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ABSTRACT

Hot Jupiters (HJs) are giant planets with orbital periods of the order of a few days with semimajor axis within ∼0.1 au. Several

theories have been invoked in order to explain the origin of this type of planets, one of them being the high-eccentricity migration.

This migration can occur through different high-eccentricity mechanisms. Our investigation focused on six different kinds of

high-eccentricity mechanisms, namely, direct dispersion, coplanar, Kozai-Lidov, secular chaos, E1 and E2 mechanisms. We

investigated the efficiency of these mechanisms for the production of HJ candidates in multi-planet systems initially tightly-

packed in the semimajor axis, considering a large set of numerical simulations of the exact equations of motion in the context of

the N-body problem. In particular, we analyzed the sensitivity of our results to the initial number of planets, the initial semimajor

axis of the innermost planetary orbit, the initial configuration of planetary masses, and to the inclusion of general relativity

effects. We found that the E1 mechanism is the most efficient in producing HJ candidates both in simulations with and without

the contribution of general relativity, followed by the Kozai-Lidov and E2 mechanisms. Our results also revealed that, except

for the initial equal planetary mass configuration, the E1 mechanism was notably efficient in the other initial planetary mass

configurations considered in this work. Finally, we investigated the production of HJ candidates with prograde, retrograde, and

alternating orbits. According to our statistical analysis, the Kozai-Lidov mechanism has the highest probability of significantly

exciting the orbital inclinations of the HJ candidates.

Key words: Planetary Systems – Planets and Satellites: Dynamical Evolution and Stability – Planets and Satellites: Gaseous

Planets

1 INTRODUCTION

Representing about 10% of confirmed exoplanets (statistics from

the NASA Exoplanet Archive catalog), Hot Jupiters 1 (HJs) are

part of the key evidence of the migratory behavior of giant

planets, even though they have an occurrence rate in the range

0.4-1.5% (Marcy et al. 2005; Cumming et al. 2008; Mayor et al.

2011; Wright et al. 2012; Howard et al. 2012; Mortier et al. 2012;

Fressin et al. 2013; Petigura et al. 2018; Zhou et al. 2019). This esti-

mates differ depending on detection method used (Wang et al. 2015).

In some cases, transmission and occultation spectroscopies have pro-

vided information about their atmospheres (see Fortney et al. 2021,

and references therein). Furthermore, Doppler and photometric mon-

itoring allowed the discovery of some of them with mean densities

that exceed the mean density of rocky planets in the Solar System

(e.g. Hébrard et al. 2013; Rodriguez et al. 2019), and others with ec-

centric orbits (4 > 0.3) (see, e.g. Queloz et al. 2010; Deleuil et al.

2012; Hellier et al. 2019), being this orbital parameter one of the

★ E-mail: adrian@ov.ufrj.br
1 In this paper, planets with mass (or minimum mass) in the range [0.3-13.0]

"� , with orbital periods or semimajor axis less than or equal to 10 days or

0.1 au, respectively.

evidences considered in studies on the origins of HJs (see Table 1 in

Dawson & Johnson 2018).

Different theories have been proposed to explain the origins of HJs.

One of them is in-situ formation. In this theory, HJ originates without

a significant process of orbital migration, but likely through a core

accretion mechanism of planetary formation. Given the conditions

so close to the star, in-situ formation needs appropriate conditions for

its effectiveness (see, e.g. Batygin et al. 2016). Therefore, the most

common theories for the origins of HJs involve extensive planetary

migration processes and it can occur through gravitational and dis-

sipative interactions between the planet and the protoplanetary disk,

as well as through gravitational planet-planet interactions (or planet-

star companion) and dissipative interactions with the host star, in

the post-disk phase. The first case it is known as disk migration and

allows the planet to attain semimajor axis smaller than 0.1 au (e.g.

Lin et al. 1996; Heller 2019). Planet-disk interactions also generate

giant planets on low eccentricity orbits (4 . 0.1) (Duffell & Chiang

2015). The second case, called high-eccentricity migration, involves

two phases: the eccentricity excitation phase, where the planet gets

a highly eccentric orbit (usually 4 & 0.9) due to gravitational inter-

action with neighboring planets or stellar companion, and the decay

phase of the semimajor axis, in which the planet dissipates its or-

bital energy during the periastron passage due to the tidal interaction
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with the host star (Ivanov & Papaloizou 2004). There are several

dynamical mechanisms that have the ability to excite the planet’s

eccentricity and, therefore, reduce its orbital angular momentum.

These include planet-planet scattering, planet-planet and planet-star

companion Kozai-Lidov, secular chaos, coplanar, E1 and E2 mech-

anisms (see Rasio & Ford 1996; Marzari & Weidenschilling 2002;

Wu & Murray 2003; Fabrycky & Tremaine 2007; Chatterjee et al.

2008; Nagasawa et al. 2008; Wu & Lithwick 2011; Naoz et al.

2011, 2012; Beaugé & Nesvorný 2012; Li et al. 2014; Petrovich

2015a,b; Xue et al. 2017; Wang et al. 2017; Carrera et al. 2019;

Teyssandier et al. 2019; Vick et al. 2019). Each of these high-

eccentricity mechanisms has its specific characteristics and can be

classified as secular and non-secular mechanisms.

In non-secular mechanisms, planet-planet scattering is the mech-

anism commonly invoked to explain such eccentricity excita-

tion from a series of multiple close encounters between plan-

ets that can lead to collisions, impacts with the host star

or ejection of some of them (e.g. Weidenschilling & Marzari

1996; Rasio & Ford 1996; Marzari & Weidenschilling 2002;

Ford & Rasio 2008; Chatterjee et al. 2008; Jurić & Tremaine 2008;

Nagasawa et al. 2008; Raymond et al. 2009; Nagasawa & Ida 2011;

Beaugé & Nesvorný 2012; Petrovich et al. 2014; Zanardi et al. 2017;

Carrera et al. 2019; Marzari & Nagasawa 2019; Anderson et al.

2020). Planet-planet scattering has the ability to modify the semi-

major axes of planets but with a high probability of not reach-

ing the characteristic value of HJs (0 . 0.1 au) without first en-

tering the stellar tidal dissipation phase. In this dynamic mecha-

nism, the typical timescales for the planet to decouple from its

perturber are on the order of magnitude of thousands of years

(Beaugé & Nesvorný 2012). On the other hand, when the dynamics

is secular, the exchange of angular momentum between the widely

separated planets is slow and therefore decoupling occurs on typical

time scales of the order of magnitude of millions of years (Naoz et al.

2011; Fabrycky & Tremaine 2007; Petrovich 2015b; Wu & Lithwick

2011). This exchange can be periodic or chaotic. In the first case, we

have the planet-planet and planet-star companion Kozai-Lidov (e.g.

Naoz et al. 2011, 2012; Vick et al. 2019), coplanar (Petrovich 2015b;

Xue et al. 2017), E1 and E2 mechanisms (Wang et al. 2017). The

second case includes the secular chaos mechanism (Wu & Lithwick

2011; Teyssandier et al. 2019). In secular mechanisms the orbital

energies of the planets remain constant as long as dissipative inter-

actions are not taken into account. Within these high-eccentricity

mechanisms, the least known in the literature are the E1 and E2

mechanisms. Then, it is important to mention that the E1 and E2

mechanisms were reported by Wang et al. (2017) as a result of study-

ing the efficiencies of the other high-eccentricity mechanisms in HJs

production. In E1 mechanism, the phase diagram 4 vs Δs, where

Δs is given by the difference between the longitudes of perias-

tron s� � − s?4ACDA14A , presents the typical characteristics of the

coplanar mechanism while the argument of periastron l of the HJ

circulates, but its inclination can be higher than 30◦ and even higher

than 90◦ (retrograde orbits). According to Petrovich (2015b), the

inclinations of HJs produced through the coplanar mechanism are

mostly ≤ 30◦. In the case of the E2 mechanism, the phase diagrams

4 vs Δs and 4 vs l of the HJ do not show the characteristics of the

coplanar and Kozai-Lidov mechanisms, respectively. Furthermore,

the orbits of the HJs formed through the E2 mechanism can also be

retrograde.

