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ABSTRACT
Depending on the stellar densities, protoplanetary discs in stellar clusters undergo: background heating; disc truncation—driven
by stellar encounter; and photo-evaporation. Disc truncation leads to reduced characteristic sizes and disc masses that eventually
halts gas giant planet formation. We investigate how disc truncation impacts planet formation via pebble-based core accretion
paradigm, where pebble sizes were derived from the full grain-size distribution within the disc lifetimes. We make the best-
case assumption of one embryo and one stellar encounter per disc. Using planet population syntheses techniques, we find that
disc truncation shifts the disc mass distributions to the lower margins. This consequently lowered the gas giant occurrence
rates. Despite the reduced gas giant formation rates in clustered discs, the encounter models mostly show as in the isolated
field; the cold Jupiters are more frequent than the hot Jupiters, consistent with observation. Moreover, the ratio of hot to cold
Jupiters depend on the periastron distribution of the perturbers with linear distribution in periastron ratio showing enhanced hot
to cold Jupiters ratio in comparison to the remaining models. Our results are valid in the best-case scenario corresponding to
our assumptions of: only one disc encounter with a perturber, ambient background heating and less rampant photo-evaporation.
It is not known exactly of how much gas giant planet formation would be affected should disc encounter, background heating
and photo-evaporation act in a concert. Thus, our study will hopefully serve as motivation for quantitative investigations of the
detailed impact of stellar cluster environments on planet formations.
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1 INTRODUCTION

Despite most stars are born in stellar clusters (Lada & Lada 2003)
and young stars frequently having circumstellar discs (Lada et al.
2000), there are very few exoplanet collections that are observed in
stellar clusters (Cai et al. 2019). The paucity of exoplanets in stellar
clusters could be due to: (i) photo-evaporation that shortens the life-
time of the embedded discs (Johnstone et al. 1998; Alexander et al.
2006; Facchini et al. 2016; Monsch et al. 2019, 2021), (ii) stellar
encounters which limit the sizes and masses of discs through trunca-
tion (Steinhausen et al. 2012; Breslau et al. 2014; Vincke et al. 2015),
(iii) background heating of protoplanetary discs by the surrounding
massive stars (Hester & Desch 2005; Krumholz 2006; Thompson
2013; Ndugu et al. 2018) and (iv) few ground-based transit surveys
for planets in stellar clusters (van Saders & Gaudi 2011). Planets that
form in stellar cluster environment encounter the following phases
depending on the stellar cluster evolution (Cai et al. 2019):

– Gas-rich phase: In this early less diverse phase, planet forma-
tion takes place in gas rich environment. The high stellar cluster
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density at this stage means enhanced photo-evaporation/stellar en-
counters that limits the disc lifetimes/truncates the disc. The proto-
planets in this phase are protected from perturbation by the gaseous
rich environment.

– Gas-poor phase: In this phase, due to lack of protection by the
damping of the gaseous discs, perturbation, i.e, stellar encounters,
planet-planet scattering and tidal interactions are very common.

– Isolated planetary system phase: In this phase, the emergent
planets survived the stellar encounters in the cluster environments
depending on the stellar cluster density (Cai et al. 2017; van Elteren
et al. 2019; Flammini Dotti et al. 2019). However, there still exists
planet-planet scattering and tidal interaction with planets harboured
in high stellar cluster density environments having high mean eccen-
tricities and inclinations (Cai et al. 2019).

If indeed stars (and planets) form in stellar clusters (Lada &
Lada 2003; Lee & Hopkins 2020), then the current exoplanets are
the planets that survived the background heating, photo-evaporation
processes and stellar encounter of their birth environments. There-
fore, accurate explanation of the current statistics of the exoplan-
ets will require large computational efforts that incorporate all the
complex processes within the stellar clusters. Unfortunately, such
intensive computational effort in planet formations are still under de-
velopment (Hut 1997; Lyra et al. 2019; Emsenhuber et al. 2021a,b;
Schlecker et al. 2021a; Burn et al. 2021; Schlecker et al. 2021b).
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2 Ndugu et al.

As hinted before, for planet forming in stellar clusters, the cluster
density is key. At low stellar densities, planet formation is mostly
unaffected in open clusters and only the wider planetary systems
will be disrupted during the cluster’s life time (Bonnell et al. 2001)
compared to global stellar clusters that have high stellar densities.
Photo-evaporation and stellar encounters effects for clusters with
varnishing densities therefore have minimal impacts on gas giant
planet formation processes within the inner orbits of the clusters
(e.g, Armitage 2000; Thies et al. 2005).

Disc truncation in stellar clusters happens when flybys occur
in star forming region with high initial stellar densities, for ex-
ample in the Orion Nebula Cluster (ONC), NGC 6611 and NGC
2264 (Breslau et al. 2014; Parker 2020; Parker & Schoettler 2022).
Observation of star formation regions show that the properties of
discs—particularly their radii, tend to be smaller—in the most dense
star-forming regions compared to lower density regions (de Juan
Ovelar et al. 2012; Ansdell et al. 2017; Eisner et al. 2018; Win-
ter et al. 2018). It is however not known if these observed disc-
properties are due to disc truncation or photo-evaporation. Stellar
flybys have been identified, for example in the recent near-infrared
and submillimetre observations (e.g. RW Aur, AS 205, HV Tau and
DO Tau, FU Ori, V2775 Ori, and Z CMa) (Cuello et al. 2020).
Stellar encounters are even more prominent for the galactic bulge
stars, where 80 % of the stars experienced encounters (McTier et al.
2020). Dedicated studies that formulate the impact of stellar flybys
on disc properties, exists (e.g, Pfalzner et al. 2005a; Pfalzner & Ol-
czak 2007; Steinhausen et al. 2012; Breslau et al. 2014; Bhandare &
Pfalzner 2019). For example, Breslau et al. (2014) explicitly mod-
elled for parameter space equivalent to the ONC, post encounter disc
size depedence on the mass ratio and periastron ratio for a parabolic
encounter.

Previous gas giant planet formation studies (e.g, Armitage 2000;
Fragner & Nelson 2009; Thompson 2013; Hamers & Tremaine
2017; Ndugu et al. 2018) hint how stellar clusters suppresses gas
giant planet formations. For example, Armitage (2000) showed that
intense photo-evaporation originating from stellar clusters disperses
the disc early that eventually reduces the probability of forming gas
giant planets. Fragner & Nelson (2009) found that stellar fly-by sig-
nificantly makes alteration to the masses and the orbital parame-
ters of gas giant planet forming within protostellar discs. Thomp-
son (2013); Ndugu et al. (2018) showed that the background heat-
ing from stellar clusters makes the outskirts of protoplanetary discs
hot that eventually hinders gas giant planet formation. Hamers &
Tremaine (2017) showed in global clusters, hot Jupiter planets are
driven by highly eccentric migration that might eventually deter the
accretional efficiency (Bitsch & Kley 2010; Levison et al. 2010).
With the exception of Ndugu et al. (2018) that performed planet pop-
ulation synthesis in cluster environments, most of these models (e.g,
Armitage 2000; Fragner & Nelson 2009; Thompson 2013; Hamers
& Tremaine 2017) addressed the impact of stellar clusters on planet
formation by focusing on specific aspect of planet formation. Ndugu
et al. (2018) expanded the solar like disc evolution model of Bitsch
et al. (2015a) to mimic the disc evolution model for stellar clusters
by setting different background temperatures. In the disc, planetary
seeds that have reached the pebble transition mass were implanted,
indicating that the seeds accrete in the efficient Hill accretion regime
(Lambrechts & Johansen 2014). The planetary embryo accretes peb-
bles until it reaches the pebble isolation mass, where the pebble flux
is shut-off due to interactions of the planet with the disc blocking
the flux of pebbles after several 100 ky (Lambrechts et al. 2014), it
contracts a gaseous envelope (Piso & Youdin 2014) and then under-
goes run-away gas accretion, when the planetary envelope becomes

