Astronomy & Astrophysics manuscript no. output

July 1, 2026

Galactic tides in the Solar System within a non-axisymmetric
Milky Way model adjusted to Gaia data

Alexandre Bougakovl, Yassin Rany Khalil?3, Marc Fouchard!, Melaine Saillenfest!, Benoit Famaey3, Paola Di
Matteo*, and Misha Haywood*

'LTE, Observatoire de Paris, Université PSL, Sorbonne Université, Université de Lille, LNE, CNRS, 61 Avenue de I’Observatoire,
F-75014 Paris, France

2Universita degli Studi di Firenze, Dipartimento di Fisica e Astronomia, Via G. Sansone 1, 1-50019, Sesto Fiorentino, Italy
3Université de Strasbourg, CNRS UMR 7550, Observatoire astronomique de Strasbourg, F-67000 Strasbourg, France

4LIRA, Observatoire de Paris, Université PSL, Sorbonne Université, Université Paris Cité, CY Cergy Paris Université, CNRS, F-
92190 Meudon, France

e-mail: alexandre.bougakov@obspm. fr

Received —/ Accepted —

ABSTRACT

Context. Galactic tides are the external differential forces felt by extended systems immersed in the Galactic potential. They are
known to play a determinant role in the dynamics of comets in the Oort cloud.

Aims. We aim to establish the strength of the Galactic tides driven by the non-axisymmetric potential of the Milky Way revealed by
the Gaia mission, and how this strength evolves along the Galactic trajectory of the Solar System.

Methods. We derived expressions for the Galactic tide parameters independently of any simplified trajectory for a star in the Galaxy
or any specific symmetry for the Galactic potential. We obtained a set of six parameters, G, to Gg, that quantify the influence of tides,
rather than the traditional three parameters G, to G;. Using the most up-to-date model for the Galactic potential, extended here to
three dimensions, we studied the time evolution of these parameters along the trajectory of the Sun using a statistical approach.
Results. Even for Galactic trajectories featuring modest radial and vertical excursions, such as those investigated here, the dominant
Galactic parameter, G3, is found to vary by an order of magnitude along the solar trajectory. The parameter G, features even more
significant variations over time produced by the Galactic spiral arms. In general, G, and G, reach up to about one half and one quarter,
respectively, of the value of G5 along the solar trajectory, whilst parameters G4 to G reach up to one tenth the value of G3. We provide
a tabulated time evolution of all parameters, for use in Solar System studies.

Conclusions. Contrary to what is often assumed, all Galactic tide parameters vary widely along the trajectory of the Solar System
within the Galaxy. One can expect two consequences of such variations: First, G; directly affects the flux of observable long-period
comets and the extent of the fossilised Sednoids region; second, G, and G, and to a lesser extent, G4 to G, break the integrability of
the dynamics, with a possible impact on the long-term structure of the Oort cloud. Additionally, the new parameters G, to G¢, while

©ESO 2026

small for the Solar System, may have a strong impact on extrasolar systems with a large out-of-the-plane excursion in the Galaxy.

1. Introduction

The Oort cloud is a distant spherical reservoir of bodies located
at the periphery of the Solar System (Oort 1950). It is widely
considered to be the primary source of long-period comets (see
e.g. Kaib & Volk 2024), with orbital periods exceeding 200 yr.
These comets are believed to be primordial relics of the so-
lar nebula and thus offer an exceptional opportunity to inves-
tigate the formation and evolutionary history of the Solar Sys-
tem (see e.g. Morbidelli 2005; Fouchard et al. 2020). The most
distant trans-Neptunian objects (TNOs) are expected to preserve
arecord of the Solar System’s formation and evolution over more
than four billion years, including the Sun’s birth cluster, plan-
etary migration, stellar encounters, the evolution of the Sun’s
Galactic environment, and so on (see Dones et al. 2004; Brasser
& Morbidelli 2013; Fouchard et al. 2018, 2020; Morbidelli &
Nesvorny 2020; Fouchard et al. 2023). Furthermore, some TNOs
have orbits that suggest the existence of an unknown planet in
the far reaches of the Solar System (see e.g. Trujillo & Sheppard
2014; Batygin & Brown 2016; Batygin et al. 2019; Sheppard
et al. 2019).

The mechanisms responsible for the injection and ejection
of comets are governed by several gravitational processes, in-

cluding the Galactic tides — first invoked by Chebotarev (1966),
then rediscovered by Byl (1983), and later refined by Heisler &
Tremaine (1986) — as well as by sporadic encounters with mas-
sive objects such as stars (see e.g. Rickman et al. 2008; Fouchard
et al. 2017) and molecular clouds (see e.g. Clube & Napier
1986; Torbett 1986; Heisler 1990). These two kinds of exter-
nal forces have very distinct effects on the orbits of comets, and
therefore are modelled separately: Galactic tides produce smooth
quasi-integrable orbital dynamics, whereas encounters produce
stochastic impulses. In this paper, we only focus on Galactic
tides. For a comprehensive overview of the different mechanisms
affecting the orbits of TNOs, see Saillenfest (2020).

Heisler & Tremaine (1986) made a major contribution to the
study of the long-term dynamics of TNOs influenced by Galactic
tides, thereby establishing the foundations of the field. As a re-
sult, subsequent studies have naturally built upon this work and
made extensive use of its results (see most references in this in-
troduction). The work of these authors on quantifying the impact
of Galactic tides on the Solar System has also had consequences
for related areas: the exoplanet orbits (Veras & Evans 2013),
the dynamics of wide binary stars with exoplanets (Correa-Otto
& Gil-Hutton 2017), the dynamics of wide stellar triples (Gr-
ishin & Perets 2022), the formation of hot Jupiters in wide bi-
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naries (Grishin et al. 2025). However, the work of Heisler &
Tremaine (1986) was developed in a context that differs sub-
stantially from the current understanding of the Sun’s Galactic
environment and from the quality of observational data avail-
able in recent decades. In fact, the canonical model of Galac-
tic tides built by Heisler & Tremaine (1986) relies on impor-
tant simplifications: The trajectory of the Sun is assumed to be
circular in the Galactic plane, and the Galactic potential is as-
sumed to be independent of time and have axial and north-south
symmetries. These simplifications were primarily intended for
order-of-magnitude estimates. In contrast, recent data from the
Gaia mission (Gaia Collaboration et al. 2018, 2023) have re-
vealed the complexity of the phase-space structure of the Galaxy
in exquisite detail (see e.g. Hunt & Vasiliev 2025, for a review)
and its connection to the non-axisymmetries of the Galactic disc,
namely the bar and spiral arms (e.g., Monari et al. 2019; Khop-
erskov et al. 2020; Laporte et al. 2020; Clarke & Gerhard 2022;
Hunter et al. 2024; Dillamore et al. 2025; Kalda & Green 2025;
Khoperskov et al. 2025; Hamilton et al. 2026), meaning that the
Sun’s motion within the Galaxy and the variation of its gravi-
tational field and density of its environment are actually much
more complex than in a simplified axisymmetric model. Re-
cently, Khalil et al. (2025) provided a realistic two-dimensional
non-axisymmetric model of the Milky Way disc, adjusted to the
observed local velocity distribution around the Sun as well as
to the map of median galactocentric stellar radial velocities as
a function of position in the Galactic plane, as measured with
Gaia. This Galactic model, once extended to three dimensions,
therefore will open the way for numerical integrations of the
Sun’s possible trajectories within the Galaxy and for estimating
the related Galactic tide parameters acting on the Solar System.

Heisler & Tremaine (1986) and Delsemme (1987) have
shown that the flux of observable comets coming from the Oort
cloud strongly depends on the normal component of these Galac-
tic tides (i.e. perpendicular to the Galactic plane) acting on the
Solar System. As investigated by Gardner et al. (2011), the vari-
ations of these tides as the Sun moves in the Galaxy induce a
correlated variation in the cometary flux. In addition, Martinez-
Barbosa et al. (2017) demonstrated that the number of stellar en-
counters depends on the type of trajectory the Sun followed from
its birth to the present. According to the literature, the Sun’s birth
radius is very uncertain and estimated to lie between about 4.5
and 11 kpc (see e.g. Martinez-Barbosa et al. 2015; Frankel et al.
2018; Minchev et al. 2018; Haywood et al. 2019; Baba et al.
2024; Lu et al. 2024; Dantas et al. 2025). If significant radial
migration (see Sellwood & Binney 2002; Minchev & Famaey
2010, for dynamical mechanisms) occurred along the Sun’s life-
time, it could have had a major impact on TNO dynamics (see
e.g. Kaib et al. 2011; Kaib & Volk 2024). However, while radial
migration must be present to some level in the Galactic disc,
its magnitude, especially in the case of the Sun itself, is de-
bated (see e.g. Haywood et al. 2013, 2019; Halle et al. 2015).
In any case, this sharply contrasts with studies that assume that
the Sun moves on a circular orbit in the Galactic plane of a fully
axisymmetric Milky Way (see e.g. Heisler & Tremaine 1986;
Wiegert & Tremaine 1999; Levison et al. 2001; Fouchard 2004;
Brasser et al. 2008, 2010; Breiter et al. 2008; Wang & Brasser
2014; Silsbee & Tremaine 2016; Namouni & Morais 2018; Sail-
lenfest et al. 2019; Clement & Kaib 2020; Fouchard et al. 2023;
Nesvorny et al. 2023; de Sousa et al. 2025), because these as-
sumptions mathematically imply no temporal variation in the
Galactic tides and no temporal variation in the local mass den-
sity of the Galaxy in the solar neighbourhood, which limits the
refined understanding of TNO dynamics. Moreover, these as-
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sumptions also represent a limitation for related studies that are
not specifically focused on TNOs but use the model of Galactic
tides (see e.g. Veras & Evans 2013). In addition, this circular-
orbit assumption leads to biased estimates of stellar encounter
rates (see Martinez-Barbosa et al. 2017).