Wang et al. (2017), motivated by the fact that previous studies on

high-eccentricity migration focused only on the total efficiency of

HJs formed, analyzed the efficiency of each high-eccentricity mech-

anism, trying to understand which mechanism is the dominant one in

HJ formation. They considered multi-planetary systems containing

from 2 to 5 planets with equal masses (1"� ), initially in circular and

near-coplanar orbits with a host star of 1"⊙ and 1'⊙ . Morever, var-

ious initial semimajor axis conditions were considered, depending

on the initial mutual separation between the planets. Their numerical

simulations were performed using the classical version of the Mer-

cury code (Chambers 1999), which does not include general relativity

(GR) effects and tidal interaction with the central star. They studied

how the initial number of planets, the spatial separation between

them, and the location of the inner planet influence the efficiencies of

high-eccentricity mechanisms. As a result, they found that the Kozai-

Lidov mechanism plays the most important role in HJ production.

The restriction made in the previous study, regarding not includ-

ing the contribution of GR and realistic initial mass configurations

(unequal masses), makes us wonder about the implications of these

contributions on the efficiency of each high-eccentricity mechanism

in the activation of the HJ production process. The main effect of GR

is to cause the apsidal precession of planetary orbit, where the rate

of precession is faster for planets close to the star and with eccentric

orbits due to the term 05/2(1 − 42) in the denominator, being 0 and

4 the planet’s semimajor axis and eccentricity, respectively (Einstein

1916; Misner et al. 1973). Studies related to the influence of GR on

the dynamic evolution of systems with more than one massive planet

have been carried out, but only considering some particular systems

(e.g. Adams & Laughlin 2006; Migaszewski & Goździewski 2009;

Veras & Ford 2010; Zhang et al. 2013; Marzari & Nagasawa 2019,

2020). Therefore, the aim of our study is to obtain a broader and

more detailed description of the efficiency of each high- eccentricity

mechanism in the activation of the HJ production process, including

the contribution of GR and different initial planetary mass configu-

rations. The analysis is made by solving the numerical simulation of

the exact equations of motion, in the context of general N-body prob-

lem. Several initial conditions are considered, changing the initial

mass and number of planets, the semimajor axis of the inner planet

and the location of the other planets in the system.

This paper is organized as follows. Section 2 presents the de-

scription of the methodology including numerical model and initial

conditions, selection criteria as HJ candidate and procedure to iden-

tify the high-eccentricity mechanism. Section 3 contains our statisti-

cal results about efficiencies of high-eccentricity mechanisms in the

production of HJ candidates, its dependence with respect the initial

planetary mass configurations, and the production of HJ candidates

with prograde, retrograde and alternating orbits. The discussions and

conclusions can be found in Section 4.

2 METHODOLOGY

2.1 Numerical model and initial conditions

Our numerical model included multi-planet systems composed ini-

tially of Cold Jupiters (CJs) with densities equal to the Jupiter’s

mean density (1.33 g cm−3), orbiting a star of 1"⊙ and 1'⊙ . Be-

tween three and five CJs were initially located in tightly-packed

configurations in order to induce dynamic instability events during

their evolutions, which can lead to planet-planet collisions, impacts

with the host star, or ejections from the system. To do this, we car-

ried out an extensive set of N-body simulations performed with the

Bulirsch-Stoer (BS) algorithm (Press et al. 1992) that has high ac-

curacy using a modified version of the Mercury code, which allows

to select the inclusion of GR effects. Those effects were modeled

by a perturbation (relativistic perturbation) to the Newtonian accel-

MNRAS 000, 1–13 (2022)
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eration. Specifically, the expression for the relativistic perturbation

incorporated in the Mercury code is given by:

Δ¥®A =
`

A322

[(
4`

A
− ®E2

)
®A + 4 (®E · ®A) ®E

]
, (1)

where ` = G"∗ with "∗ = 1"⊙ , 2 is the speed of light in vacuum,

and ®A , ®E are the astrocentric position and velocity vectors, respec-

tively. This expression is valid when considering the relativistic ef-

fects generated only by a spherically symmetric and non rotating star

(Anderson et al. 1975; Shahid-Saless & Yeomans 1994). The Mer-

cury code evolves the orbits of planets allowing collisions between

them. Such collisions were treated as perfect mergers, conserving

the mass of the interacting bodies. In our N-body simulations, one

planet was assumed to be ejected from the system if it reached a dis-

tance from the central star greater than 1000 au. In the present study,

we carried out 96000 N-body simulations. Of this total, 48000 runs

corresponded to numerical experiments with GR effects. For com-

parison purposes, the numerical experiments of the above set were

also carried out without GR effects. This corresponds to the other

48000 runs. These two groups of numerical experiments will be re-

ferred to as GR and No-GR simulations in the present manuscript.

Finally, each numerical simulation was integrated for 50 Myr.

As initial conditions, we considered multi-planet systems with

three, four and five CJs, where the innermost CJ semimajor axis was

1.0 au and 5.0 au. The initial semimajor axis of the others CJs was

defined in units of mutual Hill radius ('�,<DC ), so that

08+1 − 08 =  '�,<DC , (2)

where

'�,<DC =

(
<8 + <8+1

3"∗

)1/3 (08 + 08+1)
2

, (3)

being 08 and <8 the semimajor axis and the mass of the ith CJ,

respectively, "∗ the mass of the host star, and K a dimensionless

number. Combining (2) and (3):

08+1 = 08



1 +  
2

(
<8+<8+1

3"∗

)1/3

1 −  
2

(
<8+<8+1

3"∗

)1/3



. (4)

Equation (4) is a recurrence relation that allowed us the calcula-

tion of the initial semimajor axis of the others CJs in the system.

This relation is commonly used in studies concerning the early dy-

namic stability of multi-planetary systems (see, e.g. Chambers et al.

1996; Zhou et al. 2007; Pu & Wu 2015) with the stability limit being

measured in the number K. Even though the stability limit depends

on many factors, such as the number of planets, the mass of each

one, their eccentricities and mutual inclinations (Pu & Wu 2015),

we maintain the separation between adjacent CJs in the range estab-

lished by Wang et al. (2017), that is, 2 ≤ K ≤ 6, but with an interval

ΔK = 0.002 and not ΔK = 0.001. Such K values were selected in

order that the simulated systems become unstable quickly due to com-

putational reasons. In fact, we have considered initial configurations

of CJs with different masses in systems that dynamically evolved over

50 Myr. We remark that the range of values of K parameter adopted in

the present investigation is consistent with that used in different pre-

vious works such as Chatterjee et al. (2008), Raymond et al. (2008),

Raymond et al. (2009), Raymond & Armitage (2013), Gong et al.

(2013), Carrera et al. (2016), Wang et al. (2017), Carrera et al.

(2019), among others. We would like to mention that Marzari (2014a)

suggested that a two dimensional approach in terms of K parameter

would be more appropriated to find the transition between stable and

unstable systems that may lead to dynamical instabilities. In fact,

studies such as those developed by Marzari (2014b), Zanardi et al.

(2017), among others, have used two different values of K parameter

to define the initial semimajor axes of the planets of each system. The

sensitivity of the results to a two dimensional approach in terms of K

parameter will be studied in a forthcoming paper. The choice of these

initial conditions produces tightly-packed systems, which is widely

consistent with an initial set of massive planets that remain stable

throughout the gas stage, and later undergoes dynamical instabilities

once the gas disk dissipates.

In the present study, we aimed to focus on realistic mass distri-

butions for the simulated CJs. Thus, based on the statistics of the

NASA Exoplanet Archive catalog 2, we selected four different groups

of initial planetary mass configurations, namely: 1- equal mass, 2-

random mass, 3- increasing mass, and 4- decreasing mass. The range

of planetary masses associated with each of such configurations is

described in Table 1. The mass assigned to each planet in each con-

figuration was randomly selected from an uniform distribution in

such a range.

