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ABSTRACT
The orbits of planetary systems can be deformed from their initial configurations due
to close encounters with large astrophysical bodies. Candidates for close encounters
include astrophysical black holes, brown dwarf stars, rogue planets, as well as hypo-
thetical populations of primordial black holes (PBH) or dark matter microhalos. We
show that potentially tens of thousands of exoplanetary systems in the Milky Way
may have had close encounters with PBH significant enough to impact their planetary
orbits. Furthermore, we propose that precision measurements of exoplanet orbital pa-
rameters could be used to infer or constrain the abundances of these astrophysical
bodies. Specifically, focusing on PBH we numerically estimate the number of times
that such objects pass through the local neighborhood of a given planetary system,
and then analyze the statistical impact on the orbital parameters of such systems.

1 INTRODUCTION

Recent technological advancements relating to searches for
exoplanets have led to significant developments in our under-
standing of the composition and formation of planetary sys-
tems e.g. (Wright et al. 2011; Thompson et al. 2018). How-
ever a number of critical questions remain to be answered, of
particular interest is how late time planetary orbits may be
shaped due to interactions between planetary systems and
transient close encounters with astrophysical bodies which
intrude into the radius of influence of the parent star. Such
close encounters quite naturally occur with other stars and
free floating planets, in this work we extend these consid-
erations to consider more exotic hypothetical astrophysical
bodies. One reason that populations of exotic objects are
interesting is due to the fact that their typical mass scale,
spatial distribution, and velocity dispersions may be very
different to conventional objects such as stars and planets.
Not only may a population of exotic bodies be able to ex-
plain variations in the orbits of exoplanets, but precision
studies of exoplanetary orbital parameters can potentially
constrain (or favor) the existence of new populations of as-
trophysical bodies, beyond stars and rogue planets.

The solar system contains many free-floating bodies
which can potentially behave intrude on a stellar system,
including unbound comets, free floating planets, planetesi-
mals, stars, brown dwarf stars, astrophysical black holes, as
well as hypothetical populations of substellar mass primor-
dial black holes or dark matter microhalos. The aim of this
work is to examine how the eccentricity and semimajor axis
distributions for exoplanetary systems may be impacted by
encounters with such astrophysical objects.

Here we take Primordial Black Holes (PBH) as our
quintessential example of an exotic astrophysical object.
PBH are black holes which form not through stellar collapse,
but rather from extreme over-densities in the early universe
(Zel’dovich & Novikov 1967; Hawking 1971), as such PBH
can potentially have masses well below one Solar Mass M⊙.
While we will phrase our study in terms of PBH, our con-
clusions should be robust for other compact massive objects
since the results are entirely set via their gravitational in-
fluence. Examples of other comparable hypothetical bodies
includes: ultracompact dark matter microhalos, axion mini-
halos, and dark matter stars (Hogan & Rees 1988; Berezin-
sky et al. 2013; Freese et al. 2015).

In many cases the interaction of a planet-star system
with its environment can be reduced to a gravitational three-
body problem. One such situation is when the third body
acts as a passing flyby, perturbing the planet-star system.
In particular, the passing flyby exchanges energy with the
planet-star system, perturbing the orbit of the planet. Other
scenarios include collision between the passing flyby with the
planet or the dissociation of the planet-star system (Cuello,
Ménard, & Price 2022; Moore, Li, & Adams 2020; Hills
1975). The natural starting point is to compare to exist-
ing literature on close encounters between stellar systems
and intruder stars. In particular, Adams & Li (Li & Adams
2015) have investigated changes in planet eccentricities due
to close encounters with binary stars, and Heggie & Spurzem
(Spurzem et al. 2009) have studied the analytical estimates
of the changes in planet orbital eccentricity and semima-
jor axis due to stellar adiabatic and impulsive encounters.
In this paper, we extend the study of stellar encounters to
passing flybys of different initial parameters than that of
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stars. In the case of PBHs, because these objects form prior
to galaxy formation, it is a reasonable expectation that the
PBHs to have the same velocity dispersion as dark matter.
Since the mean of the dark matter velocity dispersion is 220
km/s (Navarro et al. 1996), the case of PBH can be highly
distinct to the stellar case (with mean of ∼ 40 km/s). Ac-
cordingly, high velocity flybys with PBHs are categorized as
‘impulsive encounters’ Spurzem et al. (2009).

