
the relevant criterion. In all of these scenarios, a period of runaway
gas accretion is expected to occur with the planets becoming giant
planets.

With the final masses, we then compare those masses calculated
using the gas accretion rates based on empirical fits (y-axis) to
those masses calculated using the 1D envelope structure model (x-
axis). The final planet masses obtained using equation (14) (purple
markers) sit close to the black diagonal line that represents a 1:1 ratio
between the planet masses found through the 1D envelope structure
model and the gas accretion fits. This is especially true for low-
mass planets, i.e. super-Earth mass range. The only region where
the fits become less consistent with the 1D model is at higher planet
masses, where the fits reach a critical state slightly earlier or later
than occurs in the 1D model. This will result in only small differences
in the final planet masses, since these occurrences happen early in
the disc lifetime, and the planets in all cases will undergo runaway
gas accretion and become giant planets.
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When comparing the results from other works to the 1D structure
models, for the higher mass planets it is clear that like the masses
found through equation (14), the planets reached a critical state
slightly before/after the 1D model, where again these planets would
undergo runaway gas accretion and become giant planets. Where
the results from other works disagree with the 1D model is at lower
planet masses particularly between 4 M⊕ ≤ Mp ≤ 15 M⊕. For both
accretion fits (CN16 and B15), the planets typically reached a critical
state, whereas the planets in the 1D models did not. This would
ultimately lead to the CN16 and B15 fits producing an over abundance
of giant planets compared to the 1D model results.

For much lower mass planets, Mp ≤ 4 M⊕, the accretion rates from
Bitsch et al. (2015) and Coleman & Nelson (2016a) do not reach a
critical state. This is more consistent with the 1D models, where the
planets do not have large enough core masses to be able to accrete
significant gaseous envelopes. However, even though there is greater
agreement between the 1D models and the fits here, the masses
arising from the accretion rate fits are still considerably larger than
those arising from the 1D models. This is in contrast to the masses
arising from equation (14) where there is excellent agreement with
the 1D models at low planet mass.

2.3.3 Accretion after gap opening

The adopted gas accretion model (equation 13 or 14) applies until
a planet satisfies the gap opening criterion (equation 4) or when a
protoplanet is sitting in a gap which was opened by another massive
protoplanet. The accretion rate then changes to(

dMge

dt

)
gap

= min

[
3πνvsd�vsd

Np,gap
,

(
dMge

dt

)
local

]
, (15)

where Np,gap is the number of protoplanets that sit in the gap and are
accreting gas through viscous supply, νvsd is the local viscosity and
�vsd is surface density in the disc exterior to the gap. To ensure that
the numerator 3πνvsd�vsd measures the typical accretion rate through
the disc, and not the local value in the gap, we evaluate it at 2 au from
the star.

In Fig. 2, we demonstrate the difference between applying equa-
tion (13) and (14) when calculating the gas accretion rate, including
the switch to equation (15) once a gap has been opened. The
final masses obtained when adopting equation (14) shows a higher
sensitivity to the local disc parameters compared to the results from
equation (13). This mainly arises due to the increase in disc midplane
temperature closer to the star, reducing the gas accretion on to the
planets and having a much larger effect for smaller core masses.

For the main simulation results and analysis presented in Section 4,
we use the accretion rates provided by equation (13), while in
Section 5 we apply equation (14) for comparison.

3 SIMULATION SET-UP

In this study, we are interested in systems of hot Jupiters with
coexisting inner super-Earths. We have selected a number of systems
that have a hot Jupiter and an inner companion to provide templates
for the initial conditions of the simulations. The consideration of
system selection is straightforward and uses the following criteria:
(i) the system contains a confirmed transiting giant with orbital
period less than 30 d; (ii) the system contains at least one transiting
companion with orbital period shorter than the orbital period of the
giant. There are five systems that meet these criteria. In order of
increasing orbital period of the giant, they are WASP-47, Kepler-

Figure 2. Comparison between the initial and final masses (at the point of gas
disc dissipation) of the planet in the single-planet simulations, the difference
is based on the adoption of different gas envelope accretion models and
initial orbital radii. The results of applying the CN16 routine (equation 13)
are plotted using dashed lines, where the protoplanet is initially located at
0.05 au (red) or 0.10 au (cyan). The solid lines represent the results obtained
when adopting our locally dependent envelope accretion routine (equation 14)
with the value of fopa = 10−3, where the protoplanet is initially located at
0.05 au (red), 0.075 au (yellow), or 0.10 au (cyan). It is clear that the CN16
routine is less dependent on the initial protoplanet mass and orbital location
(local disc conditions).

Figure 3. The five selected planetary systems that meet the selection criteria
(Section 3). The symbol size represents the radius of each planet.

730, TOI-1130, Kepler-487,2 and Kepler-89 (see Fig. 3, and also
Table B1 for basic stellar and planetary parameters of the selected
systems).

3.1 Template construction

We constructed two sets of templates for our simulations: the ‘seed-
model’ and the ‘equal-mass model’. The seed-model contains one

2The two inner companions, KOI-191.02 and KOI-191.03, of Kepler-487 are
candidates instead of confirmed planets. We include this system because
both objects have a relatively low probability to be due to any of the
considered astrophysical false positive scenarios (1.4 × 10−3 for KOI-191.02
and 4.2 × 10−5 for KOI-191.03).
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higher mass protoplanet, which acts as a seed for the growth of a
giant planet, and multiple equal-mass smaller bodies. The equal-
mass-model only contains planetary embryos of equal mass. The
configurations for the two templates are:

(i) seed-model: 25 inner equal-mass bodies + 1 seed protoplanet
+ 25 outer equal-mass bodies,

(ii) equal-mass-model: 51 equal-mass bodies.