more massive than the planetary core, where the gas accretion rates
derived by Machida et al. (2010) was used. In addition, planetary
migration in the disc was model with type I migration rates follow-
ing Paardekooper et al. (2011) prescription and type II migration
rate following Baruteau et al. (2014). In this paper, we performed
a follow up study on our previous work (Ndugu et al. 2018). Now
instead of focusing on the effect of thermal heating of stellar cluster,
we investigate the impact of stellar encounters on planet population
by modeling for a fixed background heating, the impact of stellar
truncation on disc size (Breslau et al. 2014) and consequently the
disc masses that were initially derived for viscously evolving discs
(Lynden-Bell & Pringle 1974).

We also switched from accreting the dominant pebble size to ac-
creting realistically full pebble size distributions in discs onto plan-
etary cores via multi-species pebble accretion paradigm of Andama
et al. (2022) that built from the existing pebble accretion formal-
ism (Ormel & Klahr 2010; Johansen & Lacerda 2010; Lambrechts
& Johansen 2014). The gas accretion scheme follows Ndugu et al.
(2021), which show that additional accretion of gas from the horse-
shoe region allows reduced migration of massive planets compared
to the classical gas accretion formalism. In comparison to the previ-
ous planet population synthesis study in Ndugu et al. (2018, 2019)
that fixed for simplicity reasons some of the important disc prop-
erties, we now add more detailed layers of parameters to the disc
properties. For example, host star mass, characteristic radius and
disc masses are realistically constrained. As in Bitsch & Johansen
(2017); Ndugu et al. (2018, 2019, 2021), the emergent planet pop-
ulation data are compared to the occurrence rates of the exoplanet
(Johnson et al. 2010; Mayor et al. 2011; Suzuki et al. 2016). This
work is structured as follows. We discuss: the disc structure (and
it’s evolution), stellar cluster model, the planet formation model in
section 2 and the initial conditions for the planet population synthe-
sis in section 3. We discuss the role of stellar cluster encounters on
disc properties and planet formation in section 4 and section 5, re-
spectively. All the results will be presented showing host disc-size
distributions and the final evolutionary stage of planets in terms of
planetary mass-orbital distance diagrams, showing the final location
and mass as a function of metallicity. In section 6, we compare our
planet formation models to the observed exoplanets from radial ve-
locity (RV) and microlensing surveys. Section 7 relates the findings
to the existing studies and Section 8 summarizes the results, putting
them into perspectives for future investigations.

2 METHODS

2.1 Protoplanetary Disc Model

As in Drążkowska et al. (2021), we set the gas surface density as a
function of the radial distance r to the self-similar solution of the
viscous evolution equations (Lynden-Bell & Pringle 1974):

Σgas(t = 0) =
Mdisc

2πr2
c

(
r

rc

)−1

exp

(
− r

rc

)
, (2.1)

where Mdisc and rc are the initial disc mass and the characteristic
radius, respectively. The dust surface density is then calculated as

Σdust(t = 0) = Z · Σgas(t = 0), (2.2)

where Z is the global dust-to-gas ratio. In all the models presented
in this paper, we consider discs with varying initial mass budget,
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Role of stellar encounters in planet formation 3

Mdisc and varying dust-to-gas ratio that are succinctly described in
subsection 3. We model the disc’s characteristic radius, rc as:

rc(t = 0) = r
′
(
Mh,∗

M⊙
)0.5

, (2.3)

where r
′

is a constant. The youngest circumstellar discs observed
to date have diameters that range from 30 au (e.g. Lee et al. 2018)
to 120 – 180 au (e.g. Murillo et al. 2013; van ’t Hoff et al. 2018).
Based on this we choose r

′
= 100 au. For a solar mass host star, the

characteristic radius is therefore 100 au. We utilized gas disc model
that scales with r

rc
. As in Williams & Cieza (2011), we assume that

at the characteristic radius of protoplanetary disc, the surface density
of the disc is delineated where it begins to steepen significantly from
a power law characteristic radius. It is at the rc where we limit the
outskirt of our disc model. In principle, massive discs are mostly
unstable and might fragment. We remind the reader throughout this
work that the disc masses used for constructing the disc models are
not massive and are therefore gravitationally stable, with the Toomre
Q > 1.

The gas disc evolves viscously following the numerical routines
of Birnstiel et al. (2012), which means that the characteristic radius
increases, while the surface density drops with time. The speed of
viscous evolution scales with the α parameter that represents vis-
cosity (Shakura & Sunyaev 1973). Since the main objective of this
paper is to find the global influence of disc truncation on planet for-
mation, and since we adopted the disc truncation fits from Breslau
et al. (2014) that works for relatively low α cases, we use throughout
this paper, a moderate viscosity values;α = 10−3 andα = 6×10−4

(see the detailed explanation in subsection 2.2). In addition, the
DSHARP survey found α-viscosity parameter within the range of
10−6 to 10−2. Our choice of α is thus within the observed limit.

The solid accretion and the migration rates relates to the disc tem-
perature profile. In this work, we model the disc temperature profile
following the simple prescription proposed by Ida et al. (2016, their
equation 7 and 8). The disc temperature profile described in Ida et al.
(2016) feature both viscous and irradiation heating. Most of the disc
is heated by stellar irradiation, leading to a shallow temperature pro-
file Tirr ∝ r−3/7. In the inner part of the disc, viscous heating may
change the temperature profile to a steeper function of the radial
distance, Tvis ∝ r−9/10. We used the stellar luminosity data from
Baraffe et al. (1998) to set the irradiation profile of our disc model.
The stellar luminosity for the disc model similarly scales as

L

L�
= 1.05745 exp

(
− t

1.966 My

)
+ 0.454424. (2.4)

We note that the disc temperature model used in this study is an ana-
lytical model that features regions dominated by viscous and stellar
heating, but does not include any opacity transitions.

2.2 Cluster encounter model

To mimic the stellar cluster environments, we subject the calculated
disc model to stellar encounters (see the schematic illustration in
Figure 2.1) with parameter space typical of the ONC cluster. We as-
sumed one encounter per disc during planet formation history. We
also focus on planets that start forming in the discs after encoun-
tering the perturber. This assumption is a bare minimum, since it is
possible for the host star system to experience multiple stellar en-
counters during the planet formation history. This assumption was
meant to simplify the already intricate aspect of modelling stellar
cluster encounters.

