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A B S T R A C T 

The existence of giant planets on wide orbits ( > ∼ 100 au) challenge planet formation theories; the core accretion scenario has 
difficulty in forming them, whereas the disc instability model forms an o v erabundance of them that is not seen observations. We 
perform N -body simulations investigating the effect of close stellar encounters ( ≤1200 au) on systems hosting wide-orbit giant 
planets and the extent at which such interactions may disrupt the initial wide-orbit planet population. We find that the effect 
of an interaction on the orbit of a planet is stronger for high-mass, low-velocity perturbers, as expected. We find that due to 

just a single encounter there is a ∼ 17 per cent chance that the wide-orbit giant planet is liberated in the field, a ∼ 10 per cent 
chance it is scattered significantly outwards, and a ∼ 6 per cent chance it is significantly scattered inwards. Moreo v er, there is a 
∼ 21 per cent chance that its eccentricity is excited to e > 0.1, making it more prone to disruption in subsequent encounters. The 
results strongly suggest that the effect of even a single stellar encounter is significant in disrupting the primordial wide-orbit giant 
planet population; in reality the effect will be even more prominent, as in a young star-forming region more such interactions 
are expected to occur. We conclude that the low occurrence rate of wide-orbit planets revealed by observational surv e ys does 
not exclude the possibility that such planetary systems are initially abundant, and therefore the disc–instability model may be a 
plausible scenario for their formation. 

Key words: planets and satellites: dynamical evolution and stability – planets and satellites: formation – planets and satellites: 
gaseous planets – planets and satellites: physical evolution – planet–star interactions. 
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 I N T RO D U C T I O N  

he properties of exoplanetary systems are diverse and quite different
ith those of our own Solar system. We must look to the architecture
f other planetary systems to better understand the mechanisms by
hich our own Solar system formed. Whilst the majority of known
 xoplanets are observ ed at small separations from their host, several
iant e xoplanets hav e been confirmed on wide orbits (Marois et al.
008 , 2010 ; Bailey et al. 2013 ; Chauvin et al. 2017 ; Bohn et al.
020 ; F ontaniv e et al. 2020 ; Gaidos et al. 2021 ; Janson et al. 2021 ;
hang et al. 2021 ). Direct imaging surv e ys show that only a small
ercentage of stars host gas giant planet on wide orbits; up to a
aximum of ∼ 10 per cent of stars, with a small dependence on the

tellar host mass (Brandt et al. 2014 ; Bowler et al. 2015 ; Bowler 2016 ;
alicher et al. 2016 ; Lannier et al. 2016 ; Reggiani et al. 2016 ; Vigan

t al. 2017 ; Baron et al. 2018 ; Stone et al. 2018 ; Nielsen et al. 2019 ;
agner, Apai & Kratter 2019 ) (see re vie w by Bo wler & Nielsen

018 ). The most recent surv e y from Vigan et al. ( 2021 ) has found
hat the frequencies of stars with at least one massive substellar
ompanion (1 −75 M J ) at distance from 5 to 300 au is 23 . 0 + 13 . 5 

−9 . 7 ,
 . 8 + 4 . 7 

−2 . 8 , and 12 . 6 + 12 . 9 
−7 , 1 , for BA, FGK, and M stars, respectively. The

xistence of gas giants on such wide orbits challenges current planet
ormation theories. 

There are two primary theories for planet formation: (i) core
ccretion and (ii) disc fragmentation due to gravitational instabilities.
 E-mail: ecarter6@uclan.ac.uk (EJC); dstamatellos@uclan.ac.uk (DS) 
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Pub
ore accretion proposes that a core of rock or ice forms by pebble
r planetesimal accretion fast enough that it can accrue gas rapidly
orming a large, heavy element-rich, gaseous planet after reaching
 critical core mass (Pollack et al. 1996 ; Lambrechts & Johansen
012 ). The core accretion mechanism is thought to form giant planets
ptimally in the 5 –10 au region around a 1 M � star (Helled et al.
014 ), and struggles to explain the existence of giant planets at
istances greater than 20 au. The model requires a few million
ears to form gas giants, a time-scale likely longer than the lifetime
f protoplanetary discs (Hern ́andez et al. 2008 ). As a result, the
ormation of gas giants on wide-orbits, especially those around M
warfs (e.g. Morales et al. 2019 ) poses an issue for the core accretion
ormation theory. 

The disc instability theory is capable of explaining the formation of
iant planets on wide orbits (Stamatellos & Whitworth 2009a ; Helled
t al. 2014 ; Mercer & Stamatellos 2020 ). This model describes the
oncept that massive protoplanetary discs may fragment to form
lanets due to gravitational instability as a result of their self-
ravity (Kuiper 1951 ; Cameron 1978 ; Boss 1997 ). There are two
rerequisites for fragments to form via disc instability: (i) the disc
ust be massive enough for gravity to dominate o v er thermal and

