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Abstract: This project studies the influence of the Milky Way’s galactic gravitational potential
on the orbital evolution of distant Solar System minor objects. Using orbital data from Gaia Data
Release 3, minor body motion is modeled through the Circular Restricted Three-Body Problem
(Sun—Jupiter—minor body), with Galactic perturbations included as an external force. Two Galactic
models are considered: the axisymmetric MWPotential2014 and a non-axisymmetric Spiral Arms
plus MWPotential2014, both implemented with the galpy library. Numerical integrations are
used to analyze secular variations of orbital elements over long timescales. The study focuses on
the dwarf planet Eris and a hypothetical Sun-bound asteroid with a semi-major axis of 530 AU.
Although galactic forces are much weaker than Solar System forces near the Sun, they produce
measurable effects at large heliocentric distances: spiral arm effects are negligible near 100 AU,
while both galactic components significantly influence orbital stability beyond 500 AU, with the
spiral arm pitch angle playing a key role.
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I. INTRODUCTION

Over the last decade, the study of asteroids and other
minor bodies has intensified significantly, driven by major
advances in observational capabilities and the availability
of high-precision astrometric datasets. Particularly, the
Gaia mission has revolutionized Solar System science by
providing unprecedented positional and kinematic mea-
surements for a vast number of minor bodies, culminating
in the extensive catalog inside Gaia Data Release 3 [1].

The Oort Cloud, which can extend up to 200.000 AU,
contains most of the minor bodies. At such distances,
the effect of the Galactic environment becomes non-
negligible. Furthermore, current models of the Galac-
tic tides date back to pre-Gaia data, with Heisler and
Tremaine (1986) [2]. As such, it becomes apparent that
the models need to be updated.

This work combines Gaia observations with numeri-
cal orbit integration techniques to quantify the influence
of the Milky Way’s Galactic gravitational potential on
distant Solar System objects. Galactic tides and large-
scale gravitational perturbations, while often neglected
in studies of inner Solar System dynamics, are expected
to play a non-negligible role in shaping the long-term or-
bital evolution of trans-Neptunian objects and detached
bodies. The motivation of this study is to provide a first-
order assessment of the contribution of the Galactic grav-
itational potential to minor bodies orbits. By leveraging
Gaia DR3 astrometry and a simplified Galactic potential
model, this work aims to establish an initial framework
for understanding the role of Galactic perturbations in
the long-term dynamics of distant Solar System objects.

The project is organized as follows. The Data and
Tools section describes the observational datasets and

numerical methods employed. The Theoretical Ba-
sis introduces the physical and mathematical framework
underlying the orbital integrations and Galactic poten-
tial model. The results are then presented for the dwarf
planet Eris and for an example asteroid, followed by
the main conclusions and perspectives for future work.

II. DATA AND TOOLS

The data used for this project was extracted from
the Performance verification in the Gaia Data Release 3
(GDR3), which provides orbital solutions for over 150 000
Solar System objects, following the method described in
[1], section 3.5.

Since the force from the Circular Restricted Three-
Body Problem (CRTBP) is expected to be orders of mag-
nitude larger, in order to properly study the Galactic po-
tentials, only the Solar System objects with semi-major
axis greater than 40 AU are considered (see Figure [1)).
Numerical integrations were performed using Python-
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FIG. 1: Representation of the Semi-major axis of the orbit in
correspondence to the eccentricity of the orbit for all asteroids
in the GDR3, with a colorbar for the inclination in radians.
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based tools. The equations of motion were integrated
using SciPy’s solve_ivp routine, while Galactic gravi-
tational potentials were implemented through the galpy
library[3]. Additionally, other routines were coded as to
transform between orbital elements and Cartesian coor-
dinates, inspired by Chapter 3 of Prussing and Conway
[4]. Moreover, functions to manage data, storage and
analysis compatible with the GDR3 were developed.

III. THEORETICAL BASIS

Mean orbital elements are averaged Keplerian parame-
ters that describe the long-term size, shape, and orienta-
tion of an orbit by removing short-period perturbations.
They include the semi-major axis a (orbit size), eccen-
tricity e (orbit shape), and inclination ¢ (tilt with respect
to the reference plane). The orientation is defined by the
right ascension of the ascending node 2 and the argument
of pericenter w, while the mean anomaly f specifies the
average position along the orbit. An image represent-
ing the orbital elements has been added in Appendix [A]
Thus, having the orbital elements is equivalent to having
the orbit of a given object.