In this context, we revisit the modelling of Galactic tides and
their evolution in view of the modern, more complete picture of
the Galaxy. A general expression of Galactic tides, free from pre-
vious assumptions, would also allow us to explore more diverse
trajectories in the Galaxy, including those of extrasolar planetary
systems.

In Sect. 2, we present the Galactic model that we used to in-
tegrate the Sun’s trajectory through the Milky Way. The model is
based on the work by Khalil et al. (2025), which is extended in
this work to a three-dimensional formulation for our purposes.
In Sect. 3, we generalise the Galactic tides model of Heisler &
Tremaine (1986) in order to make it applicable to any stellar tra-
jectory and any Galactic potential. In Sect. 4, we explore how
the Sun’s motion influences Galactic tides, including the newly
introduced Galactic tide parameters. In Sect. 5, we carry out a
massive backward integration of the Sun’s motion over the last
gigayear in order to reveal statistical trends in the evolution of
the Galactic tides. Finally, we conclude in Sect. 6.

2. Model of the Galactic potential

Khalil et al. (2025) adjusted a fully non-axisymmetric poten-
tial of the Milky Way disc to Gaia DR3 (Data Release 3) data.
The axisymmetric background and bar model were inspired
from Portail et al. (2017) and Thomas et al. (2023). Making use
of the backward integration method (based on the conservation
of the stellar distribution function in phase space as encoded in
the Vlasov equation), the shape of the local velocity distribution
could be predicted, and a bar pattern speed of 37 kms~' kpc™!
was adjusted to the detailed local velocity distribution measured
with Gaia around the Sun. This bar-only model, however, clearly
did not account for the full map of median galactocentric stellar
radial velocities as a function of position in the Galactic plane,
also measured by Gaia. Two spiral modes were subsequently fit-
ted to this median galactocentric radial velocity field over a large
portion of the Galactic plane. These spiral modes are a high-
amplitude two-armed mode and a low-amplitude three-armed
mode, respectively, with distinct pattern speeds. Despite being
purely dynamical, the adjustment recovered quite well the actual
current positions of spiral overdensities identified photometri-
cally within the Milky Way disc. The low pattern speeds of both
spiral patterns (13.1 kms~' kpc™' and 16.4 kms~"kpc™") place
their co-rotation radii quite far out, perhaps indicating a link with
the interaction of the outer Galactic disc with the Sagittarius
(Sgr) dwarf galaxy. The model also remarkably reproduces fine
structures in phase-space with exquisite details, such as the mov-
ing groups of the disc (see e.g. Famaey et al. 2005; Ramos et al.
2018; Bernet et al. 2022), both locally and out to large distances
from the solar neighbourhood.

As per Khalil et al. (2025), the total baryonic mass of the
Galaxy (bulge, stellar disc, and gas disc) is set to' 6 x 10'° My,
and the total enclosed mass (baryons and dark matter) within
20 kpc is 2.2 X 10" Mg. The dark matter halo is slightly oblate,
with an axis ratio ¢ = 0.8, and has a central constant density
core, with the halo power-law slope reaching ‘—1’ only at a dis-

! The mass, scale-length, and scale-height are, respectively, 4.32 x
10" M, 2.4 kpc and 300 pc for the exponential stellar disc profile, and
1.01 x 10'° M, 4.8 kpc and 130 pc for the exponential gas disc profile.



Bougakov et al.: Galactic tides in the Solar System within a non-axisymmetric Milky Way model adjusted to Gaia data

0 2%

ol vy oY ot N o ’ o
’&P‘e b«be '\/‘cﬁx D(‘»\GX 2 gex ,’&g’e Q,.Qex ’&?’e 9,96)(
p (Mo/pc?) Ap (Mo/pc?)
Fig. 1. Density of the Galactic model
within the Galactic plane (z = 0). The
Sun, indicated with a black circle, is lo-
cated at (x,y,z) = (-8.275,0,0.02) kpc,
, ; and the Galaxy rotates clockwise. Top-
left panel: total density of the model
within the plane, including the axisym-
metric part (gas, stars and dark matter),
_:— the bar and all spiral modes. The density
9 7 \) 7 9 2 <) Q <) <) at the Sun location is 0.108 M, pc™>.
:L‘@e,o ’\’36'0 Qg,exc \/3@'0 ,Lg)e‘o 9’5""0 _D(j\?f0 o_ge)‘e D(j\e'g que'g Top-right panel: contrast density of the
bar. Bottom panels: contrast density of
Ap (Mo/pc?) Ap (Mo/pc?) the spiral arms for the two-armed mode

tance of 3 kpc from the centre. The dark matter density at the
solar position is 1.3 x 1072 Mg pc~3. All the in-plane parameters
of the bar and spiral arms are defined and given in Khalil et al.
(2025, Table 2). The bar is extended to three dimensions exactly
as in Thomas et al. (2023), while the three-dimensional spiral
arms amplitudes (see Khalil et al. 2025, Sect. 3.3, for 2D ver-
sion), inspired from the potential-density pairs of Cox & Gdémez
(2002) and Monari et al. (2016), take the form

Ws,mZ )]ﬁs,m
ﬁs,m ’

andﬂs,m = Ws,mhs,m(l + O-4W§,mhs,m)~

2,]31(13, Z,0) = s (R, 1) [sech( (1)

MR Vo = R i)
All spiral parameters are as in Khalil et al. (2025, Table 2), apart
from (i) a slightly increased spiral scale-height A, = 260 pc,
to avoid a too high density contrast out of the plane, and (ii) a
smaller outer radial cut-off of the potential, much inside the outer
Lindblad resonance of each spiral mode (cut-off at 12.75 kpc and
11.6 kpc for the two- and three-armed mode, respectively). The
latter does not mean that there is no spiral arm beyond those
radii, but that the associated density contrast is not well captured
by our simple parametrisation beyond those radii. This does not
affect any of the results presented in this paper. At these large
radii, the Galactic potential is also known to be non-plane sym-
metric, which we do not take into account in our modelling. The
radial cut-off on the potential is not a Heaviside function but is of

(left) and three-armed mode (right).

the form H,,(R) = (1 + tanh (R — R.y)/A))/2, with A ~ 500 pc.
Finally, we also set a vertical cut-off on the spiral arms density at
z = 130 pc. Such a three-dimensional non-axisymmetric Galac-
tic potential can straightforwardly be generated with the AGAMA®
software (Vasiliev 2019). The total density of the model within
the Galactic plane is presented on Fig. 1, together with the con-
trast density of each non-axisymmetric mode.

In the following, we consider three cases in order to under-
stand the influence of the non-axisymmetric components of the
Galactic potential on the tides: the axisymmetric part alone, the
axisymmetric part combined with the bar potential, and the full
potential, including the two spiral-arm modes. For the sake of
simplicity, we later treat these three cases, with a slight abuse of
terminology, as three distinct Galactic models.

The axisymmetric part of the potential has no analyt-
ical expression; it is generated by AGAMA with the two
solvers ‘CylSpline’ (for disc components) and ‘Multipole’ (for
spheroidal components) from the analytical axisymmetric den-
sities (Vasiliev 2019). As the non-axisymmetric components of
the potential of Khalil et al. (2025) have analytical expressions,
they are directly computed in our code.

2 https://github.com/GalacticDynamics-0xford/Agama/
blob/master/py/example_mw_potential_khalil25.py
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3. Galactic tides

In this section, we derive expressions for the Galactic tide param-
eters, which quantify the strength of the Galactic perturbations
experienced by a small body orbiting the Sun. Unlike previous
works, we use self-consistent equations that are valid for any tra-
jectory of the Sun (or any other star) within the Galaxy and for
any Galactic potential, independently of any symmetry consid-
erations.