For each of the four groups of planetary mass configurations, the

initial orbits of CJs were assumed to be circular with inclinations

8 randomly selected in the range (0◦, 2◦] following an uniform dis-

tribution. The initial values of the argument of periastron l, the

longitude of the ascending node Ω, and the mean anomaly " of

CJs were randomly chosen between 0◦ and 360◦, also following an

uniform distribution. We remark that the 50 Myr of dynamic evolu-

tion considered in the integrations allowed us to clearly distinguish

which was the high-eccentricity mechanism that led to the formation

of each HJ candidate. In many cases, the periodic behavior in the

variation of the HJ candidate’s periastron is not fully defined in the

first 10 Myr of dynamic evolution, which was one of the integration

time adopted by Wang et al. (2017). In addition, and based on sev-

eral tests, a significant number of systems continued to experience

dynamic instabilities after 10 Myr, but remained stable after 50 Myr

of evolution.

2.2 Selection criteria as hot Jupiter candidate

In the present study, we focused our analysis on the efficiency of each

high-eccentricity mechanism in the production of HJ candidates dur-

ing gravitational planet-planet interactions. According to the idea

proposed by Wang et al. (2017), we did not include tidal effects in

our N-body simulations. In fact, we considered that the inclusion of

tides may cover up the characteristics of the dynamical mechanisms

that the systems have experienced. According to this and following

the criteria from Wang et al. (2017), we just set a boundary of tidal

effects in our study. Hence, a given giant planet will be considered

a HJ candidate if, during its orbital evolution, it reaches pericen-

tric distances (@) small enough to stellar tidal dissipation operate

efficiently on a time scale (ΔC) approximately equal to the orbital

decay time scale of the dynamic tide (g0). In quantitative terms, a

HJ candidate is produced when @ . 0.05 au (Rasio & Ford 1996;

Marzari & Weidenschilling 2002) and ΔC (@ . 0.05 au) ≈ g0, where

g0 is given by:

g0 =
�<"∗

20

%>A1

(−Δ�C834)
, (5)

2 1167 exoplanets with mass (or minimum mass) in the range [0.3-13.0] "� .

Approximately 83% of them have a mass (or minimum mass) between 0.3-5.0

"� . Review date 26/August/2021
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Table 1. Distribution of initial masses of the simulated CJs according to the type of initial planetary mass configuration. The initial planetary configuration of

random mass does not include situations of increasing, decreasing and equal mass.

Init. planet. <8 ("� ) <8 ("� ) <8 ("� )
mass config. (8 to 3) (8 to 4) (8 to 5)

Equal <1 = <2 = <3 <1 = ... = <4 <1 = ... = <5

1.0 1.0 1.0

Random <1 , <2 , <3 <1,...,<4 <1,...,<5

[0.30 − 3.12) [0.30 − 4.06) [0.30 − 5.00)

Increasing <1 = [0.30 − 1.24) <1 = [0.30 − 1.24) <1 = [0.30 − 1.24)
<2 = [1.24 − 2.18) <2 = [1.24 − 2.18) <2 = [1.24 − 2.18)
<3 = [2.18 − 3.12) <3 = [2.18 − 3.12) <3 = [2.18 − 3.12)

<4 = [3.12 − 4.06) <4 = [3.12 − 4.06)
<5 = [4.06 − 5.00)

Decreasing <1 = [2.18 − 3.12) <1 = [3.12 − 4.06) <1 = [4.06 − 5.00)
<2 = [1.24 − 2.18) <2 = [2.18 − 3.12) <2 = [3.12 − 4.06)
<3 = [0.30 − 1.24) <3 = [1.24 − 2.18) <3 = [2.18 − 3.12)

<4 = [0.30 − 1.24) <4 = [1.24 − 2.18)
<5 = [0.30 − 1.24)

where %>A1 is the orbital period and Δ�C834 simplified to

Δ�C834 ∼ −16
√

2

15
F̃0

3&̃2b exp

(
−4

√
2

3
F̃0b

)
�<2

'
, (6)

with F̃0 ≃ 0.53('/'� ) + 0.68 and &̃ ≃ −0.12('/'� ) + 0.68

for Jovian mass planet, where '� is Jovian radius, and b =

(<@3)1/2 ("∗'3)−1/2. The value F̃0 is a dimensionless frequency

of fundamental mode, &̃ is a dimensionless overlap integral that de-

pends on the planetary interior model, < and ' are the mass and

radius of the planet, respectively (Nagasawa et al. 2008).

2.3 Procedure to identify the high-eccentricity mechanism

Based on the initial conditions established in this work, it is expected

that most multi-planet systems simulated will have an initial phase

of orbital instabilities dominated by close encounters between the

planets, where one or more of them will be ejected, suffer collisions

or impact the host star. Therefore, the initial configuration of most

systems will be dramatically altered and the surviving planets will

generally undergo secular interactions, possibly obtaining high ec-

centricities and inclinations. We remark that the inclinations of the

planets of the resulting systems were defined with respect to the in-

variant plane of the system. Some of the surviving planets of our

simulations met the selection criteria as HJ candidate described in

the Section 2.2 in the first 50 Myr of evolution due to the activation

of a high-eccentricity mechanism. According to that mentioned in

previous works, we identify different high-eccentricity mechanisms,

which are defined by the following criteria:

(i) If only one planet survives in the planetary system and reaches

a pericentric distance @ . 0.05 au, then the mechanism is identified

as direct dispersion.

(ii) For planetary systems with more than one surviving planet,

if the high-eccentricity of the HJ candidate undergoes very low am-

plitude oscillations such that the evolution of its pericentric distance

will always be in the interval @ . 0.05 au after the dynamic instabil-

ity event occurs, the mechanism is also identified as direct dispersion.

(iii) If during the dynamic evolution of the planets there are mul-

tiple close encounters, leading some of them to reach a pericentric

distance @ . 0.05 au over a time scale ΔC ≈ g0 , the direct dispersion

is the responsible mechanism.

(iv) In situations with more than one surviving planet, if the

phase diagram of 4 vs Δs of the HJ candidate has the characteristics

of libration of Δs around 0◦ or 180◦ (case 1) as well as situations of

circulation of Δs with a maximum (or minimum) value of 4 when

Δs is around 0◦ or 180◦ (case 2), but having the mutual inclination

8C>C . 30◦ for a time ΔC (@ . 0.05 au) ≈ g0 , the mechanism is

identified as coplanar.

(v) If the planet meets the selection criteria as HJ candidate in

scenarios where there is a libration of its argument of periastron l,

the Kozai-Lidov is the responsible mechanism.

(vi) If the semimajor axis of the surviving planets remain

constant, the evolution of their eccentricities and inclinations are

non-periodic and the phase diagrams 4 vs l and 4 vs Δs of the

planet that meets the criteria ΔC (@ . 0.05 au) ≈ g0 does not have

the characteristics of Kozai-Lidov and coplanar, respectively, the

mechanism is identified as secular chaos.

(vii) For planetary systems with more than one surviving

planet, if the phase diagram of 4 vs Δs of the HJ candidate has

typical characteristics of the coplanar mechanism (cases 1 and 2),

its argument of periastron l circulates and the evolution of its

inclination includes values higher than 30◦ reaching the maximum

every time its periastron distance reaches the minimum value, the

mechanism is identified as E1.

(viii) The other scenarios with HJ candidates not classified within

the situations mentioned above are identified as E2 mechanism.

Fig. A1 to A8 show examples of HJ candidates produced by each

of the high-eccentricity mechanisms described above. It should be

noted that our procedure has some similarity with the one proposed

by Wang et al. (2017) but with the difference that we do not include

MNRAS 000, 1–13 (2022)
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HJ candidates selected from the check of their orbital parameters

obtained at the end of the integration. In the next section, we show

the results.

