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ABSTRACT

The Gaia space telescope has transformed our understanding of random stellar encounters with the

Solar System. This study examines how such perturbations influence the most eccentric comets in

the Oort Cloud (OC), a thermalized reservoir of ∼ 1012 icy bodies extending from 104 to 105 AU.

Recent Gaia-based analyses indicate ∼ 20 stellar passages within 1 pc of the Sun per Myr. Using

analytical estimates and direct N -body simulations, we quantify how these encounters modify highly

eccentric orbits: individual flybys enhance comet-shower rates by factors of∼ 2, producing a cumulative

increase of ∼ 40 over a Myr. In parallel, we perform a full dynamical search through all stars with

six-dimensional phase-space data in Gaia DR3 and identify a compelling candidate for a long-period

stellar companion to the Sun. This star exhibits recurrent ∼ 45 Myr perihelion passages and, in

simulations, can elevate comet-shower activity by an order of magnitude. Because a perturber of this

kind could also be a dispersed solar sibling, the companion hypothesis links the dynamical structure

of the OC directly to the long-standing problem of recovering the Sun’s birth-cluster relatives. The

chemical-abundance pattern of such a star therefore becomes a critical observational test. Together,

these results clarify how both stochastic encounters and potential long-period companions shape the

dynamical evolution and observable output of the outermost OC, while highlighting the possibility

that the OC retains a dynamical memory of the Sun’s earliest stellar environment.

Keywords: Gaia, Oort Cloud, Milky Way, REBOUND, Galpy, Random Stellar Encounter, Periodic

Companion

1. INTRODUCTION

The dynamical evolution of the Oort Cloud (OC) is

governed by a combination of Galactic tides, stellar fly-

bys, and long-term perturbations arising from the Sun’s

motion in the Milky Way. While the OC is too distant

to be observed directly, its structure and history are

imprinted in the flux and orbital distribution of long-

period comets entering the inner Solar System. Con-

sequently, understanding the mechanisms that perturb

the most eccentric comets is crucial for connecting the

present-day comet population to its dynamical origins.

Over the past decade, the Gaia mission has fundamen-

tally transformed this problem by providing precise six-

dimensional phase-space measurements for tens of mil-

lions of stars, enabling a statistically complete charac-
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terization of stellar encounters and a direct dynamical

search for stars with long-term periodic relationships to

the Sun.

Stellar flybys have long been recognized as a domi-

nant heating mechanism for the OC, reshaping orbital

energies and diffusing comets into the planetary region.

Early work based on the Hipparcos sample of ∼ 105

stars estimated a rate of roughly 11.6 ± 1.3 Myr−1 for

encounters within 1 pc of the Sun (Garćıa-Sánchez et al.

2001). With the much deeper Gaia DR2 catalog, the en-

counter rate nearly doubled to 19.7±2.2 Myr−1 (Bailer-

Jones et al. 2018), confirming that close stellar pas-

sages are a regular feature of the Sun’s Galactic envi-

ronment. These perturbers typically have velocities near

50 km s−1 and masses close to that of the Sun, and their

cumulative effect drives the OC toward a thermalized

state (Hills 1981; Heisler & Tremaine 1986; Fouchard,

M. et al. 2017). Analytical treatments show that the

injection efficiency of comets into the inner Solar Sys-
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tem depends strongly on encounter distance and veloc-

ity, while numerical simulations have clarified how these

impulses alter the perihelia and angular momenta of the

most eccentric comets. The Gaia dataset now allows

these theoretical expectations to be anchored to mea-

sured encounter statistics.

Alongside the classical problem of random stellar per-

turbations, a parallel line of inquiry concerns the pos-

sibility of a long-period stellar companion to the Sun.

Although previous searches have yielded null results,

the idea persists due to several independent motiva-

tions. Scenarios involving the Sun’s birth cluster (Porte-

gies Zwart 2009), proposed outer Solar System bod-

ies such as Planet 9 (Batygin et al. 2019; Pfalzner &

Vincke 2020), and hypothesized periodicity in extinc-

tion events (Whitmire & Jackson 1984; Davis et al. 1984)

have all prompted searches for stars that could share a

quasi-periodic orbital history with the Sun. Identifying

such a companion—even if weakly bound or currently

unbound—would carry implications for the dynamical

history of the Solar System and the present-day struc-

ture of the OC.

Previous searches have relied on two complementary

methods. Chemical tagging uses high-resolution spec-

troscopy to identify stars with solar-like elemental abun-

dances (Adibekyan et al. 2018), while dynamical anal-

yses use astrometry and kinematics to identify stars

whose orbits are consistent with a shared origin or re-

current close approaches, as demonstrated in HARPS,

AMBRE, APOGEE, GALAH, and Gaia-based studies

(Batista et al. 2014; Webb et al. 2020). Although no

definitive sibling or companion has yet been confirmed,

chemo-dynamical tagging has proven powerful in other

settings, such as the identification of extra-tidal halo

stars escaping globular clusters (Grondin et al. 2023,

2024). The precision of Gaia DR3, with complete phase-

space parameters for 33 million stars, now permits a

comprehensive dynamical search for solar companions

on long-period orbits.