Though the first exoplanet around a main sequence star
was discovered in 1995 (Mayor & Queloz 1995), there are
now well over 5000 confirmed exoplanets in thousands of
systems (exoplanet.eu). These planets span a wide range
of (dynamical) masses, semimajor axes, eccentricities, and
other orbital elements. However, due to observational bias,
there is not a complete picture on the distributions of the or-
bital elements of exoplanets (Burke et al. 2015; Christiansen
et al. 2016). With these biases, in the current population of
known exoplanets Jupiter-like planets are the most com-
mon, in part because they are the easiest to detect. Fur-
thermore, the most successful detection method, the transit
method, is heavily biased towards short period planets. As
such, the most common semimajor axes of known exoplan-
ets are within 1 AU. Additionally, there is still much to un-
derstand regarding the connections between proto-planetary
disks and the features of known exoplanet systems (Mulders
et al. 2020; Emsenhuber et al. 2021).

The rich and complex possible histories of dynamical
evolution complicate matching disk simulations to the pop-
ulation of established planetary systems. The commonly ob-
served (mostly) circular orbits are likely the result of the
dynamics involved in formation including dynamical fric-
tion (Chandrasekhar 1943), migration, and tides. Also, the
connection between stellar mass and common formation lo-
cation (semimajor axis) of planets is not fully understood.
Therefore, since neither observations nor simulations cur-
rently give complete or accurate predictions for initial val-
ues, we will estimate the eccentricity and semimajor axis
distributions for exoplanetary systems, with the assumption
that the initial eccentricity and semimajor axis of all the
planets are Jupiter-like with (e0, a0) ∼ (0, 10 AU). Thus,
our aim is to identify the late time values of e∞ = e0 +∆e
and a∞ = a0 +∆a acknowledging that these perturbations
∆a and ∆e receive a contribution from standard astrophys-
ical sources, such as close encounters with stars, as well as
potentially from encounters with hypothetical bodies such
as primordial black holes. Moreover, one expects that ∆a
and ∆e will depend on the radial distance from the Galactic
Centre, since the densities and velocities of stars and PBH
will change depending on their position in the galaxy.

This paper is organized as follows: In Section 2, we dis-
cuss the role of numerical simulations for studying close en-
counters with particular reference to PBH. Section 3 de-
scribes the approach we employ to estimate the orbital dis-
tributions of all exoplanets. We then track the frequency
and probability of PBHs entering an appropriate region of
the star that could lead to non-negligible orbital changes
in Section 4. In Section 5, we present the expected number
of exoplanets over the entire galaxy that could experience
a significant close encounter with a PBH and the distribu-
tion of the eccentricities of such exoplanets. We present our
concluding remarks in Section 6.

2 SIMULATING CLOSE ENCOUNTERS

In this first section we first discuss how one can model stel-
lar system flybys, leading to some statistical studies which
relate the statistical impact to the planetary orbits for dif-
ferent assumptions regarding the relative mass and velocity
of the flyby object, the closest approach of the flyby. Specif-
ically, we shall study the statistics of encounters between a
flyby object and a simple planet-star system consisting of a
single planet and parent star. The planet-star system con-
sists of a central star with massMc and one planet with mass
M1, semimajor axis a, and eccentricity e. We focus on the
changes to the eccentricity δe or semimajor axis δa, these
can be related to the relative change in binding energy and
the angular momentum per unit mass (respectively δE/E
and δJ/J) as follows (see e.g. (Li & Adams 2015)):

δE

E
= −δa

a
,

δJ

J
= −1

2

δa

a
− eδe

1− e2
.

(1)

Notably, one parameter that strongly influence the pertur-
bation strength of encounters is the distance of the clos-
est approach, initial speed of the third body relative to the
planet-star system, v∞. If v∞ is much larger than the orbital
speed of the planet, then the encounter is said to be impul-
sive, otherwise, the encounter is called adiabatic (Spurzem
et al. 2009). In this paper, we put particular attention to the
case of impulsive encounters since the velocity of PBHs is
expected to be significantly larger than that of the planet.

To carry out simulations of close encounters between
passing flybys with planet-star systems, we use the REBOUND
(Rein & Liu 2012) software package, an N-body integrator
that integrates the motion of particles under the influence
of gravity.1 Specifically, we adapt the package REBOUND to
simulate impulsive close encounters. To our knowledge this is
the first such numerical study of impulsive close encounters
describing PBH flybys.