3 RESULTS

3.1 Efficiencies of high-eccentricity mechanisms in the

production of hot Jupiter candidates

As we have mentioned in previous section, a total of 96000 N-body

simulations were carried out, of which half correspond to experi-

ments that included GR effects, while the other half only took into

account Newtonian gravitational effects. On the one hand, 34356

multi-planet systems resulting from the No-GR simulations had at

least some dynamic instability during the first 50 Myr of dynamic

evolution, which corresponds to 71.58% of the total simulated sys-

tems. On the other hand, 34372 multi-planet systems resulting from

the GR simulations experienced at least some dynamic instability

event during the first 50 Myr of evolution, which corresponds to

71.61% of the total systems. In both groups of systems with dy-

namic instability events, the planets that met the selection criteria

as HJ candidate in Section 2.2 were classified within the differ-

ent high-eccentricity mechanisms using the procedure mentioned in

Section 2.3. Tables 2 and 3 show the statistics obtained from this

classification for No-GR and GR simulations, respectively. These ta-

bles show the statistics with all initial planetary mass configurations

together. The statistics for each initial planetary mass configuration

are shown in the Section 3.2.

In total, 68728 systems suffered at least some dynamic instability

event. Of these, we obtained 2134 HJ candidates according to the

implemented selection criteria. This means that in our study the effi-

ciency in the production of HJs through high-eccentricity migration

was 3.10%. This efficiency is within the order of magnitude of other

theoretical studies already carried out. In fact, Beaugé & Nesvorný

(2012) and Petrovich (2015b) found efficiencies of approximately

3-5% studying the planet-planet scattering and coplanar mechanism,

respectively. Muñoz et al. (2016) derived an efficiency of HJ pro-

duction of approximately 1-3% through the Kozai-Lidov mechanism

due to a stellar companion. Petrovich & Tremaine (2016) determined

an efficiency of approximately 5% with the Kozai-Lidov mechanism

due to a planetary companion. In the case of the secular chaos mech-

anism, the efficiency of HJ production obtained by Teyssandier et al.

(2019) was of 4.5%. Finally, Wang et al. (2017) studied the high-

eccentricity mechanisms previously mentioned without GR effects

and found that 3.42% of the simulated systems produced a HJ can-

didate.

In our study, 1141 HJ candidates were produced in No-GR sce-

narios and 993 in GR simulations. In other words, the efficiencies

of production of HJ candidates were 3.32% and 2.89% with respect

to the total number of systems with dynamic instability events in

No-GR and GR simulations, respectively. This reduction in the num-

ber of HJ candidates in the GR scenario may be explained by the

fact that GR contributes to reducing the periods and amplitudes of

the eccentricity oscillations of the planets in secular evolution as

Marzari & Nagasawa (2020) recently showed.

As shown in Table 2, our results indicate that the number of HJ

candidates produced in the No-GR scenario through the direct disper-

sion, coplanar, Kozai-Lidov, secular chaos, E1 and E2 mechanisms

were 125, 45, 248, 73, 438 and 212, respectively. Thus, on the one

hand, the E1 mechanism was the most efficient with 38.39% of the

total cases in this scenario, followed by the Kozai-Lidov and E2 mech-

anisms with 21.74% and 18.58%, respectively. On the other hand,

the least efficient mechanisms were the secular chaos with 6.40%

and coplanar with 3.94%. The inclusion of GR showed similarities

and differences respect to that obtained in No-GR simulations. Such

as Table 3 indicates, the E1 mechanism remained the most efficient

in the GR simulations with 33.54%. However, this percentage was

less than that derived in the No-GR scenario. Moreover, coplanar and

secular chaos continued to be the least efficient mechanisms in the HJ

candidate production in GR simulations, showing 6.44% and 6.85%,

respectively. In particular, GR increased the HJ candidate production

efficiency for the coplanar mechanism (6.44%) in comparison with

that obtained without GR (3.94%). In addition, E2 and Kozai-Lidov

mechanisms maintained high percentages associated with the pro-

duction of HJ candidates with the inclusion of GR, with efficiencies

of 22.96% and 16.21%, respectively. If we compare the previous

efficiency of the Kozai-Lidov mechanism with the result in Table 2,

we can see that GR has the effect of inhibiting the libration of the

argument of periastron l of the HJ candidate. Thus, the efficiency of

production of HJ candidates for the Kozai-Lidov mechanism in GR

simulations decreased respect to that obtained in No-GR scenario,

while coplanar and E2 mechanisms increased their percentages as-

sociated with the HJ candidate production. For the direct dispersion

mechanism, the efficiency was 14.0% with GR, that is, an increase of

approximately 3% compared to the efficiency obtained without GR.

The inclusion of GR also had the effect of decreasing (increasing)

the number of HJ candidates with librations (circulations) of Δs

for the coplanar and E1 mechanisms, which is shown in Table 4.

According to this, 49.25% of HJ candidates produced through the E1

mechanism in GR simulations had circulations of Δs. This repre-

sents a very significant increase in comparison with that obtained in

the No-GR scenario, which was 14.38%. For the case of the copla-

nar mechanism, 68.75% and 26.67% of its HJ candidates showed

circulations of Δs for GR and No-GR scenarios, respectively.

We explore how the efficiencies of high-eccentricity mechanisms

depend on the initial semimajor axis of the innermost planet (01) and

initial planet number (N) for GR and No-GR scenarios. Fig. 1 shows

the statistical distribution of the number of HJ candidates produced

through different high-eccentricity mechanisms as a function of the

initial semimajor axis of the innermost planet with and without GR

effects. In both scenarios, the results show that between 65% and

68% of HJ candidates were produced with 01 = 1.0 au. According to

this, the number of HJ candidates decreases with an increase in the

initial value of 01. For both sets of simulations, E1 remains as the

most efficient mechanism in the production of HJ candidates with an

increase of 01. For No-GR simulations, the greater the semimajor axis

of the innermost planet 01, the smaller the efficiency of production of

HJ candidates for any of the six high-eccentricity mechanisms. For

GR simulations, we observed the same negative correlation between

the efficiencies of formation of HJ candidates and 01, except for

the Kozai-Lidov mechanism. In fact, the number of HJ candidates

produced from the Kozai-Lidov mechanism was slightly greater with

an increase of 01 in the GR simulations. This result can be explained

by the fact that GR inhibits the libration of l, which is a stronger

effect for planets initially located closer to the host star.

On the other hand, Fig. 2 shows the statistical distribution of

the number of HJ candidates produced through different high-

eccentricity mechanisms as a function of the initial planet number

N for each scenario. Our results indicate that the number of HJ can-

didates increases with an increase in the initial number of planets

both in simulations with and without GR effects. In No-GR simula-

tions, the number of HJ candidates was 309, 389 and 442 for N=3,

N=4 and N=5, respectively, while in the GR scenario, the number

of HJ candidates was 279 for N=3, 355 for N=4 and 359 for N=5.

MNRAS 000, 1–13 (2022)



6 H. Garzón et al.

Table 2. Number and fraction (%) of HJ candidates produced (in increasing order) through different high-eccentricity mechanisms for No-GR simulations. The

percentages were calculated with respect to the total number of HJ candidates produced in this No-GR scenario.

Coplanar Secular Chaos Direct Dispersion E2 Kozai-Lidov E1

45 73 125 212 248 438

3.94% 6.40% 10.95% 18.58% 21.74% 38.39%

Table 3. Number and fraction (%) of HJ candidates produced (in increasing order) through different high-eccentricity mechanisms for GR simulations. The

percentages were calculated with respect to the total number of HJ candidates produced in this GR scenario.

Coplanar Secular Chaos Direct Dispersion Kozai-Lidov E2 E1

64 68 139 161 228 333

6.44% 6.85% 14.0% 16.21% 22.96% 33.54%

Table 4. Number and fraction (%) of HJ candidates produced through coplanar and E1 mechanisms as a function of the characteristics of the phase diagram 4

vs Δs for No-GR and GR scenarios.The percentages were calculated with respect to the total number of HJ candidates in each scenario and high-eccentricity

mechanism.

High-eccentricity Scenario Libration No-Libration

mechanism of Δs of Δs

Coplanar No-GR 33 (73.33%) 12 (26.67%)

GR 20 (31.25%) 44 (68.75%)

E1 No-GR 375 (85.62%) 63 (14.38%)

GR 169 (50.75%) 164 (49.25%)

Figure 1. Statistical distribution of the number of HJ candidates produced

through different high-eccentricity mechanisms as a function of the initial

semimajor axis of the innermost planet for No-GR and GR scenarios.

