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ABSTRACT

The dynamics of the innermost Galilean satellites (Io, Europa, and Ganymede) is characterized by a chain of mean motion
resonances, called Laplace resonance, and by a strong tidal dissipation that causes wide variations of their semimajor axes over
large time-scales. The precise history of energy dissipation in the Jovian system is not known, but several theories have been
proposed. Tidal resonance locking states that big outer moons can also migrate fast. If this is the case for Callisto, then it should
have crossed the 2:1 mean motion resonance with Ganymede in the past, affecting the motion of all four Galilean satellites.
Therefore, we aim to determine whether a fast migration for Callisto is compatible with the current orbital configuration of the
system. Due to the chaotic nature of the resonant crossing, different outcomes are possible. A small portion of our simulations
shows that Callisto can cross the 2:1 resonance with Ganymede without being captured and preserving the Laplace resonance.
However, in most cases, we found that Callisto is captured into resonance, despite its divergent migration. As Callisto continues
to migrate fast outwards, the moons depart substantially from the exact 8:4:2:1 commensurability, while still maintaining the
resonant chain. Callisto can eventually escape it by crossing a high-order mean motion resonance with Ganymede. Afterwards,
the moons’ system is able to relax to its current configuration for suitable dissipation parameters of the satellites. Therefore, it is
possible, although challenging, to build a self-consistent picture of the past history of the Galilean satellites for a fast migration
of Callisto.

Key words: celestial mechanics — planets and satellites: dynamical evolution and stability.

where symbol ~ stands for ‘closely oscillates around’. From the last
1 INTRODUCTION two relations, we obtain:

The Galilean satellites are by far the largest moons of Jupiter: in

order from the planet, they are lo (1), Europa (2), Ganymede (3), At =3k 4245 ~ 2
and Callisto (4). While Io is characterized by strong volcanism all
over its surface and does not show evidence of water, the other
three moons are covered by ice and probably conceal vast oceans
of liquid water under their surfaces (e.g. Schubert et al. 2004).
Because of their peculiar characteristics, the Galilean satellites have
been extensively studied in the last decades and two large missions,
Europa Clipper by NASA (Phillips & Pappalardo 2014) and JUICE
by ESA (Grasset et al. 2013), are going to visit them and collect a
great variety of observations. Moreover, apart from their interior
and surface features, the Galilean satellites are noteworthy also
for their orbital configuration. Indeed, the three inner moons are
locked in a chain of mean motion resonances (MMRs) composed
by a 2:1 commensurability between lo and Europa, and a 2:1
commensurability between Europa and Ganymede. More precisely,
writing A; the mean longitude of the ith satellite and @ ; its longitude
of pericentre, we currently have

which involves the mean longitudes of all three satellites. This
relation is commonly known as ‘Laplace resonance’.

The origin of this configuration has been investigated since the
second half of the twentieth century. There are two main theories that
try to explain it. The first one proposes that the resonance was formed
through successive resonant captures driven by the tidal dissipation
within Jupiter (Yoder 1979; Yoder & Peale 1981): as lo is closer to the
planet, it migrated faster than the other satellites and reached the 2:1
resonance with Europa; then the two inner moons moved outwards
and captured also Ganymede. The second theory, instead, proposes
that the resonance was triggered at the time of the formation of the
satellites (Greenberg 1982; Peale & Lee 2002): the moons underwent
a Type-I migration inside the circumplanetary disc of Jupiter, and as
Ganymede is more massive, it moved inwards faster than the other
moons and captured rapidly first Europa and then Io. A primordial
origin of the Laplace resonance is also supported by recent formation
A =20+ ~ 0, models of the Galilean satellites (Shibaike et al. 2019; Batygin &
Morbidelli 2020).

),1—2)»2+@'2N7T, . .
Other works have also investigated the role of past MMRs between

A =203+ @ ~ 0, @ the satellites in sculpting the system (Tittemore 1990; Malhotra
1991). In general, exploring the past evolution of the Galilean
satellites is quite a difficult task, because their current configuration

* E-mail: giacomo.lari @unipi.it imposes tight constraints (see equation 1 and Table 1). We also have
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Table 1. Mean orbital elements of the Galilean satellites at J2000
epoch obtained from moons’ ephemerides Jup310 released by JPL.
url: https://naif jpl.nasa.gov/pub/naif/JUNO/kernels/spk/jup310.bsp
bl, preparer: R.A. JacobsonSemimajor axes are given in Jupiter’s
radii, where we set Ry = 71398 km.

element To Europa Ganymede Callisto
a 5.9191 9.4147 15.0157 26.4117
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Figure 1. Future evolution of the Galilean satellites as described by Lari et al.
(2020), assuming that tidal effects at the distance of Callisto are negligible.
After about 1.5 Gyr from J2000 epoch, Callisto is captured into a four-body
resonant chain with Io, Europa, and Ganymede.

an estimate of their migration rate: from astrometric observations,
Lainey et al. (2009) found that Io is currently moving inwards at
about 0.4 cm yr~', while Europa and Ganymede move outwards at
2 and 11cmyr™!, respectively. The measured inward migration of
lo, that seems to suggest a future breaking of the Laplace resonance,
is actually temporary and in the long run all three satellites are
expected to move outwards, preserving the Laplace resonance (Lari,
Saillenfest & Fenucci 2020; Celletti et al. 2022).

