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ABSTRACT

Aims. In this work, I present the cumulative effects of passing stars on planetary disks and I explore the orbital modification of their
components as a consequence of multiple stellar encounters. I analyze the effects of masses of the passing stars and look for differences
between the effects of four encounters with low masses of 0.1 M, as well as a single 0.4 M, stellar encounter on a 100 a.u. planetary

disk.

Methods. 1 applied the chi-squared (y?) test to estimate the correlation between the resulting parameters of orbits after single and
multiple impacts. I found that the y? value is equal to 0.666 and the probability index is equal to 0.955.
Results. This first approach suggests that three or four low-mass multiple encounters can produce comparable orbits of planets as

produced by a single massive encounter.

Key words. planets and satellites: dynamical evolution and stability — planet-star interactions — protoplanetary disks —

Kuiper belt: general — stars: kinematics and dynamics

1. Introduction

The effects of stellar encounters on planetary disks can signifi-
cantly modify the orbital structure of their elements. The stellar
dynamics of different galactic environments can determine the
orbital morphology of planetary systems (Jiménez-Torres et al.
2013). For instance, in star formation clusters, the gravitational
interactions between their members play a prominent role in the
structure or evolution of the orbital structures (e.g., Jiménez-
Torres 2021; Malmberg et al. 2007; Spurzem et al. 2009; Craig
& Krumbholz 2013; Breslau et al. 2014; Vincke et al. 2015). One
of the most widely accepted theories for explaining the origin of
the observed orbital structures in the outer Solar System, such
as the Kuiper belt and distant objects, invokes the gravitational
effect of a close encounter in the early Solar System (e.g., Ida
et al. 2000; Pfalzner et al. 2018).

Adams et al. (2006) analyzed the dynamical evolution of
stellar clusters and found that clusters with 100-1000 mem-
bers in forming planetary systems produce a modest effect.
They argue that the interaction rates between members are
low and the planetary systems are not substantially perturbed
by their environment. They conclude that the protoplanetary
disks can survive their birth cluster with low perturbations.
Jiménez-Torres (2020) proposes an analysis of mass densities as
a function of time and found that densities from 3 x 10° M pc~3
to 1.4 x 10* My pc™3 can produce from one up to three stellar
encounters on a cross-sectional area with a radius of 400 a.u.
containing a 100 a.u. planetary disk in a period of 1 Myr. Adams
& Laughlin (2001) calculated cross-sectional areas for planets
in the outer planetary disk experiencing orbital modifications as
a consequence of interactions with star systems. These authors
found that cross-sectional areas with a radius of 400 a.u. can
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increase the orbital eccentricities and inclinations of disk parti-
cles and that areas with a radius of 130 a.u. can produce planetary
ejection. They also found that Kuiper belt objects with semima-
jor axes of 30-70 a.u. can be scattered or affected by interactions
with cross-sectional areas with a radius of 350 a.u.

Dukes & Krumholz (2012) argue that any encounter able to
perturb the outer Kuiper belt would also perturb the orbit of
Neptune. They believe that it is unlikely that a single encounter
is capable of perturbing the outer Kuiper belt, while leaving
both the orbit of Neptune and the inner Kuiper belt unperturbed.
Instead of that scenario with a single encounter (e.g., Picogna &
Marzari 2014; Cuello et al. 2019; Pfalzner et al. 2018; Jiménez-
Torres et al. 2011, 2013), they argue that multiple encounters
would be invoked and the number of encounters required would
be enough to make it likely that one encounter between any of
them would be close enough to modify the orbit of Neptune. This
may be possible, particularly when considering that Pfalzner
(2013) shows that at approximately 1 Myr, the Solar System had a
probability of 15% of experiencing a close stellar encounter with
an approach distance less than 100 a.u. Furthermore, Jiménez-
Torres (2020) estimated a probability of 18.2% of having stel-
lar encounters with approach distances that are smaller than
100 a.u.