We consider a test particle orbiting the Sun and the Sun or-
biting the Galaxy. The Sun’s motion is not necessarily restricted
to the Galactic plane, and there is no imposed constraint on the
global shape of its orbit. We denote by ry, r, and r’ the radial po-
sition vectors of the Sun, of the test particle with respect to the
Galactic centre, and of the test particle with respect to the Sun,
respectively (see Fig. 2). It follows that we have the following
closed relation:

r=rg+r. 2)

Now, we consider two different right-handed orthonormal
frames, one centred at the Galactic centre and the other centred
to the Sun. The first corresponds to the inertial fixed galacto-
centric frame, denoted & = (X,¥,Z), such that at r = 0, the *-
axis points toward the Sun; the Z-axis points toward the north
Galactic pole. The second frame is non-inertial and is denoted
& = (X,¥,7); in this frame, the %’'-axis points toward the
Galactic centre at all times ¢, the §’-axis is parallel to the Galac-
tic plane and Z’-axis points in the same hemisphere as Z-axis at
t = 0. We define ¢, and ¥ as the Sun’s azimuthal angle in the
Galactic plane and its elevation angle relative to the plane, re-
spectively (see Fig. 2). The change-of-basis matrix from & to &
is then

PL, = Ra(I())Ra(ps(1) + 70), 3)
where
cosds 0 —sindd
Ry () = ( 0 1 0 ] 4)
sintg 0 cosdy
and
—cosgps —sings 0
Ri(ps + ) = [ singg  —cos g 0] %)
0 1

We denote by r = (x,y,z) and ry = (x, ys, zs) the coordinates
of the test particle and of the Sun, respectively, in the & coordi-
nate system, and by r’ = (x’, ¥, 7’) the coordinates of the test par-
ticle in the & coordinate system. The Sun’s position is indepen-
dent of the test particle’s position (i.e. Oy z)(Xs,¥s,2s) = 033).
So, the Jacobian matrix of the coordinate transformation for the
test particle is

a(x,y, Xs/rs  —Ys/Rs  zsXs/(rsRs)
6(,—)),Z), =—|ys/ts  Xs/Rs  zeys/(rsRs) |, (6)
(x,y,z) Zs/rs 0 _Rs/rs

where R, = v/x2 +y? and r, = \R? + 22.
According to Newton’s Second Law, the force per unit mass

acting on the test particle orbiting the Sun under the influence of

the Galaxy is:

F= —ﬁr' -V,

r/3

(N
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Fig. 2. Schematic representation of the Solar System’s position relative
to the Milky Way’s Galactic centre and Galactic plane.

where p is the gravitational parameter of the Sun and ® is the
Galactic potential. Considering that [[r'|| < |||, the gradient
of the Galactic potential for the test particle near the Sun can
be approximated using a first-order Taylor expansion around the
Sun:

VO = V|, + VV|. 5r + O(lor]*), 8)
where

Vo, = - ©)
is the acceleration of the Sun within the Milky Way,
or=r-ry=r (10)

is the small displacement of the test particle relative to the Sun,
and

5,0 5,0 8,0
Vo, = afz,,x,cb 6§,y,d> 6§,Z,cb (11
&0 2,0 F0)

is the Hessian matrix of the Galactic potential evaluated at the
Sun’s instantaneous position ry.

Using the Leibniz chain rule (and Schwarz’s theorem), to-
gether with Eq. (6) and the definitions of the polar coordinates R
and ¢, and then combining Egs. (2), (7), and (8), the equation of
motion of the test particle with respect to the Sun is

woo
r/3

- (Glx' + G4y’ + Gsz,)ﬁl
—(G4x' + Gy +Ge?) ¥
- (Gsx/ + Gﬁy/ + G3Z/)i, s

(12)
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where G; (i = 1,. .., 6) are the Galactic tide parameters, defined
as
R2 2 2 2§
G c’)RR(D + 2 BR,d) + 2822 ,
Rs.s.25
_(! >
G, = EGR(D + 26%7 ,
Ry.ps.2s
2 2 2 0
Gs = (ﬁaRRCD 2 BRZd) + 2 ﬁzz ) ,
i e (13
Gy = ( —3,D + a,% R0 ) ,
R ¢ rR ¥ Rs.,05.25
Rz » Z-R 2 0
Gs = (r_zaRR(D —zaRz(D - ) azz ’
Ry ps.2s
2 ) 1
Go =|-—50,D + —0%,®— -0, D .
6 ( rR2 ¢ rR R¢ r % )Rs,ws,zs

The Galactic component of the force in Eq. (12) is derived from
the potential:

ool G, 72 G 2 G3/2
O(x',y,7)= —x"+—y"+—
WYLz = At 5yt (14)
+GyxX'y + Gsx'7 + Ggy'Z .
Finally, we note that
3
N® =) G = AD, = 4nGpo. (15)
i=1

which corresponds to Poisson’s equation evaluated in the solar
neighbourhood (G is the gravitational constant). Thus, py is the
local mass density of the Galaxy in the solar neighbourhood.?

The expressions in Eq. (13) are valid for any Galactic poten-
tial, and any trajectory of the Sun. If the potential is axisym-
metric (i.e. ® = O(R,z)) and symmetric with respect to the
plane z = 0 (i.e. ®(R,—z) = DP(R,z)) and the Sun follows a
circular orbit in the Galactic plane (i.e. R, = 0 and z; = 0),
we retrieve the well-known form of the Galactic tide parameters
derived by Heisler & Tremaine (1986), namely:

Gl = aIZQR(I) Ryp5,25
1
G2 :E aRq)|Rs,‘ﬁs,Zs ’ G4 - GS - G6 B O' (16)
S
2
6ZZCD|R<,¢S,ZS

We note that in previous papers, it was common to consider
only two components for the Galactic tides: the ‘normal’ com-
ponent characterised by G3, and the ‘radial’ component charac-
terised by G, and G, (see, e.g. Matese & Whitmire 1996). To
avoid any confusion, we abandon this terminology and treat all
the Galactic tide parameters in Eq. (13) independently.

4. Evolution of Galactic tides

In this section, we show how the values of the Galactic tide pa-
rameters defined in Sect. 3 are qualitatively affected by the Sun’s

3 We stress that the mass density p, here is representative of the mean
field. Hence it is the coarse-grained smooth stellar density (with also gas
and dark matter) on the scale of ~ 20 pc, not the fine-grained discrete
small-scale density.

trajectory in the Galactic potential described in Sect. 2. First, in
Sect. 4.1, we revisit the approximations made in previous works
and examine the dominant components of the Galactic potential.
Second, in Sect. 4.2, we avoid all assumptions. This allows us to
qualitatively understand the roles played by different properties
of the potential in the evolution of Galactic tides.

4.1. Toy model under standard assumptions

In the axisymmetric limit, assuming that the Sun’s motion is cir-
cular and confined to the Galactic plane, the Galactic tide param-
eters in Eq. (16) can be expressed in terms of the standard Oort
constants, A and B, as

G =—-(A-B)(BA+B),
G, = (A-B)?,
G; = 4nGpy — 2(B> - A?);

)

see Heisler & Tremaine (1986) for details. Current measure-
ments indicate that A * —B (Gunn et al. 1979; Olling & Dehnen
2003; Li et al. 2019; Guo & Qi 2023), which justifies the approx-
imation

Gz ~ —Gl (18)

adopted in many studies (see e.g. Heisler & Tremaine 1986; Lev-
ison et al. 2001; Fouchard 2004; Gardner et al. 2011; Saillenfest
et al. 2019). Equation (17) with approximation in Eq. (18) is
what we define as our toy model.

From Egs. (15) and (18), it follows that

G3 x po, (19)

indicating that variations in p( directly reflect changes in G5 (see
Fig. 3a). We note that in the case of a strict equality G, = -G,
the Galactic potential within the toy model is reduced to a loga-
rithmic potential* ® o« log R, provided that’ R > z,. Figure 3b
shows that the axisymmetric background of the Galactic poten-
tial presented in Sect. 2 indeed behaves like a logarithmic func-
tion. In this case, G, o 1/R? (see Fig. 3¢), so G, shares the same
periodicity as R and increases as R decreases (and decreases as
R increases).

Figure 4 shows the ratio G, /G5 in the axisymmetric case (i.e.
considering only the axisymmetric component of the full Galac-
tic potential presented in Sect. 2). As visible in Fig. 4, the com-
mon approximation made in previous papers to neglect G; and
G, as compared to G3 is questionable, even when the potential
is restricted to the axisymmetric component of the Galaxy. This
was already stressed by Fouchard (2004) for numerical studies.
Nevertheless, it remains a useful approximation for analytical
studies, as it reduces the number of degrees of freedom in the
Hamiltonian and makes the problem integrable (see e.g. Heisler
& Tremaine 1986; Breiter et al. 1996; Saillenfest et al. 2019).