Lari et al. (2020) have investigated the future evolution of the
Galilean satellites considering the outward migration of the three
inner moons due to the strong tidal dissipation between Jupiter and
Io. In their scenario, Callisto’s semimajor axis was assumed steady,
since, in the classic theory, tidal effects of Jupiter are extremely small
at the distance of Callisto. They found that, after about 1.5 billions
of years from now, Ganymede will reach the 2:1 resonance with
Callisto. As in this case as/a4 increases, the encounter is convergent
and the two satellites can be captured into a2:1 MMR (e.g. Murray &
Dermott 2000). Indeed, starting from the current configuration of the
system and performing hundreds of simulations, Lari et al. (2020)
found a 100 per cent probability of capture for Callisto, forming a
8:4:2:1 resonant chain with the other three moons (see Fig. 1). This
chain can be composed of successive 2:1 MMRs between adjacent
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satellites, or it can involve a pure three-body MMR, which can cause
a large increase of the eccentricities of the outer satellites (see also
Malhotra 1991; Showman & Malhotra 1997).

Recently, Fuller, Luan & Quataert (2016) presented a new tidal
theory called resonance locking, which greatly changes the classic
paradigm of tidal effects. According to their theory, dissipation within
the planet can increase by several orders of magnitude because of
a resonant coupling between a wave in the planet’s interior and a
satellite moving at the same frequency. In this context, the tidal
quality factor Q of gas giants can be far smaller than previously
thought (Goldreich & Soter 1966). Large dissipation in the planet
restricted at certain frequencies opens the possibility of a fast tidal
migration even for distant satellites. Indeed, this theory provides a
natural explanation for the unexpected rate at which Titan is moving
away from Saturn, which has been recently measured through the
analysis of Cassini radio-science data and astrometric observations
(Lainey et al. 2020). In light of the resonance locking theory and
its successful application to Titan and other satellites of Saturn,
Callisto could migrate faster than the other Galilean moons (Fuller
et al. 2016). In this case, the encounter of the 2:1 MMR between
Ganymede and Callisto studied by Lari et al. (2020) may actually
have already happened in the past. This scenario matches the
formation model presented by Shibaike et al. (2019), who find that
either all four Galilean satellites formed in a 2:1 MMRs chain, or
Callisto formed inside the 2:1 MMR with Ganymede. However, no
complete dynamical investigation has been carried out yet, so it is
not clear whether a fast migration of Callisto is compatible or not
with the current orbital configuration of the system.

Past crossings of MMRs between the moons are possible if their
tidal migration time-scales #/% = a; /@, have different values, so that
the ratios of their semimajor axes change with time. However, tidal
resonance locking can force different moons to migrate at a similar
time-scale, fixed by the evolution of the interior of the hosting planet;
this would prevent the crossing of resonances. Indeed, this is what has
been observed for many moons of Saturn, including Titan (Lainey
et al. 2020; Crida 2020). For Jupiter’s system, we have 7/1% ~ 20 Gyr
for i = 1, 2, 3 (Lainey et al. 2009; Fuller et al. 2016), while £ is
unknown. Fuller et al. (2016) proposed a current value of {4 close
to 2 Gyr, which would imply that Callisto migrates much faster than
the three inner Galilean satellites.

Some recent studies have explored this new dynamical scenario.
In particular, Downey, Nimmo & Matsuyama (2020) assumed a
very large dissipation within Jupiter at the frequency of Callisto,
as proposed by Fuller et al. (2016), and considered the orbital
variations of Callisto and Ganymede due to the crossing of past
MMRs between the two satellites. They computed the optimal values
of the moons’ dissipative parameters in order to retrieve the current
values of their eccentricities and inclinations. However, in their
study, Downey et al. (2020) did not propagate the N-body dynamics
of the Galilean satellites. Instead, they used simplified analytical
expressions for computing the jumps of the orbital elements at each
resonance crossing and their damping due to the tidal friction within
the moons. By doing so, the authors assumed that Callisto has never
been captured into resonance with Ganymede and that the Laplace
resonance has never been affected by these resonant encounters. This
assumption comes from the fact that two isolated satellites cannot
be captured into a two-body MMR if the resonance encounter is
divergent (e.g. Murray & Dermott 2000). However, Ganymede and
Callisto are not isolated satellites: Ganymede is already trapped in
the Laplace resonance with lo and Europa, and a jungle of three-
body resonances surrounds the 2:1 resonance between Ganymede
and Callisto, influencing greatly their dynamics (see Lari et al. 2020).
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Therefore, the outcome of the resonant encounter in this case is much
more complicated than what one can predict from isolated two-body
resonances. Because of the chaotic nature of the dynamics, the exact
outcome of the encounter must be investigated numerically.