As the reader can see, the positive correlation between the HJ candi-

date production and the initial number of planets in the GR scenario

when N changed from 4 to 5 was weaker than that derived for the

No-GR simulations. However, such a positive correlation was strong

when N changed from 3 to 4 in both scenarios. This behavior can be

explained if we take into account the dependence of the initial space

separations between adjacent planets with the initial planetary mass

configurations. A more detailed analysis of this dependency is car-

ried out in Section 3.2. The statistical distribution in Fig. 2 also shows

that the number of HJ candidates produced by each high-eccentricity

mechanism do not necessarily increases with an increase of N. For

example, the E1 mechanism produces more HJ candidates when N=4

in GR and for the coplanar mechanism a negative correlation has oc-

curred in each scenario. Only for the Kozai-Lidov mechanism does

its efficiency increases with increasing N in both scenarios.

Finally, we describe the population of HJ candidates as a function

of their initial semimajor axis 0initial. We carry out such investiga-

tion for the two initial values of semimajor axis of the innermost

planet 0inner assumed in the present study in both No-GR and GR

scenarios. From this, Fig. 3 illustrates the cumulative distribution of

HJ candidates as a function of their initial semimajor axis 0initial.

Our results show that the fraction of HJ candidates produced from

the innermost planet of the work systems for 0inner = 1 au is 0.35

and 0.29 in No-GR and GR scenarios, respectively. These fractions

slightly decrease for 0inner = 5 au. Moreover, for any value of 0inner,

the cumulative distributions do not show significant differences in

No-GR and GR scenarios. It is interesting to remark that a low frac-

tion (∼ 0.1) of HJ candidates come from regions with 0initial > 3.0

au and 0initial > 12.0 au for 0inner = 1.0 au and 0inner = 5.0 au,

respectively.

3.2 Efficiencies of high-eccentricity mechanisms in the

production of hot Jupiter candidates as a function of the

initial planetary mass configuration

We now examine how the efficiencies of high-eccentricity mecha-

nisms in the production of HJ candidates depend on the initial plane-

tary mass configuration. Table 5 summarizes the results derived from

our investigation.

Table 5 reveals that 42.46% of the total HJ candidates produced

in No-GR and GR simulations were derived from the initial equal

mass configuration, which was approximately twice of the individ-

ual efficiency obtained with the initial random and increasing mass

configurations. By contrast, the initial decreasing mass configuration

had the lowest efficiency with 16.12% of the total HJ candidates.
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Table 5. Number and fraction (%) of HJ candidates produced through different high-eccentricity mechanisms in No-GR and GR scenarios for different initial

planetary mass configurations. The percentages were calculated with respect to the total number of HJ candidates produced in each scenario and initial planetary

mass configuration.

Init. planet. Scenario Coplanar Secular Chaos Direct Dispersion Kozai-Lidov E2 E1 Total HJ

mass config. candidates

Equal No-GR 11 33 65 137 104 136 486

(2.26%) (6.79%) (13.37%) (28.19%) (21.40%) (27.99%)

GR 18 25 84 81 127 85 420

(4.29%) (5.95%) (20.0%) (19.29%) (30.24%) (20.23%)

Random No-GR 11 14 15 45 46 103 234

(4.70%) (5.98%) (6.41%) (19.23%) (19.66%) (44.02%)

GR 18 15 15 34 44 82 208

(8.65%) (7.21%) (7.21%) (16.35%) (21.15%) (39.43%)

Increasing No-GR 8 17 28 42 40 110 245

(3.26%) (6.94%) (11.43%) (17.14%) (16.33%) (44.90%)

GR 15 13 20 26 38 85 197

(7.61%) (6.60%) (10.15%) (13.20%) (19.29%) (43.15%)

Decreasing No-GR 15 9 17 24 22 89 176

(8.52%) (5.11%) (9.66%) (13.64%) (12.50%) (50.57%)

GR 13 15 20 20 19 81 168

(7.74%) (8.93%) (11.90%) (11.90%) (11.31%) (48.22%)

Table 6. Number of HJ candidates produced through coplanar and E1 mechanisms as a function of the characteristics of the phase diagram 4 vs Δs for No-GR

and GR (in brackets) scenarios for different initial planetary mass configurations.

High-eccentricity Init. planet. Libration No-Libration

mechanism mass config. of Δs of Δs

Equal 8 (6) 3 (12)

Coplanar Random 7 (5) 4 (13)

Increasing 8 (6) 0 (9)

Decreasing 10 (3) 5 (10)

Equal 122 (38) 14 (47)

E1 Random 90 (37) 13 (45)

Increasing 96 (50) 14 (35)

Decreasing 67 (44) 22 (37)

Based on the recurrence relation established in Section 2.1, the high

efficiency obtained with the initial equal mass configuration can be

accounted to the fact that it generated initially more tightly-packed

multi-planet systems, which significantly decreased the number of

systems without dynamic instability events. Table 5 also shows that

the E1 mechanism was notably efficient in the HJ candidate produc-

tion in the initial random, increasing, and decreasing mass configu-

rations in both scenarios No-GR and GR. In fact, on the one hand,

the efficiency of formation of HJ candidates by E1 mechanism de-

rived from such initial planetary mass configurations ranged from

39% and 51%, where the highest percentages are associated with

the initial decreasing mass configuration. On the other hand, the ef-

ficiencies of the other high-eccentricity mechanisms resulting from

the initial random, increasing, and decreasing mass configurations

did not reach 22%. In the initial equal mass configuration, the effi-

ciency of HJ candidate production from the E1 mechanism (27.99%)

was slightly surpassed by the Kozai-Lidov mechanism (28.19%) in

the No-GR scenario, while, in the GR simulations, the efficiency of

E2 mechanism (30.24%) was more significant than that derived from

the E1 mechanism (20.23%).

Table 6 shows the number of HJ candidates obtained from the

coplanar and E1 mechanisms that experienced librations and circu-

lations of Δs in the different initial planetary mass configurations

in the No-GR and GR simulations. On the one hand, in the No-GR

(GR) scenario, the number of HJ candidates derived from the copla-

nar mechanism with librations of Δs was greater (less) than that

associated with circulations of such an angle for any initial plane-

tary mass configuration. On the other hand, in No-GR simulations,

the number of HJ candidates resulting from the E1 mechanism with

librations of Δs was significantly greater than the number of HJ

candidates with circulations of such an angle regardless of the initial

planetary mass configuration. The situation is something different

when the E1 mechanism is analyzed considering GR effects. In fact,

the efficiency of HJ candidate production in the GR scenario from

the E1 mechanism with librations of Δs is less (greater) than that

related to circulations of Δs in the equal and random (increasing

and decreasing) initial planetary mass configurations.

Fig. 4 illustrates the number of HJ candidates as a function of

the initial semimajor axis of the innermost planet 01 in the No-

GR and GR scenarios for each of the four initial planetary mass

configurations. Our results shows that, except for the initial equal

mass configuration, E1 was always the most efficient mechanism
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Figure 2. Statistical distribution of the number of HJ candidates produced

through different high-eccentricity mechanisms as a function of the initial

planet number (N) for No-GR and GR scenarios.
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Figure 3. Cumulative distribution of initial semimajor axis for the HJ can-

didates. Different colours refer to the initial semimajor axis of the innermost

planet for No-GR and GR scenarios.

regardless of the value of 01. For the initial equal mass configuration,

the highest efficiency in the HJ candidate production was obtained

from the E1 (Kozai-Lidov) mechanism for 01 = 1.0 au (5.0 au) in

the No-GR scenario, while E2 was the most efficient mechanism

regardless of the 01 value in GR simulations.