For an axisymmetric potential, one gets G4 = Gg = 0 from
Eq. (13). Regarding Gs, it cancels when z; = 0, and the potential
is symmetric with respect to the Galactic plane (z = 0). Fig-
ure 5 shows how the ratio G5/G evolves as the Sun moves away
from the Galactic plane. This indicates that, depending on the
Sun’s trajectory in the (R, z)-plane and on the choice of axisym-
metric potential, assuming Gs = 0 as in Eq. (16) may have a

4 A logarithmic potential provides a constant velocity curve, which is
— at first approximation — valid at the Sun position (see, e.g. Eilers
et al. 2019).

5 Assuming Ry > z is a reasonable approximation for the Sun; see
later in Sect. 5.3.
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Fig. 3. Panel a : Linear fit (red dashed line) of G5 at z = 0 (blue line), considering only the axisymmetric part of the Galactic potential presented
in Sect. 2 (axisymmetric case). Panel b : Logarithmic fit (red dashed line) of the axisymmetric Galactic potential (defined in Sect. 2) evaluated
at z = 0 (blue line). Panel c : Inverse-square fit (red dashed line) of G, at z = 0 in the axisymmetric case, @ = ®,; (blue line).
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Fig. 4. Ratio of G,/G3; at z = 0 in the axisymmetric case (i.e. ® = D,y;;
see Fig. 3b).

minor to significant impact on the results. Strictly speaking, the
classic formulas in Eq. (16) are only valid for a very restrictive
set of assumptions; one should not use them for more general
Galactic trajectories (as done by e.g. Gardner et al. 2011). In
Appendix B, we explore this ratio for the axisymmetric model
of Gardner et al. (2011) and examine which region of the (R, z)-
plane their Sun’s orbit explores; we show that the parameter Gs,
ignored in their study, would actually reach up to 20% of the
value of G, in their model.

4.2. Realistic non-axisymmetric model

From now on, G;_; denote the set of all Gy such that k € N and
i < k < j. For instance, G,_4 means the set {G>, G3, G4}.
Figure 6 shows a present-day snapshot of the Galactic tidal
fields (G;_¢) for the three Galactic models defined in Sect. 2:
the axisymmetric background of the Galactic potential, the ax-
isymmetric background plus the Galactic bar, and the full model.
More specifically, these snapshots in Fig. 6 consist of colour
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Fig. 5. Ratio of Gs/G, in the axisymmetric case (i.e. ® = D,y; see
Fig. 3b). The white and black curves correspond to values of about
—10% and +10%, respectively; they therefore indicate the region where
the approximation |G| > |Gs| holds.

maps representing (x, y)-plane slices of the Galactic tidal fields
at z = 70 pc. This value of z roughly corresponds to the median
vertical height reached by the Sun® (see later in Sect. 5.3); we
choose a non-zero value of z in order to highlight the variations
in the parameters Gs and G (see Eq. (13) or Appendix C). Ap-
pendix C contains two additional figures reproducing Fig. 6 for
z=0and z =20 pc.

For the axisymmetric model, we see that the trends discussed
in the previous section appear to be preserved, meaning that
our axisymmetric model behaves like the idealised case, namely
Gl x —Gz, |G1_2| < |G3|, |G3| > |G5| and G4 = G6 = 0. For
the barred model, the influence of the bar is clearly visible in the
central regions of the Galaxy, and, compared to the axisymmet-
ric model, no drastic change is noticeable in the Galactic neigh-
bourhood of the Sun, except for G4 which may be significantly
non-zero. In contrast, the addition of the spiral arms strongly af-
fects the values of G|, G4 and Gs, with slight effects also visible

® Here, we do not refer to the median vertical position of the Sun.
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Fig. 6. Present-day snapshot of the Galactic tidal fields at z = 70 pc for different Galactic models: the axisymmetric background of the Galactic
potential (left column), the axisymmetric background plus the Galactic bar (middle column), and the full model (right column). Colour units are
per year squared (i.e. yr™2). The green dot marks the Sun at (x,y,z) = (=8.275,0,0.02) kpc; the green line on the colour bar indicates the Sun’s
current value; the light blue-grey line indicates the Sun’s value for z; = 70 pc instead of 20 pc (in contrast to the green line).
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Fig. 7. Time evolution over the past 1 Gyr of R,, G», -G, and G4 using
the full Galactic model. All quantities are defined in Sect. 3. The grey
vertical dotted lines are included to guide the eye (see text).

in Gz and Gg. Qualitatively, we observe that in the present-day
Galactic region around the Sun, the parameters G,, G3 and Gg
are not affected so much by the non-axisymmetric features of
the model used. Finally, we observe that in all cases we have
|G3| > |G4_¢| and |G,_,| < |G3| for the present-day Galactic
location of the Sun (see Fig. 6).

In order to visualise how the Galactic tide parameters vary
as a function of Ry and z in the full Galactic model, Figs. 7, 8
and 9 show the time evolution of the Sun’s coordinates (Rs and
Zs), Galactic tides parameters, and local Galactic mass density.
The solar trajectory used here corresponds to the nominal orbit
of the Sun according to the statistics explored in Sect. 5. For
now, we only use this trajectory for illustration purposes, in or-
der to qualitatively identify the correlations between variations
in the Sun’s position and variations in G_¢; the quantitative ex-
ploration is presented in Sect. 5.3.

We observe that the variation of R drives that of G,: The
maxima of Ry correspond to the minima of G», and vice versa
(see e.g. the grey, dashed vertical lines in Fig. 7). The variation
of —G, shares some similarities with that of G,, but it is affected
by the non-axisymmetry of the potential (primarily due to spi-
ral arms; see Fig. 6), leading to perceptible differences between
the two curves — in the axisymmetric case, -G and G, would
behave the same way. The variation of G35 is primarily driven by
the rapid variations of z, while the slower variations are mod-
ulated by Rs: The extrema of z; correspond to the minima of
G3, whereas the zero-crossings of zg correspond to the maxima
of G3 (see e.g. the grey, dashed vertical lines in Fig. 8); mean-
while, the slower oscillations of Ry shape the overall envelope of
G3;. This is not surprising because G3 is the main vertical com-
ponent, quantifying the gradient of the vertical force, and most
of the mass is concentrated in the Galactic plane; therefore, G3
reaches its maximum in the Galactic plane. Moreover, the mass

Article number, page 8 of 19

ot 91
3
[%2]
o 8
1001
o
£ 0
wn
N
—100;
&7 7.5e-15;
j -
>
~ 5.0e-15]
O]
2, 0.151
(o}
3
s 0.10{
&  0.05]

.t (Gyr)

Fig. 8. Same as Fig. 7 but showing R, z;, G, and pg.

1007
501
0.

Zs (pc)

—501
—1001

2.0e-161

0.0e+00+

Gs (yr=2)

-2.0e-167

2.0e-171

0.0e+007

Ge (yr=2)

-2.0e-171

-0.6 -0.4 -0.2 0.0

t (Gyr)

-1.0 -08

Fig. 9. Same as Fig. 7 but showing z, Gs, and Gg.

density increases toward the Galactic centre; consequently, for
a fixed z;, a maximum at smaller Ry is generally expected to be
higher than a maximum at larger Rs. This is even more strik-
ing when comparing po with G3: The py curve closely resembles
that of Gs. From Eq. (15), we deduce that the sum of G and
G, is significantly smaller than G3. However, the last important
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Fig. 10. Time evolution of the Galactic tide parameter ratios |G;/G3| (for i = 1,2,4,5,6) along the Sun’s nominal orbit, derived from the full

Galactic model.

point we need to note here is that G| and G, individually might
no longer be negligible with respect to G3. This is particularly
true for G;. Indeed, Fig. 10 shows that -G can be nearly half
of G3. Finally, the curves of G4, G5 and G¢ are much harder to
interpret. Nevertheless, we observe that the curves G4 and —G,
appear to be approximately mirror images of each other, similar
to what is observed for the curves R; and G,. We also observe
that zero-crossings of z; imply zero-crossings of Gs and Gg, but
not vice versa (see e.g. the grey, dashed vertical lines in Fig. 9).
Moreover, some of the extrema of z; coincide with those of G5
and/or Gg; in the axisymmetric case, they coincide with those of
Gs. Globally, we also note that: |G;_;| > |G4_¢| (see Fig. 10).
We verified that the analysis made here remains qualitatively rel-
evant for any Galactic trajectory in the solar neighbourhood.

5. Statistics derived from the solar galactic orbits

As the Sun’s initial conditions in the Galaxy are not perfectly
known, trajectories can substantially vary from one simulation
to another, even within a given Galactic potential. In this section,
we sample trajectories in the uncertainty ranges of the Sun’s ini-
tial conditions and analyse the statistics of the outcomes. The
model of the Galactic potential described in Sect. 2 has a limited
validity over time. Here, we use an optimistic upper bound of
1 Gyr, which is the duration of all our integrations below.