Similarly to Shibaike et al. (2019), Madeira, 1zidoro & Giuliatti
Winter (2021) have recently proposed that the four Galilean satellites
could have triggered a four-body resonance chain just after their
formation through their inward migration within Jupiter’s circum-
planetary disc; then, after a few millions of years, Callisto would have
escaped it. In their scenario, Callisto is supposed to be in resonance
locking, so that its fast migration allows it to move away from the 2:1
resonance with Ganymede. However, in order to retrieve the current
values of the moons’ semimajor axes at the end of their simulations,
Madeira et al. (2021) had to assume a migration rate for Callisto
much smaller than the one predicted by Fuller et al. (2016) and used
by Downey et al. (2020).

Starting from the dynamical models described by Lari (2018) and
Lari et al. (2020), we aim to explore the dynamical evolution of the
Galilean satellites in the case Callisto is in resonance locking and
migrates quickly outwards. In such a scenario, Callisto must have
crossed the 2:1 MMR with Ganymede in the past. As this crossing
must have happened quite recently (less than 1 Gyr, see Downey et al.
2020), we assume that the Laplace resonance between the three inner
satellites was already established at the time, which is the case if it
has a primordial origin.

The paper is structured as follows: in Section 2, we present
the dynamical models and the set-up we use for investigating the
past evolution of the moons. In Section 3, we show the possible
outcomes of the resonant encounter and, in Section 4, we study
particular dynamical pathways that involve the formation of a four-
body resonant chain and eventually lead to the current configuration
of the moons. Finally, in Section 5, we summarize our results and
we comment on possible future advances in our knowledge of tidal
dissipation in the Jovian system.

2 DYNAMICAL MODELS

The crossing of the 2:1 resonance between Callisto and Ganymede
is chaotic and it can lead to many different outcomes (see e.g.
Lari et al. 2020 for examples with convergent migration). Hence,
it is not enough to predict the effect of resonances using classic
analytical formulas; instead, we must draw a statistical picture of the
possible evolution pathways of the moons by running hundreds of
simulations over a billion-year timespan. For this exploration to be
computationally feasible, we need an efficient averaged model that
accurately captures the essence of the dynamics of all four moons
in the vicinity of the 2:1 resonance between Callisto and Ganymede.
Such a model has been introduced by Lari et al. (2020). In addition
to be light from a computational point of view, this model highlights
the limited number of terms that matter most in the dynamics, which
allows for an immediate interpretation of the moons’ motion.

However, the migration of Callisto predicted by Fuller et al. (2016)
is so fast that the moons can cross many other resonances after
having encountered the main 2:1 period ratio. For this reason, this
first statistical study must be completed with a limited number of
integrations using an un-averaged N-body model (that includes all
resonances). This way, we can determine which other resonances may
also have played a role in the subsequent evolution of the moons,
and how they could possibly have led them to their current orbital
configuration.

More precisely, we consider that an evolution matches qualita-
tively the current orbital configuration of the Galilean satellites if at

Fast migration of Callisto and past evolution

3025

a certain time: (i) it reaches the same orbital proportions a;/a; 1 | (i
=1, 2, 3) as in Table 1; (ii) the only active resonances are the ones
described in equation (1); (iii) the eccentricity of the inner moons
are equal to the values forced by the resonances; (iv) Callisto has a
moderate free eccentricity (<0.01).

2.1 Averaged model

Our averaged dynamical model of the Galilean moons is based on an
expansion of the Hamiltonian function into series of eccentricities
(see Yoder & Peale 1981; Malhotra 1991; Lari 2018; Paita, Celletti
& Pucacco 2018). The details for the construction of the model have
been discussed in depth by Lari (2018) and here, we just present
the final version of the Hamiltonian. As inclinations and nodes have
been proved to play a marginal role in the current Laplace resonance
dynamics and in the 2:1 resonant encounter between Ganymede and
Callisto (Lari et al. 2020), we limit our study in Jupiter’s equatorial
plane. Therefore, minor effects taken into account in Lari et al.
(2020), such as the Sun’s perturbation and inertial forces related
to the motion of the equatorial plane of Jupiter, are neglected in this
study. This is a reasonable approximation, as the obliquity of Jupiter
is small, so the equilibrium plane of the satellites (Laplace plane) is
very close to the equator of Jupiter (see e.g. Noyelles 2009).

The choice of considering a coplanar motion for the satellites
is also functional to have a model as simple as possible (Yoder
1979; Henrard 1983; Tittemore 1990; Malhotra 1991). However, it
is important to note that we are neglecting the constraints on the
evolution given by the small (but not zero) current inclinations of the
moons.

