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Abstract

The dynamical evolution of the outer Oort cloud in the solar sys-
tem is affected by passing stars and the Galactic tidal field. These
perturbations can strip comets from the cloud, forming soli lapides
(interstellar objects). If we assume that the Sun’s neighbour stars
also have Oort cloud-like structures, and therefore undergo simi-
lar perturbations, interstellar comets are expected to be common in
the local solar neighbourhood. In this work we investigate the dy-
namical evolution of comets in an exo-Oort cloud around the Sun’s
neighbour stars, accounting for the effect of passing stars and the
Galactic tidal field. Using proper motions, parallaxes, and radial ve-
locities from Gaia DR2, we studied a subset of the stars within 3 pc
from the Sun, i.e., the systems: Proxima Centauri, Barnard’s star,
Gliese 65, Ross 154, and Ross 248. For each system, we then calcu-
late the closest encounter with other stars they had in the last 10 Myr
and will have in the next 10 Myr. We find that on average the stars
in the local solar neighbourhood experiences around 40-55 encoun-
ters within 2.5pc from each star during 20 Myr, primarily with M-
dwarfs stars. Using the Astrophysical Multipurpose Software En-
vironment (AMUSE), and the GPU-accelerated direct N-body code
ABIE, we then calculate the effect of passing stars and the Galactic
tidal field on the comets in exo-Oort clouds around the Sun’s neigh-
bour stars. The most perturbed system is the binary system Gliese
65. Approximately 40x10% TIC Myr—! becomes transitional inter-
stellar comets (TICs), while 1.4 x10'° ISO Myr—! interstellar objects
(ISOs) over a time interval of 20 Myr. The semi-major axes of these
comets are comparable with the distance between Gliese 65 and the
Sun. Comets from the system Gliese 65 might reach the solar sys-
tem in the case that an Oort Cloud-like structure around this star
exists. For the remaining systems studied in this work, the rate of
TIC production over a time interval of 20 Myr is about 2.1 to 3.8 x 108
TIC Myr—!. This implies that a considerable fraction of interstellar
comets reside in the local neighbourhood. Therefore the Sun and its
neighbours are visited by interstellar comets originating from other
stars. In this way, it is plausible that an interstellar comet cloud ex-
ists.



5.1 Introduction

Section 5.1
( Introduction

Internal and external perturbations drive the dynamical history and evo-
lution of the population of minor bodies in the solar system, The internal
perturbations are due to the instabilities induced by the giant planets on
a planetesimal disk at the early stages of the solar system. The external
perturbations are due to stars passing near the sun and the Galactic tidal
field. These effects play a crucial role in the formation and evolution of
the Kuiper belt (e.g., Morbidelli 2005; Brasser & Morbidelli 2013), Oort
cloud (e.g., Fouchard et al. 2006; Vokrouhlicky et al. 2019) and interstel-
lar comets (e.g., Portegies Zwart et al. 2018; Torres et al. 2019a,b). Close
encounters with other stars can disrupt the comets in the Kuiper belt (e.g.,
Punzo et al. 2014), strip the Oort cloud (e.g. Nordlander et al. 2017; Jilkova
etal. 2016; Hanse et al. 2016; Bailey & Fabrycky 2019), and create interstel-
lar objects (asteroids/comets). In the early history of the solar system the
Sun may have been expelled from its birth cluster due to interaction with
the other cluster stars (Portegies Zwart & Jilkova 2015; Martinez-Barbosa
et al. 2016; Cai et al. 2017). Even though close encounters between the sun
and other stars might be rare today, they might have been quite common
in the early stages of the solar system, and they will happen in the near
future (Torres et al. 2018, 2019a). Studying the effect of multiple interac-
tions with stars and the galactic tidal field can help us to better understand
the dynamics of the outer regions of planetary systems with architectures
similar to the solar system.

If we assume that other planetary systems undergo similar processes
of formation as the solar system, structures like the Kuiper belt and Oort
cloud must be common (see, e.g., Potemine 2010; Veras et al. 2014; Ca-
iazzom & Heyl 2017; Baxter et al. 2018; Schwarz et al. 2018; Moro-Martin
2019). Several studies have detected these structures in a variety of pri-
marily low mass stars (see e.g., Vicente & Alves 2005; Kiefer et al. 2014;
Pawellek et al. 2014; Welsh & Montgomery 2015; Boyajian et al. 2016;
Schwarz et al. 2018). These indicate that reservoirs of comets around stars
might be common. Such comet reservoirs will be affected by perturbations
due to planets, passing stars, and the Galactic tidal field, which may lead
to the production of interstellar comets (Torres et al. 2019a), leading to the
extrapolation that interstellar space might by full of such objects.
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5 Dynamics of exo-Oort clouds in the solar neighbourhood

The discovery of the first interstellar comet, 1I/‘Oumuamua (Williams
2017; Meech et al. 2017), and the interstellar comet, 21/Borisov (Borisov
2019; Guzik et al. 2019), opened up a new era in the study and exploration
of the solar system and other planetary systems in our galaxy. The ejec-
tion of minor objects from a planetary system, subsequently becoming soli
lapides (Portegies Zwart et al. 2018; Torres et al. 2019a,b) or commonly
known as interstellar objects or ISOs, is mainly due to the post AGB stel-
lar mass loss and gravitational instability induced by a massive body. This
body can be either a nearby planet, a star passing close by or a combination
of both (see e.g., Portegies Zwart et al. 2018; Torres et al. 2019a,b; Ban-
nister et al. 2019). Using a catalogue of nearby stars, Torres et al. (2019a)
studied the dynamical evolution of comets in the Oort cloud, accounting for
perturbations from passing stars and the Galactic tidal field. They found
that the cumulative effect of distant stellar encounters and the Galactic tidal
field raises the semi-major axis of ~ 1.2% of the total number of comets
in the cloud out to interstellar regions. Such comets becomes transitional
interstellar comets (hereinafter TICs) satisfying the condition e, < 1 and
a. > agpoc. Where e. and a. are the eccentricity and the semi-major axis
of the comet in the cloud and agoc is the semi-major axis of the exo-Oort
cloud (Eq. (5.1)).

