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Abstract

The outermost region of the Solar System is called Oort cloud which is the Solar systems’ reservoir
of long-period comets that extends to distances up to 200 000 au from the Sun. Long-period comets
can be injected towards the inner Solar System due to galactic tides and passing stars. While galactic
tides are effective on long time scales, perturbations of stellar flybys are short-term effects that have
not only occurred in the past. Gaia observations confirmed that the solar system will experience a
close flyby of the K-type star Gliese 710 in about 1.3 Myrs. This star will probably pass at a distance
of about 10500 au to the Sun. When crossing the Oort cloud this 0.6 solar mass star will perturb the
long-period comets especially those objects that are close to Gliese 710’s trajectory. In this numerical
investigation, we use our recently developed GPU based N-body code GANBISS and study the orbits
of some hundred million test-comets for the time of the stellar flyby which takes about 64000 years.
The simulations show that the stellar passage generates cometary streams - which either transport
comets into the inner solar system or scatter a huge amount of comets into interstellar space.

Keywords: Oort cloud; long-period comets; stellar flyby

1. Introduction

Our solar system is surrounded by a hypothetical cloud of comets that may extend up to 200000
au, known as the Oort cloud, named after the Dutch astronomer J. Oort, who suggested in 1950
that there might be a reservoir of long-period comets far beyond the planets in order to explain the
observations of long-period comets [1]. This idea was originally proposed by the Estonian astronomer
E.J. Opik in 1932, which is why it is also called the Opik-Oort cloud. However, this theory has not yet
been confirmed but is widely accepted. In 1986 Heisler & Tremaine showed the influence of galactic
tides on the cometary dynamics in this region [2]. Afterwards, many studies were dedicated either to
estimate the number of comets in the Oort cloud (see e.g. [3,4]) or to investigate the origin of the Oort
cloud - see e.g. [5-8] or the review articles [9-11] that provide an excellent overview of the current
knowledge regarding the formation and evolution of Oort cloud as well as additional references.

Since we cannot directly observe comets in the Oort cloud, our knowledge is based on the analysis
of observed long-period comets (see e.g. [12]), which also provide clues about the structure of the Oort
cloud ([13-16]). In principle, it can be distinguished between an inner and an outer Oort cloud where
the latter is the spherical Opik-Oort cloud which extends from 10000 to 200 000 au. For the inner Oort
cloud there are two models:
(i) A spherical inner cloud between 2 000 and 5000 au which is called Hills-Oort cloud [17]. It is fully
thermalized and contains a larger number of comets than the Opik-Oort cloud; or
(ii) An inner disk, which extends up to 10000 au and is aligned with the ecliptic.

Without observation, it is not possible to determine which model reflects reality. But, if the
hypothetical planet 9 is found, then the inner disk model can be ruled out [18].
However, recently Nesvorny et al. [5] published a numerical study where they showed an interesting
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new feature for the inner Oort cloud: A spiral structure that formed during the first hundred million
years after the formation of the solar system and has existed for billions of years. So far, it has not been
analyzed whether, or to what extent, planet 9 or a passing star might influence the spiral structure. In
the present study we focus on the Opik-Oort cloud where the K-type star Gliese 710 will pass through
in about 1.29 million years without entering the inner Oort cloud, therefore, we did not specify the
model of the inner Oort cloud.

The dynamics in the outer region of the Oort Cloud is characterized by the interaction of forces
between galactic tides and passing stars, which together inject long-period comets into the inner Solar
System [19]. Thus, the study of stellar passages is of great interest as such events — even if they are
rare — can enhance comet showers which could increase the impact risk on Earth. Since Gliese 710 will
approach within 10500 au of the Sun, reaching thus the inner edge of the spherical Oort cloud, it very
likely triggers comet streams in both directions — toward the Sun and into the interstellar space.