entrifugal support (Toomre 1964 ) and (ii) the disc must cool fast
nough (on a dynamical time-scale; Gammie 2001 ; Rice, Lodato &
rmitage 2005 ). In this scenario, fragments form in the outer
isc region where the two criteria are satisfied at the same time
 ≥ 50 − 100 au) (Stamatellos, Hubber & Whitworth 2007 ; Boley
009 ; Stamatellos & Whitworth 2009a , b ). Disc fragmentation is
xpected to happen when the disc is young and therefore relatively
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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assive compared to the host star with a disc-to-mass ratio (e.g. 
adman et al. 2020 ; Mercer & Stamatellos 2020 ), with the exact
utcome depending on the specific disc properties, such as metallicity 
emperature and size (Meru & Bate 2010 ). Ho we ver, observ ations
how that the most common outcome of disc instabilities, i.e. massive 
as giants on wide orbits are not very common (e.g. Vigan et al.
021 ; Rice 2022 ). Based on this, Rice et al. ( 2015 ) argue that
isc fragmentation rarely forms planetary-mass objects, whereas 
ayakshin ( 2017 ) argues that an initial abundant population of such
lanets ef fecti vely disappears due to inward migration, mass growth 
r tidal disruption. 
Planetary systems typically form in clusters or open associations 

s opposed to in isolation and are susceptible to the influence 
f surrounding stars (Lada & Lada 2003 ). Planets in a cluster
nvironment may have their orbits altered by dynamical encounters 
uch as close stellar flybys (Thies et al. 2011 ; Parker & Quanz
012 ; Perets & Kouwenho v en 2012 ; Hao, Kouwenho v en & Spurzem
013 ; Zheng, Kouwenho v en & Wang 2015 ; Flammini Dotti et al.
019 ; Jim ́enez-Torres 2020 ; Parker 2020 ). The orbits of wide-orbit
iant planets may be hardened, i.e. planets are scattered inwards, 
ontributing to the observed hot Jupiter population (Wang et al. 2022 ;
i et al. 2023 ), or strong gravitational perturbations may soften the
rbit leading to an eventual ejection of the planet from its host star,
ontributing to the population of free-floating planets (e.g. Hurley & 

hara 2002 ; Miret-Roig et al. 2022 ). A planet that has been ejected
rom its host star may be captured by a new star (e.g. Perets &
ouwenho v en 2012 ; Wang et al. 2015 ; Cai et al. 2019 ; Fujii & Hori
019 ), or directly exchanged between stars as they pass each other
Mustill, Raymond & Davies 2016 ; Wang, Perna & Leigh 2020a , b ;
af fern-Po well, Parker & Quanz 2022 ). 
Dynamical interactions between stars and their planetary compan- 

ons within young stellar clusters have been a focus of investigation 
s a prominent mechanism for the shaping of planetary systems 
s we observe them today. Pfalzner et al. ( 2018 ) proposed that
ynamical interactions with a passing star may have shaped the 
oung solar system, and suggested that a close stellar flyby could 
ecreate the prominent characteristics of our solar system as observed 
oday . Recently , Miret-Roig et al. ( 2022 ) disco v ered of 70 −170 free-
oating planets in the region encompassing Upper Scorpius and 
phiuchus, a population higher than expected from the turbulent 

ragmentation theory. They suggest that ejections due to dynamical 
nstabilities in planetary systems hosting giant planets must be 
requent in the first 10 Myr of the system’s life. 

In this paper, we perform N -body simulations of planetary systems
erturbed by passing stars (as expected in a cluster environment) to 
etermine the significance of close stellar encounters in shaping the 
bserved population of wide orbit planets and in contributing to the 
opulation of free-floating planets. More specifically, we examine the 
ynamics of a wide-orbit Jupiter-mass planet placed on an initially 
ircular orbit around a host star as the planet–star system is perturbed
y a passing star. Our goal is to explore how a single interaction
ay alter the architecture of the system. The main question that we
ill try to answer is whether the significant initial wide orbit planet
opulation that is predicted by the disc fragmentation theory is able 
o survive long term within a cluster environment. 

In Section 2 , we describe the details of the computational method
hat we use, and in Section 3 the initial set-up of the planetary system
nd the free parameters of our study. In Section 4 , we present our
esults regarding the dynamical stability of wide orbit Jupiters and, 
nd in Section 5 , we discuss how these depend on the host mass,
nd the perturber mass, velocity, impact parameter and direction of 
pproach. Finally, in Section 6 we place our results within the context
f planet formation theories. 

 C O M P U TAT I O NA L  M E T H O D S  

e simulate the dynamical evolution of a planetary system with a
iant planet on a wide orbit as this is perturbed by a passing star
sing an N -body code (Hubber & Whitworth 2005 ; Hubber et al.
011 ), which utilises a fourth-order Hermite integration scheme. 
In a Hermite time-step scheme, body i has a position x i and a

elocity v i at time t i . The N -body code adopts a global time-step � t i ,
o that 

t i = γ

√ √ √ √ 

| a i || ̈a i | + | ̇a 2 i | 
| ̇a i || ... a i | + | ̈a 2 i | 

, (1) 

here ȧ i , ä i and 
... 
a i are the first, second, and third-order time 

eri v ati ves of acceleration obtained from the previous time-step. γ
s an accuracy factor of order ∼0.0001. The acceleration a i on each
ody due to the gravity from all other bodies in the simulation is
alculated using 

 

n 
i = G 

N ∑ 

j= 1 

r ij 
| r 3 ij | 

, (2) 

here 

r ij = r i − r j , (3) 

 ij = v i − v j , (4) 

nd G is the gravitational constant. The first-order time deri v ati ve of
cceleration (often referred to as jerk) is given by 