Following up on the results of Torres et al. (2019a) in this work we aim
to study the formation of TICs around nearby stars (assuming that they
have an exo-Oort cloud) to investigate if ISOs from the nearby stars could
interact with the solar system. We explore the history of stellar encoun-
ters for stars within 3 pc from the Sun, using astrometric data from Gaia
DR2 (Gaia Collaboration et al. 2018, 2016). The stars studied are Proxima
Centauri, Barnard’s star, Gliese 65, Ross 154, and Ross 248. We consider
the scenario in which these stars have an exo-Oort cloud and focus on the
dynamical evolution of the comets in those clouds due to the stellar en-
counters and the Galactic tidal field, leading to the production of TICs and
ISOs. In Sect. 5.2 we present the closest encounters that each of the nearby
stars to the Sun has had in the past 10 Myr and will have in the next 10 Myr.
In addition we quantify the change of the velocity produced for the closest
stars using the impulse approximation. In Sect. 5.3 we study the dynamical
evolution of exo-Oort clouds around the Sun’s nearest neighbours under
the influence of passing stars and the Galactic tidal field. We analyse the
production of TICs and ISOs. Finally, in Sect. 5.4, we present our summary
and conclusions.
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5.2 Close stellar encounters experienced by the Sun’s nearest
neighbours

Section 5.2

Close stellar encounters experienced by the
Sun’s nearest neighbours

Using the catalogue of nearby stars presented in Torres et al. (2019a) we se-
lected the stars for which we model the exo-Oort clouds from within a 3 pc
radius around the Sun at the present time; Proxima Centauri, Barnard’s
star, Sirius B, GJ 65B, GJ 65A, Ross 154, and Ross 248. The binary system
GJ 65 A/B is in a sufficiently tight orbit to be modelled (for simplicity) as
one system with a shared exo-Oort cloud. We have chosen to exclude Sir-
ius A and B from the exo-Oort cloud modelling as it uncertain whether a
binary hosting an evolved star which has experience significant mass loss
will have retained any exo-Oort clouds (circumstellar or circumbinary) that
may have existed in the past. However, the effect of Sirius B on the Oort
clouds of the 5 systems above is taken into account in our calculations.
The stars for which we model the exo-Oort clouds are shown in Fig. 5.1
and Table 5.1. The estimates presented in this work are conservative and
based on a small sample of known stars. Therefore this corresponds a lower
limit of the total number of Sun’s neighbour stars. The catalogue of nearby
stars was built using only Gaia DR2 astrometric data, this excludes the well
known nearby stars within ~3 pc from the Sun, o Cen A, o Cen B, WISEA
J085510.74-071442.5, GJ 406, GJ 411, and Sirius.

The Torres et al. (2019a) catalogue was constructed using the posi-
tions, parallaxes, proper motions, and radial velocities from Gaia DR2,
and includes additional radial velocities from RAVE-DR5 (Kunder et al.
2017), GALAH DR2 (Buder et al. 2018), LAMOST DR3 (Zhao et al. 2012),
APOGEE DR14 (Abolfathi et al. 2018), and XHIP (Anderson & Francis
2012). It contains 14 659 stars and it constitutes an astrometrically clean
sample which is incomplete due to the Gaia survey limitations, the upper
limit imposed on the distance to the stars in the sample (50 pc), and the
strict data-quality filtering from Lindegren et al. (2018). Using Galactocen-
tric Cartesian coordinates we integrated the orbit of the stars in the Torres
et al. (2019a) catalogue 10 Myr forwards and backwards in time for a total
time of 20 Myr. The orbit integrations were done with the Gala package
(Price-Whelan 2017), using an analytic axisymmetric model for the galac-
tic potential, which consists of a spherical nucleus and bulge (Hernquist
1990), a Miyamoto-Nagai disk (Miyamoto & Nagai 1975; Bovy 2015), and
a spherical Navarro-Frenk-White (NFW) dark matter halo (Navarro et al.
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5 Dynamics of exo-Oort clouds in the solar neighbourhood
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Figure 5.1: Schematic representation of the stars within 650000 au (~ 3 pc) from the
Sun (not to scale). The inner part of the figure shows the solar system and the Oort
cloud. The surrounding rings represent the closest stars to the Sun: Proxima Centauri
(red), Barnard’s star (blue), Gliese 65 (green), Ross 154 (yellow), and Ross 248 (brown).
The distances to the stars are listed at the top of the rings. Coloured dots represents the
spectral type of the stars; brown stands for brown dwarfs, red for red dwarfs, and yellow

for G stars.
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5.2 Close stellar encounters experienced by the Sun’s nearest
neighbours

1996). Using a KD-Tree we identified stars from the Torres et al. (2019a)
catalogue that approach the stars under study here to within 2.5 pc. The re-
sults are listed in Table 5.2. In Fig. 5.2 we show the time and the distance
of the closest approach for each close stellar encounter experienced by the
stars listed in Table 5.2. On average the nearby systems experience ~ 50
encounters during 20 Myr (third column, Table 5.2).