Single encounters with strong effects on planetary orbits
can modify the orbits of planets in the inner disk. However, a
subsequent close passing star will again modify this perturbed
orbit. The resulting orbit could be a similar orbit to the ini-
tial conditions before stellar impacts. Every encounter within
a simulation of multiple encounters produces a specific disk
dissolution and orbital modifications of disk particles, which
implies that multiple encounters can produce shapes of disks
that are different from those produced by a single perturbing
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star; that is, subsequent stellar encounters can increase or reduce
the orbital modification induced by the prior encounters. Sub-
sequent impacts may be able to slightly or dramatically modify
the orbits of a previously perturbed disk. The magnitude of these
subsequent modifications will depend on the masses, approach
distances, impact angles, and trajectories of the perturbing
stars.

In this context, I present models aimed at producing orbital
structures of planetary disks by invoking multiple encounters
with low-mass passing stars. This scenario fits in with the initial
mass function analysis from Salpeter (1955) and Kroupa (2002),
which argues that most of the newly born stars are low-mass
stars.

On the other hand, we know that protoplanetary disks in
birth clusters of stars are not only subject to the effects of grav-
itational interactions, but also the radiation fields induced by
stars in the cluster. The radiation fields in star formation clus-
ters also play a prominent role in the structure and evolution of
protoplanetary systems. For instance, Adams (2010) argues that
radiation fields from ultraviolet radiation can produce the dissi-
pation of the early protoplanetary system. Lee et al. (2008) argue
that this ultraviolet radiation produces photodissociation of the
CO in the collapsing protostars. Adams & Myers (2001) argue
that crowded star formation clusters can generate environments
with abundant ionizing photons to the star formation nebula.
These factors can lead to an obstruction of planetary formation.
Stronger radiation fields, such as those from X-ray radiation, can
also alter the evolution of the circumstellar disk. In this context,
Adams (2010) argue that the radiation backgrounds must not be
high enough to dissipate gases in the early birth nebula of proto-
planetary systems. This suggests that the protoplanetary Solar
System may have formed in a moderate radiation field back-
ground. In this work, the effect of radiation on planetary disks
is not taken into account. This work is only focused on a dynam-
ical point of view. The host star and the flyby stars are assumed
to be dimensionless objects. Their effective temperatures are not
taken into account in the simulations.

2. Methodology

I followed the same methodology and background presented in
Jiménez-Torres et al. (2013, 2011) and Jiménez-Torres (2021,
2020). In this way, I assume that planetary disks are a represen-
tation of the Solar System and that they are made of test particles
distributed in orbits and phases. The sampling of disk particles
follows a o< n=3/2, where a is the initial radius of a particle orbit
and n is the number of the orbit (e.g., Hayashi 1981).

The model assumes that the effects of disk particles are neg-
ligible and cannot significantly compete with the effects of stellar
encounters. It is assumed that disk particles are affected by the
gravitational forces of both the central star and the hyperbolic
passing stars. The equations of motion are solved in the nonin-
ertial frame of reference centered on the host star. The model
considers that the parent star, the Sun, experiences the gravita-
tional effect of the perturbing star. The effect of the force induced
by the passing star exerted on the central star produces an imme-
diate effect on the orbits of the particles. The model considers
that disk particles experience the direct force of the passing star,
plus the direct force by the central star, minus the force exerted
by the passing star on the Sun. The passing star experiences the
force by Sun, but this is just a very low-order effect on the orbits
compared to the maximum approach itself or compared to the
effect of the passing star on the Sun.
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Fig. 1. Results of single encounters on a 100 a.u. disk perturbed by a
1 M, passing star for different velocities from 1.5km s~! to 10kms~!.
These systematic models assume an approach distance of 100 a.u., and

impact angles of ¢ =45 degrees, 6 =45 degrees, and o =45 degrees.

To calculate the effects of multiple stellar encounters on a
disk, I first modeled a single encounter on a disk with a radius of
100 a.u., whereby any resulting unbound orbits with eccentrici-
ties greater than or equal to 1 are dismissed. Then I designated
the resulting positions and space velocities as initial conditions
of the target disk that will be perturbed by the second encounter.
The model exempts simultaneous or overlap multiple encounters
and the integration time for every encounter is 10* yr.

I present the results for four 0.1 M encounters on a 100 a.u.
planetary disk in a systematic way. These results are compared
to the model of a single 0.4 M encounter on the disk. All of
these encounters assume an approach distance of 120 a.u., impact
angles a, 6, and ¢ of 45 degrees, flyby velocities of 3 km s~! and
disks with 4000 particles.