A. Solar System

The minor body motion is modeled using the Circu-
lar Restricted Three-Body Problem (CRTBP) for the
Sun—Jupiter system, following standard formulations
from Szebehely [5] and Gémez, Jorba, Masdemont and
Simé [6]. The CRTBP provides a first-order approx-
imation to Solar System dynamics dominated by the
Sun—Jupiter pair. While it neglects additional planets,
its simplicity allows us to isolate and compare the rela-
tive magnitude of Galactic perturbations.

The CRTBP is explained in more detail, along with
the equations of motion, in Appendix

B. Galactic Potential

MWPotential2014: The Galactic potential, Pgai,
represents the smooth and axisymmetric gravitational
field of a given galaxy. The Milky Way potential (here-
after, MWPotential2014) was developed to produce a
simple yet accurate model of our Galaxy (Bovy et al
[7]). It consists of three distinguished parts: a Miyamoto-
Nagai disk, representing disk matter of gas and stars, a
Navarro-Frenk-White (NFW) model for the dark mat-
ter, and a spherical bulge potential that is exponentially
cut-off at a certain radius, as explained in section 3.5 of
Bovy et al (2015) [7]. A further explanation, along with
its equations, is in Appendix [C]

This potential is well known and incorporated into
the Galpy library. Tests were also performed using the
McMillan17, and the results are equivalent.
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Spiral Arms: To incorporate a non-axisymmetric po-
tential into the axisymmetric MWPotential2014 model,
a Spiral Arms potential was created using Galpy. The
Spiral Arms model is inspired by the one described in
Eq. (8) of the Cox and Gémez [§] paper. In this project,
we vary parameters such as the amplitude (amp=0.4)
and the pitch angle (o« = 9.5°), while maintaining the
same structure as seen in Eq. [Il The locus of the poten-
tial developed, following the aforementioned formula, is
shown in Figure 2]
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FIG. 2: Representation of the Spiral Arm Locus in the Galac-
tic plane,the potential exerted at the Solar System position is
® = —0.00044 [AU/day?], for an amp=0.4 and a = 9.5°

C. Force comparison

In order to better understand the contributions of the
Galactic Potentials, we can study the forces that each
component introduces into the equations of motion.

It is distinguishable, in Figure that the contri-
bution of the CRTBP is strong only in the position
of the Solar System (~ 8.25 kpc), with a force of
FortBp, ss =~ 5.0355 - 107! (AU/day?). Opposed to
that, both the Galactic Potential and Spiral Arms forces
get bigger with the Galactocentric distance, yielding
FrwPotential2o14, ss =~ —8.5987 - 10713 (AU /day?) and
Fspiral Arms, ss ~ —2.6177 - 10713 (AU /day?) at the posi-
tion of the Solar System.

Although the Galactic force is many orders of magni-
tude smaller (Fyvwpotentialzota << Ferrap) at the solar
position, its continuous action f FyrwPotential2014 * dt over
a Myr can produce measurable secular changes in orbital
elements. Because of this crucial distinction, the addition
of the Galactic Potential and the Spiral Arms should be
treated as a perturbation inside the equations of motion.
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FIG. 3: Radial forces for the CRTBP and the two potentials
that are going to be studied in AU/day®. The x-axis is the
distance to the Galactic center (kpc).

IV. RESULTS OF 136199: ERIS

The dwarf planet studied throughout this section is
the farthest Solar System object that the GDR3 catalog
offers. This dwarf planet was given the identification tag
136199, or commonly known as Eris, which has a distance
at the aphelion of ~ 97.6 AU. The GDR3 catalog includes
the mean orbital elements of Eris.

a=067.69 AU ; e=0.442 ; i=0.770 rad
0=0627Trad ; w=3570rad ; [f=2.638rad
The integration time will be set at tintegrar = 107

days in 200.000 steps. This amount of time is equivalent
to almost 50 FEris years, but because our force units
are AU/day?, the units of dt and Lintegral are days.
The integration will yield a trace that determines the
trajectory over time, and the effects by certain potentials
can be extracted.