For the stars within 3 pc from the Sun we calculate the size of the
exo-Oort clouds that potentially surround them (Table 5.2). Following the
works of Hanse et al. (2016) we scale the outer edge of the exo-Oort cloud
to the Hill radius of the parent star in the Galactic potential:

(5.1)

R, <M* MG(R)>1/3
~ aoc

R \ M Mcg(R.)
where agc is the semi-major axis of the Oort cloud of the Sun, while R and
R, are the the Galactocentric radii of the Sun and the star, respectively.
The terms Mg (R) and M¢(R.) are the cumulative mass of the Galaxy en-
closed within the radius R, and are calculated from our Galactic potential.
Considering that the stars listed in Table 5.2 have R, ~ R, Eq. (5.1) can be
written as follows:

1
M.\ 3
~ aoc ( M> . (5.2)

To calculate the effect of a nearby star on the comets in an exo-Oort
cloud two ingredients are needed; the escape velocity () from the comet’s
host star, and the change in velocity of the comets () after the interaction. If
the final velocity of the comets after the interaction with the passing star is
larger than the escape velocity, these will be dislodged from the cloud. The
escape velocity (Fig. 5.3) is calculated considering the values for the outer
edge of the exo-Oort cloud of each star, calculated using Eq. (5.2) and listed
in Table 5.1. Subsequently, using the impulse approximation (Oort 1950;
Rickman 1976) we calculate the change of the velocity due to a passing star
as:

M,r.

5 (5-3)
VsT},
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Table 5.1: Stars within 3 pc from the Sun. The first column shows the name of the star, followed by the Gaia DR2 identification, the
distance to the Sun, the spectral type (ST), and the mass.

Star Gaia DR2 ID *Distance (pc) ST Mass (M)
Proxima Centauri 5853498713160606720 1.30 Mj5 0.122¢%
Barnard’s star 4472832130942575872 1.82 M4 0.144"
Gliese 65 5140693571158739712 2.69 Mj5 0.202¢
Ross 154 4075141768785646848 2.98 M3 0.170%
Ross 248 1926461164913660160 3.16 M6 0.136°

*Distance calculated from Gaia DR2 parallaxes. (¥’ Mann et al. (2015), (”’Ribas et al. (2018),
(©) Considering the mass of Gliese 65 a and b Delfosse et al. (2000), (¥ Davison et al. (2015),

(¢) Jenkins et al. (2009).
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neighbours
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5 Dynamics of exo-Oort clouds in the solar neighbourhood
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Figure 5.2: Closest approach distance versus the time of closest approach. The
top panel (red colours) shows the closest encounters between Proxima Centauri
and the stars in the Torres et al. (2019a) catalogue over a time interval of 20 Myr
centred on the present. Following by Barnard’s star (blue), Gliese 65 (green),
Ross 154 (yellow), and Ross 248 (brown). The histograms in each panel represents
the marginal distributions in distance and time. The shaded areas represent the
boundaries of the outer Qort cloud for each star.
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Figure 5.3: Escape velocity as a function of the distance from the star for Proxima
Centauri (red), Barnard’s star (blue), Gliese 65 (green), Ross 154 (yellow), and Ross 248
(brown).

where M, and v, are the mass and velocity of the passing star in and
km s~ !, respectively. The distance of the exo-comet to its host star is r.,
while 7, is the distance of the host star to the passing star at the point of
closest approach. The total change of the velocity induced by the stars pass-
ing closest to the solar neighbours studied in this work is listed in the last
column of Table 5.2.

In Fig. 5.2 and Table 5.2 we show the closest approach distance and
time for each of the Sun’s closest neighbours. The limited distance range
of the stars in the Torres et al. (2019a) sample only allows us to find close
encounters (< 2.5 pc) that occur within +1.5 Myr from the present for the
total period of integration (+10 Myr). Here we discuss the effect exclusively
due to the impulse imparted to the comets during the close encounters be-
tween the stars in Table 5.1 and the stars in the Torres et al. (2019a) cata-
logue. The full cumulative effect of the encounters and Galactic tidal field
are studied in the next section. For the systems discussed below Table 5.2
lists both the circular and the escape velocity at the edge of the exo-Oort
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Table 5.2: Stellar encounter statistics for the Sun and its closest neighbours. The first column shows the name of the star followed by
the distance and time of the closest approach by another star from the Torres et al. (2019a) catalogue. The fourth column indicates
the number of encounters closer than 2.5 pc that each system experiences during 20 Myr, followed by the circular and escape velocity
in the (exo-)Oort cloud. Columns seven and eight show the average and the total change of the velocity (Eq. (5.3)) induced by the
closest encounters for each star. The last column shows the size of the outer edge of the (exo-)Oort cloud (). The Full list of the stellar
encounters for each star in this table can be found online. The encounter statistics for the Sun are taken from Torres et al. (2019a).

Star Qﬁ: ﬁtk Zmﬁo Veir Vesc A><Fv M ><F EOC

(pe) Myr) <25pc (kms ') (kms™) (kms ') (kms ') (pc)
Sun 0.05 1.28 31 0.092 0.131 4.275e-03 1.325e-01 0.50
Proxima Centauri 0.93 -0.11 40 0.045 0.064 5.920e-05 2.371e-03 0.25
Barnard’s star 0.30 0.24 55 0.048 0.069 1.765e-04 1.006e-02 0.26
Gliese 65 0.23 -0.08 51 0.043 0.061 1.846e-04 9.786e-03 0.30
Ross 154 0.21 0.41 45 0.051 0.072 2.244e-04 1.032e-02 0.28
Ross 248 0.24 -0.005 53 0.047 0.067  2.060e-04 1.133e-02 0.26
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5.2 Close stellar encounters experienced by the Sun’s nearest
neighbours

clouds. Comets in those clouds can be stripped away if their velocity change
due to the stellar encounters is at least large enough to bridge the gap be-
tween the circular speed and the escape speed.