5.1. Initial conditions

In order to account for the uncertainties in the present-day coor-
dinates of the Sun, we performed numerical integrations of one
million solar trajectories over the past 1 Gyr. Three sets of in-
tegrations were then carried out: one using the Galaxy model
described previously in Sect. 2, one using only its axisymmet-
ric component, and one without the spiral arms (i.e., with only
the axisymmetric background and the Galactic bar), in order to
assess the influence of the different non-axisymmetric structures.
The initial radial position,

Rso = 8275 + 100 pc, (20)
was taken from Gravity Collaboration et al. (2024, Table B.1),
whereas the initial vertical position,

Zs0 = 20.8 + 10pc, 21

was taken from Bennett & Bovy (2019). We note that the value
reported by Gravity Collaboration et al. (2024) is 0.1 kpc larger
than that reported by GRAVITY Collaboration et al. (2019),
namely Rgo = 8.178 £0.013, £0.022,, kpc, far exceeding the
statistical or systematic uncertainties estimated in 2019. There-
fore, it is prudent to assume that the systematic uncertainty of
the 2024 measurement could also be of the order of 0.1 kpc.
The same consideration applies to zso: Griv et al. (2021) shows
that z, varies between 5 and 26 pc, which is far beyond the
0.3 pc uncertainty mentioned by Bennett & Bovy (2019). Con-
sequently, we adopt 10 pc as a more conservative estimate of the
uncertainty on zo. The initial solar velocity’

Voo = (-11.1#125 250.2%%  7.25406) km/s (22)

was taken from Schonrich et al. (2010) for the radial and vertical
components (summing up the statistical and systematic errors
in quadrature), while the tangential component was adjusted to
match our adopted value of the initial radial position from the
proper motion of Sgr A*.

Both the initial positions and velocities were sampled from
Gaussian distributions, with individual components drawn inde-
pendently to construct a sample of one million initial conditions.
The same initial-condition sample was used for each Galactic
model. The equations of motion of the Sun are given by Eq. (9).

5.2. Integrator

We used the SABA, symplectic integrator (Laskar & Robutel
2001) combined with the isochrone splitting scheme (Bougakov
et al. 2025). This approach provides a better trade-off between
computational cost and energy conservation than the kinetic
splitting scheme in the context of stellar motion in effective
gravitational fields (see Bougakov et al. 2025 for details). Ap-
pendix A describes how to set the isochrone splitting parameters
in order to achieve better efficiency than the standard Leapfrog-
like integrators. We used a timestep of 1 Myr and integrate over
1 Gyr, which yields a total number of points of N = 1000. The
relative conservation of energy (when considering an extended
Hamiltonian that is conserved over time; see Appendix A) is

7 The initial velocity vector is expressed in the fixed cylindrical galac-
tocentric frame.
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Fig. 11. Distributions of trajectory-based summary statistics (minimum,
maximum, first three quartiles, and arithmetic mean) of the Sun’s galac-
tocentric cylindrical coordinates, obtained using different Galactic mod-
els: the axisymmetric background of the Galactic potential (top row),
the axisymmetric background plus the Galactic bar (middle row), and
the full model (bottom row).

about 6x 1078 for all integrations. This strict constraint in energy
conservation is used here in order to avoid any possible bias in
the statistics over 1 million trajectories. The CPU time needed to
integrate all 10° trajectories with this level of precision is about
5 hours®. The same integrations would take about 32 hours of
CPU time using the kinetic splitting scheme.

5.3. Statistics on Galactic tide parameters

For each trajectory sampled over N = 1000 points regularly
spaced in time, we compute the minimum, maximum, the first
three quartiles (Q1, median, Q3), and the arithmetic mean of:
R, 75, G1_¢, and pg. These quantities are then grouped and plot-
ted as histograms in Figs. 11, 12 and 13. Our sampling implies
that the Sun spends one quarter of its total dynamical evolution
in each of the four intervals: minimum-Q1, Ql-median, me-
dian—-Q3, and Q3-maximum.

In the three models, the first three quartiles of R yielded by
the integrations are nearly identical, meaning that the Sun spends
roughly half of its dynamical evolution within the same range
around the R-median (i.e. between Q1 and Q3). In the full model,
however, the Sun spends less than half of its time (i.e., about
20%) exploring values of R never reached in the axisymmet-

8 Time calculated with the full Galactic model; shorter times are ex-
pected for the other models.
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Fig. 12. Same as Fig. 11 but for trajectory-based summary statistics of
Galactic tide parameters.

ric model, with the minimum and maximum shifted by approxi-
mately —0.5 kpc and +0.5 kpc, respectively. Nevertheless, in all
three models the Sun remains close to the Galactic plane and ex-
plores the same range of z, indicating that the non-axisymmetric
component of the Galactic potential primarily affects the Sun’s
radial motion (see Fig. 11). From the geometry of Galactic tidal
fields (see Fig. 6 in Sect. 4.2) and the range of Ry (see Fig. 11),
the Sun crosses the spiral arms many times. This explains why
we observe a significant change in G, and to a lesser extent in G,
and G3, when moving from the axisymmetric model to the full
model, because — as noted in Sect. 4.2 — only G; is strongly
influenced by the spiral arms compared with G, and G3. The
changes observed in G, and G3 are driven by the radial excur-
sion of the Sun: G, increases as the Sun moves closer to the bar’s
region of influence, whereas G3 follows the py density distribu-



Bougakov et al.: Galactic tides in the Solar System within a non-axisymmetric Milky Way model adjusted to Gaia data

45599 4

69161 A

Counts
o

68376 -

~ N ~
Gy (yr=2) le—-16
19871 -
0
n 19634 1
€
3 0
QO
21693 A
0 = T T T
/b\ Q Vv ™
Gs (yr=2) le—-16
386106 -
0
n 46366
=
3 0
QO
20478 A J\
0 T T T T
/bl Q Vv ™
Ge (yr‘z) le—-17
Fig. 12. Continued.
[ min 3 Q1 [ median Q3 max
22822 A
0 &
23620 4
€
2 o .
O
29266 {S ! E {\
0 - T T T
H Q ) \)
K S o o5

Fig. 13. Same as Fig. 11 but for trajectory-based summary statistics of

Po (Mo/pc3)

the local Galactic mass density near the Sun.

axisymmetric
background

+ Galactic bar

+ Galactic bar
+ Spiral arms

axisymmetric
background

+ Galactic bar

+ Galactic bar
+ Spiral arms

axisymmetric
background

+ Galactic bar

+ Galactic bar
+ Spiral arms

[ mean

axisymmetric
background

+ Galactic bar

+ Galactic bar
+ Spiral arms

1 min —1 Q1 1 median Q3 max [ mean
axisymmetric
23647 A background
0
n 50782 A + Galactic bar
€
3 0
o
+ Galactic bar
29100 A A % + Spiral arms
0 T T T T
o ?> o ° o
v Pac > N Q
G1/G;,
axisymmetric
21641 + background
0
n 20912 A + Galactic bar
€
3 0
O
+ Galactic bar
24269 J\ + Spiral arms
0 T T T T 1 T T
© LN N T N
/Q /0 /0 /0 /Q /0 Q
Gi1/G3
” ??% axisymmetric
21208 A background
0
9 19504 - h ” ﬁ? ;: + Galactic bar
fe
3 0
O
’\ gw + Galactic bar
21950 A + Spiral arms
0 T T T T T
Q 2 Q “ Q \eJ
Q‘S Q‘» Q'} Q'} Q"}) Q"})
G,/G3

Fig. 14. Same as Fig. 11 but for trajectory-based summary statistics of
the instantaneous ratios of the Galactic tide parameters.

tion encountered by the Sun, which likewise increases toward
the Galactic centre (see Figs. 12 and 13). As expected, G4 and
G vanish in the axisymmetric case, and the parameters G4_s
are strongly affected by the addition of spiral arms. Finally, G¢
is also influenced by the spiral structure, which is the sole source
of any variation in Gg at the Sun’s location; however, its range
of variation is an order of magnitude smaller than that of G4 and
Gs (see Fig. 12).