In this work, we combine these two perspectives by

examining the perturbative effects of individual stel-

lar encounters on the most eccentric comets in the OC

and by performing a systematic search for periodic stel-

lar companions using the full phase-space precision of

Gaia DR3. First, we use direct N -body simulations to

quantify how a single solar-mass stellar flyby alters the

perihelion distribution, angular momentum structure,

and comet-shower flux of a high-eccentricity OC ensem-

ble. These simulations isolate the short-term dynamical

response of comets and allow us to connect analytical

scaling relations to concrete orbital outcomes. Second,

we integrate the orbits of all ∼ 33 million Gaia DR3

stars, along with the Sun, forward for 500 Myr in a

realistic Galactic potential that includes axisymmetric

components as well as the bar and spiral arms. From

these trajectories we identify stars that exhibit repeated

low-velocity encounters with the Solar System, evalu-

ate their dynamical effects on a modeled OC, and assess

their potential as long-period perturbers or solar sibling

candidates.

The remainder of this paper is structured as follows.

Section 2 develops the encounter-driven framework for

Oort Cloud dynamics and presents the suite of N -body

simulations used to quantify the response of highly ec-

centric comets to stellar flybys. Section 3 introduces the

time-dependent Galactic potential adopted in this study,

details the procedure used to search for long-period stel-

lar companions in the Gaia DR3 dataset, and evaluates

the dynamical signatures of the candidate star identi-

fied by this analysis, including its possible impact on

the Oort Cloud. Section 4 summarizes the main results

and discusses their implications for comet-shower statis-

tics, the Sun’s birth environment, and avenues for future

chemo-dynamical follow-up.

2. STELLAR ENCOUNTERS

The Hipparcos mission provided the six-dimensional

phase-space parameters of roughly 105 stars in the so-

lar neighborhood, forming the first systematic dataset

for studying stellar kinematics near the Sun. Gaia DR3

expanded this dataset by more than two orders of mag-

nitude, including approximately 3.3 × 107 stars with

complete phase-space parameters observation. This dra-

matic increase in the available phase-space coverage has

allowed a far more detailed analysis of the frequency and

kinematics of stellar encounters with the Solar System.

The rate of stars passing within 1 pc of the Sun, derived

from Hipparcos data, was estimated as 11.6±1.3 Myr−1

(Garćıa-Sánchez et al. 2001). Subsequent analysis using

Gaia DR2 nearly doubled this value to 19.7±2.2 Myr−1

(Bailer-Jones et al. 2018). The velocity distribution of

these encounters is approximately centered at 50 km s−1,

with a spread of ∼ 20 km s−1, and the characteristic

masses of the perturbers are close to one solar mass.

The dynamical effects of random stellar perturba-

tions on OC comets have been investigated extensively

in the literature (e.g., Hills 1981; Heisler & Tremaine

1986; Fouchard, M. et al. 2017), and have shed light

on how repeated encounters gradually randomize the

phase-space distribution of long-period comets. The an-

alytical framework developed by J. G. Hills (Hills 1981)

remains particularly instructive and provides a theoret-

ical picture of how stellar impulses diffuse cometary ve-

locities over time. The essential definitions and relations
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Figure 1. The perihelia of the comets before and after the encounter. The influx of comets entering the region with perihelia
< 5 AU is evident because the simulation isolates the most eccentric comets in the Oort Cloud. The left, middle, and right
panels correspond to encounter distances of 2×105, 2×104, and 2×103 AU, respectively. As the perturber penetrates the inner
bound of the OC, the total number of comets ejected within the Jupiter’s orbit decreases compared to the other two instances,
as expected from the considerations with regards to the angular momentum.

from that work are summarized here to set the context

for the numerical analysis that follows.

Hills introduced two key concepts—the loss cone and

the smear cone. The loss cone refers to the Sun-centered

bundle of velocity vectors in velocity space correspond-

ing to cometary orbits whose perihelia lie within the

planetary region. If a comet’s velocity vector falls within

this cone, its orbit penetrates the inner Solar System and

may lead to an observable comet shower. The smear

cone, in contrast, represents the angular domain in ve-

locity space through which a passing star randomizes

cometary velocities during an encounter. The cumula-

tive dynamical evolution of the OC can thus be viewed

as the diffusion of cometary velocity vectors through suc-

cessive smear cones that continually repopulate the loss

cone.

For an individual stellar encounter, the impulse ap-

proximation provides a first-order estimate of the ve-

locity perturbation imparted to each comet. Assuming

that the stellar trajectory relative to the Sun can be

treated as a straight line—a valid approximation for en-

counter velocities much larger than the local orbital ve-

locities—the instantaneous impulse imparted to an ob-

ject i (either the Sun or a comet) is

∆Vi =
2GM⋆

V⋆Di
, (1)

where M⋆ and V⋆ denote the mass and relative veloc-

ity of the passing star, respectively, and Di is the dis-

tance of closest approach. For the Sun, Di = D⊙
and ∆Vi = ∆V⊙, whereas for a comet, Di = Dc and

∆Vi = ∆Vc. Because the two velocity impulses are ap-

proximately parallel, the differential velocity imparted

to the comet relative to the Sun is given by

∆V = |∆Vc −∆V⊙| =
2GM⋆

V⋆

∣∣∣∣D⊙ −Dc

DcD⊙

∣∣∣∣ . (2)

Averaging this expression over all comets at distance

r from the Sun and adopting the straight-line approx-

imation yields ⟨|D⊙ − Dc|⟩ ≈ r and ⟨D⊙Dc⟩ ≈ D2
⊙.

The time-averaged separation of two objects in Keple-

rian orbits with semi-major axis a and eccentricity e is

⟨r⟩ = a(1+e2/2), which approaches ⟨r⟩ ≃ 1.5a for nearly

parabolic orbits (e → 1). With these approximations,

the mean impulse becomes

⟨∆V ⟩ ≃ 3aGM⋆

V⋆D2
⊙

. (3)

From conservation of energy, the characteristic orbital

velocity of a comet with semi-major axis a at r = 1.5a

is Vc = (GM⊙/3a)
1/2.