15t Case (CRTBP): The trajectory evolution of
Eris, governed by the CRTBP equations of motion,
establishes a benchmark against which Galactic poten-
tials can be compared. Figure [ illustrates, in black,
the integrated CRTBP trajectory, for which the final
orbital elements show no variation beyond the associated
error. Confirming that the CRTBP is an excellent first
approximation of the Solar System potential.

2"4 Case (MWPotential2014): The inclusion of a
Galactic potential in the equations of motion alters the
orbital behavior over the course of the integration. Al-
though the influence of the Galactic potential is several
orders of magnitude smaller than that of the CRTBP, the
continuous application of Galactic acceleration through-
out the integration introduces a measurable perturbation
to the orbit. A comparison of the two solutions is shown
at the top of Figure[d] where the CRTBP solution (black)
serves as a reference, and the trajectory including the
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MWPotential2014 (blue) exhibits a precession-like devi-
ation in a preferred direction. This time, the changes in
the orbital elements are noticeable, most notably in the
semi-major axis, eccentricity, and inclination of the orbit.

a=66.749 AU
Q =0.559 rad ;

e =0.566 ;
w = 3.525 rad ;

i = 0.665 rad
f=0.965 rad

34 Case (MWPotential2014 + Spiral Arms):
Adding the Spiral Arms contribution (with a pitch angle
of o = 9.5°) to the MWPotential2014 results in a more
accurate depiction of the Galactic potential. The results
can be seen in the bottom panel of Figure [l There is
an obvious similarity to the results obtained in the 2"¢
Case, where only the MWPotential2014 was taken into
account. The mean orbital elements are almost identical,
which shows that the addition of a Spiral Arms potential
to the axisymmetric MWPotential2014 does not signifi-
cantly affect heliocentric orbits within 100 AU and time
integrations of 50 Eris years. Consequently, the trajecto-
ries are effectively indistinguishable.

a=66.746 AU ; e=0.566 ; 1=0.665rad
Q=0559rad ; w=3524rad ; [f=1.002rad
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FIG. 4: Eris evolution with contributions of the CRTBP

(black), MWPotential2014 (red) and Spiral Arms (blue).

V. RESULTS FOR A SUN-BOUND ASTEROID
WITH A SEMI-MAJOR AXIS OF 530 AU

Using an example asteroid with a semi-major axis of
530 AU, the impact of the Milky Way potential is going

Barcelona, January 2026



The Galactic potential effects on Solar System minor bodies

Pau Roca Acarin

to be substantially stronger than before, as the force of
the CRTBP will be reduced. This apparently arbitrary
value of the semi-major axis was chosen as it is the point
where the ratio between the CRTBP force and the Galac-
tic Potential’s forces falls under 10 orders of magnitude.

The integration time will be higher, ¢, = 10° days
in 2.000.000 time-steps. This is because, using Kepler’s
Third Law, the determined orbital period for the example
asteroid is T ox a®/2 ~ 4.453 x 10° Earth days; therefore,
the integration is approximately 225 orbital years.

Initial orbital elements proposed for example asteroid:
a=>530 AU ; e=0.120 ; i=0.524 rad
0=2094rad ; w=0.78rad ; f=0.175rad

15 Case (CRTBP): As shown in the 15¢ Case of Eris,
the CRTBP does not alter the orbit’s behavior after
integration. The integrated trajectory, illustrated in
black in Figure 5] serves as a benchmark for comparison
with subsequent cases.

24 Case (MWPotential2014): The effects of the
MWPotential2014 are shown at the top panel of Figure[5}
It is distinguishable that the orbit remains bound to the
Sun, but the asteroid’s trajectory exhibits signs of preces-
sion or drift. The post-integration results are consistent
with those of Eris’ 2"¢ Case, with the larger changes
observed in the semi-major axis, eccentricity, and incli-
nation.

a=552.477 AU ; e=0.503 ;
Q=1124rad ; w=2.631rad ;

i =0.228 rad
f=2.378 rad

37 Case (MWPotential2014 + Spiral Arms): In
the case of farther heliocentric objects, when the Spiral
Arms potential with pitch angle o = 9.5° is added to the
axisymmetric MWPotential2014, it is observable that the
contribution from the axisymmetric potential still dom-
inates the orbital dynamics (see Figure |§[) Opposed to
the 3" Case from Eris, the mean orbital elements do
change, and we can see a more bound, less eccentric and
inclined orbit.