The set of parameters is the flyby’s mass M∗, velocity
at infinity relative to the planet-star system v∞, and impact
parameter b∗, along with the initial parameters of the planet-
star system, in particular the parent star’s mass Mc, and the
planet’s mass M1, semimajor axis a, and eccentricity e. We
introduce the passing flyby on a hyperbolic trajectory, with
mass M∗, eccentricity e∗, impact parameter b∗, and relative
velocity v∞, its closest approach rp is given by

rp = b∗

√
e∗ − 1

e∗ + 1
≈ b∗ . (2)

We implement REBOUND using a hybrid integration
scheme2 for switching from WHFast (Rein & Tamayo 2015) to
IAS15 (Rein & Spiegel 2015) and back to WHFast if the flyby
object passes within 30 AU. If rp > 30a then REBOUND simply
uses WHFast for the entire integration. This hybrid scheme
allows for fast integrations and high resolution 3-body in-
teractions because it takes advantage of the predominantly
Keplerian motion when the bodies are weakly interacting.

1 Analytical estimates of the eccentricity change and effective
cross-sections in terms of the initial parameters of the encounter

can potentially be derived, see e.g. (Spurzem et al. 2009).
2 The code, titled “airball”, is available at (Brown 2022).
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Figure 1. For illustrative purposes only we show here the case

of 4 planets on circular orbits around a central star (⋆), whereas

in our main simulations we only consider single planets orbiting
stars. The flyby of the intruding body are on hyperbolic trajec-

tories and shown as brown, black and yellow curves.

Our code uses a sufficiently small fixed timestep, be-
tween 1 and 5 per cent of the innermost orbital period when
integrating with WHFast, so that when switching to IAS15

the change in energy to the system incurred by switching in-
tegrators is negligible compared the change in energy of the
system due to a flyby. Switching back from IAS15 to WHFast

is also done at the same distance away from the planet-
star system. The advantage of switching is being able to use
the adaptive timestepping of IAS15 to untangle the close en-
counters and strong interactions that break the assumptions
of the WHFast integrator. We initialize REBOUND for a flyby
object on a hyperbolic trajectory given the flyby’s mass, ve-
locity at infinity, and impact parameter. Adding an object
to a REBOUND simulation with a fully determined initial orbit
requires the object’s semimajor axis, eccentricity, inclination
i, longitude of the ascending node Ω, longitude of perihelion
ϖ. Figure 1 graphically illustrates the trajectories traced out
under our simulation scheme for a single example run.

For all simulations presented in this paper, unless oth-
erwise specifically stated, the mass of the star in the planet-
star system equals Mc = 1M⊙, and the mass of the planet
equals M1 = 10−3M⊙, with semimajor axis a = 5 AU or 10
AU and eccentricity e = 0, comparable to that of the Sun-
Jupiter/Neptune-like systems. For each set of initial param-
eters, we implement the Monte Carlo sampling technique to
randomly choose the angle orbital parameters of the flyby.
In particular, the angular orbital parameters Ω, ϖ, and in-
clination i of the flyby are all uniformly drawn from a dis-
tribution of [−π, π]. Moreover, each initial setup is ran for
N = 10 samples, with each sample having independently
sampled angle orbital parameters. We then perform several
large ensembles of numerical scattering simulations to ex-
amine the effect of different parameters of the passing flyby
on the perturbation strength of the encounter.

In the first set of simulations, we consider the effect of

the passing flyby’s velocity on the perturbation strength of
the close encounter. Accordingly, Figure 2 shows the relative
change in energy and change in eccentricity of the planet for
surviving planet-star systems due to encounters with passing
flybys at approximately zero impact parameter b∗ ≈ 0. The
ratio of the flyby’s mass to the planet’s mass is taken to be

RM ≡ M∗/Mp = 10−3, 10−1, 10. (3)

The x-axis of Figure 2 shows increasing velocity, in terms of
Rv the ratio of the flyby star velocity relative to the orbital
velocity of the planet. Each point in Figure 2 corresponds to
the average value of 10 simulations. Note that for different
values of RM , the general shape of the curve is highly anal-
ogous. Moreover, the values for ∆e and |∆E/E| are similar.
The line of best fit is of the form

α1 · exp (−γ1 ·Rv) + β1, (4)

we find γ1 ≈ 0.9 to be a good fit and the values of α1

and β1 are highly dependent on the ratio of the flyby mass
to the planet mass. Observe that the perturbation strength
decreases exponentially with respect to increases in the flyby
velocity until the threshold value Rv ≈ 10, where after the
perturbation strength is insensitive to further increases in
the flyby velocity. For a Sun-Jupiter system, a flyby of mass
M∗ = 10−2M⊙ and velocity v∞ ≈ 130 km/s can lead to
percent level changes in planetary eccentricities (∆e ∼ 0.01).