 ̇

n 
i = G 

N ∑ 

j= 1 

m j 

v ij 

| r 3 ij | 
+ 

3( r ij · v ij ) r ij 
| r 5 ij | 

. (5) 

he values for the positions and velocities of body i are predicted at
he end of the time-step: 

r n + 1 
i = r n + 1 

i + v n i �t + 

1 

2 
a n i �t 2 + 

1 

6 
ȧ n i �t 3 , (6) 

 

n + 1 
i = v n + 1 

i + a n i �t + 

1 

2 
ȧ n i �t 2 . (7) 

he acceleration and jerk are once again calculated using ( 2 ) and
 5 ), respecti vely, using the ne w positions and velocities. The second-
nd third-order time deri v ati ves are then calculated at the start of the
ime-step: 

 ̈

n 
i = 

2[ −3( a n i − a n + 1 
i ) − (2 ȧ n i + a n + 1 

i ) �t] 

�t 2 
, (8) 

... 
 

n 
i = 

6[2( a n i − a n + 1 
i ) + ( ȧ n i + a n + 1 

i ) �t] 

�t 3 
. (9) 

he higher order terms are used to correct the position and velocity
f the body, i.e. 

r n + 1 
i = r n i + 

1 

24 
ä n i �t 4 + 

1 

120 

... 
a n i �t 5 , (10) 

 

n + 1 
i = v n i + 

1 

6 
ä n i �t 3 + 

1 

24 

... 
a n i �t 4 . (11) 
MNRAS 525, 1912–1921 (2023) 
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Figure 1. Diagram of the planet initially on a wide, circular orbit around its 
host. The path of the perturbing star (for a prograde approach), its velocity, 
v per , and impact parameter, b , are shown. 
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Table 1. Parameter space of initial conditions of the planetary system (see 
text for definition of the parameters). 

Parameter Values 

M ∗ 0 . 2 , 1 , 1 . 5 M �
M p 1 M J 

a p 100 AU 

f 0 ≤ f < 2 π
e 0 
b 200 , 400 , 800 , 1200AU 

M per 0 . 1 , 1 M �
v per ( v y ) 1 , 3 km s −1 

Perturber approach direction prograde, retrograde 
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 INITIAL  C O N D I T I O N S  

e consider a star with mass M ∗ = 1 M � hosting a planet with
ass M p = 1 M J , on a wide, circular ( e = 0), Keplerian orbit with

emimajor axis a p = 100 au. The planet is given a random true
nomaly f , where 0 ≤ f < 2 π , assuming a uniform distribution. We
lace a perturbing star with mass M per at x = b , y = ±10 , 000 au
elative to the centre of the mass of the star–planet system (see Fig. 1 ),
here b is the impact parameter of the perturber. The perturbing star

s given a velocity v per that is initially parallel to the y-axis towards
he star–planet system (the y -component of the perturber velocity
s positive for a perturber at y = −10 000 au and ne gativ e for a
erturber at y = 10 000 au). The initial velocities of 1 and 3 kms −1 

f the perturbing star are informed from the distribution of velocities
or close stellar encounters as seen in clusters (F ̋ur ́esz et al. 2008 ;
ochau et al. 2010 ). These are comparable to the velocity dispersions

or young clusters such as the Orion Nebula Cluster and NGC3603,
hich have typical densities of the order 10 3 − 10 4 stars pc −3 (e.g.
an Altena et al. 1988 ; Hillenbrand & Hartmann 1998 ; Proszkow &
dams 2009 ). For a cluster of uniform density with a velocity
ispersion σv = 4 kms −1 and a stellar density of 10 4 stars pc −3 ,
inter et al. ( 2018 ) find that all stars have at least one encounter
ithin 1000 au in the first 3 Myr of their lives. That means that every

tar is expected to experience at least one encounter like the ones we
imulate here (i.e. within our upper limit of 1000 au for the perturber
mpact parameter). Bressert et al. ( 2010 ) find that < 26 per cent of
oung Stellar Objects are formed in environments where they are

ikely to interact with neighbouring stars. 
We note that the distance of closest approach between the perturber

nd the host star is smaller than the impact parameter of the perturber,
s its path is bent towards the host star due to the gravitational
nteraction with the star–planet system. 

We simulate the evolution of the planetary system as it interacts
ith the perturbing star for 250 kyr, varying the host mass and the
erturber mass, initial y -component of velocity, direction of approach
nd impact parameter (see Table 1 for the parameter space explored).
e perform 100 simulations for each combination of free parameters,
NRAS 525, 1912–1921 (2023) 
hoosing a random true anomaly each time, i.e. a total of 9600
imulations. We investigate the ejection rate and the orbital properties
f the planets that remain bound to their host star post-encounter. 

 T H E  DY NA MIC A L  STABILITY  O F  PLANETS  

N  W I D E  ORBI TS  

nitially, the giant planet is stable on a wide orbit ( a p = 100 au). The
erturbing star interacts gravitationally with the planet–host system
s it passes; in most cases, the orbit of the planet is perturbed,
ltering its eccentricity and semimajor axis. In some cases, the
lanet is scattered inwards towards the host star, whilst others are
cattered outwards to much wider orbits. Some planets experience
 strong enough interaction with the passing star that they are
ravitationally liberated from their host, becoming free-floating
lanets. The perturbing star also interacts gravitationally with the
ost star, altering its path from a linear flyby to a parabolic flyby. 
The results of the simulations for different encounter parameters

re summarized in Tables 2 and 3 . We extract four key statistics
ost-encounter to consider the effects of the perturbing star on the
lanetary system: (i) planet ejection rate, (ii) percentage of planets
hat scattered inwards, (iii) percentage of planets that scattered
utwards, and (iv) percentage of planets with excited eccentricities
 e f > 0.1). We find that most ejections occur within the first 50 kyr
see Fig. 2 ). 