This K star is still about 19 pc away, has a brightness of ~ 9.6 magnitudes, and can be observed
with a telescope in the constellation Serpens Cauda. Its approach to the Sun was first mentioned
by Garcia-Sanches et al. in 1997 at the 23rd IAU meeting in Kyoto where the encounter with the
solar system was found in Hipparcos data (see [20]). Observations of the European spacecraft Gaia
confirmed the flyby of Gliese 710 in all data releases (DR1 - DR3). In 2022 Bailer-Jones [21] showed
that according to Gaia DR3, this flyby will be the closest within the next 12 million years and there
has been a similar stellar flyby in the past of the G3 star HD 7977 about 2.8 million years ago. This
stellar passage was found in Gaia DR2 with an encounter distance of about 88487 au to the Sun which
is much smaller using Gaia DR3, namely 13221 au [21]. However, in the study by Dybczyniski et al. in
2022 [22] a mean flyby distance of 6 600 au has been published using Gaia EDR3.

In the case of Gliese 710 as well, the various observations yield different flyby distances from the
Sun:

(i) Gaia DR1 indicated an encounter distance to the Sun of 13 365 au in about 1.35 Myrs [23];

(if) Gaia DR2 suggested a flyby distance of 10721 £ 2114 au from the Sun [24];

Here, we should also mention a study [25], which combined Hipparcos data, Gaia observations and
numerical calculations, resulting in a flyby distance of Gliese 710 of 4 300 au from the Sun.

(iif) Gaia DR3 changed the flyby distance and time to about 10500 au and 1.294 million years, respec-
tively.

The last distance was calculated by ourselves and was used for this study. Note that a similar value
for the flyby distance was published by [26]. Using the flyby parameters of Gaia DR3, we studied
the motion of 168 million comets which will be influenced by the passage of Gliese 710 through the
Oort cloud. For the first time, a GPU N-body code [27] was used to compute the dynamical behavior
of the comets perturbed by the stellar flyby. In this study, we first describe the dynamical model,
the numerical method, and the initial configuration of the Oort cloud comets. Then we show the
perturbations of the stellar flyby which trigger comet streams of nearly 5 000 objects into the observable
region of the solar system. More than 1000 of these objects indicated that they would approach the Sun
to distances close to or inside the orbit of Earth. However, if we also take into account the perturbations
caused by the planets of the outer solar system, it becomes clear that the gas giants prevent comets
from entering the inner solar system.

2. Dynamical System

Gliese 710 has about 0.6 solar mass and approaches the solar systems with a velocity of 14.4
km /s which is much slower than stars in the solar neighborhood [19]. With respect to the Sun, the K
star moves along a hyperbolic orbit, which appears as a straight line due to its high eccentricity (see
Figure 1 left panel). In the right panel of Figure 1 the distance from the Sun is shown from the moment
Gliese 710 enters the purple shaded region which denotes the semi-major axis range of the Opik-Oort
cloud (10000 to 100 000 au).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.2210.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2026 d0i:10.20944/preprints202604.2210.v1

3o0f14

Trajectory of Gliese 718

40808 200000
20600

e 150000
Yi00008
-60886

e 100000

Distance to Sun [au]

-160060
-5aeed 50000

0 1 1 1 1
0 20000 40000 60000 80000 100000

time [yrs]

Figure 1. Left panel shows te trajectory of Gliese 710 during the flyby and right panel displays the distance to the
Sun.

Of course we are aware of the fact that the Oort cloud may extend to distances from the Sun up to

200000 au as cometary orbits with semi-major axes of 100 000 au might have high eccentricities (close
to 1) so that these comets will populate also the region outside the purple shaded area in the right
panel of Figure 1. However, in this area, the density of objects continues to decrease, and the further
away we are from the Sun, the more effective the influence of the galactic environment becomes. Since
we only want to analyze the influence of the passing star, we will limit ourselves to the purple shaded
area in this study.
The right panel of Figure 1 indicates that the K star only needs 64 000 years to cross this region when
considering a flyby distance to the Sun of 10 500 au which resulted from Gaia DR3. This distance vary
greatly depending on the observations. We used the values from Gaia DR3, as these were the latest
observational data available when this study was conducted.

Since Gliese 710 is currently ~ 19 pc away from the Sun thus, we first propagated its orbit to the
distance of 100000 au from the Sun, which led to the initial orbital data for Gliese 710 (Table 1) for our

fly-by study.
Table 1. Initial position and velocity data of Gliese 710 with respect to the Sun for the flyby study determined
from Gaia DR3.