In galactic environments such as open clusters and star for-
mation clusters, stellar densities are enough to produce up to four
multiple encounters on a cross sectional area with a radius of
200 a.u. containing a 100 a.u. disk (e.g., Jiménez-Torres et al.
2013). In this way, the number of encounters equal to four is
conservative.

Regarding the velocity dispersions of members in young
clusters of stars, we know that some of them do not have
prominent uncertainties and that they are within a small interval
of uncertainties (e.g., Foster et al. 2015; Cottaar et al. 2015).
Foster et al. (2015) showed that the velocity dispersion of young
members (1-2 Myr) in the cluster NGC 1333 is in the order of
0.92+0.12kms~!. They find this value of velocity dispersion
for members in an embedded low-mass cluster, where they
can be compared to velocities of members or objects in dense
and embedded star formation cores. On their part, Cottaar
et al. (2015) show that members in the cluster IC 348 have
velocity dispersion in the order of 0.6-0.7kms~'. In the Orion
Nebula Cluster, the velocity dispersion of their members is in
the order of 3—4kms~! (Fiirész et al. 2006, 2008; Tobin et al.
2009). In this context, we can see that velocity dispersions
of young cluster members reside within a small interval of
uncertainties.

In terms of numerical realizations, the results of single stellar
encounters on a planetary disk with similar flyby velocities show
similar results. This is shown in Fig. 1, where I present result-
ing orbits of disk particles under the effect of five different flyby
velocities from 1kms™! to 10kms™. As can be seen in Fig. 1,
results from simulations with 1.5kms™!, 2kms™', or 3kms™!
velocities show similar resulting eccentricities and inclinations;
that is, no significant differences for numerical models with sim-
ilar flyby velocities between 1kms~! and 3kms~! are found. In
this way, the assumption of constant velocities of 3km s™! for all
members in a cluster can also be feasible as a first approach.
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Fig. 2. Diagram of a single and a subsequent stellar encounter on a
planetary disk. Details are presented in Sect. 2.

3. Results

Figure 2 shows a diagram of a single passing star over a plane-
tary disk and a subsequent passing star over the perturbed disk.
In this section, the orbits and parameters of the disk particles
are presented before and after stellar impacts. The code calcu-
lates the shapes and disk dissolutions of disks under the effect of
multiple encounters.

Frames in the first column in Fig. 3 show the initial condi-
tions of disks prior to any stellar impact. Initial eccentricities
and inclinations of particles are equal to zero. Orbits of disk par-
ticles are presented in X—Y and Y-Z perspectives in the first and
second rows. Columns 2 to 5 correspond to the results from the
four encounters with low masses (0.1 M), and the last column
with results from the single encounter (0.4 My). The frames in
Fig. 3 show the remaining disk percentage after every impact.

I carried out an additional realization of the above described
numerical experiment to confirm the results seen in Fig. 3. This
is because it can be expected that any single encounter can pro-
duce some unusual orbital configurations. Figure 4 shows the
results from this additional realization, where the number of disk
particles is set to 8000. Results presented in Fig. 4 assume the
same conditions as applied in Fig. 3, but with 8000 disk particles.

The results in Figs. 3 and 4 show that the planetary disk
survived under the gravitational effect of four multiple stellar
encounters with low-mass stars. These results are similar to each
other, however, the following analysis takes the results from
Fig. 4 into account.

I find that the cumulative effects induced by the encounters
produce a total disk dissolution of 17.6%. The biggest perturba-
tion is produced by the first encounter. This is a consequence of
the fragility of unperturbed disks with particles in circular orbits.
The disk dissolution under multiple impacts goes from 6.2% up
to 17.6%. For the 0.4 M, single encounter, the disk dissolution is
11.7%.

The first encounter causes a truncation radius at 40 a.u. and
eccentricities up to 0.2 in the 40—-100 a.u. semimajor axis range.
Inclinations exhibit a similar tendency, where they go from O up
to 15 degrees in the 35-100 a.u. semimajor axis range. The sec-
ond encounter bumps up eccentricities up to 0.35. We can see
that the disk truncation happens at a semimajor axis of 40 a.u.
This distance is in agreement with estimations calculated in
Clarke & Pringle (1993), where they estimated that the trunca-
tion happens at a distance of one third of the approach distance
of the flyby star. We see that the third, and fourth impacts resolve
the most prominent orbital modification of particles in the disk
from 40 a.u. to 100 a.u.