a=>525.043 AU ; e=0.121 ;
QN =0.657Trad ; w=2284rad ;

i = 0.545 rad
f=3.187 rad

Pitch angle comparison: The Spiral Arms are added

to the MWPotential2014 as a perturbative component,
due to their small contribution to the total Galactic po-
tential. Here, we assess the influence of the pitch angle
on the Galactic potential by studying the contribution of
different spiral loci. The pitch angle « is varied within ob-
servational constraints for the Milky Way: with o = 9.5°
the Solar System lies within a spiral arm, whereas for
a = 15° it is located between two arms. In the middle,
a = 11° corresponds to the default value adopted from
Cox & Gémez (2002) [8].
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FIG. 5: Example’s asteroid evolution for CRTBP with the
axisymmetric MWPotential2014.
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FIG. 6: Example’s asteroid evolution with the MWPoten-
tial2014 + Spiral Arms potential.

As shown in Figure [7 the asteroid’s orbital behavior
is strongly dependent on the spiral-arm pitch angle. For
a = 9.5°, the orbit transitions to a more bound and
nearly circular configuration, in contrast to the behav-
ior when only using the axisymmetric MWPotential2014.
Conversely, for a = 15°, the orbit becomes wider and
more eccentric, accompanied by a decrease in inclination.

To better asses the differences between pitch angle con-
tributions, the distance at aphelion daphetion = a(1 + €)
and the orbital elements from Table [[] will be analyzed.

da=9.50 ~ 589.10 AU dy=110 ~ 636.22 AU
do=150 ~ 718.45 AU  dppisial =~ 593.60 AU
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FIG. 7: Example’s asteroid evolution with CRTBP + MW-
Potential2014 + Spiral Arms with different pitch angles o =
9.5°(blue), 11°(green) & 15°(purple), all with amp=0.4. Only
the last 25000 time-steps are shown for better visualization.

TABLE I: Example’s asteroid evolution with different pitch
angles, CRTBP + MWPotential2014 + Spiral Arms.

Initial |MWPot|a = 9.5°|a = 11° |a = 15°
a £0.001 (AU) [530.000|552.477 [525.043 |511.023 |539.378
e £0.001 0.120 |0.503 0.121 0.245 0.332

i +£0.001 (°deg) [30.000 [13.077 [31.330 |26.193 |24.922

These results indicate that a pitch angle of « = 9.5°
effectively compensates the influence of the MWPoten-
tial2014, yielding an outcome that seems stable with a
slow evolution over time. For o = 11° and o = 15°, the
Spiral Arms potential contributes to maintaining a more
tightly bound orbit, although the MWPotential2014 con-
tinues to dominate the evolution of eccentricity and incli-
nation. The full representation of all different pitch angle
trajectories can be seen in Appendix

VI. CONCLUSIONS

In this project we have combined, for the first time,
both gravitational potentials that may have an influence

on the Solar System, namely the CRTBP and the Galac-
tic potential. For the latter, we have considered both an
axisymmetric only potential and the addition of a non-
axisymmetric Spiral Arms potential. The conclusions ob-
tained from this work are the following:

e The axisymmetric MWPotential2014 contributes
to more eccentric and less inclined orbits, while also
yielding higher semi-major axis values.

e The addition of the nonaxisymmetric Spiral Arms
to the MWPotential2014 has no impact, beyond
secular changes, at distances near 100 AU and
integration times of 50 orbital years.

e The addition of the Spiral Arms to the MWPoten-
tial2014, near distances of 600 AU and integration
times of about 225 orbiting years, has a significant
effect on the trajectory of the minor body. The
contribution is most notable in the reduction of the
semi-major axis, eccentricity and inclination. Thus
effectively compensating some of the effects of the
MWPotential2014 over the minor body’s trajectory
and evolution. Such results indicate that adding a

Spiral Arms could have an impact on the minor
bodies of the Oort’s Cloud.

e The pitch angle plays a key role in the non-
axisymmetric Spiral Arms potential and its con-
tribution to the Galactic potential.