Position Velocity

x = —1608.0 vy = —7.41509 x 10~

y = —91167.0 v, = 771683 x 1073

z= 331219 v, = —3.044729999 x 103

As Oort Cloud model we usually considered an inner disk which extends up to 10000 au followed
by a spherical cloud up to 100000 au (in semi-major axis). According to the data from Gaia DR3 it
seems that the orbit of Gliese 710 is inclined with respect to the solar systems’ ecliptic, which would be
important if the star enters the disk of the Oort cloud.

In our numerical study we considered Oort cloud comets with semi-major axes a between 10 000 and
100000 au with a uniform distribution in orbital energy z = —1/a. The eccentricity encompasses all
possible values for elliptic motion, but also parabolic and hyperbolic trajectories. To figure out the
perturbations of the passing star we considered in our sample only objects with peri-center distances
a(1—e) > 70 au. The initial inclinations (i) were randomly chosen between 0 and 180 degrees. All
other angles (longitude of ascending node (), argument of peri-apsis w and mean anomaly M) were
between 0 and 360 degrees.

Assuming that there are 600 billion (or even 1 trillion) comets larger than 1 km (see [28] or [29] in the
Oort Cloud, restrictions must be made, as such a large number of objects (even if they are massless)
cannot be processed in numerical simulations within a reasonable time even with a GPU N-body code.
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First at all, our investigation was limited to the region that will be directly exposed to the influence of
Gliese 710 when it passes by the Sun. In order to achieve in our numerical simulations approximately
the same object density like in the Oort Cloud (which we assumed to be 0.0002), we proceeded as
follows:

(i) We divided the spherical Oort cloud into 4 shells; and

(if) We did not consider the entire Oort Cloud, but only the sphere of influence (SOI) of Gliese 710
along its trajectory.

In each shell the SOI of Gliese 710 was filled with 42 million objects and was computed separately.

Table 2. Shell structure of the spherical Oort cloud defined for our numerical simulations.

Shell Extension [au]
Spherical cloud shell S1: 10000 — 25000
Spherical cloud shell 52: 25000 — 50000
Spherical cloud shell S3: 50000 — 75000
Spherical cloud shell S4: 75000 — 100 000

2.1. The Sphere of Influence

The sphere of influence (SOI) is defined as the region around a celestial body where its gravity
dominates over the gravitational influence of other bodies. Thus, in this area the gravitational pertur-
bations from the Sun are negligible, so that a two-body approximation could be used to calculate the
cometary orbits.

We are using the term “sphere of influence” here in a more general context and study its extension
around Gliese 710 using different approaches.

(i) SOI as know in celestial mechanics:

The area of the SOI is determined by the radius: rso; = d - (1/ Mgy, )*/>

where d is the distance of Gliese 710 from the Sun, m and Mg,,, are the masses of a planet or in our
case Gliese 710 and the Sun, respectively.

In orbit dynamics, the SOI is mainly used to switch between reference frames, making it easier to
transform trajectories relative to the Sun into trajectories relative to a planet. The application to Gliese
710 with d = 10500 au yielded a quite large SOI (see Table 3), where the area is most likely also
influenced by the Sun.

(ii) Hill radius:

Another option to determine the area influenced by Gliese 710 is the Hill sphere which is defined by:
rain = d - (M/3 Mgy)'/3

where d, M, and Mg,,, are again the distance, the mass of Gliese 710 and the mass of the Sun. Generally,
the Hill sphere defines the region where a satellite’s orbit is stable against perturbation from a larger,
distant body. If we apply it to Gliese 710, Table 3 shows that the resulting area still crosses the midpoint
of the distance from the Sun. Thus, the influence of the sun would not be negligible in this region.

(iii) Lagrange point Lq:

The Lagrange points L; to Ls are equilibrium positions in the restricted three body problem where a
small object can maintain a constant position relative to the two larger masses (for details, we refer to
[30]). L; to L3 are called collinear equilibrium points that have their positions along the connecting line
of the two masses m and mjy. In our study, L; is of special interest as it separates the region between
the two stars in two areas so that the third body moves either around the Sun (1) or around the
secondary (m; i.e. Gliese 710).
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For the determination of the position of L; it is not possible to use the simple "Hill sphere"
approximation if the two mass are similar. According to [30]), the distance of L, relative to the
secondary star — which is Gliese 710 can be calculated by:

1 1 2
ra01 = Q& — gtxz — §¢x3 — gofl +0(a°). (1)
where & = (my/ 3m1)1/ 3 and with m, = 0.6 solar mass ro 11 = 0.415372. Thus, for the Sun and Gliese
710 at 10500 au, the position of L; is between the two stars, about 4361 au from Gliese 710 and about
6139 au from the Sun. The resulting areas do not overlap and thus provide a better and more realistic
result for the sphere of influence of Gliese 710.