Following the notation of Lari et al. (2020), we denote with
G, my, Ry, and J, the gravitational constant, the mass, equatorial
radius, and quadrupole moment of Jupiter, respectively; while m;, R;,
and B; = mom; /(mo +m;) (i = 1,2, 3, 4) are the Galilean satellites’
masses, radii, and reduced masses. Moreover, we use the Keplerian
elements of the moons (a;, e;, @;, A;), which are the semimajor
axis of moon i, its eccentricity, its longitude of the pericentre,
and its mean longitude, respectively. We introduce also the mean

G(mgy + m,-)/af. We note that in order to keep the
Hamiltonian formalism, the actual variables we use for the orbit
propagation are not the Keplerian elements, but some combinations
of them which define canonical coordinates (for details, see Lari et al.
2020).

The Hamiltonian can be expressed as

motion n; =

H="Hy+eH,, 3)

where the unperturbed part is a sum of two-body Hamiltonian
functions:

4

Ho=—zg%’"’} @)

i=1
and the perturbation can be decomposed into
87'[] ZHJ+HM. (5)

In this expression, H; is the Hamiltonian function associated with
the oblateness of Jupiter. We truncate its expansion to the second
order in eccentricities and to the second order in R;/a;, and we remove
the short period terms, obtaining

4 2
Gmom; R 1 3
w= 2 a(3) (5-39) ©

i=1

MNRAS 518, 3023-3035 (2023)
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The main effect of Jupiter’s J, on the orbits of the satellites is to
induce a precession of their longitudes of the pericentre. As the rate
of the precession depends on the distance of the moons from the
planet, J, separates the MMRs into multiplets of resonances with the
same combination of mean longitudes.

The second term in equation (5) is the Hamiltonian function
associated with the mutual gravitational perturbation between the
satellites. It can be divided into secular and resonant parts:

Hy = HE + H. 7

At second order in eccentricities, the secular part is

HS{CC):_ Z M(fl“‘fé(elz_'—ei)

1<i<j<4 J
+ fio ejej cos(w; — wi))’ (8)
and the resonant part is

(res) __ Binia; ﬁjnjaj
I

e; cos2r; — A — @)

ij=(12,23,34) Mo
gmim ;
- al L 7 e cosh; — A — @)
J

+ fs1 ej cosQr; — A — @)
+ fis €} cos(4r; —21; — 2a7;)

+ fs3 e? cos(4r; — 24 — 2w;)

+ f49 eej COS(4)»1' — 2)\.[ — W; — wj))} N (9)

where the coefficients f; are combinations of Laplace coefficients
and depend on the ratio of the semimajor axes a;/a;. Their expression
is given, for example, in Murray & Dermott (2000). The resonant
part in equation (9) includes the 2:1 resonant terms for all three pairs
of adjacent moons. All these terms must be kept in order to study
the 2:1 resonance crossing of Ganymede and Callisto while the three
inner moons are locked in the Laplace resonance.

From the Hamiltonian in equation (3), we can then compute the
differential equations, which we integrate numerically to explore
the long-term planar motion of the satellites. For all simulations in
the paper, we use the numerical integrator of Everhart (1985) refined
using the tips given by Rein & Spiegel (2015), which has been shown
to be fast and accurate over very large timespans.

2.2 Tidal effects

Together with the conservative terms of the dynamics presented in
Section 2.1, we need to include dissipative effects coming from
the tidal interaction between Jupiter and the moons. Since these
effects cannot be obtained from a Hamiltonian function, we must
add them directly to the differential equations. This method is valid
as long as the time-scale of the dissipative effects is many orders
of magnitude greater than the one of the conservative system. Here,
indeed, the resonant and secular dynamics of the Galilean satellites
have characteristic times from a few years to thousands of years
(see e.g. Lainey, Duriez & Vienne 2006), while dissipation acts over
millions of years.

The force applied on a given body due to the tidal dissipation is
(Mignard 1979, see also Efroimsky & Lainey 2007; Lari 2018):

F=-3

koGm?R? .
b At( rev (10)

rXxw+4v
- - ),
r rr

r
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where m, r, and v are the mass, position, and velocity of the body
that raises the tides, while k», R, and w are the Love number, radius,
and spin vector of the deformed body. The parameter A is called
tidal time lag: for tidal dissipation within the planet, At = (2(|w|
— n)Q)~'; instead, for tidal dissipation within the (synchronous)
satellite, Ar = (nQ)~". The final tidal force applied to the satellite is
the sum of both contributions.