All the equal-mass bodies have mass 0.5 M⊕. There are two subsets
of the seed-model, where the mass of the seed protoplanet is either
4.0 or 4.5 M⊕. The middle body for each template (the 26th body)
is located at the semimajor axis of the hot Jupiter from the selected
system. The mutual separations between each adjacent body are K
= 5 for the seed-model, and two subsets of K = 4 and 5 for the
equal-mass model. This K-value is measured in units of the mutual
Hill radius, RH, which is defined by

K = ai+1 − ai

RH,i

, (16)

where

RH,i = ai + ai+1

2

(
Mp,i + Mp,i+1

3M�

) 1
3

, (17)

and subscript i denotes the value of the i-th body in the system.
As discussed in Section 3.2, the inner edge of the gaseous

protoplanetary disc is located at r = 0.05 au for all models, and
because we have centred the radial distribution of embryos on the
location of the giant planet for all templates, some of the embryos are
located interior to the disc edge at the beginning of the simulations.
The inner edge of the disc is presumed to arise because it is truncated
by the stellar magnetosphere, and the location where this truncation
occurs depends on the mass accretion rate through the disc. In this
work, we suppose the disc accretion rate was significantly larger
during earlier stages of evolution prior to the simulations being
initiated, such that the disc inner edge was closer to the star. It is
assumed the embryos located close to the star were able to form in
the disc during this earlier phase.

We use a labelling convention based on the parameters men-
tioned above when describing the simulations as follows: ‘(selected
system)-(subset)’. In total, there are 20 different simulation tem-
plates from the combinations of five selected systems (WASP47,
Kepler730, TOI1130, Kepler487, and Kepler89) and four
different subsets (4M-5K, 4.5M-5K, XM-4K, and XM-5K).

For example, the WASP47-4M-5K template refers to the seed-
model runs with a 4 M⊕ seed-protoplanet (which is located at
0.0513 au) and mutual separation K = 5 for all pairs of bodies orbiting
around a central star with M� = 1.040 M�, and Kepler730-XM-
4K refers to the equal-mass model runs where the 26th body is located
at 0.0694 au with a mutual separation K = 4 for all pairs of embryos
orbiting around a central star with M� = 1.047 M�.

The differences between each of the systems are the stellar mass,
stellar radius, and the location of the initial protoplanets. The central
stars of each system have their masses and radii taken from Table
B1. Likewise, the locations of the middle body (the 26th body) of
each system are taken from the semimajor axis of the giant stated
in Table B1. The total solid mass is the same for all of the observed
systems, but different for each sub-template because of the presence
or otherwise of a more massive seed. All XM templates have a total
solid mass of 25.5 M⊕, while the4M and4.5M templates have 29 M⊕
and 29.5 M⊕ of solids, respectively.

Each template is run with 10 different instances of the initial
conditions. The initial eccentricities of the bodies are randomly

drawn from a Rayleigh distribution with eccentricity parameter, σ e

= 2 × 10−3. The initial inclinations for each run are randomly
drawn from a Rayleigh distribution with inclination parameter,
σI = 1 × 10−3 rad. The distributions follow the relation e = 2I,
but the initial values of e and I for each planet are independent.
The arguments of pericentre, ω, longitudes of ascending node, �,
and mean anomalies, M are distributed uniformly in the range
0 ≤ (ω,�, M) < 2π. Objects whose orbital distances exceed 100 au
are removed from the simulations. The time-steps used are set to be
1/20th of the shortest orbital period in the system. Each simulation
is run for 107 yr.

3.2 Disc parameters

The protoplanetary disc model (Section 2.2) is included in all N-body
simulations. The disc surface density profile, �init(r), has the same
power-law index as the MMSN (Hayashi 1981):

�init (r) = �init (1 au) r−1.5, (18)

where �init (1 au) = 1700 g cm−2 is the initial surface density of
the disc at 1 au. The temperature profile is fixed throughout the
simulations and also follows the power index of the MMSN and is
given by

T (r) = T (1 au) r−0.5, (19)

where T (1 au) = 280 K is the temperature at 1 au. Identical initial
surface density and temperature profiles are adopted in all simula-
tions. Although the initial disc profile is the same throughout our
simulations, the evolution of the disc is not identical between each
system due to the difference between the stellar masses.

For the main simulations (Section 4), the gas envelope accretion
routine uses equation (13). For the investigation of the impact from
the gas envelope accretion routine (Section 5), the gas envelope
accretion rate is given by equation (14).

The inner and outer boundaries of the disc are located at 0.05
and 30.0 au, respectively. We apply a zero RV condition at the outer
boundary, which ensures that no additional mass flows into the disc
model. We apply a zero torque condition at the inner boundary to
allow accretion on to the star. Any bodies sitting outside of the
boundaries of the disc do not interact with it, and so experience no
eccentricity/inclination damping and do not accrete gas.

4 R ESULTS

We now present the results of simulations that explore the in situ
formation of systems containing a hot Jupiter and inner super-Earths.
All the gas envelope accretion calculations presented in this Section 4
are preformed by the simple model (Section 2.3.1, equation 13).

4.1 Evolution of the seed-model

To recap, two sets of simulations were performed for the seed-model,
one with the seed protoplanet mass equal to 4.0 M⊕ (4M-5K), and
the other with 4.5 M⊕ (4.5M-5K).

4.1.1 Dynamical evolution

The dynamical evolution for all the seed-models can be classified in
to four distinct phases in terms of their behaviour. For convenience
when discussing the different phases, we will refer to them as the
early impact, runaway gas accretion, outer disc damping, and late
chaotic phases.
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Hot Jupiters and inner super-Earths 2507

Figure 4. Dynamical history of a run from the Kepler487-4.5M-5K
template, including the semimajor axes (top panel), eccentricities (second
panel), inclinations (third panel), and planet masses (bottom panel). The
seed-protoplanet is marked in blue, other protoplanets are marked in black,
and collision debris are marked in grey. For the bottom panel, the thick lines
are the gas envelope masses of the bodies. The gas envelope mass of the seed-
protoplanet is marked in blue. The gas envelope masses of other protoplanets
are marked in green. The black dashed vertical line denotes the point of disc
dissipation. The orange shaded area marks the beginning of the runaway gas
accretion phase. The magenta shaded area denotes the transition between
the end of outer disc damping phase and the beginning of the late chaotic
phase. The main planets formed (with final total planet mass > 5 M⊕) are
labelled as planet b, c, d, and e according to their final distance from the star,
where planet d is the hot Jupiter and planet b, c, and e are the companion
super-Earths. The same set of planet labels is used in Fig. 5, which shows
some instances of the same simulation. The green labels at the bottom panel
indicate the final masses of the planet gas envelope (ge).