For weak perturbations where ∆V/Vc ≪ 1, the ratio

of the angular area of the smear cone to that of the

loss cone—representing the fractional diffusion of comets

into the planetary region per encounter—is given by

Fs

Fq
=

27

8

(
M⋆

M⊙

)2 (
a

D⊙

)4 (
GM⊙

aV 2
⋆

)
. (4)

This equation encapsulates the essential scaling of

encounter-driven injection: the rate of comet show-

ers depends steeply on the fourth power of the stellar

closest-approach distance (D−4
⊙ ) and quadratically on
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both the stellar mass and the inverse encounter veloc-

ity. As a consequence, a small number of slow, massive,

and close encounters dominate the dynamical evolution

of the OC, even though the majority of encounters are

distant and dynamically negligible.

Repeated random stellar perturbations gradually

thermalize the orbital energy distribution of the OC

comets. When the ensemble reaches statistical equilib-

rium, the fraction of orbits with eccentricities between

e and unity follows Fe = 1 − e2, independent of semi-

major axis. Given the relationship between perihelion

distance q, semi-major axis a, and eccentricity e through

q = a(1−e), the fraction of comets with semi-major axis

a that pass within a distance q of the Sun is

Fq =
2q

a

(
1− q

2a

)
, (5)

which quantifies the expected population of comets ca-

pable of penetrating the inner Solar System for a given

energy distribution.

Complementary to the analytical approach of Hills,

Fouchard, M. et al. (2017) provided an empirical fit

based on Monte Carlo simulations involving 106 test

comets to estimate the number N⋆ of comets injected

into the planetary region by a single stellar passage.

Their results can be expressed as

N⋆ = 16.23

(
M⋆

M⊙

)1.82 (
40 km s−1

V⋆

)1.82 (
2× 104 AU

D⊙

)0.91

,

(6)

for
(

M⋆

M⊙

)(
40 km s−1

V⋆

)
< 0.6, and

N⋆ = 12.83

(
M⋆

M⊙

)0.89 (
40 km s−1

V⋆

)0.89 (
2× 104 AU

D⊙

)1.78

,

(7)

otherwise. These expressions demonstrate that the

number of comets dynamically injected into the plan-

etary region rises steeply with decreasing encounter dis-

tance and lower stellar velocities, in qualitative agree-

ment with the Hills scaling relation.

Random stellar encounters not only lead to isotropy in

the velocity distribution of Oort Cloud comets but also

contribute to a slow diffusion of orbital energies that

thermalizes the comets and replenishes the loss cone.

The equilibrium achieved through this mechanism pro-

duces a steady flux of long-period comets toward the in-

ner Solar System on a million-year time-averaged basis.

Understanding the signatures of these encounters in the

most eccentric Oort Cloud comets is essential for linking

the dynamical perturbations induced by stellar flybys to

the observed comet-shower rates within Jupiter’s orbit

and their record in Earth’s geological and cratering his-

tory.

2.1. Rate of Comet Showers

To quantify the expected enhancement in cometary

flux following a stellar encounter, an analytical estimate

of the instantaneous rate of comets penetrating the plan-

etary region was derived. The approach is based on com-

puting the fraction of an orbital period during which

a comet resides within Jupiter’s orbital radius RJ and

comparing this quantity before and after the encounter.

This fraction, multiplied by the total number of comets

characterized by a given (a, e) distribution, yields the

total number of comets simultaneously present within

the inner Solar System.

For a comet of semi-major axis a and eccentricity e,

the fraction of the orbital period spent at heliocentric

distances r < RJ can be obtained from Kepler’s second

law, dA/dt = πab/T , where A is the area swept by the

radius vector, b = a
√
1− e2 is the semi-minor axis, and

T is the orbital period. The relevant fraction is therefore

the ratio of the area enclosed by the orbital arc within

r < RJ to the total area of the ellipse.

Using the polar form of the orbit, r(θ) = a(1−e2)
1+e cos θ , and

adopting the small-angle approximation valid for nearly

parabolic comets (θ ≪ 1), this can be written as

r(θ) ≃ a(1− e2)

[
1 +

e

2(1 + e)
θ2
]
. (8)

The area enclosed by the orbit between ±Θ, correspond-

ing to the points where r(Θ) = RJ , is

A =

∫ Θ

−Θ

∫ r(θ)

0

r′ dr′ dθ =
a2(1− e2)2

2

∫ Θ

−Θ

(
1 +

e

1 + e
θ2
)
dθ,

(9)

which evaluates to

A = a2(1− e2)2Θ. (10)

Solving r(Θ) = RJ gives

Θ =

√
2

(
1 +

1

e

)(
RJ

a(1− e)
− 1

)
. (11)

Substituting into the expression for A and normalizing

by the total orbital area πa2
√
1− e2 yields the fractional

time spent within RJ :

∆t

T
=

√
2

π
(1 + e)

√
1− e

e

√
RJ

a(1− e)
− 1. (12)

This expression gives the instantaneous probability that

a comet with parameters (a, e) resides inside Jupiter’s

orbit.

Applying this relation to the simulated ensembles and

comparing it with the comet counts shows that the max-

imum enhancement in comet-shower flux occurs within
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the first ∼ 3 Myr after the encounter and gradually de-

cays over ∼ 10 Myr, consistent with the timescale re-

quired for perturbed comets to complete one or more or-

bital returns to the inner Solar System. This framework

offers a quantitative means of interpreting the dynam-

ical consequences of recent close-encounter candidates

identified by Bailer-Jones (2022), Bobylev & Bajkova

(2022), and Burgasser et al. (2015).