In order to implement this force in our averaged model, we need to
compute the mean effect of this force on the moons’ orbital elements.
Atlowest order in eccentricities, the dissipative effects on the moons’
orbital elements are given by (see Kaula 1964; Yoder & Peale 1981;
Malhotra 1991)

2 51\ ,
a; = —¢; 1— 7D, - — e |dai, (11)
3 4

, 1 19
e = —=(C; 7D, — — | €, (12)
3 4

9 kz m; RJ 5
G =5\5 — |\ ] M (13)
2\ 0 0,i Mo \ di

5 2
n= (o). (0), (&) () w
0/ \ka/o; \ Ry m;

In equation (13) and (14), (k2/Q)o,; is the dissipative parameter
of Jupiter at the orbital frequency of the ith satellite, while (k,/Q);
is the dissipative parameter of the ith satellite. These parameters
are defined as the ratio between the tidal Love number k, and the
quality factor Q. Therefore, in equations (11) and (12), the terms
proportional to ¢; are due to the tidal dissipation within Jupiter, while
the ones proportional to ¢;D; are due to the tidal dissipation within the
ith moon. The former pushes the satellite outwards and increases its
eccentricity, while the latter pushes the satellite inwards and tends to
circularize its orbit. In the case of the Galilean moons, Lainey et al.
(2009) measured the current dissipative parameters related to the
couple To-Jupiter: (k2/Q), 1) = 1.1 x 1073 and (k»/Q); = 0.015. As
we consider a planar motion and inclinations are expected to remain
small during the actual evolution, we do not include obliquity tides.

Since lo is the Galilean satellite closest to Jupiter, it experiences the
largest dissipation among all four moons, so that tidal effects between
Io and Jupiter have been thought to drive the orbital evolution of the
whole moon system (Yoder & Peale 1981; Malhotra 1991; Lainey
etal. 2009; Lari et al. 2020). Through this mechanism, the momentum
transferred from the spin of Jupiter to the orbit of lo and the energy
loss due to the tidal friction within lo are redistributed to Europa
and Ganymede via the Laplace resonance. However, the resonance
locking theory presented by Fuller et al. (2016) proposes instead that
the dissipation of Jupiter at the frequency of Callisto is very high
(with today’s effective quality factor Q close to 1), so that Callisto
would be actually the satellite with the highest migration rate of the
system. In the tidal theory of Fuller et al. (2016), the orbital motion of
the satellite is resonantly locked with an interior oscillation mode of
the planet, and its migration time-scale follows the planet’s internal
structure evolution.

Assuming that Callisto is resonantly locked with Jupiter, its
semimajor axis over time ¢ follows a power law of the type (see
Lainey et al. 2020)

A\ B
a;(t) = ag (g) , 15)

where qg is the current value of the moon’s semimajor axis, fy
~ 4.57 Gyr is the age of Jupiter and B = tp/t1%. If the moon is
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Figure 2. Value of Jupiter’s effective dissipative parameter at the frequency
of Callisto (k2/Q)o. 4 as a function of Callisto’s semimajor axis a4, assuming
that it is resonantly locked. The current value of a4 is about 26.4 Ry. Coloured
curves are obtained using equation (16) with different values of the parameter
B. The black—dashed curve shows the change in value of (k2/Q)o, 4 considered
in Downey et al. (2020) for their simulations.
resonantly locked, then its tidal time-scale 1% is expected to evolve
over time as the planet grows older, such that B remains constant
While in classic theories dissipative parameters are considered
constant (MacDonald 1964) or linear functions of the orbital fre-
quency (Mignard 1979), for the resonance locking theory, we have
an effective value that depends strongly on the moon’s semimajor
axis (Fuller et al. 2016; Lainey et al. 2020):

<E) _BVGmg 11 (@)1/361;3/2
0,i

Q ’-_ 3 gl’l’l,' ng ao !

Therefore, as shown in Fig. 2, the dissipative parameter (k2/Q)o, ;
changes by many orders of magnitude during the moon’s outward
migration, growing from small values, when the moon is close to the
planet, to large values, when the moon is farther away. Equation (16)
gives the instantaneous value of (k2/Q)o, ; that results in the migration
law in equation (15) for the ith satellite. These formulas hold for a
satellite that is not involved in any MMR, otherwise the effective
value of (k»/Q)o.; must be enhanced in order to compensate for the
momentum transferred to the other resonant moons:

k2 MMR (k2>
— == 1 . 17
( Q)O‘i Q 0,i ( " f) ( )

The enhancing factor f depends on the satellites involved in the
resonance and on the kind of resonant link. For simplicity, and since
the tidal history of Callisto is not known yet, we define empirically
f'so that g; in our simulations still follows the evolution described in
equation (15).