Fig. 5 shows the statistical distributions of the number of HJ can-

didates produced through different high-eccentricity mechanisms as

a function of the initial planet number N for each initial planetary

mass configuration in No-GR and GR scenarios. For the random,

increasing, and decreasing initial planetary mass configurations, E1

was the most efficient mechanism in the HJ candidate production for

each value of N in the No-GR and GR scenarios without necessarily

having a direct relationship with this parameter. Of the other high-

eccentricity mechanisms, the efficiency of the Kozai-Lidov mecha-

nism was highly favored with an increase of N in each initial planetary

mass configuration. For the initial equal mass configuration, there is

a strong dependence between the dominant high-eccentricity mecha-

nism able to produce HJ candidates and the value of N. In fact, on the

one hand, E1 and Kozai-Lidov were the most efficient mechanisms

when N = 3 and N = 4 in the No-GR scenario, while E2 was the

dominant mechanism for such values of N in the GR simulations. On

the other hand, Kozai-Lidov was the most efficient mechanism for N

= 5 in No-GR and GR scenarios.

For comparative purposes, the most efficient high-eccentricity

mechanisms obtained from the study developed by Wang et al. (2017)

were Kozai-Lidov (36.6%), scattering (34.9%) and E1 (16.2%), while

coplanar (7.6%), E2 (2.8%) and secular chaos (1.9%) were the least

efficient in their simulations. We remark that the investigation car-

ried out by Wang et al. (2017) did not include GR effects and it only

considered the initial equal mass configuration with ΔK = 0.001

for the development of their simulations. For the initial equal mass

configuration and the No-GR scenario, we found as the most effi-

cient mechanisms able to produce HJ candidates were Kozai-Lidov

(28.19%), E1 (27.99%) and E2 (21.40%), while the least efficient

ones were direct dispersion (13.37%), secular chaos (6.79%) and

coplanar (2.26%). We see that there are substantial differences be-

tween our results and the study carried out by Wang et al. (2017).

This can be explained if we take into account that Wang et al. (2017)

considered initial inclinations that obeyed Rayleigh distributions, a

smaller ΔK interval for the generation of initial conditions, HJ can-

didates selected from the check of their orbital parameters obtained

at the end of the integration, and a different procedure to classify HJ

candidates as E2 mechanism. If we consider only the 4 vs Δs and 4

vs l characteristics shown in Fig. 3 by Wang et al. (2017), then the

E2 mechanism does not exceed 1% in efficiency in our simulations.

3.3 Production of hot Jupiter candidates with prograde,

retrograde and alternating orbits

Table 7 shows the number of HJ candidates with prograde, retro-

grade, and alternating orbits produced from each high-eccentricity

mechanism in No-GR and GR scenarios for the different initial plan-

etary mass configurations studied in the present paper. In relation to

total number of HJ candidates, we have found that 1737 (81.40%) re-

mained with prograde orbits (8 < 90◦), 112 (5.24%) with retrograde

orbits (8 ≥ 90◦) and 285 (13.36%) alternating between prograde and

retrograde orbits in No-GR and GR simulations. As the reader can

see, with the exception of the coplanar mechanism, all other high-

eccentricity mechanisms produced HJ candidates with retrograde or

alternating orbits, being the level of efficiency strongly dependent on

the initial planetary mass configuration. More specifically, assum-

ing No-GR and GR scenarios, the secular chaos, direct dispersion,

Kozai-Lidov and E2 mechanisms generated 2 (∼ 0.1%), 27 (1.26%),

38 (1.78%) and 45 (2.11%) HJ candidates with retrograde orbits,

respectively, while the most efficient mechanisms in the production

of HJ candidates with alternating orbits were Kozai-Lidov with 117

(5.48%), E2 with 83 (3.89%) and direct dispersion with 46 (2.16%).

These results indicate that the Kozai-Lidov mechanism has the high-

est probability of significantly exciting the orbital inclinations of the

HJ candidates. We must take into consideration that, due to the fact

of not including tidal effects in this study, the final inclinations of

these HJ candidates after orbital circularization are not known.

Depending on the initial planetary mass configuration, the inclu-

sion of GR can increase or decrease the production of HJ candidates

with retrograde orbits. In fact, from Table 7, we see that the GR

increased the efficiency of production of HJ candidates with retro-

grade orbits for the initial equal and random mass configurations.

Conversely, the number of HJ candidates with retrograde orbits de-

creased with the inclusion of GR for the initial increasing mass con-

figuration. Finally, the GR did not have a significant effect in the HJ

candidate production on retrograde orbits for the initial decreasing

mass configuration.
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Figure 4. Statistical distributions of the number of HJ candidates produced through different high-eccentricity mechanisms as a function of the initial semimajor

axis of the innermost planet with and without GR effects for different initial planetary mass configurations.

Table 7. Number of HJ candidates with prograde, retrograde and alternating orbits in No-GR and GR (in brackets) scenarios for different initial planetary mass

configurations and each high-eccentricity mechanisms. The total percentages were calculated with respect to the total number of HJ candidates produced in each

scenario and initial planetary mass configuration (see last column of Table 4).

Orbit Init. planet. Direct Dispersion Coplanar Kozai-Lidov S. Chaos E1 E2 Total

mass config. (%)

Equal 34 (53) 11 (18) 79 (40) 26 (23) 130 (81) 74 (81) 72.84 (70.48)

Prograde Random 13 (14) 11 (18) 34 (21) 12 (13) 102 (80) 32 (37) 87.18 (87.98)

Increasing 24 (18) 8 (15) 31 (16) 14 (11) 109 (82) 23 (31) 85.31 (87.82)

Decreasing 17 (18) 15 (13) 18 (15) 7 (13) 87 (81) 18 (16) 92.05 (92.85)

Equal 9 (10) 0 (0) 15 (11) 1 (1) 0 (0) 7 (17) 6.58 (9.29)

Retrograde Random 1 (1) 0 (0) 2 (4) 0 (0) 0 (0) 2 (2) 2.14 (3.36)

Increasing 3 (1) 0 (0) 3 (0) 0 (0) 0 (0) 9 (3) 6.12 (2.03)

Decreasing 0 (2) 0 (0) 2 (1) 0 (0) 0 (0) 3 (2) 2.84 (2.98)

Equal 22 (21) 0 (0) 43 (30) 6 (1) 6 (4) 23 (29) 20.58 (20.23)

Alternating Random 1 (0) 0 (0) 9 (9) 2 (2) 1 (2) 12 (5) 10.68 (8.65)

Increasing 1 (1) 0 (0) 8 (10) 3 (2) 1 (3) 8 (4) 8.57 (10.15)

Decreasing 0 (0) 0 (0) 4 (4) 2 (2) 2 (0) 1 (1) 5.11 (4.17)

4 DISCUSSIONS AND CONCLUSIONS

4.1 Discussions

The present study is aimed to investigate the efficiencies of different

high-eccentricity mechanisms for forming HJ candidates in planetary

systems that underwent strong dynamical instabilities. To do this, we

have analyzed the role of the general relativity and the dependence of

the HJ candidate production on different initial planetary mass con-

figurations. We are aware that tides will play a very important role

in the formation of HJs. It is worth noting that the inclusion of tides

should be done taking into account the different stages of dynamical

evolution during the formation process of HJs. On the one hand,

for low eccentricities, the tidal evolution is well described by the

so called equilibrium tidal model (see Darwin 1880; Mignard 1979,
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Figure 5. Statistical distributions of the number of HJ candidates produced through different high-eccentricity mechanisms as a function of the initial planet

number (N) with and without GR effects for different initial planetary mass configurations.

1980; Hut 1981; Ferraz-Mello et al. 2008). In this description, it is as-

sumed that the equilibrium figure of the distorted body deviates from

the instantaneous equipotential shape due to internal viscosity, lead-

ing to angular momentum exchange between orbital and rotational

motions. On the other hand, for very high orbital eccentricities, the

tidal deformation only occurs close to the pericenter of the orbit. In

this case, the tidally deformed body can not attain an equilibrium

figure, undergoing forced oscillations. This regime of tidal evolution

is described by the dynamical tide model (see Ivanov & Papaloizou

2004, 2007, 2011). The dynamic tide is much more complex to model

than the equilibrium tides. We note that the dynamical mechanism

leading to the formation of HJ candidates strongly raises the eccen-

tricities of the planets involved in the initial instabilities, approaching

to the limit of parabolic orbits (4 ∼ 1), which is the limit case for the

inclusion of dynamic tides. As the orbit decays and circularizes, tides

would be included in the frame of the equilibrium tide model. Since

both regimes operate in very different ways, it is not easy to construct

an unified model for the whole tidal evolution of HJ candidates (see

Beaugé & Nesvorný 2012, for a detailed discussion). We will study

in detail the influence of tides in the formation of HJs from a set of

candidates in a forthcoming paper.