Ultimately, we consider that the goal of this project is
achieved. We have quantified, in terms of the mean or-
bital elements, the fact of including a Galactic potential
on trajectories for minor bodies of the Solar System.
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Resum: Aquest projecte estudia la influencia del potencial gravitatori Galactic de la Via
Lactia en l’evolucié orbital d’objectes menors i llunyans del Sistema Solar. A partir de dades
orbitals del Gaia Data Release 3, el moviment dels asteroides es modela mitjangant el Problema
Circular Restringit de Tres Cossos (Sol-Jupiter—-Objecte menor), incorporant les pertorbacions
galactiques com una forga externa. Es consideren dos models galactics: el potencial axisimeétric
MWPotential2014 i un no axisimetric de Bragos Espirals implementat amb la llibreria galpy. Es fa
Us d’integracions numeriques per analitzar les variacions seculars dels elements orbitals en escales
temporals llargues. L’estudi es centra en el planeta nan Eris i en un asteroide hipotetic lligat al
Sol amb un semieix major de 530 UA. Tot i que les forces Galactiques sén molt més febles que les
del Sistema Solar, produeixen efectes mesurables a grans distancies heliocéntriques: els efectes dels
bragos espirals sén negligibles prop de 100 UA, mentre que ambdds components galactics influeixen
de manera significativa en 'estabilitat orbital més enlla de 500 UA, essent 1’angle de pas dels bragos
espirals un factor clau.

Keywords: Potencial Galactic, Dinamica orbital d’objectes menors, Bragos espirals, Pertorbacions

seculars, Integracié numerica d’orbites
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Appendix A: Orbital Elements

The orbital elements are a set of coordinates that
simplify the characterization of trajectories and orbits.
These elements vary slowly in time and are well suited
for analytical and secular orbit analysis; as such, having
the orbital elements is equivalent as having a particular
position in the orbit. In Chapter 3 of the Prussing and
Conway ’Orbital Mechanics’ [4] there is a more detailed
explanation and representation of the mean orbital ele-
ments.

K

Q : longitude of the
. ascending node
periapsis P
 : argument of periapsis
® =Q + o : longitude

of periapsis
f : true anomaly

L =@ +f : true longitude

I ascending
first point node
in Aries

Fig. 3.3 The Angle Orbital Elements

FIG. 8: Image extracted from Chapter 3 of Prussing and
Conway ’Orbital Mechanics’ [4].

Appendix B: Circular Restricted Three-Body
Problem

The CRTBP hypotheses only consider the motion of a
massive body orbiting an almost-static massive body and
a third body with negligible mass orbiting both bodies,
which are the Sun and Jupiter. To determine the equa-
tions of motion of the asteroid inside the Solar System,
the Circular Restricted Three-Body (CRTBP) solution
will be used.

The CRTBP equations do not include a z-axis solu-
tion for Jupiter; therefore, its orbit is confined to the
XY-plane.

B=pety  g=py-x  E=p. (B
D =py—lrgsﬂ-(w—y)—%'(f_“_l)

Py = pz(lrgf+7§j)-y

P = (lrgfﬂgj)'z

Where we have defined p as the ratio between two
masses, also the distances r,s and r4; as:

rae = (@—p)?+y? 420
r?lj = (z—p+1)?+y*+27
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For a more detailed explanation, see Szebehely [5].

Appendix C: Axisymmetric MWPotential2014

The Galactic potential, ®4.1, represents the smooth
and axisymmetric gravitational field of a given galaxy.
Thus, the mathematical expression for the axisymmetric
MW model, as given in section 3.5 of Bovy et al (2015)
[7, is:

(bgal(r) == Qbulge(r) + (pdisk(r) + (bhalo (I‘),

where r = (z,y,2) denotes the Galactocentric position
vector. The analytical forms of the equations:

T\
‘I)bulge(r) = amp(%) .e (r/re)?
am
Pank(2) = = L (o
NN
am 1
(I)halo(r) = P

dmad (r/a) - (1+1/a)?

The value of all non-determined variables, along with a
more in depth explanation, can be found in Bovy et al
(2015) [7].

Appendix D: Trajectory computation:
CRTBP + MWPotential2014 4+ Spiral Arms

As seen in Table[l] the pitch angle plays a key role to
the contribution of the Spiral Arms in the Galactic Po-
tential. As such, the trajectory is largely influenced and,
over time, the effects become more and more apparent.

For a better visualization of the evolutions described
by all three cases of the pitch angle («), this appendix
serves as a visual aid to further comprehend the results
obtained in Figure [7]
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FIG. 11: Example asteroid orbit’s evolution with CRTBP +
MWPotential2014 + Spiral Arms (a = 15°).
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