2.2. Simulation

To investigate the dynamical impact of an individual

stellar flyby on the most eccentric comets in the OC, a

direct N -body simulation was performed using the Re-

bound code (Rein & Liu 2012a). The goal was to con-

sider the imprint of the short-term impulse imparted by

a passing solar-mass star on the most eccentric comets

in the OC with the encounter parameters inferred from

Gaia DR2 (Bailer-Jones et al. 2018).

The simulation included the Sun, Jupiter, and 100,000

massless cometary test particles perturbed by a stellar

flyby. The system was evolved using the mercurius

hybrid symplectic integrator in heliocentric coordinates

with time units of years, distance units of astronomical

units, and mass units of solar masses. The integration

time step was fixed at one year. The total integration

duration was 107 yr, corresponding to roughly full pe-

riod evolution of the comets.

The initial comet population was designed to rep-

resent the high-eccentricity tail of a thermalized and

isotropic Oort Cloud. One hundred thousand test parti-

cles were sampled from probability distributions propor-

tional to f(e) ∝ 2e for the eccentricity and f(a) ∝ a−2

for the semi-major axis, consistent with a relaxed OC.

The eccentricities were restricted to 0.999 < e < 1, em-

phasizing the subset of comets that contribute most ef-

ficiently to inner Solar System flux. The semi-major

axes were drawn from 104 AU < a < 105 AU. Orbital

angles—inclination i, argument of perihelion ω, longi-

tude of ascending node Ω, and true anomaly f—were

uniformly distributed to produce an isotropic ensemble.

The perturber was modeled as a one-solar-mass star

on a rectilinear trajectory with perihelion distances of

0.01, 0.1, and 1 pc and a velocity at perihelion of V⋆ =

50 km s−1 (equivalent to 10.56AUyr−1). The star was

initialized at a distance of approximately 2 × 105 AU

(near 1 pc) and assigned a constant approach velocity

along the y-axis. The Sun was placed at the origin,

and Jupiter, with mJ = 10−3 M⊙, aJ = 5.2 AU, and

eJ = 0.05, was included to account for the dominant

planetary contribution to hyperbolic comet ejection.

Figure 1 displays the pre- and post-encounter perihe-

lion distributions for three representative encounters at

distances of 2 × 105, 2 × 104, and 2 × 103 AU, respec-

tively. In each case, a noticeable population of comets

migrates toward smaller perihelia (q < 5 AU) after the

stellar passage, with the exception of when the flyby

penetrates the inner radius of the OC, corresponding

to potential observable long-period comets entering the

planetary region. As estimated by Emel’yanenko et al.

(2007), the flux of new comets from the Oort Cloud into

perihelia q < 5AU is approximately 10 per year. This

number agrees with the results of the numerical simu-

lation in this work within an order of magnitude. The

discrepancy might be due to overestimation of the num-

ber of comets in the OC, or the assumptions about full

relaxation of the comets which is a key starting point

of the numerical set up in this analysis. After the en-

counter in the simulation the number of comets entering

within the Jupiter’s orbit increase by a factor of ∼ 2.

Summed up over a million year period for all the twenty

encounters this would amount to ∼ 40.

Although these numbers do not strictly scale with the

analytic expectation N ∝ D−4
⊙ , the behavior is consis-

tent with the geometry of an isotropic, highly eccen-

tric population. Most of the selected comets reside near

aphelion during the stellar passage and are weakly af-

fected by small variations in encounter distance, leading

to a plateau in injection efficiency once the perturber

penetrates within the Oort Cloud boundary. Closer en-

counters that pass through the inner OC tend instead

to reduce the number of comets on Sun-penetrating tra-

jectories by removing them entirely from bound orbits.

This subtle interplay between geometric configuration

and encounter strength explains the apparent departure

from the simple analytic scaling and highlights the im-

portance of modeling the phase-space distribution self-

consistently.

The subsequent dynamical evolution of the comet en-

semble is illustrated in Figure 2. Before the encounter,

the population occupies a narrow locus in the semi-

major-axis–eccentricity plane corresponding to 0.999 <

e < 1. After the encounter, the distribution broadens

along curves of constant specific angular momentum,

l2 = GM⊙a(1 − e2), consistent with conservation of

angular momentum during the impulse. Comets scat-

tered toward smaller a(1 − e) values acquire perihelia

within Jupiter’s orbit and form the source population

for observable comet showers. The vertical component

of the angular momentum (lz) remains approximately

conserved demonstrating that the perturbation acts pri-

marily within the plane of the stellar passage. The ob-

served dispersion reflects the small torque component

exerted perpendicular to this plane.
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Figure 2. Note that the orange strip corresponds to the configuration before the encounter. Scatter plots showing the dynamical
response of comets before (orange) and after (blue) the encounter: (i) semi-major axis vs. eccentricity; (ii) semi-major axis vs.
perihelion distance; (iii) orbital energy vs. specific angular momentum; The top, middle, and bottom set of plots correspond to
encounter distances of 2× 105, 2× 104, and 2× 103 AU, respectively.

Overall, the simulation indicates that the perturba-

tions caused by stellar flybys on the most eccentric

comets in the OC do not have a substantial effect on

the comet showers within the Jupiter’s orbit, but play a

major role in thermalization of these comets and mak-

ing them unbound, transforming their elliptical orbits

into hyperbolic ones. The approach used here isolates

the instantaneous dynamical response, providing a high-

resolution framework for quantifying the statistical en-

hancement of long-period comet fluxes in future Monte

Carlo ensembles of encounters.
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Table 1. Phase-space parameters of the periodic companion
candidate from Gaia DR3.