.1 Planet ejection 

 planet has been ejected (i.e. has become a free-floating planet)
hen the planet-host pair have a binding energy E b > 0 post-

ncounter. The binding energy is calculated using 

 b = 

μv 2 

2 
− GM ∗M p 

r 
, (12) 

here 

= 

M ∗M p 

M ∗ + M p 
, (13) 

 is the velocity of the planet relative to the host star, and r is its
istance from it. We find that across the total population of simulated
ide-orbit planets, close encounters with stars incite an ejection in ∼
8 per cent of cases. There is a significant decrease in ejection rate for
 0 . 1 M � flyby with an impact parameter b ≥ 800 au. Moreo v er, the
nteraction between the perturbing star and planet is not significant
nough to unbind the planet from its host star for encounters with
n impact parameter b ≥ 1200 au. We find that the ejection rate is
ndependent of the host mass (see Table 2 ; we observe no ejections
or planets orbiting 0 . 1 M � and 1 M � hosts, and an ejection rate of
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Table 2. Ejection rate, planet scattering pattern, and planets with final eccentricities e f > 0.1 across 9600 simulations. M ∗ is the mass of the host 
star, M per is the mass of the perturber star, b is its impact parameter, v per is its initial velocity (along the y -axis), b min is the closest approach of the 
perturber to the star–planet system. ‘Inwards’ and ‘Outwards’ describe the percentage of planets that experience significant inwards and outwards 
scattering, respectively. Statistical errors are also quoted. Note that the percentages in the last three columns are calculated excluding the ejected 
planets. 

M ∗ M per ( M �) b (au) v per (kms −1 ) b min (au) Ejection rate (per cent) Inwards (per cent) Outwards (per cent) e f > 0.1 

0.2 0.1 200 1 68 59 ± 5 16 ± 3 15 ± 3 41 ± 4 
0.2 1.0 200 1 25 95 ± 7 0 5 ± 2 5 ± 5 
0.2 0.1 200 3 173 0 0 13 ± 3 35 ± 4 
0.2 1.0 200 3 119 42 ± 5 11 ± 2 44 ± 5 59 ± 6 
0.2 0.1 400 1 216 0 0 0 0 
0.2 1.0 400 1 74 60 ± 6 0 41 ± 5 41 ± 5 
0.2 0.1 400 3 373 0 0 0 0 
0.2 1.0 400 3 303 0 0 7 ± 2 43 ± 5 
0.2 0.1 800 1 587 0 0 0 0 
0.2 1.0 800 1 273 0 0 12 ± 2 63 ± 6 
0.2 0.1 800 3 773 0 0 0 0 
0.2 1.0 800 3 697 0 0 0 0 
0.2 0.1 1200 1 983 0 0 0 0 
0.2 1.0 1200 1 560 0 0 0 0 
0.2 0.1 1200 3 1174 0 0 0 0 
0.2 1.0 1200 3 1099 0 0 0 0 

1.0 0.1 200 1 23 18 ± 3 35 ± 4 42 ± 5 76 ± 6 
1.0 1.0 200 1 12 76 ± 6 3 ± 1 19 ± 3 22 ± 3 
1.0 0.1 200 3 119 5 ± 2 22 ± 3 27 ± 4 56 ± 5 
1.0 1.0 200 3 84 70 ± 6 12 ± 2 14 ± 3 30 ± 4 
1.0 0.1 400 1 79 17 ± 3 24 ± 3 46 ± 5 67 ± 6 
1.0 1.0 400 1 45 62 ± 6 12 ± 2 26 ± 4 38 ± 4 
1.0 0.1 400 3 308 0 0 0 0 
1.0 1.0 400 3 251 10 ± 2 19 ± 3 16 ± 3 44 ± 5 
1.0 0.1 800 1 292 0 0 0 0 
1.0 1.0 800 1 175 25 ± 4 21 ± 3 25 ± 4 65 ± 6 
1.0 0.1 800 3 705 0 0 0 0 
1.0 1.0 800 3 636 0 0 0 0 
1.0 0.1 1200 1 592 0 0 0 0 
1.0 1.0 1200 1 379 0 0 0 22 ± 3 
1.0 0.1 1200 3 1107 0 0 0 0 
1.0 1.0 1200 3 1036 0 0 0 0 

1.5 0.1 200 1 45 8 ± 2 39 ± 4 42 ± 5 76 ± 6 
1.5 1.0 200 1 65 63 ± 6 9 ± 2 23 ± 3 35 ± 4 
1.5 0.1 200 3 98 21 ± 3 17 ± 3 33 ± 4 42 ± 5 
1.5 1.0 200 3 72 56 ± 5 19 ± 3 21 ± 3 45 ± 5 
1.5 0.1 400 1 71 10 ± 2 32 ± 4 40 ± 4 76 ± 6 
1.5 1.0 400 1 50 63 ± 6 12 ± 2 18 ± 3 37 ± 4 
1.5 0.1 400 3 276 0 0 0 0 
1.5 1.0 400 3 228 11 ± 2 12 ± 2 23 ± 3 49 ± 5 
1.5 0.1 800 1 214 0 0 0 10 ± 2 
1.5 1.0 800 1 142 0 13 ± 3 31 ± 4 62 ± 6 
1.5 0.1 800 3 666 0 0 0 0 
1.5 1.0 800 3 601 0 0 0 0 
1.5 0.1 1200 1 455 0 0 0 0 
1.5 1.0 1200 1 313 0 4 ± 1 0 50 ± 5 
1.5 0.1 1200 3 1067 0 0 0 0 
1.5 1.0 1200 3 999 0 0 0 0 