Figure 14 follows the same method as Figs. 11, 12, and 13,
but for the following quantities: G/G,, G1/G3, G2/G3, and
G4_¢/G3, which represent the instantaneous ratios of the Galac-
tic tide parameters. Appendix D provides additional plots of
other instantaneous ratios of the Galactic tide parameters. The
histograms of G| /G, are particularly informative, as they reveal
the impact of potential axisymmetry breaking on the Galactic
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Fig. 14. Continued.

tides along the Sun’s trajectory. For the full Galactic model, the
ratio oscillates between approximately 0.1 and 2, corresponding
to variations of —90% and +100%, respectively, thus indicating a
significant perturbation. This difference is reflected in the ratios
G,/G3 and G /G3, which reach about 0.26 (median about 0.16)
and about —0.5 (median about —0.13), respectively. On the other
hand, the breaking is much less pronounced when the Galactic
bar is the only non-axisymmetric component included. Conse-
quently, in the region explored here by the Sun, the trends pre-
dicted by the axisymmetric case are the same as those obtained
when only the Galactic bar is added. Finally, regardless of the
model used, the approximations |G3| > |G_| are only rough,
since during most of the integration (and in some cases through-
out the entire integration) we are in regions where —G/G3 and
G, /G5 exceed 10%. In contrast, G; dominates G4_¢, Whatever
model is used.
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5.4. Discussion

The choice of initial conditions may be subject to discussion;
however, in our case, we justify the choice made in Sect. 5.1 for
the reasons outlined therein. Nevertheless, we also performed the
same numerical experiment with another set of initial velocity
conditions:

vl = (=129 250.2%%  7.78%0¢) km/s. (23)
The radial and vertical components are taken from Drimmel &
Poggio (2018), except for the uncertainty on the vertical veloc-
ity, which we keep from Schonrich et al. (2010), as we judge
the uncertainty reported in Drimmel & Poggio (2018) to be too
small. The tangential component is unchanged, as it is consistent
with our adopted value of the Sun’s initial radial position.

With this alternative set of initial conditions, we performed
the same analysis as presented in Figs. 7 to 14, as well as in the
figures in Appendix D. The results obtained support the conclu-
sions presented in this article. The figures related to this analysis
are available in the ‘supplementary material® of this article.

6. Summary and conclusion

Galactic tides are a fundamental component in understanding the
dynamics of the most distant objects in the Solar System. They
regulate the flux of observable long-period comets and produce
oscillations of distant scattered disc objects. Moreover, they also
play a role in related fields, such as the study of exoplanetary
orbits (Veras & Evans 2013); see Sect. 1 for another example.
However, the current assumptions used in modelling Galactic
tides — namely, a circular stellar orbit in the Galactic plane,
and an axisymmetric Galactic potential that is independent of
time (see Heisler & Tremaine 1986) — are severe limitations
and contrast with our current understanding of the Milky Way
and the quality of observations obtained in recent years. As men-
tionned by Veras & Evans (2013, Conclusions), stars lead much
more complex lives: They are usually inclined to the Galactic
plane, their orbits are often eccentric and sometimes chaotic,
and they experience perturbations that can move them by many
kiloparsecs. It is in this context that we were led to develop a
general expression for Galactic tides felt by a test particle in or-
bit around a star, for any trajectory of this star in any Galactic
potential. We then applied it to the case of the Solar System,
embedded in one of the most advanced Galactic models, which
has been adjusted using Gaia DR3 data. The Galactic model is
based on Khalil et al. (2025), which we have extended to 3D in
order to explore vertical oscillations in the Sun’s orbit. In this
way, we explored the possible backward motion of the Sun over
the last gigayear by performing 10° integrations with different
initial conditions, studied the properties of the Galactic tide pa-
rameters, and then performed a statistical analysis of the general
trends in the time evolution of Galactic tides along the Sun’s or-
bit through the Galaxy. In order to determine the origin of the
observed features, we compared the results obtained with three
different configurations: (i) using the complete Galaxy model,
(ii) using only its axisymmetric component; and (iii) using the
model without the spiral arms, retaining only the axisymmetric
component and the Galactic bar.

A few caveats are worth mentioning. First, although the
Galactic tide parameters have been estimated using the most re-
cent model for the bar and spiral arms adjusted to Gaia data,
this model may carry large systematic uncertainties. The spiral
arm fit could correspond to a local minimum and, in any case,
cannot necessarily be trusted over 1 Gyr. On longer timescales,
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recurrent cycles of spiral arms are anyway expected, and could
have a substantial influence on the past motion of the Sun. This
neglected effect of recurrent spirals largely overshadows another
caveat, related to the influence of past stellar encounters on the
solar orbit. Even at the axisymmetric level, the Khalil et al.
(2025) model had been fitted to in-plane motions, but its system-
atic uncertainties in the vertical structure of the potential have
not been explored or adjusted to data. However, our model pre-
dicts local surface mass densities in the solar neighbourhood
that are in good agreement with the estimates of Horta et al.
(2024). In particular, we find that the local surface density within
a height of 1.1 kpc is: 47.76 Mg /pc? for baryons without spiral
arms; 46.52 M /pc? for baryons with spiral arms; 28.33 Mg /pc?
for the dark matter halo; 76.09 Mg /pc? for baryons plus the dark
matter halo without spiral arms; and 74.85 M /pc? for baryons
plus the dark matter halo with spiral arms. These values are con-
sistent within the uncertainties reported in Horta et al. (2024).
Nevertheless, neglecting the thick disc as we did in our model
could slightly affect the vertical period of the Sun, even for a
small zyax, and all the more so if the model is applied to exo-
planetary systems with larger vertical excursions and/or periods.
Indeed, for stars located close to the Sun, the inclusion of a thick
disc component in a Galactic model could increase the vertical
excursions of an orbit by up to 40-50% (see e.g. Pouliasis et al.
2017). In that sense, the present paper should be considered as a
first quantitative exploration of the variation of the Galactic tide
parameters in a realistic non-axisymmetric gravitational poten-
tial of the Galaxy, but not as a computation of definitive values
for these parameters. Nevertheless, let us note that the Galactic
tide parameters less affected by the spiral arms, namely G, and
G3, should be considered more secure than G, G4, Gs, and Gg,
where the influence of the spiral arms is more pronounced.

The values of the Galactic tide parameters and their statis-
tics outlined above can now be used to determine the validity
of common assumptions made in previous works. For instance,
they can be applied to study the impact of Galactic tides on Oort
cloud comets and distant TNOs (see e.g. Saillenfest et al. 2019),
the dynamics of wide stellar triples in the Galaxy (Grishin &
Perets 2022), or other related fields using Galactic tide models
(see Sect. 1). We find that the generalisation of the Galactic tides
provides three new Galactic tide parameters, which we denote
G4, Gs, and Gg, and gives general expressions of the existing
parameters G, G», and Gs. These expressions of G| to G¢ show
that the appropriate form of the Galactic tide parameters depends
on the application considered, since Galactic tides are intrinsic to
both the stellar trajectory and the Galactic model. For instance,
we may wonder how the conclusions of Gardner et al. (2011) on
the flux of long-period comets would have been changed if they
had taken into account the parameter Gs (which actually takes
significantly non-zero values). Finally, these general expressions
for Galactic tide parameters enable the quantification of Galac-
tic tides in complex scenarios of stellar motion, including stars
in the Milky Way with orbits similar to, or highly atypical com-
pared to, the Sun, as well as in the context of the Galaxy’s dy-
namical evolution.

The results presented in this article indicate that, regardless
of which Galactic model is used, for most applications, it ap-
pears questionable to assume constant values for the Galactic
tides or a constant value for the local Galactic mass density in
the neighbourhood of the Sun. In fact, the local Galactic mass
density varies from roughly 0.05 to 0.15 Mg /pc? for the axisym-
metric case, and from roughly 0.03 to 0.20 My/pc? for the full
model, which represents a significant variation in both cases.
These variations are in sharp contrast with the constant values

used in most previous studies. For instance, models using a con-
stant value of py = 0.10 Mg /pc? to study the dynamics of Oort
cloud comets (see e.g. Levison et al. 2001) adopt a density that
is somewhat higher than the median value predicted by our var-
ious galactic models. Moreover, temporary excursions to higher
or lower values of py may noticeably affect the flux of long-
period comets. The excursions might also affect the limits of
the ‘inert zone’ between the scattered disc and the Oort cloud
and produce sporadic changes in the orbital elements of distant
TNOs. In addition, the variation range of the Galactic tides in
the full model is considerable: up to nearly one order of mag-
nitude variation in G, G,, and G3. We have also shown that
the common approximation made in previous studies (see e.g.
Matese & Whitmire 1996; Levison et al. 2001), namely neglect-
ing G| and G, relative to G3 on the basis that they differ by an
order of magnitude, is no longer valid, even in the axisymmetric
case. Such departures from the G3-dominated regime may break
the quasi-integrable character usually assumed for the long-term
tidal evolution of Oort-cloud comets, especially in the inner Oort
cloud (a < 20000 au), and can therefore have significant con-
sequences for the flux of long-period comets injected into the
inner Solar System. The parameter G3 is mainly affected by the
fact that the range of galactocentric distance is wider for the non-
axisymmetric models. Since the variation in the perihelion dis-
tance of comets over one orbital period under a vertical Galactic
tide is proportional to Gza’/? (see, e.g. Fouchard et al. 2010), the
variation of Gz will directly affect the minimal semi-major axis
for which a long period comet can be observable considering a
vertical tide only. For instance, by considering the extremum val-
ues of G3 obtained here, the minimum semi-major axis required
for a comet to jump the Jupiter-Saturn barrier varies roughly
from 17000 to 27000 au (Fouchard et al. 2018). Finally, the
introduction of the new Galactic parameters G4, Gs, and G¢ may
complicate the overall dynamics of long-period comets and the
structure of the Oort cloud. We leave a full study of the effects of
the non-Gj tidal parameters on the long-term dynamics of Oort
cloud comets to future work. They may also have a strong impact
on extrasolar bodies having a large out-of-the-plane component
in the Galaxy.