Gaia DR3 ID 2452167910719793664

Ra 22.164619

Dec -14.968106

Parallax 74.896114

PmRa -2.702113

PmDec -28.048613

Radial Velocity 15.943527

δ Ra 0.165170

δ Dec 0.095928

δ Parallax 0.233388

δ PmRa 0.223920

δ PmDec 0.083165

δ Radial Velocity 1.943320

Figure 3. Relative period and speed at perihelia of the
generated orbits for the companion candidate in Gaia DR3,
color coded with their respective closest approach distance.

3. PERIODIC STELLAR COMPANION

All previous searches for a gravitationally bound com-

panion to the Sun have yielded null results. Never-

theless, the hypothesis remains of interest, both for its

dynamical implications and for its potential relevance

to the broader problem of identifying the Sun’s closest

long-term stellar relatives. Gaia DR3 now provides the

phase-space precision necessary to evaluate whether a

star on a long-period, quasi-periodic orbit relative to

the Sun might exist. As both bodies orbit the Galactic

center and undergo their respective epicyclic motions,

their relative trajectories can generate approximately

periodic patterns. A companion approaching the Sun

with a sufficiently small perihelion distance and a mod-

est relative velocity could induce significant perturba-

tions in the OC. The following subsections describe the

time-dependent Galactic potential adopted in this work,

the identification of a viable periodic companion candi-

date in Gaia DR3, and the resulting dynamical effects

on the outer Solar System as quantified through direct

N -body integrations.

3.1. Galactic Potential Model

To integrate the orbits of stars and the Sun within a

realistic Galactic environment, the axisymmetric com-

ponent of the gravitational field was represented by

MWPotential2014 (Bovy 2015a). This composite

potential consists of three analytic terms that approxi-

mate the mass distribution of the Milky Way:

1. a power-law spherical bulge with an exponential

cut-off,

2. a Miyamoto–Nagai disk, and

3. a Navarro–Frenk–White (NFW) dark matter halo.

The bulge potential is expressed as

Φbulge(r) = Φ0

(r0
r

)α
exp

[
−
(

r

rc

)2
]
, (13)

where α = 1.8 is the inner power-law slope, r0 = 8 kpc

is the reference radius, and rc = 0.24 kpc is the expo-

nential cut-off. This term represents the contribution of

the Galactic bulge to the overall potential.

The disk component follows the Miyamoto–Nagai

form,

Φdisk(R, z) = − GMd√
R2 +

(
a+

√
z2 + b2

)2 , (14)

where (R, z) are cylindrical coordinates and the scale

lengths are a = 3 kpc and b = 0.28 kpc. This potential

reproduces the observed thin disk structure of the Milky

Way.

The dark matter halo is modeled using the Navarro–

Frenk–White profile,

Φhalo(r) = −GMh

r
ln

(
1 +

r

rs

)
, (15)

with a characteristic scale length rs = 16 kpc. The rela-

tive amplitudes of the bulge, disk, and halo components

are 0.05, 0.60, and 0.35, respectively, calibrated to re-

produce a circular velocity of ≃ 220 km s−1 at the Solar

radius R0 = 8 kpc. These three components together

constitute the standard MWPotential2014 axisym-

metric model implemented in the Galpy framework.
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Non-axisymmetric contributions, namely the Galac-

tic bar and spiral arms, were incorporated separately

and are described in Appendix A. The potential does

not include the central supermassive black hole, whose

gravitational influence is negligible beyond ∼ 0.1 kpc for

the orbits considered in this analysis.

3.2. Candidate Periodic Perturber from Gaia DR3

A comprehensive orbital integration of all ∼ 33 mil-

lion stars with complete six-dimensional phase-space in-

formation in Gaia DR3 was performed in the Galactic

potential described above. The trajectories were propa-

gated for 500 Myr using Galpy, and their relative mo-

tions with respect to the Sun were analyzed. Among

the full sample, a single star was found to exhibit quasi-

periodic encounters with the Solar System, producing

measurable perturbations in the modeled Oort Cloud

population.

The fundamental parameters of this candidate are

summarized in Table 1. The star’s perihelion distance

relative to the Sun is 1 pc, and its velocity at perihelion

is approximately 1 km s−1. Although no effective tem-

perature is available in the Gaia dataset, a fiducial stel-

lar mass of 0.6M⊙ was adopted. This value is consistent

with the lower mass limit inferred from the empirical

mass–temperature relation for main-sequence stars and

with the minimum temperature (∼ 3100 K) observed

in the Gaia DR3 sample. The adopted mass has only a

minor effect on the perturbation amplitude, as the dom-

inant parameters governing the encounter strength are

the perihelion distance and the relative velocity.

Integration of the star’s Galactic orbit indicates a re-

current perihelion passage approximately every 45 Myr,

producing periodic gravitational impulses on the outer

Oort Cloud. To quantify the statistical uncertainty,

10,000 Monte Carlo realizations of the star’s orbit were

generated by sampling its six-dimensional Gaussian er-

ror distribution from Gaia DR3. The resulting distri-

bution of orbital periods and velocities at perihelion is

shown in Figure 3.