∼  

i  

o  

a  

a  

i  

w  

t
f
p  

2  

p
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4 per cent for 1 . 5 M � hosts), but closely related to the maximum
mpact parameter that can incite a significant perturbation of the orbit
f a long-period giant planet. A higher host mass directly correlates to
 stronger dynamical interaction with the passing star, altering its path
nd leading to an encounter up to ∼ 75 per cent closer than the initial
mpact parameter (see Table 2 ). A lower mass host interacts more
eakly with the perturbing star but has a weaker gravitational pull to
he planet, leaving the planet more prone to significant perturbations 
rom close-in encounters. Therefore, the statistics of observed giant 
lanets around different mass stars (Galicher et al. 2016 ; Vigan et al.
017 , 2021 ) are not expected to be skewed due to interactions from
assing stars. 
MNRAS 525, 1912–1921 (2023) 
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Table 3. Overview of properties of wide-orbit planets. E b is the binding 
energy of the star–planet system, a p,f is the final semimajor axis of the planet, 
and e f is its final eccentricity. Note that percentages of bound planets (denoted 
by a ∗ superscript) are calculated excluding ejected planets. 

M ∗ Parameter Criteria 
Percentage of 

population 

0.2 Bound E b < 0 84 ± 2 
0.2 Unbound E b > 0 16 ± 1 
0.2 Perturbed ∗ | �E b | > 

5 per cent 
12 ± 1 

0.2 Inwards ∗ a p , f < 95 au 2 ± 1 
0.2 Outwards ∗ a p , f > 105 au 8 ± 1 
0.2 Eccentric ∗ e f > 0.1 18 ± 1 

1.0 Bound E b < 0 82 ± 2 
1.0 Unbound E b > 0 18 ± 1 
1.0 Perturbed ∗ | �E b | > 

5 per cent 
27 ± 1 

1.0 Inwards ∗ a p,f < 95 au 9 ± 1 
1.0 Outwards ∗ a p , f > 105 au 13 ± 1 
1.0 Eccentric ∗ e f > 0.1 26 ± 1 

1.5 Bound E b < 0 84 ± 1 
1.5 Unbound E b > 0 16 ± 1 
1.5 Perturbed ∗ | �E b | > 

5 per cent 
29 ± 1 

1.5 Inwards ∗ a p , f < 95 au 10 ± 1 
1.5 Outwards ∗ a p , f > 105 au 14 ± 1 
1.5 Eccentric ∗ e f > 0.1 30 ± 1 

Figure 2. Percentage of planetary systems in which the wide-orbit planet 
remains bound to to the host star with respect to time. The statistical error for 
each point is ±2 per cent. There are no ejections after ∼50 kyr. 
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Figure 3. Distribution of semimajor axes post-encounter for bound planets 
of semimajor axis ≥±5 au from the initial semimajor axis (100 au). The 
errors are of the order of ±1–2 per cent. 

Figure 4. Distribution of eccentricities of all planets still bound post 
encounter orbiting host stars of mass 0 . 2 , 1, and 1 . 5 M �. 

a  

o  

t  

p

4

4

A  

s  

f  

o  

c  

a  

l  

a
 

t  

fi  

e  

p  

o  

p
e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/2/1912/7234348 by U
niversity of C

entral Lancashire user on 30 August 2023
.2 Inwards/outwards scattering of wide-orbit planets 

n cases where the planet is not ejected, the orbit of the planet may still
e perturbed post-encounter. We consider that the orbit of a planet
s perturbed when its semimajor axis changes by �a p ≥ 5au, while
lso remaining bound to their host ( E b < 0). Therefore, interactions
ith a �a p < 5 au are considered not to constitute a significant

hange in the architecture of the star–planet system. We find that
ncounters with slo w ( v per = 1kms −1 ), massi ve ( M per = 1 M �) stars
ignificantly perturb the orbit of wide-orbit giants even with impact
arameter ≥ 800 AU where gravitational interactions between the
lanet and the perturbing star are too weak to unbind the planet from
ts orbit around its host star (see Table 2 ). Wide-orbit planets that
ave had their orbits significantly perturbed may be less stable, and
NRAS 525, 1912–1921 (2023) 
s a result could be prone to ejection by subsequent interactions. We
bserve a similar distribution across different host masses for both
he distribution of semimajor axes and eccentricities of the planet
ost-encounter (see Figs 3 and 4 ). 

.3 The effect of the host star mass 

.3.1 Flybys around a 1 M � host star 

cross the entire parameter space for the properties of the perturbing
tar, ∼ 78 per cent of the bound planets orbiting a 1 M � host are
ound to remain within ±5 au of their initial semimajor axis, i.e. their
rbits are not significantly perturbed (see Table 3 ). This unperturbed
ase is predominant in encounters with a M per = 0 . 1 M � perturber,
nd encounters with an impact parameter b ≥ 800 au. Fig. 3 (green
ine) shows the distribution of bound planets with perturbed orbits
nd semimajor axes within 0 − 200 AU. 