Figure 3 provides a complementary presentation of the
information in Figure 2, in this case we take fixed values of
the ratio of velocities Rv and vary the ratio of flyby mass
to planet mass along the x-axis. Similarly, each point is the
average value of 10 simulations. Note that the data points of
all three different flyby velocities lie roughly along the same
curve, and the values for ∆e and |∆E/E| are similar. Due to
the stochastic nature of the resulting data points, we present
one fitted line for all three flyby velocities. In particular, we
found the line of best fit to be of the form γ2 · RM∗ , with
γ2 ≈ 0.001 being a good fit. We highlight in particular that,
the perturbation strength increases linearly with respect to
increase in the mass of the flyby. For a Sun-Jupiter system,
a flyby of mass M∗ ≈ 10−1 can lead to a ∆e ≈ 0.1 increase
in the planet’s orbital eccentricity.

Figure 4 shows the effect of varying the impact param-
eter of the flyby. Specifically, we show the relative changes
in energy and eccentricity of the planetary orbit for sur-
viving planet-star systems following a a flybys with veloc-
ity v∞ ≈ 200 km/s. The flyby’s mass is taken such that
RM = 10−3, 10−1, and 101. The x-axis shows increasing
impact parameter of the flyby in terms of the scaled quan-
tity Rb ≡ b∗/a, where a is the initial semimajor axis of the
planet. Again, each point is the average value of 10 simula-
tions. We found the line of best fit of the form

α3 · exp(−γ3 ·Rb) + β3, (5)

with γ3 ≈ 0.33 and the values of α3 and β3 are sensitive to
RM . The impact parameter b∗ governs the closest approach
between the flyby and the parent star, cf. eq. (2). There-
fore, the perturbation strength decreases exponentially with
respect to increases in the flyby impact parameter. For a
Sun-Jupiter system, a flyby with closest approach b∗ ≈ 4
AU and mass 10−2M⊙ can lead to ∆e ≈ 0.01.
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Figure 2. Changes in the relative energy and eccentricity of the planet due to encounters with passing flybys at ≈ 0 impact parameter

with the ratio of the flyby’s mass to the planet’s mass being RM = 10−3, 10−1, and 101 respectively. The x-axis shows increasing

velocity Rv of the flyby star as a dimensionless value in terms of the orbital velocity of the planet. Each point is the average value of 10
simulations.

Figure 3. Changes in the relative energy and eccentricity of the planet due to encounters with passing flybys at ≈ 0 impact parameter

with the ratio of the flyby’s velocity to the planet’s mass being Rv = 14, 9, and 4 respectively. The x-axis shows increasing mass RM∗
of the flyby star as a dimensionless value in terms of the mass of the planet. Each point is the average value of 10 simulations.
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Figure 4. Changes in the relative energy and eccentricity of the planet due to encounters with passing flybys of velocity v∞ ≈ 200

km/s, with the flyby mass to the planet mass ratio being RM = 10−3, 10−1, or 101. The x-axis shows increasing impact parameter Rb

of the flyby star as a dimensionless value in terms of the semimajor axis of the planet. Each point is the average value of 10 simulations.

3 TRACKING DYNAMICS ACROSS 10
ORDERS OF MAGNITUDE

The previous section generalizes the statistics of the changes
in the semimajor axis and eccentricity of the planet given a
close encounter. In principle, if one can estimate the number
of close encounters throughout the galaxy, then this would
lead to predictions of the distributions of eccentricities and
semimajor axes of exoplanets. As a first step towards this,
this work aims to understand the expected distribution of
exoplanet orbital parameters under a number of simplify-
ing assumptions. Our first assumption is that all exoplanets
are simple star-planet systems with mass 10−3M⊙ and ini-
tial orbital parameters (e0, a0) ∼ (0, 10 AU). Our analyses
are likely reasonable for modeling impact on systems with
a single large planet, if such systems also have small bod-
ies they are unlikely to significantly perturb the analysis.
The starting configuration (e0, a0) ∼ (0, 10 AU) is likely an
oversimplification since we expect formation histories may
impact a0 and stellar encounters likely smear this distribu-
tion.