Data availability

We provide with this paper a text file containing the tabulated
nominal time evolution of all parameters (the Sun’s position,
velocity, local Galactic mass density, and Galactic tide param-
eters) as a function of time, for use in Solar System studies. We
also provide an alternative tabulated nominal time evolution of
these parameters, corresponding to a different set of initial con-
ditions than those used in Sect. 5.1 (see Sect. 5.4 for more de-
tails). Finally, we also include in the ‘supplementary material’
figures analogous to those presented in Figs. 7 to 14, as well
as those in Appendix D, obtained using different initial con-
ditions consistent with the Sun’s alternative nominal orbit pre-
sented in Sect. 5.4. The ‘supplementary material’ is available
here: https://doi.org/10.5281/zenodo.20933813.

Acknowledgements. We gratefully acknowledge the remarks made by the referee
on this paper. This work was supported by the Programme de Planétologie (PNP)
of CNRS/INSU, co-funded by CNES. Y. R. K. acknowledges funding from the
Interdisciplinary Thematic Institute IRMIA++, as part of the ITI 20212028 pro-
gram of the University of Strasbourg, CNRS and Inserm, supported by IdEx
Unistra (ANR-10-IDEX-0002), and by the SFRI-STRAT’US project (ANR-20-
SFRI-0012) under the framework of the French Investments for the Future Pro-
gram. Y. R. K. was also supported by the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation programme
(grant agreement No. 101117455).

Article number, page 13 of 19


https://doi.org/10.5281/zenodo.20933813

A&A proofs: manuscript no. output

References

Baba, J., Tsujimoto, T., & Saitoh, T. R. 2024, ApJ, 976, L29
Batygin, K., Adams, F. C., Brown, M. E., & Becker, J. C. 2019, Phys. Rep., 805,
1

Batygin, K. & Brown, M. E. 2016, AJ, 151, 22

Bennett, M. & Bovy, J. 2019, MNRAS, 482, 1417

Bernet, M., Ramos, P., Antoja, T., et al. 2022, A&A, 667, A116

Bougakov, A, Saillenfest, M., & Fouchard, M. 2025, A&A, 697, A106

Bougakov, A., Saillenfest, M., & Fouchard, M. 2026, ISSI: Isochrone split-
ting for symplectic integrators, Astrophysics Source Code Library, record
ascl:2604.002

Brasser, R., Duncan, M. J., & Levison, H. F. 2008, Icarus, 196, 274

Brasser, R., Higuchi, A., & Kaib, N. 2010, A&A, 516, A72

Brasser, R. & Morbidelli, A. 2013, Icarus, 225, 40

Breiter, S., Dybczynski, P. A., & Elipe, A. 1996, A&A, 315, 618

Breiter, S., Fouchard, M., & Ratajczak, R. 2008, MNRAS, 383, 200

Byl, J. 1983, Moon and Planets, 29, 121

Chebotarev, G. A. 1966, Soviet Ast., 10, 341

Clarke, J. P. & Gerhard, O. 2022, MNRAS, 512, 2171

Clement, M. S. & Kaib, N. A. 2020, AJ, 159, 285

Clube, S. V. M. & Napier, W. M. 1986, in The Galaxy and the Solar System, ed.
R. Smoluchowski, J. M. Bahcall, & M. S. Matthews, 260-285

Correa-Otto, J. A. & Gil-Hutton, R. A. 2017, A&A, 608, A116

Cox, D. P. & Gémez, G. C. 2002, ApJS, 142, 261

Dantas, M. L. L., Smiljanic, R., de Souza, R. S., Tissera, P. B., & Magrini, L.
2025, A&A, 696, A205

de Sousa, R. R., Izidoro, A., Morbidelli, A., Nesvorny, D., & Winter, O. C. 2025,
Icarus, 433, 116472

Delsemme, A. H. 1987, A&A, 187, 913

Dillamore, A. M., Sanders, J. L., Belokurov, V., & Zhang, H. 2025, MNRAS,
541,214

Dones, L., Weissman, P. R., Levison, H. F., & Duncan, M. J. 2004, in Comets II,
ed. M. C. Festou, H. U. Keller, & H. A. Weaver (Tucson: Univ. Arizona), 153

Drimmel, R. & Poggio, E. 2018, Research Notes of the AAS, 2, 210

Eilers, A.-C., Hogg, D. W., Rix, H.-W., & Ness, M. K. 2019, ApJ, 871, 120

Famaey, B., Jorissen, A., Luri, X., et al. 2005, A&A, 430, 165

Farrés, A., Laskar, J., Blanes, S., et al. 2013, Celestial Mechanics and Dynamical
Astronomy, 116, 141

Fouchard, M. 2004, MNRAS, 349, 347

Fouchard, M., Emel’yanenko, V., & Higuchi, A. 2020, Celestial Mechanics and
Dynamical Astronomy, 132, 43

Fouchard, M., Froeschlé, C., Rickman, H., & Valsecchi, G. B. 2010, in Dynamics
of Small Solar System Bodies and Exoplanets, ed. J. Souchay & R. Dvorak
(Berlin, Heidelberg: Springer Berlin Heidelberg), 401-430

Fouchard, M., Higuchi, A., & Ito, T. 2023, A&A, 676, A104

Fouchard, M., Higuchi, A., Ito, T., & Maquet, L. 2018, A&A, 620, A45

Fouchard, M., Rickman, H., Froeschlé, C., & Valsecchi, G. B. 2017, Icarus, 292,
218

Frankel, N., Rix, H.-W., Ting, Y.-S., Ness, M., & Hogg, D. W. 2018, ApJ, 865,
96

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, Al

Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2023, A&A, 674, Al

Gardner, E., Nurmi, P., Flynn, C., & Mikkola, S. 2011, Monthly Notices of the
Royal Astronomical Society, 411, 947

Gravity Collaboration, Abd El Dayem, K., Abuter, R., et al. 2024, A&A, 692,
A242

GRAVITY Collaboration, Abuter, R., Amorim, A., et al. 2019, A&A, 625, L10

Grishin, E. & Perets, H. B. 2022, MNRAS, 512, 4993

Grishin, E., Winter, J., & Alvarado-Montes, J. A. 2025, arXiv e-prints,
arXiv:2512.13773

Griv, E., Gedalin, M., Pietrukowicz, P., Majaess, D., & Jiang, I.-G. 2021, MN-
RAS, 502, 4194

Gunn, J. E., Knapp, G. R., & Tremaine, S. D. 1979, AJ, 84, 1181

Guo, S. & Qi, Z. 2023, Universe, 9, 252

Halle, A., Di Matteo, P., Haywood, M., & Combes, F. 2015, A&A, 578, A58

Hamilton, C., Mummery, A., & Bland-Hawthorn, J. 2026, arXiv e-prints,
arXiv:2602.06182

Haywood, M., Di Matteo, P., Lehnert, M. D., Katz, D., & Gémez, A. 2013, A&A,
560, A109

Haywood, M., Snaith, O., Lehnert, M. D., Di Matteo, P., & Khoperskov, S. 2019,
A&A, 625, A105

Heisler, J. 1990, Icarus, 88, 104

Heisler, J. & Tremaine, S. 1986, Icarus, 65, 13

Hénon, M. 1959, Annales d’ Astrophysique, 22, 126

Hernandez, D. M. & Dehnen, W. 2017, MNRAS, 468, 2614

Horta, D., Price-Whelan, A. M., Hogg, D. W,, et al. 2024, ApJ, 962, 165

Hunt, J. A. S. & Vasiliev, E. 2025, New A Rev., 100, 101721

Hunter, G. H., Sormani, M. C., Beckmann, J. P, et al. 2024, A&A, 692, A216

Kaib, N. A., Roskar, R., & Quinn, T. 2011, Icarus, 215, 491

Article number, page 14 of 19

Kaib, N. A. & Volk, K. 2024, in Comets III, ed. K. J. Meech, M. R. Combi,
D. Bockelée-Morvan, S. N. Raymond, & M. E. Zolensky (University of Ari-
zona Press), 97-120