The early impact phase corresponds to the time early in the
simulations when the embryos undergo dynamical instability and
collisional accretion, before any planet in the system is massive
enough to trigger its runaway gas envelope accretion (Fig. 4, the
first ∼2 Myr). The collisions between protoplanets in this stage are
induced by the small initial mutual separations, and generally take
place early in the simulations (< 1 Myr for initial K = 5). After
the initial impacts have occurred, the disc damping forces start to
dominate the orbital evolution, and the eccentricities and inclinations
are forced to remain very low. Except for the seed body, it is difficult
to form a planet with mass greater than 4 M⊕ because the damping
forces prevent the occurrence of mergers.

As the name suggests, the runaway gas accretion phase starts
when a planet enters runaway gas accretion (Fig. 4, orange shaded
area). The planet increases its mass exponentially in this stage and
dynamically heats up the system. The dynamical heating by the
swift increase in mass outstrips the disc damping forces, and orbit
crossing of the bodies is a common outcome. This phase normally
lasts for only a few hundred thousand years. Once the body enters

the runaway accretion phase, especially in the inner parts of the discs
that we consider in this study, it can open a gap and accrete gas at the
viscous supply rate (equation 15). This slows down the growth rate
of the seed protoplanet and ends the runaway gas accretion phase.

The outer disc damping phase ensues after gap opening in the gas
disc, and is illustrated in Fig. 4 by the temporal domain lying between
the orange and magenta shaded regions. In the parameter space that
we consider in the seed-model, the outer edge of the planet-induced
gap sits at an orbital radius < 0.15 au. The inner part of the disc (in
terms of the gap location) has a much shorter collisional accretion
time compared to the outer part of the disc (disc beyond the gap). This
phase is dynamically cooler than the previous runaway phase. The
bodies in the inner part of the disc experience almost no disc damping
forces, but the impacts experienced during the runaway phase result
in relatively large mutual separations developing between the inner
protoplanet pairs, so the inner system can be relatively stable. Inner
protoplanets can grow to masses comparable to the initial seed mass,
and start to accrete their own gas envelopes. However, these large
cores initiate gas envelope accretion too late to become gas giants
before the gas disc dissipates. The disc damping forces are still
a dominating influence in the outer part of the disc. Protoplanets
mergers are not very common during this phase, and generally we
do not find that multiple massive cores form during the disc lifetime
in the region sitting exterior to the giant planet’s orbital radius.

The evolution enters the late chaotic phase when photoevaporation
dominates the gas surface density evolution. In this stage, the
density of the disc is low, and the damping forces gradually become
negligible, until the disc eventually dissipates (Fig. 4, magenta
area and onward). Self-scattering between protoplanets can heat up
the system dynamically, causing dynamical instabilities and giant
impacts. Protoplanets can only accrete through giant impacts in this
gas-free environment. This stage lasts until a long-term stable system
emerges.

Throughout the evolution, the seed protoplanet retains a low ec-
centricity and inclination (Fig. 4, blue line). The seed also essentially
preserves its initial semimajor axis, and generally experiences just a
∼1 per cent decrease. For example, in Fig. 4, the initial semimajor
axis is 0.117 au and its final value is 0.116 au. This is due to exchanges
of energy and angular momentum with the surrounding bodies,
combined with the disc damping forces.

We noticed that our seed for the WASP47-4M and WASP47-
4.5M templates did not produce a hot giant in any of the runs for
the above reason (the ∼1 per cent decrease of final semimajor axis
comparing to the initial semimajor axis). The initial semimajor axes
(0.051 au) of these seeds are located very close to the inner edge of
the disc (0.050 au), and they stop accreting gas once the seeds move
out of the disc. To form a hot giant orbiting with a semimajor axis
like WASP-47b might require a seed initially at ∼0.055 au for our
model set-up.

Fig. 5 shows some additional instances from the run shown in Fig. 4
(i.e. from the Kepler487-4.5M-5K template), together with the
evolution of the disc. The upper panel shows the initial conditions,
where the blue line is the initial surface density (equation 18) and the
green dots are the protoplanets. The second panel shows a moment
at the beginning of the runaway gas accretion phase, where the seed
has accreted enough mass to open a gap in the disc. The third panel
shows the moment during the outer disc damping phase. By this time,
the inner super-Earths/sub-Neptunes were already formed while the
outer protoplanets are still in a compact configuration due to the
disc damping. The bottom panel shows the moment after the gas
disc dissipates. Due to the lack of the disc damping forces, giant
impacts between the outer embryos are common and allow the sub-
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Figure 5. An example formation history from an instance of the seed-model
template Kepler487-4.5M-5K (same template as shown in Fig. 4). The
labels planet b, c, d, and e represent the same planets shown in Fig. 4. The
blue lines are the disc surface density, green dots are the protoplanets, green
circles are the gas envelope and grey dots are the collision debris. The sizes of
the green dots and circles denote their relative mass. Protoplanet masses that
are greater than 3 M⊕ are shown by the text (upper: total mass; lower: core
mass). Eccentricities are shown in the right vertical axes. The top panel shows
the initial conditions, the second panel is the time that the first gap opens in
the disc (∼2.0 Myr), the third panel is the time when photoevaporation starts
to dominate the surface density evolution (∼4.4 Myr), and the bottom panel
is the time after the disc has dissipated (∼4.9 Myr).