There are essentially two ways in which planetary or-
bital parameters could be perturbed by intruding objects to
a stellar system:

1. Intruder passes through the system without being cap-
tured, i.e. a one time event, referred to as a ’flyby’.

2. Intruder is captured by the system, potentially leading
to multiple interactions between planets and the intruder.

In this work we focus on scenario 1, noting that while cap-
ture may be more impactful since it necessarily involved
energy dissipation via a three-body interaction it is statisti-
cally extremely unlikely to occur compared to flyby events.

Figure 5. Flow diagram showing the chain of dedicated code ap-
plied in order to study how primordial black holes (PBHs) influ-

ence the orbits of exoplanets. We also indicate the typical length

scale at which the simulation is targeted.

Taking scenario 1, a quantitative assessment can essen-
tially be broken into three sub-questions:

A. Given a star in a circular orbit around the Galactic
Center, what is the frequency to which some PBH in the
galaxy enters the neighborhood of the given star?

B. Given a PBH enters the neighborhood of a star, what
is the probability that this PBH enters a region in which it
can significantly perturb the orbits of the star’s planet(s)?

C. Given a PBH that enters the planet perturbing region,
statistically what are the effects on the orbital parameters?

In this manner we will ascertain whether PBH (or similar ob-
jects) can significantly impact the orbits of exoplanets across
the Milky Way. Note that Section 2 gives the statistical re-
sults on the changes in the orbital parameters (eccentricity
and semimajor axis) of the planet in terms of three param-
eters of the flyby PBH, so it remains to answer questions A
and B, and then to look at the statistical distributions of
exoplanet orbits, as we do over the remainder of this paper.
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Figure 6. GALA outputs. Left. Averaged relative velocity (km/s) between the PBH and the star at the time of close encounter. Each

point is the average of 240 simulations. Right. Number of close encounters as a function of the star’s distance r from the Galactic
Center within the region of longitude between (−θ(r), 2θ(r)) and latitude (−2l(r), 2l(r)) plotted for different assumptions on the galactic

population of PBHs (5000, 7500, or 10,000).

To accomplish this study, we break the analyses into
three stages (corresponding to A, B and C). For part A,
to estimate the number of PBH which enter the neighbor-
hood of a given star—which we take to be a sphere of ra-
dius rn = 30 pc—we implement numerical galactic dynamics
simulations using the public GALA code (Price-Whelan 2017).
GALA models the PBHs and the given star as test particles
and traces out the trajectories of the test particles based on
a given mass model potential.

We then compute the probability that a PBH in the
neighborhood of a star has the appropriate trajectory such
that its perturbation of planetary orbits is non-negligible,
typically coming within 15 AU (for Jupiter-like planets) and
90 AU (for Neptune-like planets) of the star, thus addressing
B. When computing the probability that the PBH enters the
solid angle in questionB, the PBH’s initial distance from the
star at a distance d < rn = 30 pc (introduced in our GALA

analysis) with the exact value d drawn from a distribution
of distances at the time of close encounter from the galactic
simulations. We defined the solid angle sphere of region to
be the sphere with radius rc = 200 AU around the star.
These computations are detailed in Section 4.

For question C, to build on the results obtained in Sec-
tion 2, the REBOUND simulations use the results of the solid
angle code to sample how the close encounters play out,
specifically we consider the impact parameters of the PBH
to be b∗ < rc and examine the flyby’s effect on the planet’s
orbital parameters. Section 5 describes this process in detail.

This three-step numerical study is important to be able
to make the problem computationally tractable. Note that
the scale of the galaxy is ∼ 1 Mpc, while stellar systems
are of order 10−4 parsec (this is the Neptune-Sun distance),
thus the problem spans 10 orders of magnitude in distances.
Compartmentalizing the problem into three units essentially
tracks the relevant dynamics first at the Galactic scale using
GALA, then at the parsec scale via our custom solid angle sim-
ulator, then finally at the interplanetary scale ≲ 50 AU us-
ing REBOUND. Figure 5 shows the flow diagram of the above-
mentioned approach. To our knowledge ‘daisy-chaining’ of
these codes in this fashion has not been previously explored.

4 SIMULATING GALACTIC DYNAMICS

Numerically, to determine the frequency of PBHs and other
classes of astrophysical objects entering the neighborhood
of a given star, we implement galactic simulations using the
public code GALA. This Astropy-affiliated Python package
numerically integrates the trajectories of stars and other as-
trophysical objects based on a given mass model. In partic-
ular, we use the MilkyWay Potential model, consisting of a
spherical nucleus and bulge, a Miyamoto-Nagai disk, and a
spherical NFW dark matter halo.