In Fig. 4 , we plot the distribution of the final eccentricities of
he planets (green line corresponds to the 1 M � host star case). This
gures shows that close encounters may leave wide-orbit planets with
xcited eccentricities. Across 3200 simulated encounters with a giant
lanet orbiting a 1 M � host, ∼ 26 per cent wide-orbit giants were
bserved with eccentricities e ≥ 0.1 post-encounter. Of the eccentric
opulation, ∼ 53 per cent of planets have low eccentricities (0.1 ≤
 < 0.4). ∼ 32 per cent have higher eccentricities 0.4 ≤ e < 0.8,
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Figure 5. Distribution of velocities of the unbound population of planets 
formed as a result of ejections due to simulated encounters. The errors are of 
the order of ±1–2 per cent. 
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ith the remaining ∼ 15 per cent having extreme eccentricities 0.8 
e < 1. We find that it is possible for the eccentricity of the planet’s

rbit to increase whilst its semimajor axis remains almost unaffected 
see Table 3 ). This behaviour has also been observed by Parker &
uanz ( 2012 ). Planets on eccentric orbits may be less stable, and
ighly eccentric planets on wide-orbits could be particularly prone 
o ejection as a result of further perturbation through factors such 
s subsequent flybys or, in the case of multiplanet systems, planet–
lanet scattering (Veras & Raymond 2012 ; Li et al. 2015 , 2016 ). 

We present the distribution of velocities for giant planets ejected 
rom their system post-encounter in Fig. 5 . We find typical ejection
elocities of a few km s −1 in agreement with previous works
Parker & Quanz 2012 ). 

.3.2 Flybys around a 0.2 M � star 

e find that, across 3200 simulations, ∼ 16 per cent of giant planets 
rbiting a 0 . 2 M � host are ejected from their system due to strong
ravitational interactions with a perturbing star. The results of the 
imulations for encounters with a 0 . 2 M � host star are summarized
n Table 3 . 

We find ∼ 90 per cent of giant planets orbiting a 0 . 2 M � host star
ost-encounter remain within ±5 au of their initial semimajor axis. 
he proportion of planets perturbed due to a perturbing star are lower
hen compared to planets orbiting higher mass stars. Encounters 
ith a flyby with impact parameter ≤ 400 au and velocity v per =
 kms −1 scatter the planet most significantly; most of the planets are
cattered outwards and excited to a more eccentric orbit ( e ≥ 0.1)
see Table 2 ). Fewer planets orbiting 0 . 2 M � experience inwards
cattering compared to giant planets orbiting higher mass hosts (see 
ig. 3 ). We find that it is more common for wide-orbit giant planets
rbiting low-mass stars to get scattered outwards post-encounter with 
 perturbing star than wide-orbit giants orbiting more massive hosts. 
∼ 18 per cent of planets orbiting a 0 . 2 M � host star are excited

o an orbit with eccentricity e ≥ 0.1. We find a similar distribution
f eccentricities for the planets still bound to a 0 . 2 M � host post
ncounter with a perturbing star compared to planets orbiting higher 
ass hosts (see Fig. 4 ). Of the planets with eccentricity e ≥ 0.1 post-

ncounter, ∼ 66 per cent are found to have an orbital eccentricity of 
.1 ≤ e ≤ 0.4. We find ∼ 21 per cent of the eccentric population 
rbiting a 0 . 2 M � host with eccentricity 0.4 ≤ e ≤ 0.8, and the
emaining ∼ 13 per cent on highly eccentric orbits ( e ≥ 0.8). 
Planets ejected from their orbit around 0 . 2 M � are found to be
jected with a narrower distribution of ejection velocities than those 
round a 1 M � star; ∼ 87 per cent of the ejected planets have
elocities ≤ 5 kms −1 . 

.3.3 Flybys around a 1.5 M � star 

e find that, across 3200 simulations, ∼ 16 per cent of giant planets 
rbiting a 1 . 5 M � host are liberated from their orbit due to strong
ravitational interactions with a perturbing star. The results of the 
imulations for encounters with a 1 . 5 M � host star are summarized
n Table 3 . 

We find ∼ 78 per cent of giant planets orbiting a 1 . 5 M � host to
e within ±5 au of their initial semimajor axis after the interaction,
imilar to the proportion of planets orbiting a 1 M � host. We find
lanets orbiting a 1 . 5 M � host star to be most affected by interactions
ith perturbing stars of mass M per = 1 M �, with velocity v per =
 kms −1 . 
We expect a greater proportion of 1 . 5 M � stars to host giant planets

n extremely eccentric orbits in comparison to giant planets orbiting 
ower mass hosts. Of the ∼ 30 per cent planets found on eccentric 
 e ≥ 0.1) orbits post-encounter, ∼ 58 per cent are found on orbits 
ith eccentricities 0.1 ≤ e ≤ 0.4. ∼ 28 per cent of the population 

re found on orbits with eccentricity 0.4 ≤ e ≤ 0.8; the remaining
14 per cent of planets bound to a 1 . 5 M � host are found on orbits

ith extreme eccentricities ( e ≥ 0.8). 
We find that the distribution of velocities for giant planets liberated

 . 5 M � hosts are quite similar to those liberated from a 1 M � star
see Fig. 5 ). 