Earth mass protoplanets to grow to super-Earths. Fig. 6 shows a
similar result to Fig. 5, but for a run from the Kepler730-4M-5K
template. The Kepler730 templates follow similar behaviour to
the Kepler487 templates, and provide similar final architectures
of the planetary systems. The giants formed in the Kepler730 runs
are closer-in at ∼0.05 to 0.06 au similar to the WASP-47, Kepler-
730, and TOI-1130 systems, where all the giants formed have orbital
periods less than 10 d.

4.1.2 Multiplicities, masses, and orbital parameters

There is a systematic difference, in terms of multiplicities and mass
distributions, between the final inner and outer parts of the systems
from the seed-model (see Table 1). The inner multiplicity, Nin, always
has a lower value than the outer multiplicity, Nout. The inner total
mass, Mtotal,in, is similar to the outer total mass, Mtotal,out, in the
Kepler730 and TOI1130 templates, while the Kepler487 and
Kepler89 templates hold a relation of Mtotal,in > Mtotal,out. This
difference is because of the initial conditions of theKepler730 and
TOI1130 templates located most of the inner protoplanets between
the host star and the inner edge of the disc, while the Kepler487
and Kepler89 templates are further out and allow most of the
protoplanets to sit inside the disc when K = 5. The difference between

Figure 6. Similar to Fig. 5 but for another seed-model run from the
Kepler730-4M-5K template. A closer-in giant planet is formed at ∼
0.05 au, similar to the initial semimajor axis of the seed-protoplanet.

the two sets of Mtotal,in, to a certain extent, shows how much gas mass
the inner systems can accrete from the disc. A rough relation of
Mtotal,in ≈ 2Mtotal,out can be drawn, which denoted a ∼1: 1 solid-to-
gas ratio for the inner systems.

The inner systems also show a higher average mass of the
planets, 〈Mtotal,in〉/〈Nin〉, compared to the average planet mass of
the outer systems, 〈Mtotal,out〉/〈Nout〉. The inner average masses of
the Kepler487 and Kepler89 templates are comparable to
Neptune’s mass, and the template with closer-in seeds, Kepler730
and TOI1130, are more likely to host super-Earths.

There are no systematic differences in the final orbital parameters
when comparing the 4M-5K and 4.5M-5K runs, but a clear
divergence emerges between the giants and other planets. As shown
in Figs 4, 5, and 6, the giants retain low eccentricities throughout the
simulations. The final mean eccentricity of the giants has a value of
〈e〉 ≈ 0.01, while the other planets yield 〈e〉 ≈ 0.06. And the final
mean inclination for the giants is 〈I 〉 ≈ 0.005 rad and 〈I 〉 ≈ 0.03 rad
for the companions. The final outcomes of the simulations show a
strong correlation between the distribution of the eccentricities and
inclinations (Fig. 7). This shows that the systems have undergone
dynamical relaxation (Kokubo 2005), as expected.

4.2 Comparison to the equal-mass models

Two sets of simulations were performed for the equal-mass model,
one with mutual separations K = 4 (XM-4K), and one with K
= 5 (XM-5K). Without a seed-protoplanet in the simulations, the
formation of a giant planet is expected to occur less frequently than
in the seed-model. Forming a gas giant requires a sufficiently massive
planet to form early in the gas disc lifetime so it has time to undergo
runaway gas accretion before the disc disperses, and this clearly
requires a planet to undergo numerous mergers.
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Table 1. Final planetary multiplicities and masses for the seed-model runs. The subscripts ‘in’ and ‘out’
represent the inner part and the outer part of the system with respect to the location of the giant (the seed).
〈Mg〉 is the average mass of the final giants, where the 4M runs always give lower values than the 4.5M runs,
comparable to the final mass obtained in the single-planet case (Fig. 2). WASP47 runs are not included here
because no giant was formed at the end of the simulations, for the reason described in Section 4.1.1. The table
is separated according to the orbital radius of the giant planet, with the 4 upper templates having giants with
a < 0.1 au and the 4 low templates having a > 0.1 au.

Template 〈Nin〉 〈Nout〉 〈Mtotal, in〉 〈Mtotal, out〉
〈
Mtotal,in

〉

〈Nin〉

〈
Mtotal,out

〉

〈Nout〉 〈Mg〉

Kepler730-4M 1.9 3.9 13.4 20.6 7.1 5.3 297.9
Kepler730-4.5M 1.7 3.2 16.8 16.2 9.9 5.1 360.2
TOI1130-4M 2.4 3.4 15.8 13.7 6.6 4.0 221.7
TOI1130-4.5M 2.4 4.3 13.8 15.7 5.8 3.7 360.9

Kepler487-4M 2.4 2.9 34.0 16.5 14.2 5.7 178.6
Kepler487-4.5M 2.0 3.6 44.6 17.0 22.3 4.7 258.3
Kepler89-4M 2.2 2.8 45.3 14.9 20.6 5.3 174.0
Kepler89-4.5M 2.5 3.9 47.4 17.7 19.0 4.5 247.5

Overall 2.2 3.5 28.9 16.5 13.2 4.8 262.4

Figure 7. The relation between the final eccentricities and inclinations
from the seed-model. The black line represents the relation of e = 2I. The
eccentricity and inclination distributions provide a good fit to the e = 2I
relation, showing a signal of dynamical relaxation.

Fig. 8 shows an example of a run that forms a giant planet. A
large core with 4.1 M⊕ forms and enters the runaway gas accretion
stage at ∼2.4 Myr, so this protoplanet has enough time to undergo
runaway growth and transition to accreting gas at the viscous supply
rate for ∼2 Myr, eventually becoming a gas giant. Another feature
we can see in the bottom panel of Fig. 8 is the large amount of debris
at the inner edge of the system. The debris were formed during a
supercatastrophic collision event. It was caused by the dynamical
instability and giant impact between two protoplanets during and
shortly after the disc dissipation (the late chaotic phase).