In order to compute the value of the parameter B, the tidal time-
scale of Callisto would be needed. Unfortunately, the migration rate
of Callisto has not been measured yet, but only hypothesized by Fuller
etal. (2016). Moreover, there is also the possibility that Callisto is not
currently resonantly locked with Jupiter, but that it was locked in the
past. For these reasons, we explore different values of B consistent
with the tidal-locking scenario of Fuller et al. (2016). We consider
values of B between 0.5 and 3.5, which would correspond to current
values of (k2/Q)o. 4 between 0.06 and 0.42 (see Fig. 2). Since from
Juno mission data, the tidal Love number of Jupiter is well known
(Durante et al. 2020; Wahl et al. 2020), such an interval corresponds to
Qo, 4+ between about 10 and 1. These values are clearly out of the range

16)

Fast migration of Callisto and past evolution

3027

Table 2. Possible past initial conditions of the Galilean satellites that
verify the Laplace resonance (semimajor axes are given in Ry units and
angles are in radians). The eccentricities of the resonant satellites are
set to their forced value, and Callisto is placed close the 2:1 resonance
with Ganymede (see the text). The symbol * indicates that the variable
is independent and can be chosen randomly.

elements 1 I I v

aj 4.0000 4.5000 5.0000 5.5000
ay 6.3596 7.1576 7.9554 8.7528
as 10.1447 11.4232 12.7008 13.9775
as 15.6073 17.5742 19.5396 21.5039
ey 0.0034 0.0034 0.0034 0.0034
e 0.0085 0.0081 0.0078 0.0075
e3 0.0015 0.0015 0.0015 0.0015
ey 0.0050 0.0050 0.0050 0.0050
w | 0.7980 5.5297 5.2698 2.6530
W) 3.9416 2.3913 2.1251 5.7986
w3 0.7128 5.1816 5.6236 2.4659
wy * * * *

Al — 20 5.4844 0.7526 1.0139 3.6293
Ay —2)3 2.3420 3.8934 4.1555 0.4873
A3 — 2A4 * * * *

given by the classic tidal theory (Goldreich & Soter 1966), while they
are in line with the resonance locking expectations. Indeed, Fuller
et al. (2016) predicted a current value of the effective quality factor
of Jupiter at the frequency of Callisto of the order of unity. Building
on this prediction, Downey et al. (2020) used a value around 3 (i.e.
ko/Q = 0.2) for their computations. These values imply that Callisto
should currently be migrating outwards (or should have migrated in
the past) at a rate of several tens of centimetres per year, that is even
faster than Titan (Lainey et al. 2020). If Callisto is still resonantly
locked today, then it should have crossed the 2:1 resonant region
with Ganymede less than 1 Gyr ago (Downey et al. 2020). As it is
relatively a short time with respect to the lifetime of the satellites, it
is reasonable to assume that the Laplace resonance between the three
inner moons was already established during this event.

2.3 Set-up

In order to explore the past dynamical evolution of the moons in
the context of a fast migration of Callisto, we need to consider the
possible past configurations of the four moons. As lo, Europa, and
Ganymede also migrate over time (though much slower than what
we assume for Callisto), we take initial conditions in such a way
that their orbits are closer to Jupiter than they are today, and that
they are trapped in the Laplace resonance, i.e. the three relations
in equation (1) are fulfilled. In Table 2, we report some examples
taking a; from 4.0 to 5.5 Ry (numbered I, II, III, and IV). These
initial conditions represent possible states of the moons about 1 to
a few Gyr in the past. Moreover, we place Callisto just below the
2:1 resonant region with Ganymede, at as/a, = 0.65. Given the fast
migration of Callisto, as/as decreases, pushing Callisto toward the
2:1 resonance (nominally at as/as =~ 0.63). While the orbital elements
of the three inner moons are forced by the Laplace resonance, we
have a certain freedom for the elements of Callisto. We set Callisto’s
initial eccentricity to 0.005, which is slightly smaller than today’s
value; large values are not likely, because of the damping due to
tidal friction. Finally, as the resonant encounter introduces chaos
in the motion of the satellites (Lari et al. 2020), we sample the
mean longitude of Callisto in the whole interval [0: 27). Indeed,
the slightest change in one of the model parameters would result in
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extreme variations of A4 after a few millions of years. The initial
orbital phase of Callisto with respect to the three inner moons is
therefore a completely free parameter. By sampling A4 in [0, 27), we
aim to build a complete picture of the diversity of outcomes that can
be produced by the resonant crossing.

For what concerns the dissipative parameters, we set (ko / Q)o; (i =
1,2, 3) and (k2/Q); to the values measured by Lainey et al. (2009),
while for (k2/ Q); (i = 2, 3, 4), we consider cases with small (0.001),
medium (0.005), and large (0.010) tidal friction within the moons.
Finally, as described in Section 2.2, we make (k2/Q)o 4 evolve
following equation (16), considering values of B between 0.5 and
3.5. All other dissipative parameters are assumed to remain constant
during the timespan of our simulations (constant-Q model).