Considering the four initial planetary mass configurations pro-

posed in our study, we obtained two different populations with 993

and 1141 HJ candidates from numerical experiments with and with-

out GR effects, respectively. We consider that it would be very in-

teresting to carry out a statistical analysis of our results in order to

evaluate potential differences between both populations of HJ candi-

dates. To do this, we constructed two incremental mass distributions

from the samples of HJ candidates derived with and without GR and

then, a chi-square test was applied. The result of the statistical test

indicates that the two binned mass distributions of HJ candidates re-

sulting with and with GR are consistent, at 95 percent of significance,

with a single distribution function.

We consider that it is necessary to carry out a discussion concern-

ing the integration timescale of our numerical experiments, which

has always been of 50 Myr for all simulations of each scenario. We are

aware that a certain number of new HJ candidates should be produced

in our systems of work if the simulations were extended for longer

timescales. However, we consider that to specify the number of new

HJ candidates produced over timescales of 100 Myr or 1 Gyr is not a

simple task in the framework of the present study, which is based on

96000 N-body simulations with and without GR, with different ini-

tial configurations related to the number of planets, semimajor axis

of the innermost one, and planetary mass distribution. According to

this, we will carry out an efficient study that allows us to quantify the

number of new HJ candidates from the different high-eccentricity

mechanisms over longer timescale in a forthcoming paper.

In this line of analysis, the study of the convergence of the secular

chaos mechanism is of particular interest. In fact, different previ-

ous studies, such as those developed by Wu & Lithwick (2011) and

Teyssandier et al. (2019), considered timescales greater than 0.1 Gyr

to analyze such a mechanism. In order to analyze the sensitivity

of the efficiency of the secular chaos mechanism to the integration

timescale adopted in the numerical experiments, we decided to select

a sub-sample of our systems of work and then, to extend the simu-

lations to 0.2 Gyr. To do this, we focused on the 12000 numerical

experiments associated with the initial planetary equal mass configu-

ration without GR since such an scenario showed the most efficiency
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of production of HJ candidates over an integration timescale of 50

Myr. Of those 12000 simulations, 8748 did not produce HJ candi-

dates. From this, we adopted a sub-sample of systems of those 8748

in order to extend the simulations for 0.2 Gyr and then, to analyze the

formation of HJ candidates on that extended timescale. To select the

systems of work, we considered the criterion based on the angular

momentum deficit (AMD, Laskar 1997) proposed by Wu & Lithwick

(2011). According to that discussed by these authors, the requirement

for the HJ formation in a secularly interacting system is a sufficient

amount of AMD, since it limits the maximum values of eccentricity

and inclination that a given planet can attain. In fact, only when AMD

is large enough can it be shared among the planets of the whole sys-

tem, driving the inner planet to experience secular chaos. The AMD

criterion is determined by Eq. 5 from Wu & Lithwick (2011). We

implemented this criterion using the orbital elements obtained at 50

Myr for the planets of the 8748 systems of work. Of these systems,

1808 satisfy the AMD criterion, of which we randomly selected a

sub-sample of 282 systems. Our results showed that 19.9% of the to-

tal sub-sample systems underwent some dynamical instability event

after 50 Myr of evolution. It is particularly interesting to analyze the

results obtained as a function of the initial semimajor axis of the

innermost planet 01. On the one hand, 95 systems of the sub-sample

had 01 = 1 au, of which 7 systems (2.5%) experienced some dy-

namical instability event after 50 Myr of evolution, producing only

4 HJ candidates between 50 Myr and 200 Myr. On the other hand,

187 systems of the sub-sample had 01 = 5 au, of which 49 systems

(17.4%) underwent some dynamical instability after 50 Myr, leading

to the production of only 7 HJ candidates between 50 Myr and 200

Myr. These results show that the greater the initial semimajor axis

of the innermost planet, the greater the percentage of systems that

experience some dynamical instability event after 50 Myr. A very

important result of our study indicates that only 1 of 11 new HJ can-

didates produced from the 282 systems of the sub-sample between

50 Myr and 200 Myr was associated with the secular chaos mecha-

nism. According to this, if the sub-sample of 282 systems that satisfy

the AMD criterion is considered, the efficiency of the production of

HJ candidates between 50 Myr and 200 Myr from secular chaos is ∼
0.35%. If this percentage is assumed for the total sample of 1808 sys-

tems that satisfy the AMD criterion, ∼ 6 new HJ candidates should

be produced between 50 Myr and 200 Myr from secular chaos in

our scenario associated with the initial planetary equal mass config-

uration without GR. This number is small in comparison with the

486 HJ candidates produced during the first 50 Myr in the scenario

associated with the sub-sample, for which the total efficiency of gen-

eration of HJ candidates will not show significant changes over 200

Myr, at least due to the contribution of secular chaos.

Finally, we want to remark that our study on the production of HJ

candidates from high-eccentricity mechanisms was based on multi-

planet systems initially located in the cold region of the system

(0 ≥ 1.0 au). Recently, Anderson et al. (2020) analyzed the in situ

scattering of warm Jupiters from multi-planet systems, with the in-

nermost planet placed between 0.1 au and 1 au. These authors found

that the dynamical instabilities produce a comparable number of one-

planet and two-planet systems, but one-planet systems show higher

eccentricities. According to this, the efficiency of production of HJ

candidates from the direct dispersion mechanism could be higher in

multi-planet systems with the innermost planet in the warm region

respect to that obtained in multi-planet systems initially located in

the cold region. We think that it would be interesting to carry out a

detailed study concerning the sensitivity of the formation efficiency

of HJ candidates from high-eccentricity mechanisms to the initial

location of the planets that compose the systems of work. However,

this point is out of the scope of the present investigation.

4.2 Conclusions

In this paper, we have analyzed the formation efficiency of HJ candi-

dates from high-eccentricity mechanisms in planetary systems that

undergo strong dynamical instabilities between gaseous giants. In

particular, our investigation focused on the efficiencies of six differ-

ent kinds of high-eccentricity mechanisms, which are direct disper-

sion, coplanar, Kozai–Lidov, secular chaos, and E1 and E2 mecha-

nisms. The present study is based on that developed by Wang et al.

(2017), though there are several significant differences in the initial

conditions and in the methodology of both works. In particular, we

analyzed the sensitivity of our results to the initial number of planets,

the initial semimajor axis of the innermost planetary orbit, the initial

configuration of planetary masses, and the general relativity (GR)

effects. In fact, we have been able to construct a more detailed model

to analyze the formation of HJ candidates from high-eccentricity

mechanisms, which has allowed us to strengthen our understand-

ing concerning the dynamical evolution of planetary systems that

undergo early strong instabilities around solar-type stars.

In general terms, we have found that about 71.5% of the systems

resulting from our N-body simulations with or without GR undergo

dynamical instability events within 50 Myr of evolution. From the

study of such systems, our results indicated that the efficiency of for-

mation of HJ candidates from high-eccentricity mechanisms is about

3.3% (2.9%) in numerical experiments without (with) GR effects.

The slightly smaller number of HJ candidates in simulations with GR

is consistent with studies developed by Marzari & Nagasawa (2020),

who showed the GR can significantly reduce the oscillations of ec-

centricity of close–in planets in their secular evolution. We remark

that the percentages of HJ candidates produced in the present investi-

gation are also in a good agreement with previous works that focused

on different high-eccentricity mechanisms (see Beaugé & Nesvorný

2012; Petrovich 2015b; Muñoz et al. 2016; Petrovich & Tremaine

2016; Wang et al. 2017; Teyssandier et al. 2019).

Of all mechanisms analyzed in our study, the E1 mechanism is the

most efficient in producing HJ candidates both in simulations with

GR and without GR, followed by Kozai-Lidov and E2 mechanisms,

and direct dispersion in lesser order of importance. Since the GR has

the effect of inhibiting the libration of the argument of pericenter of

the HJ candidate, the Kozai-Lidov mechanism is less (more) relevant

than E2 mechanism in simulations with (without) GR effects. The

coplanar mechanism and secular chaos are the least efficient high-

eccentricity mechanisms in forming HJ candidates in No-GR and

GR simulations.