Fig. 9 demonstrates a case where no gas giant forms. The largest
protoplanet in this run only enters the runaway gas accretion phase
and opens a gap at ∼4 Myr, which is too close to the end of the disc
lifetime for it to form a Jovian mass planet.

The formation of gas giants is not common in our equal-mass
models. Only 1 per cent of our equal-mass runs (all of them from

Figure 8. Similar to Fig. 5 but for a run of the equal-mass Kepler730-
XM-4k template. The gap opening, photoevaporation, and disc dissipation
times are similar to the seed-model runs. Unlike the seed-model run (Fig. 6),
the formation of giant occurs at a different location to the reference location
of the Kepler730 giant planet.

the K = 4 runs) produce a gas giant with final mass greater than
100 M⊕. We note that the giant formation percentage is sensitive to
the gas accretion rate (equation 13), and we will discuss the effect of
considering different gas accretion prescriptions in Section 5.

The dynamical evolution observed in the equal-mass models are,
in general, different from the evolution history of the seed-model
(Section 4.1.1), except for the runs in which a giant was formed.
For those few runs with giant formation, they follow the dynamical
evolution path of the seed-model. More commonly, the equal-mass
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Figure 9. Similar to Figs 5 and 8 but for another run of the Kepler730-
XM-4K template. This equal-mass run does not result in the formation of a
giant, which is a common outcome in the equal-mass models. The transition to
runaway gas accretion and gap opening occurs at ∼4 Myr, leaving insufficient
time for the protoplanet to accrete a massive envelope.

Figure 10. Normalized probabilities of all the giant impact events with
respect to time during the four different set of simulations, including the
4.5M seed-model (blue area), 4M seed-model (green area), 5k equal-mass-
model (cyan line), and 4k equal-mass-model (red line).

runs evolve in three phases: early giant impacts, disc damping, and
the late chaotic phase. The first and final phases are the same as
the seed-model. The disc damping phase is the extension of the
early impact phase, where the damping of the eccentricities and
inclinations is the dominant effect on the orbital evolution of the
protoplanets.

Fig. 10 shows the comparison of the impact time between the
four subsets of our seed-model and equal-mass model. It is clear
that all four of our subsets have an early impact phase. The K
= 5 systems follow a similar rate of decrease at the number of

Figure 11. The frequency of each collision type during the two different
phases of the simulations. The collisions happening during the disc phase are
recorded in the blue bars. The collisions occurring after disc dispersal are
recorded in orange bars.

impacts (< 1 Myr). The K = 4 systems (red line) show the majority
of early impacts happened before 0.2 Myr, as an effect of a more
compact configuration initially. In the XM-4K runs, the equal-mass
protoplanets can merge with each other to grow sufficiently massive
to accrete a noticeable gas envelope earlier than the XM-5K runs.
This explains why the XM-4K runs, compared to the XM-5K runs,
are more likely to form a giant planet.

The seed-model runs (4M-5K and 4.5M-5K) have peaks between
∼2.0 and 2.4 Myr, corresponding to the runaway gas accretion phase.
This peak comes earlier for the 4.5M-5K set (blue filled bars) at
2.0 Myr than the 4M-5K set (green filled bars) at 2.4 Myr. This is
simply because the higher mass seeds undergo runaway gas accretion
earlier than the lower mass seeds.

All four sets have a peak in the collision times at ∼5 Myr, which
is the average lifetime of our disc models. This marks the onset
of the late chaotic phase, and arises because the eccentricity and
inclination damping forces diminish as the disc disperses. The peaks
for the equal-mass sets are higher than the seed sets. This results
from the extended disc damping phase for the equal-mass models,
where giant impacts are much more common after the disc disperses
instead of during the lifetime of the disc. During the gas-free stage,
the collisions are more frequent within a million years after the disc
has dissipated, and the systems became more dynamically quiet at
∼6 Myr and beyond.

4.3 Collision behaviour

The outcomes of protoplanet collisions show some differences when
they occur during gas disc phase and after the disc dispersed. Fig. 11
reveals the frequency of different types of collisions. The blue bars
indicate the collision frequency during the disc phase, and the orange
bars show the frequency after the disc is no longer present.

In general, the type of collision that can create a large amount
of debris, such as supercatastrophic, catastrophic, and erosion colli-
sions, are not common. For the post-disc phase, the most common
type of collision is graze-and-merge, followed by partial accretion.
The collision frequency results for the post-disc phase is in strong
agreement with the gas-free simulations by Poon et al. (2020) and
Scora et al. (2020), where these two studies also considered the same
collision model.

The collision behaviour during the disc phase is different, and
almost half of the collisions are graze-and-merge. Together with
the drop of the number of perfect mergers, it indicates that there
are more slow collisions with high impact angles compared to the
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Hot Jupiters and inner super-Earths 2511

Figure 12. The frequency of impact angles of all the giant impact events in
our simulations. The collisions happening during the disc phase are plotted
in blue. The collisions occurring after disc dispersal are plotted in orange.
The peak of the disc phase collisions occurring close to 90◦ is the result of
collisions between pairs of planets that become gravitationally bound to each
other, and which then spiral in before colliding, leading to graze-and-merge
collisions.

gas-free stage. This phenomenon can also be noticed in Fig. 12,
where the figure illustrates the frequencies of different impact angles.
The distribution of impact angles for the post-disc stage (orange
filled bars) follow a distribution peaking at around 45◦ (Poon et al.
2020; Scora et al. 2020). Meanwhile, the impact angles in the disc
phase (blue line) follow a similar distribution, except in the large
angle domain. There is a sharp increase of the frequency at impact
angles between 85◦ and 90◦. This indicates that the disc influences
the dynamics and induces slow mergers between protoplanets at
high impact angle. The high impact angles show that the orbits
of the two colliding bodies are more circular, instead of arising
from high eccentric orbital crossing. Analysis of the results shows
that these collisions actually arise because pairs of planets become
gravitationally bound to each other when the disc damping is present,
and these planets spiral in before colliding with high impact angles.