 DI SCUSSI ON  

e present plots showing the distribution of the semi-major axes 
f the planets post-encounter with respect to eccentricity, colour- 
apped with respect to each component of the parameter space for

he perturbing star (see Figs 6 –8 ). The graph shows similarities to
hat is seen by Parker & Quanz ( 2012 ), who simulate the dynamical

volution of a 1 M J planet with semimajor axis 5 and 30 au in
oung sub structured star clusters. There is a significant population 
f perturbed planets that show increased eccentricity, with a subset 
f them scattered inwards or outwards. We observe a more extended
istribution of eccentricities as the semimajor axis of the planet 
iverges from its initial semimajor axis prior to the encounter; this is
ue to the weaker binding energies between the planet and its host
tar as we simulate a planet on a significantly wider-orbit than in
arker & Quanz ( 2012 ). Further, we observe that a small number
f planets may remain bound on extremely eccentric, ultra-wide 
 a p ≥ 1000 AU) orbits. Such wide-orbit planets may correspond 
o ultra-wide cold-Jupiters observed with the COCONUTS surv e y 
Zhang et al. 2021 ). The distribution of semimajor axes appear to be
ore extended with an increasing flyby mass and decreasing initial 

elocity and impact parameter. In the following sections, we discuss 
he effect of each of the parameters varied in our runs. 

.1 The role of the impact parameter 

e find that the extent of scattering a planet experiences depends
eavily on the impact parameter (see Fig. 6 ). The smaller the impact
arameter, the generally wider the separation between the planet 
nd its host post encounter, given that the planet remains bound.
ig. 6 shows little correlation between eccentricity and the impact 
MNRAS 525, 1912–1921 (2023) 
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M

Figure 6. Eccentricity against semimajor axis of the bound population post- 
encounter, colour-mapped according to the impact parameter of the perturbing 
star. Each plot corresponds to the fate of planets orbiting host stars of mass 
(a) 0 . 2 M �, (b) 1 M �, and (c) 1 . 5 M �. 
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Figure 7. Eccentricity against semimajor axis of the bound population post- 
encounter, colour-mapped according to the mass of the perturbing star. Each 
plot corresponds to the fate of planets orbiting host stars of mass (a) 0 . 2 M �, 
(b) 1 M �, and (c) 1 . 5 M �. 
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arameter of the flyby. For b = 200 , 400 , 800 au, the distribution
s similar with a population of planets still bound with extreme
ccentricities. The planet orbits have not been significantly altered
or perturbers passing outside b = 1200 au, placing an upper limit
or the impact parameter capable of causing significant gravitational
erturbations. 

.2 The role of the perturber mass 

e find that encounters with perturbing stars of mass M per = 1 M �
catter giant planets outwards more frequently than perturbing stars
ith mass M per = 0 . 1 M � (see Fig. 7 ). Significant interactions
NRAS 525, 1912–1921 (2023) 
ccur more frequently between a wide-orbit giant planet and a
 per = 1 M � perturbing star than with a star of lower mass. This

s particularly evident with slow, close-in flybys where interactions
etween the perturbing star and the planet are the strongest (see
able 2 ). Further, we observe that more massive perturbing stars
ause a significantly greater number of ejections. For an encounter
etween planetary system with host mass M ∗ = 0 . 2 M � and a
erturbing star with v per = 1 kms −1 , b per = 200 au, we find that

59 per cent of planets are ejected due to an encounter with a
 . 1 M � perturbing star compared to ∼ 95 per cent of planets ejected
ue to an encounter with a 1 M � perturbing star (see Table 2 ). 
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.3 The role of the perturber velocity 

ig. 8 shows a similar distribution of planets for both perturbing stars
f velocity v per = 1 kms −1 and v per = 3 kms −1 . We observe a higher
requency of ejections as a result of encounters with perturbing stars
oving at lower velocities (see Table 2 ). Encounters with a slower
oving perturbing star allow for gravitational interaction between 

he planet and a perturbing star o v er a longer period of time, leading
o more interactions sufficiently strong to incite an ejection. 

.4 Host mass 

e observe a similar distribution of semimajor axes and eccentricities 
f planets that remain bound post-encounter independent of the mass 
f host star. We find that the distribution of planets orbiting a low-
ass ( M ∗ = 0 . 1 M �) host star post-encounter present a narrower

tructure when compared to that of encounters involving a 1 M �
ost star (see Figs 6 –8 ). Giant planets orbiting low-mass hosts are
ignificantly more susceptible to ejections by close ( b = 200 au),
ow-velocity encounters with a rapid reduction in ejection rate with 
ncreasing impact parameter. This is likely due to a low-mass star
nteracting more weakly with the perturbing star. Despite the planet 
aving a weaker gravitational bond to its host, the path of perturbing
tar is left unperturbed leading to an o v erall weaker dynamical
nteraction with the planet. Therefore, we find similar ejection rates 
or giant planets orbiting hosts of different mass (see Table 2 ).

oreo v er, we find a greater proportion of 1 . 5 M � stars to host giant
lanets on extremely eccentric orbits in comparison to giant planets 
rbiting lower mass hosts (see Fig. 6 a compared to Fig. 6 b). 