Figure 2.1. Schematic illustration of host stars with masses, Mh,∗ and with
circumstellar discs of characteristic radius, rc,i in stellar cluster environment.
In the stellar cluster, whenever, a perturber of mass, mi = Mperturber,∗
visits the host star, the characteristic radius and the mass of the host cir-
cumstellar disc is truncated depending on the location and the mass of the
perturber.

The effect of a perturbing star manifests on the host star system in
several ways:

(i) Disc property-particularly radius may get truncated by a vis-
iting star in a dense stellar cluster environment. Early numerical
simulations (Clarke & Pringle 1993) hint that material could be re-
moved from the host disc by up to one-third of the distance of the
encounter. For example, for the closest approach of a perturbing star
at 300 au, the disc would be truncated to a radius of 100 au (Hall
et al. 1996). An encounter with the disc could truncates the outer
edge and also steepens the density profile of the remaining material
in the disc (Hall 1997), possibly redefining the outskirts of the host
disc. The extend of the disc truncation depends on the trajectory of
the visiting star relative to the host star. For example, prograde, co-
planar encounters are the most destructive to the disc (Boffin et al.
1998). Material from the disc can also be transferred onto the orbit
around the intruding star (Kobayashi & Ida 2001). Modelling this
nature of disc-disc encounters requires inclusion of hydrodynamical
effects that comes with intense computational costs. However, sim-
plified case of only one star being surrounded by a disc is valid, as
long as only small fractions of the disc material are captured by the
perturbing star (Pfalzner et al. 2005a; Breslau et al. 2014).
(ii) If planetary system already exists around the host star, encoun-

ters can disrupt the orbits of the existing planetary systems. For a
weak encounter, the planet might remain in orbit around the original
parent star. The planet might also coasts along with the perturbing
star, and subsequently orbits this star. The planet’s trajectory around
the perturbing star may be prograde or retrograde, and it is likely to
have a high eccentricity and inclination. It is also possible for the
planet to be removed from its orbit around the parent star, and even-
tually becomes a free-floating planet within the star-forming region.

By assuming that discs orbit only the host stars and void in the per-
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4 Ndugu et al.

turbing star, we modelled effect of stellar encounters on disc proper-
ties through the truncation on the disc size. After perturber of mass,
Mperturber,∗ visits disc-bearing host star of mass, Mh,∗, we calcu-
late the final disc size via the formula presented in Breslau et al.
(2014) as:

rfinal =

{
0.28 rperi m12

−0.32 : for rfinal 6 rc

rc : otherwise
. (2.5)

m12 and rperi are the mass ratio between the encountering and
the disc-bearing star and the periastron distance, respectively. Pe-
riastron distances, rperi is calculated from the periastron ratio dis-
tribution typical of the ONC. We describe the periastron distribu-
tion in the later section 3. Because discs might spread viscously,
equation 2.5 might deviate for a viscous disc. Therefore we used
throughout this study moderately low viscosity values, in particular,
the viscosity-parameter, αvisc was fixed to 10−3 and 6× 10−41. As
in Breslau et al. (2014), the disc truncation model adopted here holds
for the most destructive encounters (i.e, the prograde, the coplanar,
and the parabolic (e = 1)). Therefore, the resulting disc sizes are
equivalent to the maximal impact of stellar encounters and repre-
sents the floor limits for the disc sizes compared to the encounters
on inclined and/or hyperbolic orbits (e.g, Clarke & Pringle 1993;
Pfalzner et al. 2005b).

Whenever there is stellar encounter in our setup, rc changes. We
modelled the shrinkage in rc due to stellar flyby to lead to mass loss
just exterior to the point of disc truncation, but, without significant
change in mass distribution interior to the point of the disc trunca-
tion. We think with this assumption, the prior and post flyby disc
profile nearly remains the same, but differ with a drop in surface
density at the location of the truncation as in Breslau et al. (2014). It
is this truncation location that sets the updated final size of our disc
profile. We calculate the remaining mass of the disc, Mdisc,rem as:

Mdisc,rem =

(
rfinal

rc

)2

Mdisc. (2.6)

It is from these final disc sizes and disc masses of the post-encounter
environment, we calculate the initial gas and dust surface density.
We at later stage evolve the gas and dust surface density while taking
into account the realistic grain population distribution in the discs.

2.3 Grain size distribution

Small micrometer sized dust grains can grow in protoplanetary discs
through coagulation (Brauer et al. 2008; Birnstiel et al. 2011) and
condensation (Ros & Johansen 2013). The growth of the particles is
limited by fragmentation of the grains, which arises when the rela-
tive velocities of the individual grains become so large that the grains
fragment. The laboratory measurement of the threshold speed (frag-
mentation velocity, uf ) suggest values around 1−10 m/s (Gundlach
& Blum 2015). The maximum grain size dust particles can reach is
thus given by

smax ≈
2Σgu

2
f

παρsc2s
. (2.7)

ρs is the density of the pebbles, assumed to be constant and set to
1.6 g/cm3, and cs is the sound speed of the gas.

1 Such low viscosity-parameter have been found to significantly damp
type II migration rates of forming gas giant planets, possibly saving them
from being engulfed by their host star (Ndugu et al. 2021)

The exact shape of the grain size distribution is a complex inter-
play between settling, coagulation, cratering and fragmentation. We
follow the two-population dust evolution model of Birnstiel et al.
(2012) from which we reconstruct full grain size distribution using
the reconstruction model of Birnstiel et al. (2015).

The maximal grain size is quadratically proportional to the frag-
mentation velocity of the grains and inversely proportional to the α
parameter (eq. 2.7). We remind the reader that the grain size dis-
tributions in our simulations feature a fixed combination of α =
10−3;uf = 10 m/s and α = 6 × 10−4;uf = 10 m/s. As hinted
before, grain size distribution is sensitive to at least α and uf . The
fixed choice for viscosity-parameter and the fragmentation velocity
in the simulations is a simplification also made in (e.g. Voelkel et al.
2021a,b; Drążkowska et al. 2021; Schneider & Bitsch 2021a,b) that
built on the two-population dust evolution model of Birnstiel et al.
(2012).

In principle, the grains interact with the gas in the protoplane-
tary disc, which suck from them angular momentum, resulting in an
inward drift of pebbles (Weidenschilling 1977). For simplicity rea-
sons, we consider only the Epstein drag, not the Stokes regime. The
drift rate of particles depends on their Stokes number, defined as

St =
π

2

ρsa

Σg
. (2.8)

The drift can lead to a pile-up of grains in the inner regions of the
disc (Birnstiel et al. 2012). As in Birnstiel et al. (2012), our work
took into account the balancing between grain growth, fragmenta-
tion and drift size limits.