4.4 Observational detection rate hot Jupiter and inner
super-Earth systems

Transit surveys have discovered ∼2500 planetary systems. Among
this population, five systems contain a transiting giant with orbital
period less than 30 d and transiting super-Earths/mini-Neptunes
(Section 3) that orbit interior to the giant. These systems are
WASP-47, Kepler-730, TOI-1130, Kepler-487, and Kepler-89. These
systems make up ∼0.2 per cent of the whole population of transiting
systems. To compare our simulation outcomes with this detection
rate, we carried out synthetic transit observations of our final
planetary systems.

Each simulated planetary system is synthetically observed from
100 000 randomly chosen viewing locations, isotropically distributed
with respect to each host star. To compare our results to transit
surveys, we only consider planets that satisfy the observation limits
of a Kepler-like survey. Therefore, we only consider planets, and
exclude all collision debris, with orbital radius less than 1 au.

All our seed-model runs (except WASP47) contain a hot Jupiter at
the end of the simulations. Synthetic transit observations of the final

Figure 13. Normalized probabilities of the final multiplicity, N, of the
synthetically observed hot Jupiter systems arising from the equal-mass model.
The subscript ‘total’ represents the total multiplicity of the systems (top
panel). The bars marked using dashed lines are the hot Jupiter systems
observed by Kepler, and those filled with light green are the synthetically
detected hot Jupiter systems from the simulations. The value of Ntotal = 1
corresponds to only the giant in the systems being detected. The subscripts
‘in’ (middle panel) and ‘out’ (bottom panel) represent the numbers of planet
detected interior or exterior to the giant.

seed-model system tell us that 30.2 per cent of planetary systems that
are detected contain a hot Jupiter and an inner super-Earth. In this
model, when a giant planet is detected, there is only a ∼5 per cent
chance that the inner companion will not also be picked up as a
transiting planet.

The equal-mass runs also show there is only a ∼5 per cent chance
that an inner companion will not be detected when a giant is detected
in synthetic observations (Fig. 13), similar to the seed-model. Hence,
Fig. 13 shows that a prediction of these in situ formation simulations
is that hot Jupiters detected in transit surveys should almost always
be detected with interior super-Earths, and they should be detected
with exterior planets about 50 per cent of the time, which is clearly
not the case. Hence the initial conditions we have adopted, or some
other aspects of the model, do not apply to the majority of hot Jupiter
systems.
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To recap, approximately 1 per cent of the equal-mass simulations
produce a giant planet (Section 4.2). Synthetic transit observations
of all of our equal-mass simulations show that the proportion of
detected planetary systems containing both a hot Jupiter and an inner
super-Earth is 0.26 per cent. This is similar to the occurrence rate
of ∼0.2 per cent from the actual transit observations. There are five
systems (as we defined and selected) containing a hot Jupiter and
an inner transiting planet within a total number of ∼2500 transiting
exoplanet systems. Nonetheless, in spite of this area of agreement, it
is clear the model presented here does not accord with the majority of
hot Jupiter systems observed in transit surveys that are able to detect
super-Earth companions, as shown in Fig. 13. The in situ model
produces too few systems in which a hot Jupiter would be detected
as a single planet, unaccompanied by a super-Earth companion.

5 IM PAC T O F VA RY I N G G A S EN V E L O P E
ACCRETION PRESCRIPTION

The gas envelope accretion routine is an important ingredient that
affects the giant planet formation rate. In Section 4, we adopted
equation (13) to accrete gas envelopes during the phase when the
planet is embedded in the disc, and this prescription is insensitive
to local disc conditions as it is based on calculations performed
at 5.2 au (see Fig. 2, dashed lines). Realistically, the local gas
accretion rate is dependent on local disc properties, such as the local
temperature and opacity. In this section, we investigate the impact of
adopting equation (14), which depends on local disc conditions, on
the planetary systems formed in the simulations.

5.1 Simulation outcomes

To investigate the changes to our main results (Section 4) that arise
when using a more realistic gas envelope accretion model, we ran an
extra set of equal-mass simulations with equation (14). Equation (14)
does not have a finite solution if Mge = 0 due to the negative
power index, hence we initialize the protoplanets with a small and
dynamically negligible envelope with Mge = 10−8 M⊕ for all the
protoplanets in the simulations. We consider three sets of runs with
different values of the opacity reduction factor fopa = 10−1, 10−2,
and 10−3, and we use the labelling convention o1, o2, and o3 when
describing the simulations. Together with the initial K-values (K = 4
and 5) and the five selected systems, there are a total of 30 templates
(3 sets of fopa × 2 sets of initial K-value × 5 selected systems).

Equation (14) produces a larger gas accretion rate for a smaller
value of fopa, as expected. We find that the o1 and o2 runs do not
produce any giants with mass > 100 M⊕, while the o3 runs have a
giant formation rate of ∼6 per cent. Hence, compared to the giant
formation rate of the equal-mass runs in the main result (Section 4.2),
the o3 runs produce more giants while the o2 runs produce fewer.
Synthetically observing theo3 runs as described in Section 4.4 yields
a 1.36 per cent chance that a detected system contains a transiting
hot Jupiter and at least one transiting inner super-Earth.

Figs 14 and 15 show the dynamical evolution of a run from the
WASP47-XM-4K-o3 template, where a hot Jupiter orbiting at ∼
0.06 au is formed with an inner super-Earth orbiting at ∼0.04 au.
The o3 runs which successfully formed one hot Jupiter, follow a
very similar evolution as our main set of simulations (e.g. Fig. 8) and
always contain an inner planet.