Proxima Centauri encounters 40 stars that approach to within 2.5 pc
over the 20 Myr integration interval (first panel, red dots Fig. 5.2). These
close approaches all take place over a ~ 3 Myr time interval which is an
artifact of the limited volume from which we draw the stellar encounter
candidates. The closest approach to Proxima Centauri is a low mass star
at 0.93 pc at —0.11 Myr from the present. The total velocity change for the
comets in the exo-Oort cloud of Proxima Centauri due to the close encoun-
ters is approximately 2.3 x 1073 km s, on average 5.9 x 10~° km s~ per
encounter. This means that the effect of the close encounters is small and
exo-comets around Proxima Centauri will not suffer an important change
in their orbital elements, considering that the escape velocity at the edge of

its exo-Oort cloud is ~ 0.064 km s~ .

Barnard’s star experiences 55 close encounters (second panel, blue
dots Fig. 5.2), where the closest encounter will happen in 0.24 Myr from
today at the distance of 0.30 pc. The total impulse induced by the stars
approaching to within 2.5 pc from Barnard’s star generates a total change
of the velocity of ~ 1 x 1072 km s ™', on average 1.7 x 10~% kms™' per
encounter. Although on average the effect of the passing stars is rel-
atively small compared to the escape velocity at the edge of the cloud
(0.069 km s~ 1), the final velocity of the comets in this region after the en-
counters, will be close to their escape velocity. This implies an important
change in their orbital elements.

Gliese 65 has the largest exo-Oort cloud (0.3 pc) among the stars in Ta-
ble 5.2. Gliese 65 experiences 51 close encounters (Fig. 5.2, third panel,
green dots) and two very close encounters. The first one with a red dwarf
(~ 0.6 ) at the edge of its exo-Oort cloud (0.23 pc) which produces a change
in the comet velocity of 2.2 x 1073 km s~ . While the second with a solar
type star (~ 1) at a distance of 0.35pc, leading to a change in the comet
velocity of 1.8 x 1073 km s~ *. If we considered that the escape velocity is
limited by 0.076 km s~ 'at the edge of the cloud the individual effect of these
stars, will not perturb enough the comet to strip them from the cloud. How-
ever the orbital elements of the comets will be modify by these encounters.
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5 Dynamics of exo-Oort clouds in the solar neighbourhood

The total change in the comet velocity induced by the closest encounters
is ~ 9.7 x 1073 km s™', on average the change of the velocity is around
1.8 x 1074 km s~ ! per encounter.

Ross 154 hasthesecond largest exo-Oort cloud (0.28 pc) among the stars
in Table 5.2. Ross 154 will face a close encounter with a solar-type star
(~ 1.1) passing at a distance of 0.21 pc (through the exo-Oort cloud) in
0.41 Myr from today. The change of the velocity produced by this star is
approximately 5.5 x 103 km s~ '. This means a comet at the edge of the
cloud where the escape velocity is around 0.07 km s~ ' will not be stripped
from the exo-Oort cloud due to this encounter, but its orbital elements will
change. The total change induced by the 45 stellar encounters (see Fig. 5.2,
fourth panel, yellow dots) is of the order of 1.03 x 10~2 km s ', on average
of 2.2 x 10~* km s~ ! per encounter.

Ross 248 experiences 53 encounters (Fig. 5.2, fifth panel, brown dots),
including a close encounter with an M-dwarf with a mass of 0.5 passing
at 0.24 pc (just outside its exo-Oort cloud of which the edge is at 0.26 pc).
This close encounter produces a change in the velocity of approximately
1.3 x 1073 km s~ 'in comet at the edge of the Ross 248 exo-Oort cloud. This
change is not enough to strip the comet from the cloud but it is enough to
perturb their orbits. The rest of the encounters do not provide a consid-
erable effect on the cloud. On average the close encounters with Ross 248
produce a change of the velocity of ~ 2.06 x 10~4 km s™' per encounter for
a total change of ~ 1.13 x 1072 km s .

The effect of the close stellar encounters on the systems studied here
is small, the total change of the comet velocities due to the passing stars
ranges from ~ 2.3 x 1073 to ~ 1.1 x 10~2 km s~ '. The escape velocity for
these systems ranges from 0.061 to 0.076 km s, while the circular veloc-
ities at the edge of the exo-Oort clouds range from 0.045 to 0.051 km s ™'
(Fig. 5.2, Table 5.2). This means that the final velocity of the comets af-
ter the encounters are not sufficiently large for them to escape the systems.
The systems Gliese 65, Barnard’s star, Ross 154, and Ross 248 are the most
perturbed systems with final velocities just below their escape velocity at
the edge of the cloud. For the system Proxima Centauri comets will not
suffer an important change and their orbits and they will remain relatively
stable after the encounters.
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Figure 5.4: Galactocentric coordinates of the present day positions of the stars that
have made or will make close approaches to the systems Proxima Centauri (red dots),
Barnard’s star (blue squares), Gliese 65 (green pentagons), Ross 154 (yellow cruces), and
Ross 248 (brown diamonds). The inner plot represents a zoom-in of the central area,
where the big yellow star represents the Sun and the mentioned systems.

The low mass of perturbers (0.1-1 ) as well as the relatively large dis-
tance of closest approach (as compared to the exo-Oort cloud sizes) ex-
plains the small effect produced by the flybys. It is interesting to point out
that even though the closest systems to the Sun are not heavily perturbed
by their nearest neighbour stars, the local solar neighbourhood is crowded
as shown in Fig. 5.4 where the current positions of all the stars interacting
with the systems in Table 5.2 are shown. This indicates that the journey
through interstellar space of the comets dislodged from their host system
will be determined by the stars in the solar neighbourhood.