The dynamical effects of this single encounter are

illustrated in Figure 4. As in the previous section,

the pre-encounter population forms a narrow locus in

the semi-major-axis–eccentricity plane corresponding to

0.999 < e < 1. After the encounter, comets popu-

late curves of constant specific angular momentum l2 =

GM⊙a(1 − e2), demonstrating approximate angular-

momentum conservation during the impulse. The range

of eccentricities broadens from emin = 0.999 to emin =

0.83, noting that most comets turn into hyperbolic or-

bits, while the corresponding spread in perihelion dis-

tances produces an increase in the number of comets en-

tering the region q < 5 AU. The conservation of the ver-

tical component of angular momentum is evident in the

Figure 4(d), with the residual dispersion attributable to

the weak vertical torque of the encounter.

Relative to the random-encounter simulations, all dy-

namical effects are amplified due to the star’s lower en-

counter velocity. Using the analytical expression de-

rived in in previous sections, the number of comets with

q < RJ (where RJ = 5.2 AU) increases by approxi-

mately a factor of ∼ 10 compared to the unperturbed

state. The resulting comet-shower events are expected

to peak within ∼ 0.3 Myr of each perihelion passage and

to persist for several Myr as the injected comets com-

plete their inward orbits. Such periodic enhancements,

repeating every ∼ 50 Myr, could in principle contribute

to episodic increases in the terrestrial impact rate, a

possibility that may be testable against the geological

crater record. It would be important to conduct further

analysis on the dependency of our results on the par-

ticular non-axis symmetric potential that has been uti-

lized for the numerical simulation, and to follow up this

search with stellar spectroscopy so its chemical abun-

dance could be compared to that of the Sun.

4. CONCLUSION

This work investigated two dynamical mechanisms ca-

pable of reshaping the most eccentric members of the

OC: random stellar encounters and the coherent per-

turbations that may arise from a long-period stellar

companion. Although distinct in origin, both processes

act most efficiently on comets with large semi-major

axes and nearly parabolic eccentricities, the subset re-

sponsible for delivering long-period comet showers into

the planetary region. By combining analytical esti-

mates with direct N -body simulations, we have linked

Galactic-scale stellar dynamics to the observable comet

flux in the inner Solar System.

Simulations of single solar-mass flybys with param-

eters characteristic of the Gaia-derived encounter dis-

tribution show that the most likely perturbations can

temporarily increase the flux of comets with perihelia

inside Jupiter’s orbit by a factor of order two. These

enhancements persist for several Myr before the ensem-

ble re-thermalizes through subsequent weak encounters

and the Galactic tides in the long-run. The cumula-

tive frequency of individual passages maintains the OC

in a steady-state energy distribution and continuously

replenishes the loss cone. This stochastic background

sets the baseline level of long-period comet injection ex-

pected over the Sun’s history, consistent with earlier the-

oretical expectations regarding velocity-space diffusion

and the long-term thermal equilibrium of the cloud.
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Figure 4. Note that the orange strip corresponds to the configuration before the encounter. (a) The scatter in the semi-major
axis v. eccentricity of the comets after the encounter. The initial distribution of the comets which is represented with the thin
orange band gets scattered into more hyperbolic and more circular comets after the encounter. The region at the bottom right
of the plot which corresponds to high e and low a is of interest for comet showers within the Jupiter’s orbit. (b) Semi-major
axis v. perihelia of the comets before and after the encounter. (c) Energy v. angular momentum of the comets before and
after the encounter. (d) The z-component of the angular momentum before and after the encounter. The conservation of the
z-component of the angular momentum is evident from the linear track of the figure, and the dispersion is due to the torque
exerted by the encounter which is in the direction of the z-axis.

In contrast, a long-term or quasi-periodic stellar com-

panion can produce coherent perturbations that recur

on fixed timescales and repeatedly target the same re-

gion of phase space. A full orbital integration of all

∼ 33 million stars with complete phase-space informa-

tion in Gaia DR3 identified one candidate whose relative

motion with respect to the Sun exhibits recurrent per-

ihelion passages on ∼ 45 Myr timescales. Monte Carlo

sampling of its astrometric uncertainties confirms the

stability of this periodicity. Simulated encounters of this

type yield an order-of-magnitude increase in the number

of comets entering the inner Solar System, with peaks

occurring within a few 105 yr of each passage and per-

sisting over multi-Myr intervals. Such amplitudes are

large enough to contribute to episodic structure in the

terrestrial impact record, though this possibility requires

more detailed modeling and comparison against both

crater timescales and long-term Solar System resonant

structure.

A periodic perturber would also be a natural candi-

date for a dispersed solar sibling. Establishing such a

connection demands a more comprehensive exploration

of Galactic potential uncertainties and, crucially, high-

resolution spectroscopy to compare the candidate’s el-

emental abundance pattern to that of the Sun. Such

observations could help determine whether the candi-

date traces back to the Sun’s birth environment, pro-

viding a valuable link between OC dynamics, solar sib-

ling searches, and the early history of the Solar System.

More broadly, the ability to identify stars with long-
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term dynamical affinity to the Sun opens the possibil-

ity of reconstructing past stellar associations that may

have influenced the Solar System’s formation and early

dynamical evolution.

The present analysis adopts several idealiza-

tions—including an isotropic and a simplified planetary

architecture—that should be relaxed in future work.

A larger Monte Carlo ensemble of encounters and the

incorporation of the full planetary system will allow a

more complete appraisal of the OC’s response to both

stochastic and coherent perturbations. Upcoming Gaia

data releases will further refine candidate companion

trajectories, reduce astrometric uncertainties for stars

exhibiting repeated approaches to the Sun, and may re-

veal additional dynamically interesting objects currently

lost within the measurement noise.