Interestingly, ∼3 per cent of our o3 runs produce two hot Jupiters
in a system. Figs 16 and 17 show one example. A massive core (∼
5 M⊕) forms at an early stage at ∼0.1 Myr, and undergoes runaway
gas accretion and opens a gap (Fig. 17, second panel). The rapid

Figure 14. Similar to Fig. 4 but for a run of the WASP47-o3-4K template,
showing the evolution of the semimajor axes, eccentricities, inclinations, and
masses. The blue lines indicated the most massive object in the simulation.

growth of a giant induces collisional accretion and formation of a
second core that undergoes runaway gas accretion followed by gap
formation (Fig. 17, third panel). These two planets then grow at
the viscous supply rate (equation 15) and end up as gas giants with
masses ∼398 M⊕ and 542 M⊕.

The two giants in this run did not evolve much in terms of their
semimajor axes. However, stronger dynamical interactions between
the two giants result in higher eccentricities and inclinations (Fig. 16,
blue and red lines) than for single hot Jupiter systems (e.g. Figs 4
and 14, blue lines).

Recent observations of the WASP-148 system show that it may
have two close-in giants (both have mass ∼100 M⊕) orbiting and
transiting the same star (Hébrard et al. 2020). The semimajor axes
of the two giants, WASP-148 b and c, are at ∼0.08 and 0.21 au,
respectively. These two giants are on more eccentric orbits (0.2 < e
< 0.36) than obtained in our simulation (see Fig. 16), and this may
be because the two giants in our simulation did not experience strong
scattering with another giant planet.

6 D I SCUSSI ON AND C ONCLUSI ONS

In this study, we have presented the results of N-body simulations of
the in situ formation of planetary systems containing a hot Jupiter
and super-Earths that orbit interior to the giant planet. The aim is
to examine whether or not planetary systems with this architecture
can form locally by the collisional accretion of planetary embryos
followed by gas envelope accretion on to cores that grow to sufficient
mass.

This study is motivated by observations that demonstrate the
existence of planetary systems with the above-described architecture.
In particular, the systems WASP-47, Kepler-730, TOI-1130, Kepler-
487, and Kepler-89 all have a transiting giant with an orbital period
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Hot Jupiters and inner super-Earths 2513

Figure 15. Similar to Fig. 5 but for the same run as shown in Fig. 14, an
equal-mass run with the new gas envelope accretion routine. As with the other
equal-mass runs that form a giant planet, the gap opening, photoevaporation,
and disc dissipation times are similar to the seed-model runs. The bottom
panel shows a time close to the end of the simulation, and the system has a
hot Jupiter at ∼0.06 au and one inner super-Earth.

less than 30 d and contain at least one inner transiting super-
Earth/mini-Neptune. We use these systems as templates to construct
the initial conditions for the N-body simulations, where the orbital
locations of the giant planets define the median semimajor axes of
the planetary embryos.

Two different sets of initial conditions were considered, a ‘seed-
model’ and an ‘equal-mass model’. In the seed-models, a relatively
massive seed-protoplanet (4 or 4.5 M⊕) was placed at the reference
semimajor axis, with multiple 0.5 M⊕ embryos orbiting interior and
exterior to the seed. The equal-mass models have a chain of equal-
mass embryos (0.5 M⊕) centred at the reference semimajor axis. The
purpose of the seed-model was to study the dynamical evolution
of systems in which a giant planet was essentially guaranteed to
form, while the equal-mass simulations investigate the giant planet
occurrence rate using a set of unbiased initial conditions.

The N-body simulations included a realistic collision model and
a protoplanetary disc modelled as an α-disc subject to photoe-
vaporation. The disc provided eccentricity/damping forces on the
protoplanets that were also able to accrete gas from the disc. Orbital
migration through disc–planet interactions was neglected.

We observed that the dynamical evolution of the seed-models
consistently followed four phases of evolution: (1) an early impact

Figure 16. Evolution of a run from the Kepler730-o3-4K template,
similar to Fig. 4. The blue lines indicate the most massive planet the
simulation, and the red lines indicated the second-most massive object.

phase, where embryo–embryo collisions occur frequently at early
times because of the initial compact configurations of the embryos,
and where the systems stabilize after this initial epoch of collisional
evolution due to the disc damping forces; (2) a runaway gas
accretion phase, where the seed-protoplanet undergoes runaway gas
envelope accretion, and the rapid increase in the mass of this planet
dynamically heats up other bodies in the system; (3) an outer disc
damping phase, where the embryos exterior to the seed protoplanet
continue to experience the disc damping forces and the interior
planets experience almost no disc damping force because of gap
formation; (4) a late chaotic phase, where giant impacts between
planets are common due to the dispersal of the gas disc.

By design, the seed-model is efficient at producing systems of
coexisting hot Jupiters and inner super-Earths/sub-Neptunes. The
final average multiplicity of the inner systems is 2.2, while the
average outer system multiplicity is 3.5. The inner system planets
are more massive than the outer planets on average. The average
inner system planet mass is 13.2 M⊕, and that of the outer system
is 4.8 M⊕. All seed-model runs result in a final system consisting of
a hot Jupiter and inner super-Earths/mini-Neptunes (except for the
WASP47 templates for reasons discussed in Section 4.1.1).

The equal-mass models require efficient collisional accretion
among the embryos to occur in order for a giant planet to form
within the gas disc lifetime. Only ∼1 per cent of the equal-mass
runs produced a gas giant planet. The formation history for such
systems follows the four phases described above for the seed-model.
For the runs where no giant forms, the disc damping forces are
dominant throughout the gas disc lifetime, and embryo collisions are
only common at the very early stages of the simulations (due to the
initial compact configurations) and after the gas disc disperses.