(iv) S-type stability:
Finally, we considered the Sun and Gliese 710 as a binary star system and applied the stability limits of
the S-type motion ([31,32]) for a distance of 10 500 au between the two stars; assuming zero eccentricity
as the first approximation and py = my / (my + my) = 0.625, the study [32] yields a stability radius of
2310 au. Similarly, the stability region around the Sun is 3392 au (for yy = my/(my + my) = 0.375).
We must, of course, point out here that the S-type stability limits were determined for the bound
motion of binary stars, which is not the case for Gliese 710. However, we used the known limits to
define a region around Gliese 710 where gravitational perturbations from the Sun can be ruled out.

A comparison of the size of the SOI of Gliese 710 when applying the various methods is shown in

Table 3.
Table 3. Radius of SOI around Gliese 710 for the encounter distance 10500 au to the Sun.
Method Extension [au]
rsor 8560
THill 6140
r Ly 4361
S—type 2310

The size of the areas in Table 3 for the various approaches make clear that the first two methods
(rsor and rg;;) cannot be applied to objects of similar mass — as both defined areas extend beyond the
midpoint of the Sun—Gliese 710 distance so that we cannot rule out the gravitational influence of the
Sun.

Based on the various stability studies of binary stars that have been carried out in our group, we
have chosen the value of the S-type stability limit to be the most reasonable solution. Here, both stars
have spheres of influence that do not overlap, and there is a region in between where the gravitational
forces of both stars are at work, which can lead to chaotic motion of the comets. Furthermore, by using
a radius of 2310 au for the SOI, we can more easily achieve an object density that might, to some extent,
be close to a realistic one.

3. Numerical Method

Even though the Oort Cloud contains billions or possibly a trillion comets, the distance between
the objects' is so large that interactions between the comets can be ruled out. Therefore, our numerical
investigation can be reduced to the restricted problem where only the Sun and Gliese 710 are massive
bodies and the comets are mass-less objects which do not interact and have no influence on the orbits
of the two stars.

To calculate all interactions in the N-body and the restricted N-body problems, we use our recently

1 Itis assumed that the distance between comets is about 16 au

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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developed GPU N-body code GANBISS?. In addition to the calculation of the interactions of all N
massive bodies, the code also calculates their effects on the M massless bodies at each timestep. The
equation of motion for a massive body m, unde the influence of all other massive bodies is as follows:

7, = vy v=1,...,N (2)
N r

b=k Y om— T 3)
p=Lusv ||ru_TV|

where 7, and r, are the respective position vectors and Hry - rv‘ ‘3 its scalar distance, and k the
Gaussian gravitational constant. The computational complexity of the N-body problem scales with N2,
since the influence of all other objects must be calculated for each object.

The equations of motion for the restricted N-body problem are written slightly differently, since the
interactions between the massless objects can be neglected. Therefore, the equation of motion for a
massless object 77 under the influence of N massive objects is written as follows:

=0, n=1...,M 4)

kz e )

||”ﬂ_”17||

The computational complexity scales therefore with M - N.

To solve the equation of motion, the Bulirsch-Stoer method [33] with adaptive step size control is
used. For the computations, a value of € = 107 is used for the error tolerance. The calculations were
performed on NVIDA A100 and NVIDIA A40 and allowed the calculation of ~ 50 million massless
objects.

3.1. Initial Set-Up of Oort Cloud Comets

As mentioned earlier, we have set the radius for Gliese 710’s SOI to 2300 au for our study. Thus, the
SOI corresponds to the stability zone of Gliese 710 when considering a binary star system (together with
the Sun) with stellar distance of 10500 au. Figure 2 shows the initial distribution of the comets in the SOI
of Gliese 710 along its trajectory where the different colors denote the different shells (S1-54) as discussed
in Section 2. The orange section shows the outermost shell 54, where Gliese 710 enters the Oort Cloud at
100000 au. The purple area (S1) at the bottom marks the encounter distance of 10500 au of Gliese 710 to
the Sun. The red line on the cylinder marks the path through which Gliese 710 will pass.