Despite these limitations, the results presented here

demonstrate that both random stellar flybys and possi-

ble long-period companions play central roles in shap-

ing the dynamical landscape of the outer Solar System.

Episodic surges in long-period comet activity arise natu-

rally from these perturbations, and their signatures may

persist in Earth’s geological and cratering record. Taken

together, the findings point toward a view of the Oort

Cloud not as a static reservoir but as a continuously

evolving boundary layer between the Solar System and

the broader Galactic environment, shaped by the cu-

mulative imprint of its stellar neighbors. Future work

combining dynamical modeling, chemo-dynamical tag-

ging, and deeper Gaia astrometry may reveal whether

the OC retains a detectable memory of both its ran-

dom encounters and any long-period companion that

may have accompanied the Sun over its Galactic life-

time.
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Jiménez-Torres, J. J., Pichardo, B., Lake, G., & Throop, H.

2011, MNRAS, 418, 1272,

doi: 10.1111/j.1365-2966.2011.19579.x

Levison, H. F., Morbidelli, A., & Dones, L. 2004, AJ, 128,

2553, doi: 10.1086/424616

Mart́ınez-Barbosa, C. A., Brown, A. G. A., Zwart, S. P.,

de Bruijne, J. H. J., & Bailer-Jones, C. A. L. 2016,

Monthly Notices of the Royal Astronomical Society, 457,

1062, doi: 10.1093/mnras/stw006

Mart́ınez-Barbosa, C. A., Brown, A. G. A., Boekholt, T.,

et al. 2016a, Monthly Notices of the Royal Astronomical

Society, 457, 1062–1075, doi: 10.1093/mnras/stw006

—. 2016b, Monthly Notices of the Royal Astronomical

Society, 457, 1062–1075, doi: 10.1093/mnras/stw006

Matthews, R. A. J. 1994, QJRAS, 35, 1

Monari, G., Famaey, B., Siebert, A., Wegg, C., & Gerhard,

O. 2019, Astronomy & Astrophysics, 626, A41,

doi: 10.1051/0004-6361/201834820

Nurmi, P., Valtonen, M. J., & Zheng, J. Q. 2001, Monthly

Notices of the Royal Astronomical Society, 327, 1367,

doi: 10.1046/j.1365-8711.2001.04854.x

Oort, J. H. 1950, BAN, 11, 91

Pfalzner, S., & Vincke, K. 2020, ApJ, 897, 60,

doi: 10.3847/1538-4357/ab9533

Portegies Zwart, S., Torres, S., Cai, M. X., & Brown, A.

G. A. 2021, Astronomy & Astrophysics, 652, A144,

doi: 10.1051/0004-6361/202040096

Portegies Zwart, S. F. 2009, ApJ, 696, L13,

doi: 10.1088/0004-637X/696/1/L13

http://doi.org/10.1088/0004-6256/149/3/104
http://doi.org/10.1086/341946
http://doi.org/10.1038/308715a0
http://doi.org/10.1046/j.1365-8711.1998.01600.x
http://doi.org/10.1007/s11214-015-0223-2
http://doi.org/10.1086/114571
http://doi.org/10.1007/s11214-008-9405-5
http://doi.org/10.1023/A:1021563223621
http://doi.org/10.1051/0004-6361/202243853
http://doi.org/10.1051/0004-6361:20053327
http://doi.org/10.1051/0004-6361:20054284
http://doi.org/10.1093/mnras/282.1.13
http://doi.org/10.1111/j.1365-2966.2007.12213.x
http://doi.org/10.1093/mnras/stv2222
http://doi.org/10.1007/s10569-006-9027-8
http://doi.org/https://doi.org/10.1016/j.icarus.2011.04.012
http://doi.org/10.1051/0004-6361/201630343
http://doi.org/10.1051/0004-6361/202243728
http://doi.org/10.1051/0004-6361/201833435
http://doi.org/10.1051/0004-6361/201629272
http://doi.org/10.1051/0004-6361/202243940
http://doi.org/10.1086/300723
http://doi.org/10.1051/0004-6361:20011330
http://doi.org/10.1093/mnras/stae203
http://doi.org/10.1093/mnras/stac3367
http://doi.org/10.1016/0019-1035(86)90060-6
http://doi.org/10.1088/0004-6256/150/1/26
http://doi.org/10.1111/j.1365-2966.2011.19579.x
http://doi.org/10.1086/424616
http://doi.org/10.1093/mnras/stw006
http://doi.org/10.1093/mnras/stw006
http://doi.org/10.1093/mnras/stw006
http://doi.org/10.1051/0004-6361/201834820
http://doi.org/10.1046/j.1365-8711.2001.04854.x
http://doi.org/10.3847/1538-4357/ab9533
http://doi.org/10.1051/0004-6361/202040096
http://doi.org/10.1088/0004-637X/696/1/L13


12

Portegies Zwart, S. 2021, A&A, 647, A136,

doi: 10.1051/0004-6361/202038888

Raup, D. M., & Sepkoski, J. J. 1984, Proceedings of the

National Academy of Sciences, 81, 801,

doi: 10.1073/pnas.81.3.801

Rein, H., & Liu, S.-F. 2012a, Astronomy & Astrophysics,

537, A128, doi: 10.1051/0004-6361/201118085

—. 2012b, Astronomy & Astrophysics, 537, A128,

doi: 10.1051/0004-6361/201118085

Rein, H., Tamayo, D., & Brown, G. 2019, MNRAS, 489,

4632, doi: 10.1093/mnras/stz2503

Rickman, H. 1976, Bulletin of the Astronomical Institutes

of Czechoslovakia, 27, 92

Shannon, A., Jackson, A. P., Veras, D., & Wyatt, M. 2015,

MNRAS, 446, 2059, doi: 10.1093/mnras/stu2267

Torres, S., Cai, M. X., Brown, A. G. A., & Zwart, S. P.