A test particle, representing the given star, is placed at
a distance between 2 kpc and 25 kpc from the Galactic Cen-
ter, with initial circular velocity orbiting around the Galactic
Center at 100 km/s. For a given star r kpc away from the
Galactic Center, we specify a region of interest, i.e. a solid
angle, of the entire sphere by computing the maximal lati-
tudinal and longitudinal angles this star with 100 km/s can
travel in 1 Myr. Then 104 test particles, representing the pri-
mordial black holes, are randomly placed across the galaxy
with longitudes spanning from (−θ(r), 2θ(r)) and latitudes
spanning from (−2l(r), 2l(r)), where θ(r) is the angle this
star can traverse in 1 Myr and l(r) is the maximum latitude
this star can traverse in 1Myr. We assume the PBH follow
the density profile of dark matter, and so the distribution of
the 104 test particles (spanning from 1 to 30 kpc from the
Galactic Center) are based on the NFW (Navarro-Frenk-
White) density profile (Navarro et al. 1996). Moreover, each
PBH is assigned a starting speed of 220 km/s and a ran-
domized direction. We calculate the average number of close
encounters within the specified region as a function of the
star’s distance r from the Galactic Center and then rescale
this to account for the entire galaxy.

We implement the integration using the
Leapfrogintegrator, a symplectic integrator that com-
putes the position coordinates and velocity vectors of
particles with specified timesteps. For each time step, we
evaluate the pairwise distances between the given star
and each of the PBH, and evaluate the relative velocity

© 0000 RAS, MNRAS 000, 000–000



Impact of Primordial Black Holes on Exoplanet Systems 7

Figure 7. GALA outputs. Left. Histogram of the distances between the PBH and the star at the timestep when the PBH is within
distance rn of the star. The result is taken from a total of 12 simulations, 3 of each star’s initial distance from the Galactic Center being

2, 3, 4, 5 kpc. Right. Histogram of the relative velocities between the PBH and the star at the timestep when the PBH is within distance
rn of the star. The result is taken from a total of 12 runs, 3 for each star’s initial distance from the Galactic Center being 2, 3, 4, 5 kpc.

between the two objects if the primordial black hole is
within distance rn of the star. We take rn = 30 pc.

Figure 6 shows the result of the averaged relative ve-
locity (km/s) between the PBH and the star at the time
of close encounter. The curve follows the gaussian distri-
bution, and a gaussian fitting gives the line of best fit to
be α · exp(−β · (r2)) + γ, with α ≈ 203, β ≈ 0.0065, and
γ ≈ 57.8 being a good fit. Notably is the smaller values
of the velocity at large values of r. Since the perturbation
strength decreases exponentially with respect to increase in
flyby velocity (Section 2), smaller velocity means that each
close encounter would lead to a larger perturbation strength.

Figure 7 shows the distributions of distances between
the PBH and the star at the timestep when the PBH is
within distance rn of the star (left) and the relative veloci-
ties between the PBH and the star at the time of the close
encounter (right). This is calculated from a total of 12 sim-
ulations, 3 of each star’s initial distance from the Galactic
Center being 2, 3, 4, 5 kpc. The distribution of such distances
paves the ground for the solid angle probability calculation,
where we randomly sample the starting distances between
the PBH and the star from this distribution.

The above analysis with GALA gives the frequency of
PBHs coming within distance d < rn = 30 pc of the star and
the distribution of the exact distances at the time of close en-
counter. We next statistically compute the probability that
a PBH in the neighborhood of a star (d < rn = 30 pc) has
the appropriate solid angle region such that its perturbation
of planetary orbits is non-negligible, typically coming within
15 AU (for Jupiter-like planets) and 90 AU (for Neptune-
like planets) of the star. This distance is different for Jupiter
and Neptune because of their different semimajor axes.

Figure 8 (left) provides a graphical representation of
the scenario. For each simulation, the PBH’s initial distance
from the star, d < rn = 30 pc, (introduced in our GALA
analysis), is randomly drawn from a distribution of distances
at the time of close encounter from the galactic simulations
(cf. Figure 7). Since we are interested in cases where the
PBH in the neighborhood of a star has the appropriate solid
angle region within a sphere with radius rf ≪ 200 AU, we re-

strict the PBH’s velocity vector v to be aiming at a specified
region of the sphere with solid angle ≈ 2.5 · 10−8 steradians
(to simplify our calculations). We later rescale to obtain the
full probability for randomly distributed components. Given
the afore-mentioned sampling scheme, we then compute the
closest distance between the PBH and the star along the
trajectory of the PBH.