Kalda, T. & Green, G. M. 2025, ApJ, 992, 84

Khalil, Y. R., Famaey, B., Monari, G., et al. 2025, A&A, 699, A263

Khoperskov, S., Gerhard, O., Di Matteo, P., et al. 2020, A&A, 634, L8

Khoperskov, S., Steinmetz, M., Haywood, M., et al. 2025, A&A, 700, A89

Laporte, C. F. P., Famaey, B., Monari, G, et al. 2020, A&A, 643, L3

Laskar, J. & Robutel, P. 2001, Celestial Mechanics and Dynamical Astronomy,
80, 39

Levison, H. F., Dones, L., & Duncan, M. J. 2001, AJ, 121, 2253

Li, C., Zhao, G., & Yang, C. 2019, The Astrophysical Journal, 872, 205

Lu, Y. L., Minchev, 1., Buck, T., et al. 2024, MNRAS, 535, 392

Martinez-Barbosa, C. A., Brown, A. G. A., & Portegies Zwart, S. 2015, MNRAS,
446, 823

Martinez-Barbosa, C. A., Jilkovd, L., Portegies Zwart, S., & Brown, A. G. A.
2017, Monthly Notices of the Royal Astronomical Society, 464, 2290

Matese, J. & Whitmire, D. 1996, ApJ, 472, 141

Mincheyv, 1., Anders, F., Recio-Blanco, A., et al. 2018, MNRAS, 481, 1645

Minchev, I. & Famaey, B. 2010, ApJ, 722, 112

Monari, G., Famaey, B., Siebert, A., et al. 2016, MNRAS, 461, 3835

Monari, G., Famaey, B., Siebert, A., Wegg, C., & Gerhard, O. 2019, A&A, 626,
A41

Morbidelli, A. 2005, arXiv e-prints, astro—ph/0512256

Morbidelli, A. & Nesvorny, D. 2020, in The Trans-Neptunian Solar System, ed.
D. Prialnik, M. A. Barucci, & L. Young (Elsevier), 25-59

Namouni, F. & Morais, M. H. M. 2018, MNRAS, 477, L117

Nesvorny, D., Bernardinelli, P., Vokrouhlicky, D., & Batygin, K. 2023, Icarus,
406, 115738

Olling, R. P. & Dehnen, W. 2003, ApJ, 599, 275

Oort, J. H. 1950, Bull. Astron. Inst. Netherlands, 11, 91

Portail, M., Gerhard, O., Wegg, C., & Ness, M. 2017, MNRAS, 465, 1621

Pouliasis, E., Di Matteo, P., & Haywood, M. 2017, Astronomy & Astrophysics,
598, A66

Ramos, P., Antoja, T., & Figueras, F. 2018, A&A, 619, A72

Rein, H., Tamayo, D., & Brown, G. 2019, MNRAS, 489, 4632

Rickman, H., Fouchard, M., Froeschlé, C., & Valsecchi, G. B. 2008, Celestial
Mechanics and Dynamical Astronomy, 102, 111

Ruth, R. D. 1983, IEEE Transactions on Nuclear Science, 30, 2669

Saillenfest, M. 2020, Celestial Mechanics and Dynamical Astronomy, 132, 1

Saillenfest, M., Fouchard, M., Ito, T., & Higuchi, A. 2019, Astronomy & Astro-
physics, 629, A95

Schonrich, R., Binney, J., & Dehnen, W. 2010, MNRAS, 403, 1829

Sellwood, J. A. & Binney, J. J. 2002, MNRAS, 336, 785

Sheppard, S. S., Trujillo, C. A., Tholen, D. J., & Kaib, N. 2019, The Astronomi-
cal Journal, 157, 139

Silsbee, K. & Tremaine, S. 2016, AJ, 152, 103

Thomas, G. F., Famaey, B., Monari, G., et al. 2023, A&A, 678, A180

Torbett, M. V. 1986, MNRAS, 223, 885

Trujillo, C. A. & Sheppard, S. S. 2014, Nature, 507, 471

Vasiliev, E. 2019, MNRAS, 482, 1525

Veras, D. & Evans, N. W. 2013, MNRAS, 430, 403

Wang, J.-H. & Brasser, R. 2014, A&A, 563, A122

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



Bougakov et al.: Galactic tides in the Solar System within a non-axisymmetric Milky Way model adjusted to Gaia data

Appendix A: The isochrone symplectic integrator

The Hamiltonian reproducing the equations of motion of the Sun
orbiting within the Milky Way can be chosen as
1

H(q,p.1,T) = 3p* + (g, + T, (A.D)
where O is the Galactic potential, p = ¢ is the momentum con-
jugate to the position q, and 7 is the momentum conjugate to
the time ¢, introduced in order to obtain an autonomous system
(only required for checking the conservation of the Hamiltonian
value). For the test presented below, we used the full Galactic
model described in Sect. 2.

We split the Hamiltonian into two parts,
H=A+eB, (A.2)

in order to use the isochrone splitting (Bougakov et al. 2025),

1
A(q.p.T) = Epz +¥(Q+T, (A3)
eB(q,1) = O(q,1) - ¥(q), (A4)
where
W(q; k, b) = ——— (A.5)

bt NI
is the isochrone potential (Hénon 1959). This approach relies on
isochrone drifts and velocity kicks’. The splitting depends on
two constant parameters, ¥ and b, which must be chosen such
that the absolute value of the ratio between the split parts in
Eq. (A.2), &, is as small as possible. When » = 0 (and « # 0),
it reduces to Kepler drifts and velocity kicks, corresponding to
the Kepler splitting; in this case, the parameter « and the coordi-
nates q are chosen to give the best performance (see, e.g. Farrés
et al. 2013; Hernandez & Dehnen 2017; Rein et al. 2019). Thus,
the isochrone splitting can be seen as a generalisation of Ke-
pler splitting. In the limiting case ¥ = 0 (i.e. « = 0), it reduces
to linear drifts and velocity kicks, corresponding to the kinetic
splitting, as used, for instance, in the standard Leapfrog integra-
tor (Ruth 1983).

We denote by H, the Hamiltonian at the initial time of the
integration, and by A its instantaneous variation relative to Hy
at time f; perfect conservation implies that AH = 0 at all times
during the integration. Figure A.1 shows how to choose the val-
ues of the isochrone splitting parameters, « and b, in order to
optimise the integration with the SABA, symplectic integrator
of Laskar & Robutel (2001); we denote the optimal values of
the isochrone splitting parameters as «, and b,. The integrations
were performed over 1 Gyr with a time step of 6z = 1 Myr.

The SABA, integrator has errors of order O(edt*) +
O(£?61%). This implies that the integrator is fourth-order in 6t in
the best case and only second-order in the worst case, depending
on the size of . For moderate constraint in energy conservation
(relative error 1073) or stronger, Figs. A.2 and A.3 show that
the isochrone integrator outperforms the standard Leapfrog-like
integrator. In fact, for the same level of Hamiltonian conserva-
tion, the isochrone splitting with the parameterisation x = k, and
b = b, allows larger time steps than the standard kinetic split-
ting. As a result, the integration is faster than with the standard
kinetic splitting.

° A simple example implementation is available at https://github.
com/AstroLexandre/IsochroneSymplecticIntegrator_

QuickExample, which includes the analytic isochrone propagator
used to evolve the isochrone Hamiltonian flow (Bougakov et al. 2026).
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Fig. A.1. Optimising the parameterisation of isochrone splitting. The
green dot corresponds to one of the optimal values for the isochrone
splitting parameters.
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z (kpc)

R (kpc)

Fig. B.1. Ratio G5/G; in the axisymmetric potential of Gardner et al.
(2011). As in Fig. 5 in Sect. 4.1, the white and black curves correspond
to values of about —10% and +10%, respectively. The red rectangle
delineates the region explored by the Sun’s orbit as derived in Gardner
etal. (2011).

Appendix B: Comparison between G; and Gs in
another axisymmetric potential

Figure B.1 is analogous to Fig. 5 in Sect. 4.1, but is based on the
axisymmetric potential of Gardner et al. (2011). We find that the
Sun’s orbit derived in their model explores regions of the (R, z)-
plane where the ratio |Gs/G| reaches values up to 20%.

Appendix C: Supplementary plots of Galactic tidal
fields

Figures C.1 and C.2 are analogous to Fig. 6 in Sect. 4.2, except
that they show snapshots computed in the Galactic plane (i.e.
z = 0) and in the same z-plane as the Sun (i.e. z = 20 pc), respec-
tively. These figures confirm the analysis made in Sect. 4.2.

Appendix D: Supplementary histogram plots

Figure D.1 is a continuation of Fig. 14 in Sect. 5.3, which shows
the statistics of the instantaneous ratios G4_¢/G|_5. These fig-
ures show that the hierarchy between the non-G3 diagonal terms
(i.e. G| and G,) and the non-Gg¢ off-diagonal terms (i.e. G4 and
Gs) disappears when spiral arms are taken into account in the
Galactic model.
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Fig. C.1. As in Fig. 6 in Sect. 4.2, except that the Galactic tidal fields are evaluated in the Galactic plane (z = 0).
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