2019, Astronomy & Astrophysics, 629, A139,

doi: 10.1051/0004-6361/201935330

Webb, J. J., Price-Jones, N., Bovy, J., et al. 2020, Monthly

Notices of the Royal Astronomical Society, 494, 2268,

doi: 10.1093/mnras/staa788

Weissman, P. R. 1996, Earth Moon and Planets, 72, 25,

doi: 10.1007/BF00117498

Whitmire, D. P., & Jackson, A. A. 1984, Nature, 308, 713,

doi: 10.1038/308713a0

Wiegert, P., & Tremaine, S. 1999, Icarus, 137, 84,

doi: 10.1006/icar.1998.6040

Witten, E. 2020, arXiv e-prints, arXiv:2004.14192,

doi: 10.48550/arXiv.2004.14192

http://doi.org/10.1051/0004-6361/202038888
http://doi.org/10.1073/pnas.81.3.801
http://doi.org/10.1051/0004-6361/201118085
http://doi.org/10.1051/0004-6361/201118085
http://doi.org/10.1093/mnras/stz2503
http://doi.org/10.1093/mnras/stu2267
http://doi.org/10.1051/0004-6361/201935330
http://doi.org/10.1093/mnras/staa788
http://doi.org/10.1007/BF00117498
http://doi.org/10.1038/308713a0
http://doi.org/10.1006/icar.1998.6040
http://doi.org/10.48550/arXiv.2004.14192


13

APPENDIX

A. THE SPIRAL ARMS

For the central bar and spiral arms structure we use the models suggested by Monari et al. (2019), and Cox & Gomez

(2002) and the values provided by Monari et al. (2019). The bar potential provided by Monari et al. (2019) has the

form

Φb(R,ϕ, z, t) = Ab(t)
v20
3
U(r)(

R

r
)2cosγb,

where r2 = R2 + z2 is the spherical radius, Rb is the length of the bar, R0 is the Galactocentric radius of the Sun, and

v0 is the circular velocity at R0,

γb(ϕ, t) ≡ 2(ϕ− ϕb − Ωbt),

and

U(r) ≡

( r
Rb

)−3, for r ≥ Rb,

( r
Rb

)3 − 2, for r < Rb.

Ab(t) = Af (
3
16ξ

5 − 5
8ξ

3 + 15
16ξ +

1
2 ), given that ξ = 2

t/Tb−tform

Tsteady
− 1, if tform ≤ t

Tb
≤ tform + Tsteady, and

Ab(t) =

0, for t
Tb

< tform,

Af , for t
Tb

> tfrom + Tsteady,

where Tb = 2π
Ωb

. Following Monari et al. (2019), we choose for the simulations α = 0.01, Ωb = 52.2 km s−1 kpc−1 so

that Ωb/Ω(R0) = 1.89, ϕb + Ωbte = 25◦, where te corresponds to the present time. We also choose tform = −3 Gyr

and Tsteady = 3 Gyr.

For the spiral arms we use the model suggested by Cox & Gomez (2002) using the values given by Monari et al.

(2019). Assuming that there are two main spiral arms patterns (namely, the Scutum-Centaurus and Perseus arms),

then the contribution of the spiral arms to the total potential would be

Φs(R,ϕ, z, t) = − A

RsKD
cos γs[ sech (

Kz

β
)]β ,

where

K(R) =
2

R sin p
, β(R) = K(R)hs[1 + 0.4K(R)hs,

D(R) =
1 +K(R)hs + 0.3[K(R)hs]

2

1 + 0.3K(R)hs
,

γs(R,ϕ, t) = 2[ϕ− ϕs − Ωst+
ln(R/Rs)

tan p
].

Here, p is the pitch angle, A the amplitude of the spiral potential, hs controls the scale-height of the spiral, and Rs is

the reference radius for the angle of the spirals. Following Monari et al. (2019) we choose Rs = 1 , Ωs = 18.9 km s−1

kpc−1, ϕs +Ωst = −26◦, and p = −9.9◦, and A = 341.8 km2 s−2 .

B. OTHER PERIODIC COMPANION CANDIDATES

The phase-space parameters of the other two potential companion candidates are presented in Table 2. We run a

simulation using 10,000 clone orbits within the error bounds, just as we did for the main companion, and the results

are presented in Figure 5 and Figure 6.
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Figure 5. Relative speed, relative period, and minimum
distance distribution for the clone orbits of the star with
Gaia DR3 ID 2436007288814427264

Figure 6. Relative speed, relative period, and minimum
distance distribution for the clone orbits of the star with
Gaia DR3 ID 1646520006920710400
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Table 2. Phase-space parameters of the other periodic companion candidates from Gaia DR3.

Gaia DR3 ID 2436007288814427264 1646520006920710400

Ra 357.389073 22.164619

Dec -8.566738 -14.968106

Parallax 6.079200 74.896114

PmRa 3.872023 -2.702113

PmDec -6.158308 -28.048613

Radial Velocity 13.567369 15.943527

δ Ra 0.058997 0.165170

δ Dec 0.040789 0.095928

δ Parallax 0.068329 0.233388

δ PmRa 0.068033 0.223920

δ PmDec 0.046366 0.083165

δ Radial Velocity 2.668617 1.943320
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