Our analysis regarding the sensitivity of the results to the initial

semimajor axis of the innermost planetary orbit 01 allowed us to

derive some considerations of interest. On the one hand, the greater

the value of 01, the smaller the number of HJ candidates both in

simulations with GR and without GR. On the other hand, the greater

the value of 01, the less efficient the high-eccentricity mechanism

that produce HJ candidates in No-GR and GR scenarios. The only

exception to this point was the Kozai-Lidov mechanism in GR sim-

ulations. In fact, the GR effect tends to inhibit the libration of the

argument of pericenter of the planetary orbit, which is more efficient

for planets closer to the central star.

We also study the dependence of our results on the initial number

of giant planets that compose the simulated systems. We showed that

the greater the initial number of planets, the greater the number of

HJ candidates both in No-GR and GR scenarios. We did not observe

MNRAS 000, 1–13 (2022)
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a general dependence between the initial number of planets and the

efficiency of HJ candidate production that is valid for all the high-

eccentricity mechanisms.

One of the most important analysis of our investigation was that

concerning the sensitivity of the formation efficiency of HJ can-

didates from high-eccentricity mechanisms resulting from different

initial planetary mass configurations. Our results showed that, on the

one hand, the highest efficiency in the production of HJ candidates in

No-GR and GR simulations was derived from the initial equal mass

configuration. On the other hand, the initial random and increasing

mass configurations had an individual efficiency for the HJ candidate

production that was about half of that associated with the initial equal

mass configuration. Finally, the initial decreasing mass configuration

showed the lowest efficiency in the present study. We also found dif-

ferences in the dominant mechanism that led to the HJ candidate

production for the different initial planetary mass configurations. On

the one hand, E1 mechanism was notably efficient in the generation

of HJ candidates in the initial random, increasing, and decreasing

mass configurations in No-GR and GR scenarios. On the other hand,

in the initial equal mass configuration, the efficiency of HJ candidate

production from the E1 mechanism was slightly surpassed by the

Kozai-Lidov mechanism in the No-GR scenario, while the efficiency

of E2 mechanism was more relevant than that obtained from the E1

mechanism in the GR simulations.

Finally, we studied the production of HJ candidates with prograde,

retrograde, and alternating orbits. We found that the highest efficien-

cies of production correspond to HJ candidates on prograde orbits

in No-GR and GR simulations. In both of such scenarios, the gen-

eration of HJ candidates on alternating orbits is also possible, while

the lowest efficiencies of production correspond to HJ candidates on

retrograde orbits. We also distinguished the most efficient mecha-

nisms able to produce HJ candidates on retrograde and alternating

orbits. In fact, in No-GR and GR scenarios, Kozai-Lidov is the dom-

inant mechanism in the generation of HJ candidates on alternating

orbits, while E2 and also Kozai-Lidov showed the highest efficien-

cies in the HJ candidate production on retrograde orbits. Finally, we

analyzed the sensitivity of the efficiency of HJ candidate production

with retrograde orbits to the inclusion of GR effects in the different

initial planetary mass configurations. We found that the GR effects

increased (decreased) the number of HJ candidates on retrograde

orbits for the initial equal and random (increasing) mass configura-

tions, while the results associated with the initial decreasing mass

configuration concerning the production of retrograde HJ candidates

were not sensitive to the GR.

We consider that the present investigation have allowed us to

strengthen our knowledge about the dynamics of massive planets

in systems that experience early strong instability events.
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Direct dispersion mechanism
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Figure A1. Three different graphs of evolution of semimajor axis and pericentric distances in systems for which the direct dispersion mechanism was responsible

for producing the HJ candidate based on the classification procedure described in Section 2.3. In panel a) planet 2 is left without companions in the system and

with @ . 0.05 au after the ejection of planet 1 (criterion 1). Previously, planet 1 was hit by planet 3 at 147 years. In panel b) planet 5 has a companion in the

system and with @ . 0.05 au after the ejections of three planets (criterion 2). In panel c) planet 1 reaches a periastron @ . 0.05 au on a time scale ΔC ≈ g0 due

to the multiple close encounters that occurred in the system (criterion 3).

Coplanar mechanism - Case 1
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Figure A2. Dynamic evolution of a system with five planets in an initial planetary configuration of random mass. In the dynamic instability phase, planets 1, 2

and 3 are ejected at 0.025, 0.013 and 0.012 Myr, respectively. In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving

planets, being one of them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of the mutual inclination

8C>C = 84 + 85 involving the two surviving planets (84 and 85 with respect to the invariant plane). Panels c) and d) show the phase diagrams 4 vs Δs and 4 vs l

of the HJ candidate after 0.025 Myr, respectively.
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Coplanar mechanism - Case 2
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Figure A3. Dynamic evolution of a system with three planets in an initial planetary configuration of decreasing mass. In the dynamic instability phase, planet 3

is ejected at approximately 0.06 Myr . In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving planets, being one of

them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of the mutual inclination 8C>C = 81 + 82 involving the

two surviving planets (81 and 82 with respect to the invariant plane). Panels c) and d) show the phase diagrams 4 vs Δs and 4 vs l of the HJ candidate after

0.06 Myr, respectively.

Kozai-Lidov mechanism
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Figure A4. Dynamic evolution of a system with five planets in an initial planetary configuration of random mass. In the dynamic instability phase, planets 1, 2

and 5 are ejected at 0.104, 0.915 and 0.058 Myr, respectively. In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving

planets, being one of them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of its inclinations (with respect

to the invariant plane). Panels c) and d) show the circulation of Δs and the libration of the argument of the periastron l of the HJ candidate around 270◦ after

0.915 Myr, respectively.
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Secular chaos mechanism
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Figure A5. Dynamic evolution of a system with five planets in an initial planetary configuration of equal mass. In the dynamic instability phase, planet 3 and

2 are ejected at 0.080 and 0.175 Myr, respectively. In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving planets,

being one of them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the non-periodic evolution of the inclinations (with respect to

the invariant plane) of the HJ candidate and its closest companion. Panels c) and d) do not show the characteristics of coplanar and Kozai-Lidov mechanisms

after 0.175 Myr, respectively.

E1 mechanism - case 1
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Figure A6. Dynamic evolution of a system with four planets in an initial planetary configuration of increasing mass. In the dynamic instability phase, planets

1 and 2 are ejected at 0.063 and 0.005 Myr, respectively. In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving

planets, being one of them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of its inclinations (with respect

to the invariant plane). For the HJ candidate, the evolution of its inclination includes values higher than 30◦. Panels c) and d) show the phase diagrams 4 vs Δs

and 4 vs l of the HJ candidate after 0.063 Myr, respectively.
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E1 mechanism - case 2
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Figure A7. Dynamic evolution of a system with three planets in an initial planetary configuration of equal mass. In the dynamic instability phase, planet 2 is

ejected at 0.097 Myr. In panel a) we show the evolution of the semimajor axis and pericentric distances for the surviving planets, being one of them the HJ

candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of its inclinations (with respect to the invariant plane). For the HJ

candidate, the evolution of its inclination includes values higher than 30◦. Panels c) and d) show the phase diagrams 4 vs Δs and 4 vs l of the HJ candidate

after 0.097 Myr, respectively.

E2 mechanism
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Figure A8. Dynamic evolution of a system with five planets in an initial planetary configuration of decreasing mass. In the dynamic instability phase, planets

3, 4 and 5 are ejected at 0.182, 0.082 and 0.440 Myr, respectively. In panel a) we show the evolution of the semimajor axis and pericentric distances for the

surviving planets, being one of them the HJ candidate. The horizontal dashed line is located at 0.05 au. In panel b) the periodic evolution of its inclinations (with

respect to the invariant plane). Panels c) and d) show the phase diagrams 4 vs Δs and 4 vs l of the HJ candidate after 0.440 Myr, respectively.
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