Because of the large timespans involved (from hundreds of
millions to billions of years) and the large separation of time-scales
between conservative dynamics and tidal dissipation effects, for
such studies a tidal acceleration factor « is commonly employed
(Tittemore & Wisdom 1988; Malhotra 1991; Lari et al. 2020; Celletti
et al. 2022). This factor multiplies c¢;, defined in equation (13),
and allows to speed up the propagation. In the case of the future
evolution of the Galilean satellites, with Ganymede migrating around
10 cm yr~! and Callisto steady, Lari et al. (2020) showed that using a
factor @ = 10% or @ = 10* does not change significantly the statistics
of the resonant encounter. With about the same migration rates,
Malhotra (1991) and Showman & Malhotra (1997) used a factor o =
10? to explore the past evolution of the Galilean satellites. As in our
nominal scenario Callisto migrates faster (several tens of centimetres
per year), we use a conservative value and set « = 102, both in the
averaged model and the N-body numerical integrations. In this way,
we are inside the range of the absolute migration rate that Lari et al.
(2020) explored in their computations and we are assured that the
dynamics is not artificially altered by the acceleration factor. For
the sake of clarity, we will present the results of the simulations in
terms of the real physical time #, which is related to the integration
time-variable 7 through t ~ 7.

3 OUTCOMES OF THE RESONANT
ENCOUNTER

In this section, we show the evolution of the satellites as Callisto
crosses the 2:1 MMR with Ganymede. All simulations and results
presented in the section are obtained running the averaged model.
As described by Lari et al. (2020), because of the already existing
resonances between the inner satellites, the 2:1 resonant region is
surrounded by pure three-body MMRs which make the dynamics
chaotic and non-trivial. Indeed, many outcomes are possible. As
Callisto’s orbit is diverging, the classic theory of two-body MMRs
would predict that a capture is not possible (see e.g. Murray &
Dermott 2000); however, the Galilean satellites dynamics is much
more complicated than a mere succession of isolated two-body
MMRs, and we see below that the actual dynamics defies this naive
expectation.

Table 3 shows the statistics of outcomes for three different
values of the moons’ dissipative parameters. For each of these three
experiments, Bis setto 1.5 and A4 is sampled to 100 equidistant values
in [0: 27). We classify the outcomes of the simulations in three main
cases. In case A, Callisto is captured into resonance (two-body or
pure three-body MMR) and the Laplace angle continues to librate.
In case B, Callisto is captured into a pure three-body resonance and
the Laplace angle stops librating and starts to circulate. In case C,
Callisto crosses the resonance without being captured. It is worth
noting that the classification used in the paper is similar to the one
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Table 3. Statistics of the outcomes of the resonant en-
counter with Callisto moving on a divergent orbit; for
this analysis, we set B = 1.5 and we considered different
values for the dissipative parameters (k2/Q); (i = 2,3, 4).
Different cases are defined as follows: case A, Callisto is
captured into resonance and the Laplace angle continues to
librate; case B, Callisto is captured into resonance and the
Laplace angle stops librating; case C, Callisto in not captured
into resonance (we refer to the main text for the definition of
the subcases). Boldface characters show the outcomes that
match the current orbital configuration of the moons.

(k2/Q)2,3, 4 0.001 0.005 0.010 average
Al 29% 48% 70% 49%
A2 55% 31% 3% 29%
B.1 5% 10% 11% 9%
B.2 0% 5% 12% 6%
Cl1 5% 1% 0% 2%
C2 6% 5% 4% 5%

presented by Lari et al. (2020), apart from case C, which did not
appear in their study.

For each case (A, B, C) we will define below two subcases. The
total percentage of a case X in Table 3 is therefore the sum of the
percentages of X.1 and X.2. From these numbers, we can appreciate
how the level of energy dissipation within the satellites affects the
statistics of the resonant encounter: in particular, the non-capture
of Callisto (case C) shows a greater probability when the energy
dissipation within the moons is small, and the capture of Callisto
together with the circulation of the Laplace angle (case B) shows a
greater probability when the energy dissipation is large. Below, we
will refer to the average percentages.

In Figs 3, 4, and 5, we report the typical evolution of the semimajor
axes ratios, eccentricities, and resonant angles for cases A, B, and C,
respectively. As shown in Figs 6 and 7, different values of B mainly
affect the variation rate of the semimajor axes (which sets the global
time-scale of the system evolution), while parameters (k,/Q); mainly
affect the eccentricities. This is an expected result: the equilibrium
values of the moons’ eccentricities result from a balance between
the effects of the MMRs (that force the eccentricity not to be zero)
and the level of eccentricity damping (that tends to decrease the
eccentricity to zero).