The results presented in this section gave us a general picture of the
encounter history of the Sun’s nearest neighbours and the effects thereof on
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5 Dynamics of exo-Oort clouds in the solar neighbourhood

the comets in an Oort cloud like structure. However, to have more accurate
information about the dynamics of the comets in the exo-Oort clouds it is
necessary to integrate their orbits in a Galactic potential, accounting not
only for the effect of single stellar encounters but studying the cumulative
effect of the encounters and the Galactic tidal field. This is the topic of the
next section.

Section 5.3
Dynamical evolution of exo-Oort clouds of the

Sun’s neighbour stars

Torres et al. (2019a) studied the cumulative effects on the Sun’s Oort cloud
due to the flybys of nearby stars and the Galactic tidal field over a period of
20 Myr (centred on the present time). They found that relatively close en-
counters (< 2.5 pc) and the tides form the Galaxy considerably perturbed
the outer regions of the Oort cloud, turning about 1.2% of the comets into
transitional interstellar comets (TICs). Motivated by these results we in-
vestigate the dynamics of the Oort Cloud-like structures around some of
the Sun’s nearest neighbours (Table 5.1). We first assume that these stars
posses an Oort cloud-like structure. Following the method of Torres et al.
(2019a) we add an artificial isotropic cloud of comets to each star with
10000 test particles each. We limited the size of the Oort cloud according to
Eq. (5.2) for each star in Table 5.2. The exo-Oort clouds are constructed in
such a way that the distribution of the particles is symmetric and isotropic,
and they follow a uniform distribution in the orbital elements cos i (inclina-
tion), w (argument of periapsis), 2 (longitude of the ascending node), and
M (mean anomaly). The initial eccentricities, e, are selected with a proba-
bility density distribution p(e)  e. The semi-major axes, a, are distributed
proportional to a~!® over the range 3 x 103 au and the outer edge of each
cloud. To ensure a thermalised Oort cloud (e.g. Duncan et al. (1987); Dy-
bezynski (2002); Rickman et al. (2008)) we used a radial density profile of
r~35 (where r is the distance between the comets and the star).

Our numerical simulations rely on the Astrophysical Multi-purpose
Software Environment, AMUSE (Portegies Zwart et al. 2009; Pelupessy
et al. 2013; Portegies Zwart et al. 2013b; Portegies Zwart & McMillan 2018)
and the GPU-accelerated direct N-body code ABIE (Roa et al. in press, Cai
et al. in preparation) with a fifteenth-order Gauss-Radau integrator (Ev-
erhart 1985) optimised for close encounters. We investigate the effect of

132



5.3 Dynamical evolution of exo-Oort clouds of the Sun’s neighbour
stars

stellar encounters and the galactic tidal field on the exo-Oort cloud of each
system in Table 5.1. To achieve that we couple ABIE and the Gala (Price-
Whelan 2017) package in such a way that ABIE advances the positions of
the exo-Oort cloud particles and Gala calculates the accelerations on each
particle due to the Galactic tidal field, based on the positions provided
by ABIE. The calculated accelerations are subsequently inserted into the
Gauss-Radau integrator in ABIE as additional forces.

The stars listed in Table 5.1 are primarily brown dwarfs, with masses
around 0.1 . This means that the outer edge of their exo-Oort clouds ex-
tends to about 0.2 pc from the host star. For this size of exo-Oort cloud
the contribution of the Galactic tidal filed is rather small and therefore the
effect on the comets at the edge will be minimal (Torres et al. (2019a)).
Therefore, the predominant perturbation is due to the relatively close pass-
ing stars. In Fig. 5.5 and Fig. 5.6, we show the change of the perihelion as
a function of the final semi-major axis and eccentricity for the particles in
the exo-Oort cloud for each system in Table 5.1. For each individual system
we find the following results.

Note that below we present the number of TICs or ISO produced in two
ways; as the percentage of the 10000 simulated particles and as a rate of
TIC/ISO production per Myr which is found be scaling the simulated exo-
Oort clouds to the number of comets estimated to exist in the solar system
Oort cloud (~ 10'?2 commets, Morbidelli et al. 2005).

Proxima Centauri The effect of the Galactic tidal field and stellar en-
counters on the exo-Oort cloud of Proxima Centauri is relatively small, with
the closest approach of another star happening at a distance of 0.93 pc.
Nevertheless a small fraction, ~ 0.42% of the initial comets in the cloud are
turned into TICs after 20 Myr (Fig. 5.5 and Fig. 5.6). The production rate
of TICs of Proxima Centauri during those 20 Myr is ~ 2.1 x 108 TIC Myr—!.
The change of perihelion for the particles in the cloud is up to 10000 au
for the particles with initial semi-major axes between 47 000 and 51 500 au,
which is the most disturbed region of the cloud. The inner parts of the cloud
are nearly unperturbed. In Fig. 5.5 yellow particles represent the change of
the perihelion as a function of the final semi-major axis for the TICs orig-
inating from the solar system (compare to Fig. 12 in Torres et al. 2019a).
As can be seen in Fig. 5.5, due to its proximity to the Sun the Hill sphere
of Proxima Centauri overlaps with the simulated TICs originating from the
solar system and we may thus speculate about comets originating from the
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Figure 5.5: Mean periapse changes as a function of the semi-major axis of the particles
in the exo-Oort clouds. The grey area corresponds to the region of the initial position of
the particles ejected, represented as black dots. The first panel corresponds to Proxima
Centauri (red), followed by the systems Barnard’s star (blue), Gliese 65 (green), Ross
154 (yellow), and Ross 248 (brown).
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solar system entering the Proxima Centauri system. Due to the small per-
turbations of the exo-Oort cloud of Proxima the opposite does not happen.
However, our calculations are limited by the incompleteness of our cata-
logue of stars in the solar neighbourhood. For a complete and accurate
sample of star the production of TICs will naturally increase, which also
increases the chances of our solar system capturing a comet from Prox-
ima Centauri. Note that Proxima is know to host a planet (Anglada-Escudé
et al. 2016) which makes the existence of an exo-Oort cloud in this system
plausible (see also Schwarz et al. 2018).