Figure 8 (right) demonstrates the probability that a
PBH in the neighborhood of the star enters a sphere of ra-
dius r of the star. The x-axis is such sphere’s radius r, and
the y-axis is this probability. However, since we constrained
the magnitude of PBH’s velocity vector pointing directly to
the origin, we must multiply the resulting probability by
4 ·10−10. For Jupiter-like planets, we found the PBH having
a ≈ 5.85·10−13 probability entering a sphere of radius 15 AU
around the planet, and for Neptune-like planets, we found
a PBH have a ≈ 1.7 · 10−11 probability entering a sphere of
radius 90 AU around the planet.

5 DISTRIBUTIONS OF EXOPLANET ORBITS
AFTER A SINGLE PBH ENCOUNTER

The previous two sections give the result of the frequency
of close encounters and the probability that such encoun-
ters lead to the PBH entering the appropriate solid angle
region such that its perturbation of planetary orbits is non-
negligible. It remains to compute the changes to the eccen-
tricity and semimajor axes of planets after the PBH enters
the appropriate solid angle region.

For Sun-Jupiter systems, the impact parameter (b∗) of
the flyby dictates the distance of closest approach and is
drawn from a distribution of 15

√
R[0, 1]AU, such that the

sampling is uniform for the cross-sectional area. For Sun-
Neptune systems, the impact parameter (b∗) is drawn from
a distribution of 90

√
R[0, 1]AU. We simulate the flybys anal-

ogously to the process explained in Section 2 using REBOUND.
A detailed analysis could take into account the relative ve-
locities. However, since the bulk of the galaxy (0-20 kpc)
has relative velocities between the PBH and the star be-
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8 Garett Brown, Linda He, and James Unwin

Figure 8. Left. Graphical representation of the solid angle computation scenario. Object A represents the PBH, and we randomly select
the velocity vector v of the PBH and its initial distance from the distance distributions extracted from the GALA galactic simulations.

We then evaluate the probability that a large sampling of such objects can enter a smaller sphere of region around the star. Right. The
probability that a PBH with initial velocity vectors and initial distance from the star randomly sampled enters a sphere with a radius r

less than 200 AU around the star as a function of the radius r of the sphere. The result is taken over a total of 105 simulations.

tween 60 − 250 km/s, corresponding to the flat region in
Figure 2, the relative changes in energy are insensitive to
changes in the relative velocity for most parts of the galaxy.
As an initial study, we will take the velocity of the flyby to
be 100 or 200 km/s going forward to make the analysis more
tractable.

Since there are ∼ 1011 stars in the Milky Way, and it
is expected that almost of these may have exoplanets, then
assuming that the stars are uniformly distributed, we may
calculate the expected number of exoplanets that experience
a significant close encounter with a PBH that non-negligibly
alters its orbital parameters. Figure 9 shows the expected
cumulated number of exoplanets that experience such an
encounter as a function of the distance from the Galactic
Center.

To determine the distribution of the eccentricity and
semimajor axis of all exoplanets, it remains to determine
the probability p(r) of exoplanets of distance r from the
center of the galaxy encountering a PBH entering the ap-
propriate solid angle region such that its perturbation of
planetary orbits is non-negligible. Then a fraction (1−p(r))
of the exoplanets at distance r from the Galactic Centre have
eccentricity e0, while the remaining p(r) of the exoplanets
will have e ̸= e0 distributed according to the histogram of
eccentricities given in Figure 10 (assuming e0 = 0).

6 CONCLUSION

In this paper, we studied the statistics of the eccentricity and
semimajor axis distributions of exoplanets throughout the
galaxy looking through the lens of exoplanet’s close encoun-
ters with surrounding astrophysical objects. In particular,
we used the primordial black holes as the example astro-
physical object. We estimated the number of Neptune-like
and Jupiter-like exoplanets in the galaxy that has encoun-
tered a primordial black hole that non-negligibly affected
its orbital parameters over the lifetime of the galaxy and
the distributions of the resulting orbital parameters. To ob-

tain the values and distributions, we employed three classes
of numerical simulations and semi-analytical estimates. We
also extended previous analytical and numerical results on
the perturbation strengths due to stellar encounters to a
wider range of parameters of the flyby. In the appendix, we
also include our numerical results extending the parameter
space to the parameters of the planet to account for more
variability of the mass, eccentricity, and semimajor axis of
all exoplanets.