2.4 Planet formation model

The planetary seeds in this study are introduced at pebble transi-
tion mass 0.01 ME at various distances a0 from the central star, at
various initial starting times t0 and in discs with varying lifetimes
tlife. Planetary cores initially accrete material via the inefficient 3D
pebble accretion branch (Lambrechts & Johansen 2012) until they
become massive enough such that their Hill radius exceeds the peb-
ble scale height (RH > Hpeb, see Morbidelli et al. (2015) for more
discussion). During solid accretion regime, planets migrate in the
type I migration regime that scales linearly with the mass of the
growing embryo. The type I migration rate is calculated using the
torque prescription of Paardekooper et al. (2011). At low α val-
ues, type I migration is increasingly fast with increasing planetary
mass due to early saturation of corotation torques. However, as nu-
merically experimented in Ndugu et al. (2021), the speed of Type I
migration can be reduced if we consider the dynamical corotation
torque (Paardekooper 2014). The dynamical corotation torque was
therefore incorporated as in Ndugu et al. (2021) and is particularly
effective in reducing type I migration in low-viscosity discs with
shallow surface density profile, like the one assumed here.

Planetary cores accrete pebbles, until it reaches pebble isolation
mass. At pebble isolation, the pressure bump generated by the planet
block the accretion of pebble, instead, the cores start accreting gas.
We modelled the pebble isolation mass via the criterion that allow
diffusion of particles across the pressure bump (Bitsch et al. 2018).
We remind the reader that the pebble accretion scheme in this work
follows the concurrent accretion of multiple pebble sizes (Andama
et al. 2022), with pebble size distributions derived from the full grain
size distribution (see sub section 2.3).

During the gas accretion phase, we captured the contribution of
the envelope opacity (κenv) to the planetary formation model by fo-
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Role of stellar encounters in planet formation 5

cusing on it’s influence on the envelope contraction rates2, where
we use a uniform envelope opacity of κenv = 0.05 cm2g−1. We ac-
knowledge that planetary envelope opacity varies with grain sizes.
Our envelope opacity choice is a simplification also made in many
planet formation simulations (e.g, Bitsch et al. 2015b). In addition,
our envelope opacity choice is also in agreement with the study by
Movshovitz & Podolak (2008), who found that the dust grain opacity
in most of the radiative zone of the planet’s envelope is of the order
of 10−2. This is also in agreement with Mordasini et al. (2015). The
gas accretion approach in this work follows the detailed gas accre-
tion prescriptions in Ndugu et al. (2021), where envelope contraction
rate was modelled via Ikoma et al. (2000). In Ikoma et al. (2000),
envelope contraction rates scale with planetary core mass and the
envelope opacity, κenv.

We stop the simulation when the planet either (i) reaches 0.04 au,
where we assume migrating planets are trapped at the inner disk
edge (Masset et al. 2006; Flock et al. 2019) or (ii) at the time of disc
dispersion for the planets that do not reach the inner edge.

3 INITIAL CONDITIONS

Planet population syntheses require sampling important disc and
planet formation parameters as initial inputs. Although the existing
initial conditions distributions of the available global planet forma-
tion models may miss essential physics that follows their assumed
initial distributions (Voelkel et al. 2022), useful planet formation in-
sights can still be extracted from such initial distributions that do not
capture the dynamical evolution of the planetary initial starting dis-
tributions. For simplicity reasons, we did not mostly modelled (as
in the most global planet formation models) the evolution of initial
conditions, but rather assumed mostly fixed ones that follow either
educated guesses or distributions from observational surveys.

The importance of stellar encounter in this work is reflected in
setting the disc-properties-particularly the size and the mass. With
the initial disc mass and the host star mass set to 0.1M⊙ and 1M⊙,
respectively, we sampled the relevant stellar encounter parameters as
follows:

– The stellar masses of the perturbers are randomly drawn from
Kroupa & Boily (2002) mass distribution with mass range fixed to
stellar mass limits of the ONC [0.08 M⊙, 40 M⊙]. It is from this
perturber mass distribution that we calculate the perturber mass to
host star mass ratios.

– The periastron ratio of the encounter follows the periastra ratio
limits of the ONC parameter space and with the distribution that
mimics linear and logarithmic distributions.

Besides the configurations mentioned below, we assumed the
planet formation initial conditions as in Ndugu et al. (2018, 2019):

– Cores implanted at pebble transition mass
– Cores implanted in the range [0.1 au: 0.85 rfinal au]
– linear distribution of the initial core injection times in the range

[0.1:1] My.
– The disc lifetime distribution follows the Mamajek (2009) sur-

vey, where there is exponentially decaying for increasing lifetimes

2 In principle, opacity influence are not only reflected in gas envelope con-
traction rates but can also affect migration rates of planetary cores (Savvidou
et al. 2020; Bitsch & Savvidou 2021). Therefore our results hold when the
contribution of opacity on migration rates are minimal.

Figure 3.1. The final disc size, rfinal as a function of perturbers’ perias-
tron ratios and mass ratios, m12. The plot features linear distribution in per-
turbers’ periastron ratios and mass ratios with host star mass fixed to 1M⊙.
The multiple colors show the remaining disc size after disc truncation by
stellar encounters.

Figure 3.2. Post encounter host disc mass distributions for the different dis-
tributions in periastron ratios; linear distribution (the red curve that corre-
spond to the final disc sizes shown in Figure 3.1), logarithmic distribution
(olive curve), mid distribution (cyan curve), closer distribution (light blue
curve) and mixed distribution (purple curve).

with a half lifetime of 2.5 My, where we fixed the minimal and max-
imal lifetime of the disc to 0.1 and 10 My, respectively.

– The dust-to-gas ratio, Z was computed as:

Z = 0.0179× 10[Fe/H]. (3.1)

We followed the computation in Schneider & Bitsch (2021a), where
[Fe/H] = 0 corresponds to 0.0179. The metallicity, [Fe/H] of the
disc follows a Gaussian distribution centered around 0.0179.
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6 Ndugu et al.

Figure 3.3. Synthesis plots showing the final planetary masses and positions.
The multicolored dots show the synthesized planets as a function of disc
metallicity. The black crosses and the purple crosses represent RV exoplanet
data from exoplanet.org repository and the directly imaged exoplanets. Plan-
ets inside the purple rectangle show the detection limits of the microlensing
survey of Suzuki et al. (2016). Msin(i) is the RV planet mass and MP

comes from the simulations. Planets inside the top left quadrant marked by
the black lines represent giant planets that were observed until completeness
by the RV survey of Johnson et al. (2010). We show as grey shade, plan-
ets with MP > 50 Earth masses that we compare to the semi-major axis
distribution originating from Mayor et al. (2011) in Figure 6.1. The top plot
shows the simulation without disc truncation. The middle and the bottom
plots feature simulations with disc truncation, but, with αvisc set to 10−3

and 6×10−4, respectively.

4 TRUNCATION OF HOST DISC MASSES BY STELLAR
ENCOUNTERS

Because the stellar encounter model considered in this work oper-
ates by changing the disc properties-particularly the disc size, rc

and the disc mass, Mdisc, we begin by performing parametric ex-
periment on the stellar encounter parameters that give optimal effect
on the disc-properties (the disc size and the disc mass). Figure 3.1
shows within the assumed stellar encounter model, disc truncation
by visiting stars are much more dependent on the locations of the
perturbers (Periastron ratio) than the masses of the perturbers (mass
ratio, m12). It is also noticeable from Figure 3.1 that distant per-
turbers have very minimal impact on the discs’ final sizes, unless the
perturbers are relatively very massive in comparison to the host star
mass. For a given extent of disc-size truncation, our model calcu-
lated the truncated disc mass, following equation 2.6. The impact of
stellar encounter in our disc properties is therefore reflected through
the reduction in the disc’s size and the disc’s mass. Since the disc
truncation in our cluster models depend strongly on the periastron
ratio and weakly on the mass ratios (see Figure 3.1), we perform
parametric experiment with periastron ratio as an input and show
the result in Figure 3.2. Figure 3.2 shows the distributions of the re-
sultant host disc masses after visit by perturbers whose mass ratios
followed linear distribution.