Barnard’s star With 55 encounters, the encounter history of Barnard’s
star is the most eventful among the closest stars to the Sun. The cumulative
effect of the passing stars and in particular the close encounter at 0.30 pc
(near the edge of the exo-Oort cloud) raises the semi-major axis and eccen-
tricities of about 0.52% of the total comets in the Oort cloud of Barnard’s
star becoming TICs. This leads to production rate of TICs during 20 Myr is
~ 2.6 x 10® TIC Myr~—!. The change in the perihelion of the particles with
final semi-major axes between 20 000 and 40 000 au is up to 5 000 au, and for
the particles with initial semi-major axes between 47000 and 53 000 au the
change is up to almost 20 000 au (Fig. 5.5). Even though the change in the
eccentricity is rather small (Fig. 5.6) future perturbations may lead to the
stripping of more particles from the edge of the cloud. The close encoun-
ters found in this work are restricted to 3 Myr, a longer window will only
increase the perturbations in the system. The possibility of the existence
of an exo-Oort cloud around Barnard’s star is very high if we consider that
there are indications of an exoplanet (super-earth) orbiting the star (Ribas
et al. 2018) and that the formation and evolution of exo-comets are linked
to the formation and evolution of planets.

Gliese 65 Among the stars listed in Table 5.1 Gliese 65 is the most per-
turbed system. The change in the perihelion of the particles is around
15,000 au variation for the region with 52000 < a; < 61870 au. For the
inner part of the system (a; < 30,000 au) the change is minimal (Fig. 5.5),
and the comets remain in stable orbits. The outer most part of the cloud
(50000 < ay < 61870 au) is heavily perturbed, mainly by the close en-
counter with a red dwarf with mass of ~ 0.6 at 0.23 pc, a solar-type star
with mass of 1 at 0.35 pc, and the Galactic tidal field. The combined ef-
fect of the 51 encounters and the tides from the galaxy leads to the ejection
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Figure 5.6: Orbital evolution of the particles in the exo-Oort cloud for a period of 20 Myr.
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of about 28.78% of the total number of comets in the cloud. Additionally,
~ 7.98% of the remaining comets become TICs, with semi-major axis be-
tween ~ 6.1 x 10% to ~ 2 x 10% au. This means that TICs or ISOs from
Gliese 65 might reach the solar system if we considered that Gliese 65 is
5.5 x 10° au from the Sun. The production rate of TICs and ISOs of Gliese
65 during 20 Myr are ~ 40 x 108 TIC Myr—! and 1.4x10'° ISO Myr—!. The
analytic calculation in Sect. 5.2, showed that the effect of passing stars on
the comets in the exo-Oort cloud of Gliese 65 is limited. However, when
using a detailed N-body calculations and particularly accounting for the cu-
mulative effect of passing stars and the Galactic tidal filed shows that the
cloud is heavily perturbed. The discrepancy of the results is a clear exam-
ple of the limitations of using a simple analytic model such as the impulse
approximation (Eq. (5.3)). Therefore comparing analytic models with de-
tailed numerical simulations will lead to a more robust conclusion of the
results.

Ross 154 This is the second most perturbed system among those listed
in Table 5.1, with one close encounter at 0.21 pc (0.41 Myr from today, pass-
ing through the exo-Oort cloud) and 45 encounters over 20 Myr. Ross 154
also possesses the second largest exo-Oort cloud among the systems stud-
ied in this work, with its edge at 0.28 pc. Particularly the particles with final
semi-major axes between 48 000 and 57 750 au are heavily perturbed, with
perihelion changes up to ~ 34000 au. Around 0.77% of the comets in this
region become TICs, with future encounters further increasing their semi-
major axis. Around 7% of the TICs reaches ~ 400000 au, while the rest
acquires semi-major axes between 60 000 and 120 000 au. In the inner part
of the cloud (ay = 2000—30 000 au), the particles remain stable with a small
variation in their orbital elements (Fig. 5.5 and Fig. 5.6). The TIC produc-
tion rate of Ross 154 in 20 Myr is ~ 3.85 x 108 TIC Myr~!. Considering that
our simulations are limited to a 20 Myr time interval, if we let the system
evolved for more time the production of TICs will increase (due to more
stellar encounters and longer action of the Galactic tidal field) and even-
tually the particles with largeest semi-major axis will become interstellar
comets.

Ross 248 The encounter history of this system is second in terms of
number of encounters, with 53 encounters in 20 Myr and one close en-
counter at 0.24 pc at the edge of its exo-Oort cloud. The perihelion of
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the particles within 46,000 < ay < 53000 au changes by up to 30000 au
(Fig. 5.5), while the eccentricities in the same region change considerably
over time (Fig. 5.6). The production of TICs is comparable with to the case
of Barnard’s star with 0.52% of the initial comets transformed to TICs and
rate of ~ 2.6 x 10% TIC Myr—!. However, the TICs from Ross 248 are
considerably more perturbed primarily because of its close encounter with
an M-dwarf at the edge of the cloud. Around 13% of the TICs acquired
semi-major axes larger than 80 000 au, while the rest ranges from 52 000 to
80000 au. Only 0.01% of the particles in the cloud become hyperbolic. The
perturbations due to the Galactic tidal field and the stellar encounters do
not change the dynamics of the inner regions of the cloud.