For the equal-mass runs, we undertook synthetic transit observa-
tions of our final planetary systems, and the proportion of the detected
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Figure 17. Similar to Fig. 15 but for the same run as shown in Fig. 16. The
first gap opening planet forms early (∼0.5 Myr). Another large core forms
before 1 Myr, allowing two gas giants to form before the gas disc dissipates.

systems that contained a hot Jupiter and at least one inner super-Earth
was 0.26 per cent, similar to the occurrence rate of ∼0.2 per cent for
such systems from actual transit surveys. However, we find that there
is only a ∼5 per cent chance that a hot Jupiter would be detected as a
single planet without nearby interior or exterior super-Earths, and so
it is clear that the model presented here cannot explain the majority of
hot Jupiter systems. The final planetary systems we form containing
a hot Jupiter and nearby super-Earths are too flat to agree with the
results of transit surveys such as Kepler.

A crucial ingredient in the models is the gas envelope accretion
prescription, and we examined the impact of adopting different gas
accretion routines. This included the simple fit from Coleman &
Nelson (2016a) to the 1D gas accretion simulations conducted at
5.2 au by Movshovitz et al. (2010), and a new fit to a large suite of
1D gas accretion simulations conducted at different orbital radii and
with different envelope opacities using the 1D envelope structure
model of Coleman et al. (2017). One conclusion from our study is
that a significant opacity reduction factor of, fopa, is required to form
a hot Jupiter in these simulations. A value of fopa = 10−2 is not small
enough, whereas fopa = 10−3 results in approximately 6 per cent
of the equal-mass simulations forming a hot Jupiter, which is higher
than the ∼1 per cent rate obtained when using the Coleman & Nelson
(2016a) gas accretion prescription. Due to the high efficiency of giant
formation with fopa = 10−3, ∼3 per cent of the runs formed systems

with two giant planets, similar to the recently reported planetary
system, WASP-148 (Hébrard et al. 2020).

The simulations presented here show that within the parameter
space that we have considered, the formation of systems containing
a hot Jupiter and at least one interior super-Earth/mini-Neptune can
form in situ through collisional accretion in a compact chain of
planetary embryos, followed by gas accretion on to a core that
grows to be of sufficient mass to undergo runaway gas accretion.
Overall, the frequency with which such systems are detected when
we synthetically observe the simulation outcomes is similar to the
frequency of occurrence in actual transit surveys. However, closer
inspection of the distribution of system multiplicities arising from
the simulations shows that they do not match the observations, as
the models predict that hot Jupiters should be rarely be detected as
single planets.

The model presented here can form systems similar to WASP-47,
Kepler-730, and TOI-1130, and may represent the means by which
systems with these particular architectures formed. The failure to
form hot Jupiter systems that appear as single planets in transit
surveys, however, suggests an alternative formation scenario is
required to explain the majority of hot Jupiter systems.
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APPENDI X A : MASS– RADI US RELATI ON

The mass–radius relation that we adopted in this study is

Rp = c1

(
Mp

M⊕

)c2

R⊕, (A1)

where c1 and c2 are the mass–radius relation coefficients and are
different in different domains. The values of c1 and c2 are listed in
Table A1. Fig. A1 shows the mass–radius relation, and also shows
the locations of different astronomical objects in the mass–radius

Table A1. The value of c1 and c2 applied to the mass–
radius relation (equation A1).

Planet mass range (M⊕) c1 c2

Mp ≤ 0.01 1.1748 0.3333
0.01 < Mp ≤ 2 1.0014 0.2987
2 < Mp ≤ 5.8 1.0340 0.2524
5.8 < Mp ≤ 91 0.4372 0.7440
91 < Mp ≤ 1000 14.9562 − 0.0386

Figure A1. Mass–radius relation adopted in this study, as shown by equa-
tion (A1). Comparison to other astronomical objects is provided, including
the Solar system planets (black dots), confirmed exoplanets (grey dots), other
Solar system objects larger than 400 km (+), and Ceres (�). Grey vertical
dashed lines denote the different planetary mass intervals.
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plane. These objects include exoplanets, Solar system planets, and
satellites and minor bodies from the Solar system. We can see the
adopted relation does a decent job of reproducing the various bodies
shown. In the lowest mass interval the fit fails to match the dwarf
planets plotted there (including Ceres) because they are icy whereas
the fit assumes a lunar density. In the adjacent mass interval the fit
passes through the Moon and the Earth, and hence reproduces these
bodies by design.

APPENDIX B: SYSTEM PARAMETERS

The system parameters of the five selected systems that we focused
in this study, including WASP-47 (Becker et al. 2015), Kepler-730
(Cañas et al. 2019), TOI-1130 (Huang et al. 2020), Kepler-487
(Morton et al. 2016), and Kepler-89 (also known as KOI-94; Weiss
et al. 2013).

Table B1. Stellar and planet parameters of the five selected systems. All
planets in the table are transiting planets and the known masses are given
in the form of actual mass, except WASP-47c which is detected by RV†

and the mass is in Mpsin I.‡ We list this planet here for the completeness,
but the formation process of this cold giant is not the main consideration
in this study. KOI-191.02 and 191.03 are Kepler candidates orbiting in the
Kepler-487 (KOI-191) system.∗

Stellar parameters
Host name M� (M�) R� (R�) T� (K)

WASP-47 1.040 1.137 5552
Kepler-730 1.047 1.411 5620
TOI-1130 0.684 0.687 4250
Kepler-487 0.910 0.880 5444
Kepler-89 1.277 1.520 6182

Planet parameters
Planet name a (au) Mp (M⊕) Rp (R⊕)
WASP-47 e 0.01694 6.83 1.81
– b 0.05129 363.1 12.63
– d 0.08600 13.1 3.576
– c† 1.3926 398.2‡ –

Kepler-730 c 0.03997 – 1.57
– b 0.0694 – 12.33

TOI-1130 b 0.04394 – 3.65
– c 0.07098 309.6 16.8

Kepler-487 191.03∗ 0.0149 – 1.20
– 191.02∗ 0.0337 – 2.25
– b 0.11719 – 11.42
– c 0.21682 – 2.68

Kepler-89 b 0.05119 10.5 1.71
– c 0.1013 15.6 4.32
– d 0.1684 106.0 11.27
– e 0.3046 35.0 6.56
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