Although the periastron ratio limits in ONC clusters are known,
little is known about the exact distribution shapes of the periastron
ratios. We therefore performed parametric experiment within perias-
tron ratio limit of ONC by assuming not only linear and logarithmic
distributions in periastron ratio, but also, a closer, middle and mixed
distributions in periastron ratios. The closer distribution feature lin-
ear distribution inside periastron ratio of 5. Meanwhile the middle
distribution relate to the linear distribution inside of periastron ratio
of 15. The mixed distribution features all the aforementioned distri-
butions; linear, logarithmic, closed and the middle distribution. It is
clear from Figure 3.2 that the maximal impact on the host disc mass
occurs when the perturbers are closer to the host star (see the light
blue host disc mass distribution in Figure 3.2) with the disc mass
following an exponential decaying function. Host disc mass relates
to the available building blocks for forming planets. For a fixed disc-
parameters, a disc with high disc mass readily forms massive plan-
ets compared to the low disc mass. Truncation reduces the available
host disc mass, consequently impacting planet formation. Disc trun-
cation also shift the planet formation regions closer to their host stars
than before the encounters. Therefore, planetary seeds grow in the
post-encounter host discs at closer radial locations that might for
fast-inwards migration drift very fast to the inner-edge of the disc.
We show the impact of these host disc truncation on global planet
formations in Figure 3.3 and Figure 3.4.

5 THE ROLE OF STELLAR ENCOUNTERS IN SHAPING
PLANET POPULATION

In this section, we show the results of planet population synthesis
simulations with and without stellar encounters. Planet population
synthesis in this work calculates planetary growth and migration
from small embryos, interlacing pebble accretion, gas accretion onto
the planet, type I and II migrations, and disc truncation.

Figure 3.3 and Figure 3.4 show the results of planet population
synthesis simulations of 500 systems around solar-type stars, with
host disc masses fixed to 0.1M⊙. In general Figure 3.3 and Fig-
ure 3.4 revealed that through stellar encounters, formation of gas gi-
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Role of stellar encounters in planet formation 7

Figure 3.4. Synthesis plots showing the impact of periastron ratio distributions on disc truncation and consequently on the final planetary masses and orbital
distances. The top plots features logarithmic distribution in periastron ratios (left panel) and mid distribution in periastron ratios (right panel). The bottom plots
features closer distribution in periastron ratios (left panel) and mixed distribution in periastron ratios (right panel). Apart from that, the lines and dots have the
same meaning as in Figure 3.3.

ant planets is less supported. This is due to the disc truncation that re-
duces the disc mass. Figure 3.3 probes the impact of disc truncation
and viscosity on the distributions of planetary population using lin-
ear distribution in periastron ratio. Because with linear distributions
in periastron ratio the disc is not substantially truncated, the post en-
counter disc mass distributions mostly reside at 0.1M⊙ (see the red
curve in Figure 3.2). There is therefore enough material to form rela-
tively massive planets, even in the microlensing field of view (see the
middle plot in Figure 3.3). We show in bottom plot of Figure 3.3 how
viscosity impact the contributions of stellar encounter on planetary
population by assuming as in Ndugu et al. (2021) a lower viscosity
parameter, αvisc = 6× 10−4. With this viscosity parameter, there is
clearly less massive giant planets and more gas giant planets trapped
in the microlensing field of view (see bottom plot in Figure 3.3). This
hints that forming the cold gas giant in post encounter discs might
require lower viscosities and inward migration speeds.

Figure 3.4 shows the impact of the different periastron ratio pa-
rameter configurations on planet population. As revealed in Fig-
ure 3.2, a closely passing perturbing stars substantially truncate the

host disc and therefore limits the amount of available building blocks
for forming gas giant planets. In such truncated discs, planet forma-
tion regions are also limited to regions close to the host stars and
forming planets could potentially undergo fast inward migration and
engulfed by the host star.

Using the relative proportions between the different categories of
synthesized planets, we show how disc truncation by stellar encoun-
ters impact the synthesized sub-populations of planets similar to the
basic statistical operations performed in Ndugu et al. (2018) (see
Table 1). As in Ndugu et al. (2018), the isolated field simulations
show that the gas giant planets are the majority compared to the
super Earth planets. The simulation particularly show 18.2 % in su-
per Earths, 7.6 % in Neptunian planets, 36.2 % in gas giant planets
(hot, warm or cold Jupiters) and 38 % in low mass planets. This is
contrary to exoplanet surveys that show; that gas giant planets are
rare and form mostly at high metallicity (Fischer & Valenti 2005;
Johnson et al. 2010). The simulations overly predict gas giant plan-
ets (hot, warm or cold Jupiters) than the super Earth planets. This
presents another nexus of conflict with exoplanet surveys that show
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8 Ndugu et al.

nearly 50 % of observed exoplanets are rocky planets within 1 au
(Fischer & Valenti 2005; Fressin et al. 2013). Including disc trun-
cation from stellar encounters within linear periastron ratio distribu-
tion, overall promotes the formation of low mass planets and reduces
the proportion of gas giant planets to 30.2 %. Past studies, point to
the same conclusion, where it was shown disc truncation limits the
disc’s total size and consequently planetary frequency (e.g, Scally
& Clarke 2001; Olczak et al. 2012; Rosotti et al. 2014; Steinhausen
& Pfalzner 2014; Portegies Zwart 2016; Vincke & Pfalzner 2016;
Concha-Ramírez et al. 2019, 2021).

The nominal simulation without stellar encounter shows that
the cold Jupiters (16.2 %) are the majority in comparison to the
hot Jupiters (15.6 %), consistent with observation that shows cold
Jupiters are more frequent than hot Jupiters. This statistics however
changes on inclusion of stellar encounter, with the cold Jupiters and
the hot Jupiters now taking a proportion of 9.6 % and 12.2 %, respec-
tively (see the data in Table 1 for the linear distribution in periastron
ratios). We attribute, the overall reduction in gas giant planets in stel-
lar clusters to the disc truncation that reduces the overall disc mass
available for building the gas giant planets. However, in lower vis-
cosity environment of αvisc = 6× 10−4, the cold Jupiters (25.4 %)
are much more common than the hot Jupiters (9 %). This is because,
in low viscosity environment planetary migration is slow, with plan-
ets consequently residing close to the outskirts of the natal disc.