Overall the effect of the stellar flybys and the Galactic tidal field on the
Sun’s neighbours is relatively large, considering that all the stars studied
are M-dwarfs and therefore their exo-Oort cloud is more compact (within
0.2 and 0.3 pc). In this way, the contribution of the Galactic tidal field is
rather small and therefore the most dominant perturbation are the close
encounters. The most perturbed systems in our simulations are Gliese 65,
Ross 154, Ross 248 and Barnard’s star primarily due to a very close en-
counter with a star passing through their exo-Oort cloud regions.

The total effect on these stars, is reflected in the production rate of TICs
and ISOs. For Gliese 65 these rates are about 40 x 10® TIC Myr—! and
1.4x10'° ISO Myr—!. Approximately 0.77% of the comets in the Oort cloud
of Ross 154 become TICs having a production rate of 3.85 x 10'° TIC Myr—!,
which semi-major extends up to 400 000 au. For the systems Ross 248 and
Barnard’s star, the production rate of TICs is the same (~ 2.6 x 10® TIC
Myr—1), but the semi-major of the TICs goes up to 200 000 au for Ross 248
and 80 000 au for Barnard’s star. Even though Barnard’s star produces the
same fraction of TICs as Ross 248, the perturbation of its nearby stars is
least strong. This is mainly because the closest encounter with Barnard’s
star is a brown dwarf, which perturbation is just strong enough to per-
turbed the comets at the edge of its exo-Oort cloud, but is not strong enough
to dislodge the comets.

Finally, one of the most interesting systems in our list is the closest star
to the Sun, Proxima Centauri. The encounter history of Proxima is the
least eventful in our list, however due to encounters with relatively high
mass stars, including the Sun, the production rate of TICs is relatively high
(~ 2.1 x 10® TIC Myr—!). We speculate that a small fraction of the TICs
from our solar system (~ 5%) will enter the exo-Oort regions of Proxima.
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The effect of Galactic tidal field on the stars studied here is limited mainly
because on average these M-dwarfs posses small exo-Oort clouds that ex-
tend only up to 0.25 pc. Therefore the most prominent perturbation that
these stars will suffer is due to the passing stars. Because our list of per-
turbing stars is incomplete the number of stars perturbing these systems
is expected to be higher (see Bailer-Jones et al. 2018). This means that the
number of TICs as well as interstellar comets will be higher than estimated
here.

5.3.1 TICs/ISOs in the solar neighbourhood

Studying the orbits of interstellar comets can help us to understand the dy-
namical evolution of the planetary system from which the ISO originated.
For the nearby stars to the Sun studied in this work (Table 5.1), Gliese 65
is the most perturbed system. After 20 Myrs and two very close encoun-
ters, 7.98% of the total comets in the cloud become TICs, while 28.78% are
ejected to the interstellar space. Ross 154 is the system which produces the
second largest number of TICs, approximately 0.77% of the total number
of comets after 20 Myr. Follow by Ross 248 and Barnard’s star with 0.52%,
and finally Proxima Centauri with 0.40% (Table 5.3). The dynamical evo-
lution of TICs will be dominated by nearby stars and the Galactic tidal field.
As time passes, TICs will face more stellar encounters and particularly the
effect of the Galactic tidal field will affect their orbit and they will be dia-
logued from their host systems becoming ISOs.

For the stars studied here, TICs from Barnard’s star posses the high-
est relative velocity to the Sun after 10 Myr, with an average of 32.22 km/s
(Fig. 5.7). The variation, in their velocity, is small ~32.2-33.2km/s. The
second system with high relative velocity to the Sun after 10 Myr, is Gliese
65, with an average velocity of 24.14 km/s, and with velocities ranging from
approximately 24.13-24.14 km/s. The third and last system with high rela-
tive velocity is Ross 248 with an average velocity of 20.63 km/s and a vari-
ation going from 20.62-20.64 km/s. The systems Proxima Centauri and
Ross 154 have small velocities with respect to the Sun after 10 Myr, ranging
from 7.32-7.72 km/s and 3.930-3.942 km/s respectively. The small varia-
tion of the TICs relative velocity is expected because the TICs are leaving
the system gradually and their velocity is thus dominated by the velocity of
the host star.

The small change in velocity is enough to allow the comets to leave
the Hill sphere of the host stars and is mainly induced by the cumulative
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Table 5.3: Production of TICs and ISOs from the nearby stars to the Sun. The first
column shows the name of the star, followed by the percentage of the total comets in
the exo-Oort clouds that becomes TIC or ISO. The last column represents the average
of the total relative velocity of the TICs respects to the Sun for each star after 10 Myr
of orbital integration.

Star TIC ISO (Vpel)
(%) (%) (kms™)
Proxima Centauri 0.40 0 7.22
Barnard’s star 0.52 0 32.22
Gliese 65 7.98 2878 24.14
Ross 154 0.52 0 3.93
Ross 248 0.77 0.01 20.63

effect of the close encounters that each system faced over the 20 Myr of
integration. If we compare the relative velocity of the TICs in Table 5.3
with 1I/‘Oumuamua (~26.3km/s, Meech et al. 2017) and 2I/Borisov
(32.2km/s, Borisov 2019; Guzik et al. 2019) their velocities match with the
TICs from Gliese 65 and Barnard’s star respectively. This does not im-
ply that 1I/‘Oumuamua and 21/Borisov came from those stars. However,
if we considered that ISOs have small velocity when leaving their systems
(Torres et al. 2019b; Hands et al. 2019). The relative velocity of planetary
systems can be used to constrain the velocity of the ejected object. For the
future detections of ISOs, matching the relative velocity with those stars
in the solar neighbourhood and performing backward orbital integration
(e.g., Portegies Zwart et al. 2018) will serve as constrain of their possible
origin.