48
I
38
25
28
15
18
5 |
8 F

=z [1888 aul

-1087,

-B ]
y [1680 a07 <40

Figure 2. Initial set-up of Oort cloud comets in the SOI along the path of Gliese 710 (red line). Different colors
indicate the different shells: S1 purple, S2 green, S3 blue and S4 orange. (X, y, z) are the heliocentric coordinates.
The yellow dot denotes the location of the Sun.

2 GANBISS stands for "GPU-accelerated N-body code for binary star systems".,Zimmermann2023
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4. Results

When Gliese 710 passes through the cylinder shown in Figure 2, the comets are subjected to
gravitational perturbations that alter their orbits. The extent of the immediate impact caused by the
stellar flyby is shown in Figure 3. As before, the different colors represent the objects of the various
shells. The yellow dot indicates the position of the Sun, and the red line marks the path of Gliese 710
passed through. The data in this figure correspond to the moment when the K-type star is at 10500 au,
i.e., at the closest distance to the Sun in its current orbit.

68
a8
48
3e

28

z [1888 aul

18

=188

Figure 3. Oort cloud comets in the considered SOI after Gliese 710’s flyby.

After Gliese 710’s passage, the comets are no longer arranged symmetrically around the red line.
There is a very strong dispersion toward the positive x-axis, which actually extends to 100 million au
— though this is not visible here, as we want to focus on the near end of the passage path. Objects
located so far beyond the boundary of the Oort Cloud are no longer bound to the solar system and are
thus classified as interstellar objects (ISOs), which travel freely through the galaxy. Changes along the
y-axis appear to occur in the region of the negative x-axis, where a stream of objects toward the sun is
visible. Some inward moving comets are also visible on the positive x-axis — see, e.g., the yellow dots
in the blue region. Changes in the z direction are most evident for the orange and blue dots, where
Gliese 710’s passage — and thus its gravitational disturbances — occurred some time ago. This means
that in the inner regions (green and purple dots), such changes may not become visible later, when
Gliese 710 is farther out again.

A detailed overview of the effects of Gliese 710 perturbations in the various directions of the
coordinate vector is shown in Figure 4. The left top panel of Figure 4 shows the perturbations in the
x-y plane where the cometary streams in y direction towards the Sun are better visible than in the
3D Figure 3. It shows that most comets move towards the Sun along a line at x=0 au. This stream
points towards the location of the Sun which differs from the path of the passing star. Both top panels
of Figure 4 show a strong scattering along the positive x-axis, which indicates cometary flows into
interstellar space. In z-direction (Figure 4 right top panel) there is some spread of comets of the
outermost shell (orange dots) visible that are probable attracted by Gliese 710 before entering the Oort
cloud. Furthermore, both figures show that the comets closest to the Sun (purple region) have been
shifted in the negative x-direction when Gliese 710 passes at 10500 au, which is probably caused by
the combined force of Sun and Gliese 710. In the bottom panel — which shows the y-z plane — the
original cylinder is still the best preserved. The spread in the z-direction is more clearly visible here,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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although it is small compared to the extent in the positive x-axis direction. But it shows, that not only
comets of the outermost shell (orange area) are scattered out in z-direction but also some objects from
the other shells.

8

(1]
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=28
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y [1608 aul
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-66
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8@ 100 88 108
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Figure 4. Perturbation of comets in the x — y plane (top left panel), x — z planet (top right panel) and y — z plane
(bottom panel). The red line marks the path of Gliese 710 in all panels and the golden dot indicates the location of
the Sun.

Analyzing the 168 million cometary orbits that were distributed in the SOI of Gliese 710, of
which about 100 million objects were initially on bound orbits and 68 million objects on parabolic and
hyperbolic orbits, the passage led to the following result:

¢  From the 168 million test comets in the SOI of Gliese 710 about 90 million escaped, namely all
that moved initially in hyperbolic and parabolic orbits and in addition 22 million of the initially
bound objects.

* 66614 Objects indicate perihelion distances q < 70 au after Gliese 710’s passage where

— 33912 objects comets are immediately heading toward the Sun;
— 23991 objects are still in their initial shells but show a motion in the direction to the Sun; and
— 8711 objects have orbits that point outward.