The results show that the cumulative effects of three encoun-
ters can lead to eccentricities and inclinations up to 0.4 and
30 degrees in the 80—-100 a.u. semimajor range. For the 0.4 M
single encounter, we can see that it produces eccentricities and
inclinations up to 0.45 and 35 degrees in the outer disk. This can
show that three or four low-mass passing stars could produce
comparable structures as generated by a single encounter. The
effect of the fourth encounter is slightly different from the effect
of the third impact.

3.1. Tracking of disk particles under the effect of single and
multiple encounters

As seen in Fig. 4, the third or fourth impact can produce com-
parable orbits to those produced by the 0.4 M, single encounter.
However, in the figure, we cannot see the effects induced by the
encounters on specific orbits; instead, we see the total amount of
orbits of disk particles after the effects of the stellar encounters.

Here, I chose five specific orbits and tracked their resulting
orbital parameters, such as eccentricities and inclinations, under
the gravitational effects of the single and multiple stellar encoun-
ters. The initial conditions of eccentricities and inclinations of
these specific orbits are set to zero, and semimajor axes to 40 a.u.
(in pink), 55 a.u. (in green), 69 a.u. (in blue), 86 a.u. (in red), and
98 a.u (in black). These particles are part of the outer planetary
disk. I assumed that the inner planetary disk, particles with semi-
major axes less than 30a.u., is slightly perturbed by the stellar
encounters with approach distances of 120 a.u. Therefore, it is
not considered in this subsection.

The first column in Fig. 5 corresponds to the resulting eccen-
tricities (upper frame) and inclinations (lower frame) for these
specific particles under the effect of the first encounter; the sec-
ond column with resulting orbits under the effect of the second
encounter; the third column with resulting orbits under the effect
of the third encounter; and the fourth column with resulting
orbits under the effect of the fourth encounter. The last column
shows results for disk particles perturbed by the single massive
encounter.

As seen in Fig. 5, the eccentricities and inclinations as a
consequence of four encounters progressively go from 0.15 and
10 degrees up to 0.5 and 15 degrees, respectively. This is, results
show that the cumulative effect of four encounters can increase
orbital eccentricities and inclinations up to 0.5 and 15 degrees
in the outer disk. For its part, the 0.4 M passing star produces
eccentricities and inclinations up to 0.45 and 25 degrees in the
outer disk.

These results can suggest that many of the observed orbital
structures in the Solar System or planetary systems could be pro-
duced by the effect of multiple stellar impacts in their early birth
clusters, instead of a single encounter on the planetary disk.

3.2. Correlation between the resulting planetary orbits from
single and multiple stellar encounters

Here, I analyzed the y? test to estimate the correlation between
the resulting planetary orbits after the 0.4 M, single encounter
and orbits after the fourth impact. In particular, I compare the
resulting total effect of four 0.1 M, encounters and the effect of
a single 0.4 M, encounter on a planetary disk. Table 1 shows the
final orbital parameters after the fourth impact and parameters
after the single stellar encounter. Absolute errors are shown in
the fifth column of Table 1.

Then I defined intervals for absolute errors with a reasonable
reliability. For semimajor axes, the reliable interval is defined
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Fig. 3. Orbits, eccentricities and inclinations of disk particles before and after stellar impacts. First column shows the initial conditions for all
experiments. Frames in Cols. 2-5 correspond to resulting orbital parameters under the effect of a single 0.4 M, and four 0.1 M, encounters on a
planetary disk with a radius of 100 a.u. The number of disk particles is equal to 4000.

Table 1. Absolute errors between the resulting planetary orbits under the effect of single and multiple stellar impacts.