 C O N C L U S I O N S  

e have performed N -body simulations investigating the significance 
f close stellar flybys as a mechanism for perturbing young planetary 
ystems hosting giant planets on wide orbits. We considered stars of
ass M ∗ = 0 . 2 , 1 , 1 . 5 M � hosting a 1 M J planet on a wide, circular

rbit at a = 100 au. A perturbing star passes by the star-planet system
ith a varying impact parameter and initial v elocity, relativ e to the

entre of the mass of the star-planet binary. We considered a total of
6 unique combinations of mass, impact parameter and velocity for 
he perturbing star on both prograde and retrograde approaches. We 
ynamically evolved 100 realizations per combination of parameters 
 v er a timescale of 250 kyr, leading to a total of 9600 simulated
ybys. Of course, the parameter space investigated is only a small
art for the variety of interactions that may happen in a cluster but
he results are indicative of the general trends to be expected. The

ain results of our study are the following: 

(i) The fraction of wide-orbit giant planets liberated from their 
ost star as a result of dynamical interactions with a passing star
s independent of the mass of the host star. Planets orbiting lower

ass stars are more weakly gravitationally bound to their host, and 
ence more prone to strong interactions with a close-in perturbing 
tar causing them to be liberated from their host star. Ho we ver,
nteractions between the host star and the flyby also play a key role;
ynamical interactions between the host and the flyby can reduce 
he closest approach of the flyby, leading to stronger interactions 
ith the planet o v er a wider range of impact parameters. This is
ore prominent in simulations with a 1 or 1 . 5 M � host, where the

rbital properties of the planet are still perturbed by flybys with 
reater impact parameter than the cut-off of ∼ 800 au observed for
ncounters with a 0 . 2 M � host. As a result of the abo v e competing
nfluences, the ejection rates of wide orbit planets due to passing
tars are similar for planets both around low-mass and high-mass 
tars. Therefore, we do not expect a dependence of the observed
ccurrence rates of wide orbit planets on the mass of the host star. 
(ii) Stellar flybys may produce a population of giant planets on 

xtremely wide, highly eccentric orbits. Simulated encounters with 
 0 . 2 M � host show that a large portion of this population appears
o have been liberated from the system. The percentage of high-
ccentricity planets on wide orbits is found to be higher for higher
ass host stars. Giant planets excited to extreme eccentricities e 
0.85 may pass through the inner region of the planetary system,

here terrestrial planets may exist (Parker & Quanz 2012 ). Such
nteractions may have a significant impact on the dynamical evolution 
MNRAS 525, 1912–1921 (2023) 
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f the innermost planets of the system, potentially instigating
jections as a result of planet–planet scattering. 

(iii) The extent of which the orbit a wide-orbit giant planet is
erturbed as a result of dynamical interactions with a passing star
s strongly correlated with the mass of the perturbing star and is
nversely proportional to its v elocity. Moreo v er, flybys with a lower
mpact parameter affect the orbit of the giant planet more significantly
han flybys further away from the host-planet system. Encounters
ith a perturbing star with impact parameter ≥ 800 au were seen to
ave a considerably weaker effect on the orbit of the planet. 

Our results demonstrate that even one encounter of a planetary
ystem containing a wide-orbit planet with a passing star in a cluster
nvironment may have a significant effect on the survival of the
lanet on a wide-orbit, if the encounter is close enough ( ≤ 1200 au).
or the specific set parameters investigated in this study, just one
uch encounter leads to an ∼ 17 per cent chance of an ejection, and
 ∼ 21 per cent chance of scattering to an eccentric orbit making
t even more prone to future interactions. Moreo v er, there is a ∼
6 per cent probability of the wide-orbit planet getting scattered
o an orbit with semi-major axis difference greater than 5 au from
he initial one. These percentages are even more significant if we
onsider encounters with impact parameter ≤800 au, as there are
lmost no change in the planetary orbits for encounters with impact
arameter 1200 au. Therefore, only a few encounters in a young
tar-forming environment (e.g. Rawiraswattana & Goodwin 2023 )
re sufficient to eliminate the almost the entire initial population of
ide-orbit planets. 
We conclude that the lack of a high occurrence rate of wide-

rbit planets revealed by observational surv e ys does not exclude the
ossibility that such planetary systems may initially be abundant,
nd therefore the disc-instability model may be rele v ant to planetary
ormation. 
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PPEN D IX:  PAT T E R N S  O N  T H E  SEMI  M A J O R  

XIS- ECCEN TRICITY  G R A P H S  

e see distinct curves on the a p −e graphs (Figs 6 –8 ) that are due
o the fact that small variations of the initial true anomaly f of
he planet (we simulate 100 randomly chosen true anomalies per 
ach combination of parameters) lead to small variations in the 
nal configuration of the planetary system. This is demonstrated 

n Fig. A1 , where we select a small region of the a p −e graph (final
alues) for a specific set of parameters (as seen on the top of the
raph) and mark the initial true anomaly. We see that neighbouring 
oints have similar initial true anomalies. Such patterns are not seen 
n simulations of planetary systems in clusters (e.g. Parker & Quanz 
012 ; Zheng et al. 2015 ) as more bodies are involved in those, making
hem more chaotic (we simulate the interaction of only three bodies). 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
igure A1. The final eccentricity against the final semimajor axis of the
ound population post-encounter for a specific set of initial parameters (as
arked on the top graph). The subplot zooms in the section indicated by the

lue rectangle, with the labels next to each point indicating the initial true
nomaly, f , of that planet (in degrees). 
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