4.1. Perihelion Distances of Oort Cloud Comets After the Passage of Gliese 710

Figure 5 shows all comets with perihelion distances g < 70 au after Gliese 710’s passage. The
different colors indicate objects of the different shells and the horizontal lines mark either the location
of Jupiter (red line) or that of Earth (blue line). According to our study about 4 900 objects could enter
the observable region of the solar system, i.e. § < 5.2 au which is indicated by the red line. From the
4900 comets, 4326 are immediately heading the Sun, and 574 objects move first outward. Moreover,
1074 comets indicated perihelion distances within 1.2 au of which 26 Objects have a perihelion close to
Earth’s orbit.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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q[au]

20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
a[au]

Figure 5. All Oort cloud comets with perihelion distance < 70 au after Gliese 710’s flyby.

It is well known that comets with q < 70 au enter the region where the gravitational influence of
the gas giants (Jupiter to Neptune) becomes significant. Consequently, the outer solar system must be
included in the calculations to determine the future evolution of their orbits. Our computations of the
dynamical evolution of the 4326 comets with g < 5.2 au that are immediately heading the Sun finally
show that only those comets with initial semi-major axes ay < 50000 au could enter the observable
range (see Figure 6). In other words, even though it appears, after Gliese 710’s passage, that comets
from all shells are expected to enter the observable region, the gravitational influence of the planets
apparently prevents comets from the outer regions (blue and orange dots) from doing so.

10

'“.” Iﬂllln Wl W v g

0 50000 100000 150000 200000 250000
a [au]

Figure 6. Initial semi-major axis versus perihelion distances (log scale) of Oort cloud comets that were computed
for 1 million years using the outer Solar system (i.e. Sun and the planets Jupiter to Neptune) as dynamical model.

This means that significantly fewer comets enter the observable range than indicated by the flyby
results.

4.2. Comets with q in the Observable Region

Consequently, we calculated the trajectories of objects with ay < 50 000 au over one million years
and selected those objects that, during the calculation period, reached distances from the Sun of less
than 50 au (see Figure 7). The simulation of the cometary orbits was carried out in the gravitational
field of the outer solar system for one million years with output every 100 years, and it shows that
about 183 objects approached the solar system to distances < 50 au. The horizontal line in Figure 7
marks the distance of Jupiter from the Sun, which is currently considered to be the boundary of the
observable region.
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Figure 7. Comets with distances s,; < 50 au within 1 Myrs after the passage of Gliese 710 at 10500 au. The
horizontal line labels the boundary of the observable region and the colors indicate the perihelion distances of the

objects.

Since all comets were originally located beyond 5000 au, it took some 100 000 years for objects
to reach the outer solar system, which can be clearly seen in Figure 7. The cumulative distribution
of r shows that half of the objects in Figure 7 were able to enter the planetary system, i.e. r < 30 AU.
To the right of the plot is a color scale that indicates the perihelion distance of the objects at the time
shown in the graph. This scale shows that the perihelion distances of all objects are well within the
observable region, i.e. under the horizontal line. Although all the objects in Figure 7 have a perihelion
within < 5.2 au, only 7 objects entered this region during the calculation period considered. This
indicates that comet streams might exist in direction to the inner solar system probably over several
million years — where the elongated ellipses of the comets will bring them from far out toward the Sun.

In Figure 8 we show the changes in g for the plotted time relative to the initial value. Negative
values move g closer to the Sun, and positive values move it farther away. The color scale shows
that for most comets, the perihelion distances do not change significantly (green and orange dots). 11
objects (blue dots) show the largest changes in g towards the Sun, and for three objects (red dots), g
has been moved further outwards due to the gravitational influence of the planets.
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Figure 8. Comets with distances s,; < 50 au within 1 Myrs after the passage of Gliese 710 at 10500 au. The
horizontal line labels the upper border of the observable region and the colors indicate changes of the perihelion

distances of the objects.
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5. Discussion

Our numerical study of the stellar flyby of the K-type star Gliese 710 in about 1.29 Myrs was
performed to figure out the direct effects of the stellar perturbation on the dynamics of long-period
comets in the Oort cloud. Previous studies on this topic have used the impulse approximation (see e.g.
[13,19,22,34,35]), whereas in this study we performed N-body simulations. We applied the restricted
problem (i.e. the comets are massless) because we had to consider 168 million objects. Even though,
only objects within the sphere of influence along the star’s path toward the Sun were taken into
account, but these are undoubtedly the objects that were most severely affected, since they were closest
to the star. Furthermore, all comets initially had perihelion distances greater than 70 AU, which meant
that the planets of the outer solar system did not need to be included in the calculations; therefore,
changes in the comets’ dynamical behavior could be attributed to perturbations caused by the passing
star.