Parameters (units) Initial conditions  After fourth impact  After single 0.4 My impact  Absolute error  Accepted
a(a.u.) 40 39.9445 39.5767 0.3677 Yes
e 0 0.0171 0.0596 0.0425 Yes
i(deg) 0 0.8639 2.5511 1.6871 Yes
a(a.u.) 55 53.8292 54.3566 0.5273 Yes
e 0 0.0318 0.1683 0.1365 No
i(deg) 0 5.3190 8.2096 2.8905 Yes
a(a.u.) 69 64.1548 61.3264 2.8284 Yes
e 0 0.1015 0.1467 0.0452 Yes
i(deg) 0 2.4108 11.2228 8.8120 Yes
a(a.u.) 86 76.2692 78.7644 2.4952 Yes
e 0 0.2984 0.0597 0.2388 No
i(deg) 0 6.7236 16.6062 9.8825 Yes
a(a.u.) 98 94.6154 96.4843 1.8689 Yes
e 0 0.4955 0.4454 0.0502 Yes
i(deg) 0 14.4915 24.1467 9.6552 Yes

Notes. The reliable interval for semimajor axes is defined as 10 a.u, the reliable interval for eccentricities is defined as 0.1 and the reliable interval

for inclinations is defined
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Fig. 4. Orbits, eccentricities and inclinations of disk particles before and after stellar impacts. First column shows the initial conditions for all
experiments. Frames in Cols. 2-5 correspond to resulting orbital parameters under the effect of a single 0.4 M, and four 0.1 M,, encounters on a
planetary disk with a radius of 100 a.u. The number of disk particles is equal to 8000.
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of single and
are shown in

to 10a.u.; the reliable interval for eccentricities is defined to
0.1, and the reliable interval for inclinations is defined to 10
degrees. Ideally, we would expect that the fifteen absolute errors
in Table 1 fit these conditions well. However, we can see that
two absolute error data points do not fulfill these conditions;
that is, two data points cannot be accepted for this reliability
assumption, while the rest can be accepted.

I defined five categories with three data points each. The five
categories correspond to the five parameters shown in the second

Table 2. Total number of accepted and expected frequencies for the five
categories.

Category Accepted Expected

40 a.u. 3 3
55a.u. 2 3
69a.u. 3 3
86a.u. 2 3
98 a.u. 3 3

column in Table 1. According to the absolute errors shown in the
fifth column in Table 1, I decided whether they are acceptable or
not. This is shown in the sixth column in Table 1. Furthermore,
Table 2 shows these categories, their number of accepted data,
and their number of expected data.

In this context, I can determine a X2 test to estimate the cor-
relation between results from multiple encounters and a single
encounter. The y? is calculated as follows:

2 2 (Va — Ve)2
K=
- v

e
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where v, and v, correspond to the expected frequencies and
accepted frequencies, respectively. By replacing the values of
Table 2, I found

—_3)2 _12\2 _2\2 _2\2
2-3" G-3° @-3° G-I

3 3 3 3

= 0.666.

, (-3
X 3

+

Wi T

W | =
W | =

The number of degrees of freedom is (number of rows -
I)(number of columns - 1)=(5 - 1)(2 - 1) =4. These results imply
that the probability level is equal to 0.955.

4. Conclusions

The first approach employed in this work suggests that there is
a fitting comparison of the results from multiple encounters and
a single encounter under a reasonable assumption of reliability.
Furthermore, the most prominent effects induced by a single per-
turbing star could be modeled with the cumulative effect induced
by multiple low-mass stellar encounters.

In this work, I conclude that that the effect of multiple
encounters with 0.1 M, stars can reproduce similar orbital eccen-
tricities and inclinations as produced by a 0.4 M, single stellar
encounter. Even though the effect of a single low-mass star could
not be so disruptive, the total effect of multiple encounters plays
an important role to shape and determinate the structure and
orbital dynamics of planetary disks.

The disk dissolution and orbital modification of particles
mainly depend on the mass, velocity, and approach distances of
the passing stars. The number of encounters also plays a role
in the detailed structure of the planetary disk. Every encounter
contributes and plays a particular role in the final orbital struc-
ture of the planetary disk. The total effect of multiple encounters
can create a different orbital shape for a planetary system to the
orbital shape induced by a single stellar encounter. The modeling
of the effect of multiple encounters with low-mass stars on plan-
etary disks corresponds to a realistic scenario of a birth cluster
of stars where low-mass stars represent the majority of the newly
born stars.
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For a future work, a more extended collection of orbits must
be tracked after the impact of single and multiple flybys in
order to conduct an improved analysis of the results and their
correlations.
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