The ratio of hot to cold Jupiters changes with changing perias-
tron ratio, for distributions other than linear distribution (logarith-
mic, mid, closer and mixed periastron). For example, the ratio of
hot to cold Jupiters is less than a unity for distributions other than
linear (see the part of Table 1 that features logarithmic, mid, closer
and mixed distributions in the periastron ratio distributions). With
these distributions in periastron ratios, the stellar encounter hinders
gas giant planet formation more compared to the encounter model
with linear periastron ratio distribution. For example, the gas giant
planet proportion is 21 %, 25.4 %, 4.3 % and 18 % for cluster model
with logarithmic, mid, closer and mixed periastron ratio distribution.
These values of gas giant planet proportions are all low in compar-
ison to the 36.2 % of gas giant planet synthesized via the stellar
encounter with linear distribution in periastron ratios. This implies
with logarithmic, mid, closer and mixed distribution patterns in peri-
astron ratio, impact of disc truncation on gas giant planet population
reduction is substantial, with the reduction much more pronounced
for stellar encounter model that follows closer periastron ratio con-
figuration.

In the next section we discuss how the various simulations com-
pare with the debiased semi major axis data from Mayor et al.
(2011), the metallicity correlation data from Johnson et al. (2010)
and the microlensing data from Suzuki et al. (2016).

6 COMPARISON TO THE OBSERVED EXTRASOLAR
POPULATION

We present in this section the comparison of the simulated gas gi-
ant planets to a complete set of gas giant exoplanet data (a, [Z/H]
andm). To begin with, we show the cumulative semi-major axis dis-
tribution of our synthetic giant planet population (corresponding to
grey regions in the syntheses plots) to a distribution with the bias-
corrected data originating from Mayor et al. (2011) in Figure 6.1.
The original data from Mayor et al. (2011) only includes planets
with Msin(i) > 50 Earth mass and features the orbital period in-
stead of the semi-major axis. For our comparison, we make the as-
sumption that these stars are solar like and convert the period into

Table 1. Fractions of synthesised planets. SE and NP shows super Earth
planet (2ME < MP < 16ME ), Neptunian (16ME < MP < 100ME

), respectively. HJ, WJ, and CJ represents hot Jupiters (rp < 0.1 AU), warm
Jupiters (0.1 AU < rp < 1.0 AU) and cold Jupiters (rp > 1.0 AU), where
all Jupiter type planets haveMP > 100ME. The population statistics shows
simulation result shown in Figure 3.3 and 3.4. The table shows the fractions
of the relevant planetary category. The remaining fractions for each simula-
tion depicts, the proportions of failed cores (MP < 2ME) in our simula-
tions. Mdisc and Env are the host disc mass and the disc environment of the
simulation, respectively.

Linear distribution
rperi Env SE NP HJ WJ CJ

NA Isolated, αvisc = 1× 10−3 0.182 0.08 0.156 0.044 0.162
Lin Clustered, αvisc = 1× 10−3 0.196 0.038 0.122 0.046 0.096
Lin Clustered, αvisc = 6× 10−4 0.224 0.064 0.090 0.042 0.254

Logarithmic, Mid, Closer and Mixed distribution
rperi Env SE NP HJ WJ CJ

Log Clustered, αvisc = 1× 10−3 0.166 0.058 0.072 0.032 0.106
Mid Clustered, αvisc = 1× 10−3 0.140 0.033 0.065 0.093 0.096
Closer Clustered, αvisc = 1× 10−3 0.029 0.010 0.010 0.019 0.014
Mixed Clustered, αvisc = 1× 10−3 0.137 0.036 0.070 0.030 0.080

semi-major axis. Figure 6.2 and Figure 6.3 show the comparison of
our planet formation models to the radial velocity-metallicity cor-
relation (Johnson et al. 2010) and the mass distribution from mi-
crolensing observations (Suzuki et al. 2016). The comparison is like
in Ndugu et al. (2018) and Ndugu et al. (2019), where the compar-
ison of the synthetic data to both radial velocity and microlensing
field of view were performed. We note that, because the observed
distributions have already been debiased, we can directly compare
them to our model distributions.

Overall, the models with nominal and the linear distribution in
periastron ratio match the cold gas giant planets relatively well, but,
clearly over predict the occurrence of hot gas giant planets, with
the over prediction being less for simulations with stellar encoun-
ters (see left panel in Figure 6.1). In addition the over prediction
reduces further for lower α-viscosity parameter (α = 6 × 10−4)
due to relatively slower inward migrations of the giant planets. In
absence of low α-viscosity parameter, many planets therefore ends
up assuming closer orbits, causing the over prediction of the hot gas
giant planets. The reduced over predictions from the clustered sim-
ulations is because of the reduced gas giant planet formation due
to the disc truncation by the stellar encounter. With our parameter
configurations that gives enhanced advantage to disc truncation, the
over predictions of the closed in gas giant planets are far much less.
This is because the maximal disc truncation deters formation of gi-
ant planet, within the available regions of the survived discs. Similar
interpretation holds for the gas giant frequency dependency on the
metallicity. There is a better match for isolated and cluster model
with linear distribution in periastron ratio (see the left panel in Fig-
ure 6.2). However, the simulation with lower viscosity-parameter
(the blue curve in Figure 6.2) generally reveal an underestimate of
the gas giant planet occurrence due to slowed gas accretion and mi-
gration rates. Because of slowed gas accretion and migration rates,
the forming planets growth rates and migration speeds are low to
allow the giant planet reach the RV boundaries. The same trend is
seen with stellar encounter configuration that substantially truncate
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Role of stellar encounters in planet formation 9

Figure 6.1. Cumulative distribution of the planetary semi-major axis a for planets with Msin(i) > 50 Earth mass, marked by the gray box in Figure 3.3
& 3.4. The black curve represents the cumulative rate derived from the debiased data of Mayor et al. (2011). The remaining colored curves represent the models
from our simulation that features the different stellar and disc environment configurations. The left and the right panel plots show the occurrence rates with
linear distribution and other periastron ratio distribution (logarithmic, mid, close and mixed distributions), respectively. The occurrence rate for gaseous giant
planets is strongly increasing with the logarithm of a.

the disc (the right panel plots), where a clear under estimate of the
gas giant occurrence rate is seen.

Peculiar for all our models is the saturation of the giant planet
occurrence rate with increasing [Fe/H], see Figure 6.2. As [Fe/H]
increases, more pebbles become available, planets accrete faster and
can form more giant planets. However, at some level a saturation
is reached, caused by the following two effects: (i) planetary em-
bryos formed in the inner regions of the disc have a very low pebble
isolation mass and will form super Earths that never reach runaway
gas accretion, implying that an elevated metallicity will not change
the fate of these planetary embryos. (ii) Planets formed in the outer
regions of the disc grow faster and thus might not reach the RV de-
tection bin, because they become gas giants very early and they mi-
grate very slowly in type II migration and stay outside of the radial
velocity bin.