The results shown in Section 4 are, in effect, snapshots taken at the time of Gliese 710’s next closest
approach to the Sun - i.e., when the star is at 10500 au from the Sun. In our study, we could show that
the passage of Gliese 710 might cause strong cometary streams into the interstellar space — or more
precisely, more than half of the comets (~ 54%) in the SOI were ejected from the solar system and only
comets on initially bound orbits could survive the stellar passage. In contrast, the cometary stream
heading toward the Sun is very small and accounts for less than one-tenth of a percent of the objects in
the SOI. Nevertheless, the number of comets moving toward the Sun as a result of the stellar flyby
seems enormous — namely, more than 66 000. Of these, nearly 5000 comets indicated to enter the
observable region; and of these more than 1 000 objects have a perihelion distance 4 < 1.2 au and thus
might come close to our Earth or cross Earth’s orbit.

However, for objects moving toward the Sun, one must also take the influence of the planets into
account, which is necessary when q < 70 au. If we consider the dynamical evolution of approximately
5000 cometary orbits in the outer Solar System, the number of observable comets is reduced due to
planetary influences. It turns out that, in fact, only comets with an initial semi-major axis of less than
50000 au can enter the observable region. Our calculations show that, after the flyby, it takes around
400000 years for the first of the comets that have been deflected towards the Sun to reach the region of
Neptune. It takes 600 000 to 700 000 years before the first comet enters the observable region.

Our calculations of cometary orbits covered a period of one million years and showed that, during
this time, 183 comets entered the Solar System (at distances of < 50 AU). Of these, 7 comets reached
the observable region. Examining the dynamical evolution of cometary orbits over a longer period
requires taking into account galactic tides, which play an important role in long-term analyzes. The
interplay of stellar perturbations and galactic tides has been analyzed for Oort cloud comets in a
series of papers by H. Rickman, G. Valsecchi, M. Fouchard, M. Sailenfest, A. Higuchi and others (see
[13-15,34,35]). We are, of course, aware that the influence of galactic tides must also be taken into
account when studying long-period comets over a long time.

This study used, for the first time, N-body simulations to demonstrate the perturbations in the

Oort cloud caused by a stellar flyby. Moreover, we selected an object density within the passing
star’s sphere of influence that, based on our understanding of the Oort cloud, can be considered
approximately realistic. Our computations have shown that more than half of the comets within the
passing star’s sphere of influence were scattered into the interstellar space, nearly 5000 comets would
enter the observable region after the flyby, and more than thousand of these comets could approach
Earth or cross its orbit, posing a potential threat.
However, further calculations of the comet streams directed toward the Sun changed this result
significantly: Only objects with semi-major axes within 50 000 au can enter the observable region. And
the consideration of planetary perturbations showed that finally only a few objects enter the near-Earth
region — as shown in Figure 9 which presents the number of comets with perihelion distances in the
vicinity of the terrestrial planets.
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Figure 9. Perihelion distances of Oort cloud comets within Earth orbit.

Figure 9 shows that at the beginning of the computations over one million years about 17 comets

had their perihelion distances somewhere in the inner solar system between the Sun and the asteroid
belt except between Venus and Earth. However, after computations including planetary perturbations,
only three objects were found with perihelion distances between Mars and the asteroid belt — this is
indicated by the hatched area in Figure 9.
Hence, our computations revealed that the gas giants protect us from cometary streams originating
in the outer regions of the Oort Cloud. This result is in good agreement with the study by [12] on
the Jupiter-Saturn barrier, which causes a sharp decline in the influx of new comets into Earth’s
neighborhood.

This numerical study has shown that there is no risk of a comet impact on Earth, at least for
a million years following the flyby of Gliese 710. However, in order to assess the full extent of the
potential risk, long-term calculations are required that also take into account the influence of galactic
tides. This will be investigated in a future study.
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