Section 5.4
( Summary and Conclusions

Following the results and methods of Torres et al. (2019a), in this paper,
we explored the dynamical evolution of exo-Oort clouds around the nearest
stars to the Sun. We selected the stars within 3 pc from the Sun, which we
assumed to possess an Oort cloud-like structure and with accurate astro-
metric data from Gaia DR2. The selected systems are: Proxima Centauri,
Barnard’s star, Gliese 65, Ross 154, and Ross 248. In Sect. 5.2, we calcu-
lated the number of stellar encounters that each of the systems faced in
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Figure 5.7: Histogram of the relative velocity of the TICs from the stars in Table 5.1
respect to the Sun. Colour bars corresponds to the systems Proxima Centauri (red),
followed by the systems Barnard’s star (blue), Gliese 65 (green), Ross 154 (yellow), and
Ross 248 (brown).

the past 10 Myr and would encounter in the next 10 Myr. We find that on
average, these systems experience around 40-55 encounters in 20 Myr.

Using the impulse approximation (Eq. (5.3)), we calculated the change
of the velocity induced by a passing star to a comet in an exo-Oort cloud. We
find that the most perturbed systems due to a close encounters are Gliese
65, Ross 154, Ross 248, and Barnard’s star. Their final velocities are be-
low the escape velocity at the edge of their exo-Oort cloud (Table 5.2). For
Proxima Centauri the effect of the passing stars do not represent an essen-
tial change in the velocity of their comets.

To have a complete study of the effect of passing stars on the Sun’s
neighbour stars, in Sect. 5.3 we studied the dynamical evolution of the
comets in an exo-Oort cloud. We included the cumulative effect of pass-
ing stars within 2.5 pc from each system and the Galactic tidal field. Using
the encounter history of the nearby stars to the Sun (Table 5.2), we inte-
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grated the orbits of the comets for 20 Myr (10 Myr in the past, 10 Myr in
the future). For the five stars studied in this work (Table 5.1), Gliese 65,
is the most perturbed system. Gliese 65 is a binary system of which Oort
Cloud extends up to 0.3 pc. It faces 51 encounters in 20 Myr, having two
very close encounters at a distance of 0.23 and 0.35 pc. The combined ef-
fect of all close encounters (primarily the two closest) and the tides from
the Galaxy, leads to a production rate of TICs and ISOs of about 40 x 108
TIC Myr—! and 1.4 x 10'° ISO Myr—! over a time interval of 20 Myr. The
semi-major axis of the TICs from Gliese 65 ranges from ~ 6.1 x 10* to
~ 2 x 10° au. This implies that TICs or ISOs from Gliese 65 might reach
the solar system’s Oort cloud whose is located ~ 5.5 x 10° au away.

Ross 154, faced a close encounter with a G-star at 0.21 pc (at the edge of
its exo-Oort cloud) and 45 encounters within 2.5 pc. These encounters and
the effects from the tides of the Galaxy form approximately 3.8 x 108 TIC
Myr~!. The follow most perturbed system are Ross 248, Barnard’s star,
and Proxima Centauri. The systems Barnard’s star and Ross 248 faced sim-
ilar encounter histories (55, and 53 encounters), which perturbations lead
to the formation of ~ 2.6 x 108 TIC Myr—! for both cases over 20 Myr. Nev-
ertheless, the perturbation is larger in Ross 248, due to a close encounter at
0.24 pc (inside of its exo-Oort cloud). This is reflected in the larger semi-
major axis of the TICs compared to the ones in Barnard’s star (Fig. 5.6).
Finally, Proxima Centauri faces 40 encounters during 20 Myr, which to-
gether with the tides from the Galaxy leads production rate of ~ 2.1 x 108
TIC Myr~—!. Due to its proximity to the Sun, the exo-Oort cloud of Proxima
Centauri overlaps with ~5% of the TICs originating from the solar system
(Fig. 12 in Torres et al. 2019a). Therefore we may speculate that objects
coming from the solar system enter Proxima Centauri. Due to the small
perturbations of the exo-Oort cloud of Proxima, the opposite does not hap-
pen in our calculations.

Overall, the effect of passing stars dominates over the tides from the
Galaxy. The impact of the Galactic tidal field is too weak on the short time
scale studied here, to affect the orbital elements of the comets in the exo-
Oort cloud. Because of the small size of the exo-Oort cloud (approximately
half of the Oort cloud of the Sun), and the position of the stars in the Galac-
tic plane. However, it is the combined effect of the Galactic tidal field and
stellar encounters which shaped the edge of the exo-Oort clouds studied in
this work. It is important to stress that estimates presented in this work
are conservative and based on a small sample of known stars. The produc-
tion rates of TIC scale with the total number of comets in the Oort cloud
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for all the systems presented in this work is approximately of order 10°
TIC Myr—! over a time interval of 20 Myr. A complete sample of nearby
stars will naturally increase the number of TICs and ISOs in the local so-
lar neighbourhood. This implies that the nearby systems with an exo-Oort
cloud including the solar system might get constantly polluted by interstel-
lar comets. Therefore an interstellar cloud of comets is very plausible.
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