In general, the microlensing data, on the other hand, matches rel-
atively well in the planetary mass ratio range of 4 × 10−4 6 q 6
4 × 10−3 and for a planetary mass ratio range, q 6 4 × 10−5

(Figure 6.3). However, this model does not reproduce very well the
mass ratios between 4 × 10−5 and 4 × 10−4, consequently leav-
ing a “valley” in the mass range. This behavior is very typical for
planet formation simulations in the core accretion paradigm with
fast gas accretion rates. Once the planet starts to accrete gas in the
runaway regime it grows very fast to nearly Jupiter mass, leaving
the mass range between 4× 10−5 and 4× 10−4 empty. This effect
is also pointed out in Suzuki et al. (2018) where comparison of the
Ida et al. (2013) models to the microlensing data was made. With
moderate stellar encounter invoked in the simulation, gas giant plan-
ets in the microlensing field of view are even matched better (right
panel plot in Figure 6.3). The q dependence of the gas giant planets
are better within the acceptable margins for the clustered simula-
tions. The agreement in the distribution of the gas giant planets is
because the disc truncation from clusters hinders giant planet for-
mation, thus matching the varnishing trend of the massive gas giant
planet distributions. In addition, our models do not reach high planet
mass ratio end of the microlensing survey. We suspect, this problem
could be because such massive planets might form via other planet
formation pathways like the gravitational instability (Boss 1996).
Recently, Schlaufman (2018) argued that planets with masses larger

than 4-5 Jupiter masses are most likely formed via gravitational in-
stabilities. However, this leaves our best model with a "gap" in the
m- distributions of the microlensing surveys, as our simulations do
not reach planetary mass ratio, q > 10−2 (see Figure 6.3). However,
our simulations do not include the growth and migration of multiple
planets which could allow for collisions to make larger mass planets
(e.g. Bitsch et al. 2019).

7 DISCUSSION

The central topic in this work is the disc truncation by stellar en-
counter. Various studies found that stellar flybys, in particular close
stellar flybys could affect circumstellar discs and the associated
planetary systems in various ways:

(i) Close stellar encounters could influence the structure of the
planetary system (Pfalzner et al. 2018; De Rosa & Kalas 2019; Win-
ter et al. 2020) during the early phase of planet formation history.
For example, the outermost planets that form at the disc’s outskirts
might experience orbital excitation due to the dynamical perturba-
tion from the flyby. It is therefore possible, the outer planets strongly
assume eccentric orbits in environment where close stellar flybys
are common. Therefore the observed orbital structure of the outer
planets could point at possibilities of close flybys or dynamical ex-
citation (Sotiriadis et al. 2017). Orbital inclination due to orbital ex-
citation might modify the course of planet formation; for example,
pebble accretion rates and migration rates could substantially reduce
(Bitsch & Kley 2010; Levison et al. 2010; Chametla et al. 2022).
Circumstellar discs in stellar clusters can also be tilted after subse-
quent capture of gas from a dense gaseous reservoirs (Thies et al.
2011). Planets forming in these circumstellar discs might mostly as-
sume inclined planetary orbits. Post stellar encounter discs may also
have denser inner disc regions. This drives fast coagulation and con-
sequently faster planet formation rates. It is also possible that the
already forming planets gets compressed by gas inflows leading to
a hot Jupiters and short-period eccentric planets (Thies et al. 2011).
Self-consistently integrating this important aspects of planet forma-
tion to global planet formation frameworks, i.e the planet population
syntheses is computationally demanding. For this reason we did not
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10 Ndugu et al.

Figure 6.2. Giant planet frequency as function of [Fe/H] from the observations by Johnson et al. (2010) marked by the black curve. The remaining colored
curves mark the models from our simulation that represents the different stellar encounter and disc environment configurations. The left and the right panel
plots show the gas giant occurrence rates with metallicity for linear distribution and other periastron ratio distribution (logarithmic, mid, close and mixed
distributions), respectively.

Figure 6.3. Comparison of our simulations to the microlensing data from Suzuki et al. (2016). The black solid curve depict the best planetary frequency from
Suzuki et al. (2016) and the grey band denote the therein 68 % confidence interval for the best fit parameters. The comparison presented represents a subset
of our synthesis data within 2.7 au to 50 au and in the planet mass ratio, q > 10−6, corresponding to the planets inside the purple square in Figure 3.3 and
Figure 3.4. The left and the right panel plots show the mass occurrence rates of giant planets with linear distribution and other periastron ratio distribution
(logarithmic, mid, close and mixed distributions), respectively.

model orbital excitation of planets due to stellar flyby. With orbital
excitation due to stellar encounter implemented in our model, we
envision a much more reduced gas giant planet formation rates, in
particular the cold gas giant planets formation rates. Nevertheless,
the syntheses calculations in this study point out clearly and in re-
alistic manner the global contribution of disc truncation in planet
formation.
(ii) Close stellar flybys could result into formation of substructures

(rings) in discs. Because rings in discs are hotspot for enhanced
dust densities—boost for dust coagulation and growth-consequently
planet formation (Morbidelli 2020), flybys could promote planet for-
mation. Global dust evolution and planet formation in such ring
structures have been studied in detail in our submitted paper (An-
dama et al. Prep). Formation of planetary cores in such ring structure
allows for a modification in core accretion paradigm, for example,
the solid core mass may not be limited by the famous isolation mass
but to the total amount of dust trapped in the ring structure (Mor-
bidelli 2020; Andama et al. Prep). Via this phenomenon, we believe

that stellar encounter could be a blessing in disguise in enhancing
planet formation in stellar clusters. However, it remains question-
able, how often the stellar encounter lead to formation of substruc-
tures in the host disc. Formulation of this phenomenon is still under
development (Pfalzner & Govind 2021) and therefore difficult at this
stage to self-consistently anchor to global planet formation models.
Although calculating substructures by stellar flyby is clearly beyond
the scope of this work, it is interesting in future to; calculate in detail
the frequency of such substructures due to stellar flybys, estimate the
collective impact of disc truncation and substructures formation by
stellar flybys on planet formation.
(iii) Protoplanetary discs can in principle be truncated by an en-
counter with a visiting star in a dense stellar environment. Clarke &
Pringle (1993) showed that disc could be truncated up to one-third of
the distance of the encounter. For example, if the closest approach
of a star were 300 AU, then the disc would be truncated to a ra-
dius of 100 AU (Hall et al. 1996). Further simulations showed that
prograde, co-planar encounters are the most destructive to the disc
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(Boffin et al. 1998). It is also possible material from the disc can also
be transferred onto an orbit around the perturbing star (Kobayashi &
Ida 2001). In this study, effect of disc truncation is calculated by fol-
lowing the disc truncation fitting presented in Breslau et al. (2014).
As in Breslau et al. (2014), we assumed; the most destructive en-
counters; parameter configurations that mimics the ONC parame-
ter space and simplistic case of the disc harbouring only the host
star, but not the perturbing stars3. Anchoring the earlier disc trunca-
tion results (Clarke & Pringle 1993; Hall et al. 1996) into our global
planet formation model would report less disc truncation effect than
reported here. For example, the gas giant planet population might be
enhanced compared to this study.
(iv) Close flybys can lead to gravitational instabilities that might
eventually trigger planet formation (Thies et al. 2010; Parker 2020).
Although the most acceptable pathway of planet formation is
thought to be the core accretion scenario (e.g, Wetherill 1980;
Kokubo & Ida 1998; Thommes et al. 2003; Coleman & Nelson
2014), planets could also form from the fragmentation of thermo-
dynamically cold circumstellar discs (Kuiper 1951; Cameron 1978;
Boss 1997; Gammie 2001; Rice et al. 2003; Tanga et al. 2004;
Rafikov 2005; Durisen et al. 2007; Mayer et al. 2002). Suppose
planet form via fragmentation, then interactions with passing stars
during the protoplanetary disc stage could suppress planet formation
(Forgan & Rice 2009). Furthermore, some studies find that in discs
affected by stellar flybys, the planets that form are more massive
and at larger orbital distances (Fragner & Nelson 2009). Because
our focus is in the explanation of the broad gas giant planet sub pop-
ulation, we did not model planet formation via gravitational insta-
bility paradigm that favours the formation of cold gas giant planets,
but instead follow core accretion formalism that proved to reproduce
broad range of planetary systems quite well.