The benefit of the project is two-fold. Firstly, by pro-
viding the predicted orbital distributions of all exoplan-
ets, this project can potentially help the Kepler mission in
searching for earth-like exoplanets across the Milky Way.
Secondly, with the recent deployment of the revolutionary
James Webb Space Telescope, astronomers project that a
plentitude of new exoplanets will be discovered in the com-
ing decade. Once a comprehensive catalogue of exoplanets
and their orbital parameters has been collated, the method-
ology developed here might be applied to this large dataset
as a means to test for the existence of populations of pri-
mordial black holes and other astrophysical objects.
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APPENDIX A: APPENDIX

Figure A1 (left) shows the changes in the relative energy
and eccentricity of the Sun-Jupiter system due to encoun-
ters with passing flybys of velocity ≈ 200 km/s with impact
parameter drawn from a distribution of 15

√
R[0, 1]AU. The

x-axis shows increasing mass M∗ of the flyby PBH. Fig-
ure A1 (right) presents analogous results for Sun-Neptune
systems, such that the impact parameter is drawn from
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Figure 9. Left. Given 109 initial PBHs over the entire galaxy, the expected cumulative number of Jupiter-like planets within distance

r from the center of the galaxy that encounters a PBH within 15AU over the age of the galaxy (≈ 10 billion years). Right. Given 109

initial PBHs over the entire galaxy, the expected cumulative number of Neptune-like planets within distance r from the center of the

galaxy that encounters a PBH within 15AU over the age of the galaxy (≈ 10 billion years).

Figure 10. Top left. Distribution of the resulting eccentricities of Jupiter after close encounter with a flyby PBH of mass 10−1M⊙
and velocity 200 km/s, with impact parameter drawn from a distribution of 15

√
R[0, 1]AU. Top right. Distribution of the resulting

eccentricities of Jupiter after close encounter with a flyby PBH of mass 10−1M⊙ and velocity 100 km/s, with impact parameter drawn

from a distribution of 15
√

R[0, 1]AU. Bottom left. Distribution of the resulting eccentricities of Neptune after close encounter with a

flyby PBH of mass 10−1M⊙ and velocity 200 km/s, with impact parameter drawn from a distribution of 90
√

R[0, 1]AU. Bottom right.
Distribution of the resulting eccentricities of Neptune after close encounter with a flyby PBH of mass 10−1M⊙ and velocity 100 km/s,

with impact parameter drawn from a distribution of 90
√

R[0, 1]AU.
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10 Garett Brown, Linda He, and James Unwin

90
√

R[0, 1]AU. In both cases each point is the average value
of 1000 simulations. Furthermore, Figure 10 gives the distri-
bution of the changes in Jupiter’s and Neptune’s eccentric-
ities for 1000 close encounters with PBH of mass 10−1M⊙
and velocities of 100 or 200 km/s, Appendix A.1 indicates
how varying the planet’s mass, initial eccentricity or semi-
major changes these results.

Furthermore, Figure A2 shows the perturbation
strength of the close encounter as a function of the initial
eccentricity, and semimajor axis.

© 0000 RAS, MNRAS 000, 000–000
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Figure A1. Left. Changes in the relative energy and eccentricity of the Sun-Jupiter system due to encounters with passing flybys of
velocity ≈ 200 km/s with impact parameter drawn from a distribution of 15

√
R[0, 1]AU. The x-axis shows increasing mass M∗ of the

flyby PBH. Each point is the average value of 1000 simulations. Right. Changes in the relative energy and eccentricity of the Sun-Neptune
system due to encounters with passing flybys of velocity ≈ 200 km/s with impact parameter drawn from a distribution of 90

√
R[0, 1]AU.

The x-axis shows increasing mass M∗ of the flyby PBH. Each point is the average value of 1000 simulations.

© 0000 RAS, MNRAS 000, 000–000
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Figure A2. Changes in the relative energy and eccentricity of the planet due to encounters with passing flybys of velocity v∞ ≈ 200

km/s with the ratio of flyby’s mass to the planet mass being RM = 10−3, 10−1, and 101. Each point is the average of 10 simulations.
Top. The x-axis shows increasing eccentricity of the planet. Bottom. The x-axis shows increasing semi-major axis of the planet.

© 0000 RAS, MNRAS 000, 000–000
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