This work assumed a stringent condition of one encounter with pass-
ing stars per planet formation history. In principle, stars can undergo
multiple stellar interactions that might drastically destroy the host
discs (Parker 2020). Encounter rate might vary with cluster evolu-
tion, for example study by Pfalzner et al. (2018) found close flybys
should be common after cluster formation in Pr 0211 systems with
a close fly-by rate of around 0.2-0.5 My−1. With this fly-by rates, it
means that for disc with lifetime of 2-3 My (most frequent disc life-
time in our model), roughly 1 encounter would be registered. This
is in agreement with our estimations of 1 encounter per planet for-
mation history. For higher disc lifetimes, it is therefore possible for
at least two encounters per planet formation history. However, such
long disc lifetimes are rare in our simulations. It is therefore a re-
alistic approximation to assume one encounter per planet formation
history. We have however acknowledge that through multiple en-
counters, the suppression of gas giant planet formation is enhanced.

8 CONCLUSION

In this work, we explore the outcome of our pebble-based core ac-
cretion planet formation models with pebble sizes corresponding
to two population dust distribution of Birnstiel et al. (2012) and
with the setup of disc truncation from stellar encounters following
Breslau et al. (2014). We analysed the emergent proportion of the
gas giant sub populations and compared the synthesized population;
with the debiased a distribution extracted from the HARPS survey

3 Such assumption are also seen in Pfalzner et al. (2005a) that aims to reduce
computational burdens of such complex physical processes.

(Mayor et al. 2011), the planetary mass distribution determined by
microlensing (Suzuki et al. 2016) as well as with the giant planet
occurrence rate (frequency-metallicity relation) determined by RV
observations (Johnson et al. 2010). We focused on the giant planet
population, not the super earth planets because their formation re-
quires proper inclusion of the N-body paradigm which is beyond the
scope of this work.

Compared to our previous model (Ndugu et al. 2018), we have in-
cluded a different approach on gas accretion (Crida & Bitsch 2017;
Crida et al. 2017; Ndugu et al. 2021) and a different approach for
type I (Paardekooper 2014) as well. Besides the stellar encounter
parameter sampling, the randomization of the important parameters
in our model (e.g. disc metallicity and starting times) were similar
as in our previous work. Our planet formation simulations are lim-
ited to only one planetary embryo and only one stellar encounter per
simulation.

Using the debiased Msin(i)− P data from Mayor et al. (2011),
we identified that our models result in too fast inward migration of
the giant planets (Figure 6.1). The fast inward migration due to the
large viscosity also conform to the idea that Jupiter’s core could have
formed beyond 20 au (Bitsch et al. 2015b; Öberg & Wordsworth
2020). Nevertheless, our planet formation simulations indicate that
relatively more cold Jupiters than hot Jupiter form in discs with-
out stellar encounter compared to discs that experienced stellar en-
counters via linear periastron ratio distribution. Our simulations also
show that the ratio of hot to cold Jupiter depends on the periastron ra-
tio distribution (see Table 1) that somehow determines the severity of
the disc truncation in our stellar encounter calculation (Figure 3.2).

In addition, we also compared our simulation data to the gi-
ant planet occurrence with metallicity of RV data (Figure 6.2) and
the mass distribution curve of the microlensing data (Figure 6.3).
The isolated disc simulations reproduces the metallicity-giant planet
correlation quite well, but the models though predict a shallower
metallicity dependence of giant planets than reflected by observa-
tions for simulations with disc truncation. In addition, the mod-
els also over predicts the a dependence of the giant planet semi-
major axis distribution for smaller semi-major axis (a 6 3 au).
The overestimate of the a dependence of giant planet could be re-
duced via inviscid disc environments and stellar cluster environ-
ments. We reported relatively acceptable comparisons of the sim-
ulation results to the microlensing data for planet mass ratio range,
4 × 10−4 6 q 6 4 × 10−3 and for a planetary mass ratio range,
q 6 4× 10−5 (Figure 6.3). The stellar cluster encounter incorpora-
tion solved the over fitting challenge for the massive gas giant plan-
ets.

Depending on the strength of the disc truncation, stellar encoun-
ters in general lowers in the simulations the occurrence rates of:

– cold Jupiters due to the truncation of the disc size that shifts the
planet formation channels closer to the host star.

– hot Jupiters because of reduction in the host disc mass from the
effect of stellar encounter.

Since the hot Jupiters and the cold Jupiters in our models preferen-
tially form at a closer and at a farther location from the host stars. It
is possible that in our simulations the disc truncation on the host
disc’s characteristic radius is an ambient one. Otherwise, an im-
mense disc truncation on the host disc would mostly leave forma-
tion regions that favor hot Jupiters formation, not the cold Jupiters
formations. Previous study also found out that not many of the host
stars in clusters are significantly impacted by stellar clusters. For ex-
ample, Pfalzner et al. (2018) revealed that stellar encounter might
affect only 12-20 % of protoplanetary discs.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stac569/6541859 by M

uni U
niversity user on 09 M

arch 2022



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

12 Ndugu et al.

Due to computational cost, it was not possible at the moment to
study the influence of evolution of some of the disc parameters, i.e
the α-viscosity parameter, which we envision to have contribution to
the extent of disc truncation through disc spreading and also impact
on the shape of the grain size distributions. Of utmost importance
are; the background heating and photo-evaporation effect of stellar
clusters, other impacts of stellar encounter-particularly the substruc-
tures formations. Though very complex, we expect that the simul-
taneous occurrence of these cluster phenomena in planet formation
simulations for the clusters’ lifetimes present even more reasonable
stand. Similarly, the opacities in the planetary envelopes in our sim-
ulations are not self-consistently calculated from the disc but rather
fixed (κenv = 0.05 cm2g−1) . Envelope opacity impacts envelope
cooling rates and thus gas accretion rates (Mordasini 2014). We also
see substantial potential for improvement in the treatment of the core
chemical compositions that could improve the overall core accretion
rates (Schneider & Bitsch 2021a,b).

Within the limitation of this model, we conclude that inclusions of
stellar encounters calculation influences structures of protoplanetary
discs, hence planet formations and the outcome of global models,
like planet population synthesis models. To reinforce our conclu-
sion, more detailed follow-up planet population syntheses simula-
tions are needed to concurrently test the impact of simultaneous in-
clusion of the nexus of the physical phenomenons in stellar clusters.
More detailed simulations are also needed to account for the impact
of competitions for the multiple cores on the work presented herein.
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