From Table 3, we see that, in most simulations (93 per cent, case
A plus case B), Callisto is captured into resonance with the other
satellites, forming an 8:4:2:1 resonant chain. From Figs 3 and 4,
we can note how a new resonant angle involving Callisto’s mean
longitude starts to librate. The slope of as3/a4 changes once it reaches
about 0.63: the reason is that, once Callisto enters into resonance,
the huge amount of angular momentum that it gains from Jupiter is
redistributed also to the other three moons. As a result, the migration
of Callisto slows down, while the migration rate of the three inner
moons increases. Moreover, the evolution of the semimajor axes
greatly differs from what was found by Lari et al. (2020) in the case
of convergent orbits (see Fig. 1): in their analysis, as/as converged
to the resonant value (~0.63) and remained fixed after the capture
of Callisto. Here, instead, as/as decreases as Callisto continues its
fast outward migration and it moves away from the nominal value of
the two-body 2:1 MMR. As shown in Figs 3 and 4, the other ratios
ai/a, and ay/asz also decrease over time. This is typical of three-body
MMRs, which allow for variations of semimajor axis ratios even
though all bodies still remain locked in resonance.
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Figure 3. Examples of orbital evolutions for case A: Callisto is captured into
resonance and the Laplace angle continues to librate. The left column shows
a simulation where Callisto triggers a 2:1 MMR with Ganymede (subcase
A.1). The right column shows a simulation where Callisto triggers a pure
three-body MMR (equation 18) with Europa and Ganymede (subcase A.2).
In both simulations, we set B = 1.5 and (k2/Q); = 0.005(i = 2, 3, 4).

Cases A and B differ by the behaviour of the Laplace angle A; —
312 + 2X3. As shown in Fig. 3, case A also features a new Laplace-
like resonance between Europa, Ganymede and Callisto:

)\2—3)\.3+2)L4’VJT, (18)
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Figure 4. Examples of orbital evolutions for case B: Callisto is captured
into resonance and the Laplace angle starts to circulate. The left column
shows a simulation where the main increase in eccentricity is for Ganymede
(subcase B.1). The right column shows a simulation where the main increase
in eccentricity is for Callisto (subcase B.2). In both simulations, we set B =
1.5 and (k2/Q); = 0.005( =2, 3,4).

which is the same relation as the current Laplace resonance between
Io, Europa, and Ganymede. Equation (18) can be either the result of
the sum of two-body resonances triggered by the couples Europa—
Ganymede and Ganymede—Callisto (subcase A.1), or it can indicate
a pure three-body resonance between the three outer moons (subcase
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Figure 5. Orbital evolutions for case C: Callisto is not captured into
resonance. The left column shows a simulation where the Laplace resonance
is preserved (subcase C.1). The right column shows a simulation where the
Laplace resonance is disrupted (subcase C.2). In both simulations, we set B
=1.5and (k2/Q); =0.001 (i =2,3,4).

A.2). After the resonant encounter, the eccentricity of Callisto can
jump to different values: for simulations of kind A.1, the eccentricity
is forced to nearly O because of the two-body resonant link; while
for simulations of kind A.2, it is excited to higher values, and then
it slowly increases or decreases, depending on which term between
(k2/Q) 0, 4) and (k2/Q)4 is dominant (see equation 12). In both cases,
the eccentricities of the inner moons decrease to values lower than
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Figure 7. Evolution of Ganymede’s eccentricity for simulations of subcase
B.1, using different values of the dissipative parameter (k2/Q)3. Low dissipa-
tion within the moon allows a larger increase of its eccentricity.

their current values forced by the Laplace resonance. This is due to
the decrease in the ratios a,/a, and a,/as, which makes the regression
rates of the moons’ pericentres increase to preserve the resonances,
and they are inversely proportional to the forced eccentricities (see
e.g. Sinclair 1975). Finally, from Fig. 3, we can see that the initial
two-body resonant angles &, — 2A, + @, A; — 21y + @, and Ay —
23 + @, continue to librate, even though the libration amplitudes
increase over time.

In simulations of case B, apart from the circulation of the Laplace
angle, Callisto is captured into a pure three-body MMR with Europa
and Ganymede which is different from the relation in equation (18)
(see Fig. 4). The most common pure three-body MMR obtained in
our simulations is

2),2—5}»3—#2)&44—@'3"’7[, (]9)

which was also the most likely pure three-body resonance found
by Lari et al. (2020) in their study of the future evolution of the
Galilean satellites. For this resonance, the eccentricities of the outer
moons can increase greatly. The actual eccentricity value reached
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depends on the values of the moons’ dissipative parameters (k»/Q);.
For some simulations (subcase B.1, see Fig. 4), the main effect is on
the eccentricity of Ganymede. As shown in Fig. 7, the eccentricity
of Ganymede reaches values between 0.02 and 0.08, depending on
the magnitude of the dissipative parameters. For case B.2, on the
contrary, the main effect is on the eccentricity of Callisto, which can
rapidly grow over 0.1 and then it pumps the eccentricity of Ganymede
up to around 0.02. As already described by Lari et al. (2020), the
different behaviour of the eccentricities for the two subcases is
related to the combinations w, — w3 and w3 — w4, which can
librate around O or m. Depending on the libration of one or both
these combinations, several three-body resonances can be activated
and add up to the one in equation (19). Finally, only the two-body
resonance between lo and Europa holds on (A; — 24, + @ ~ 0),
while the resonant angles 1; — 24, 4+ @, and A, — 2A3 + @, start
to circulate, leading to the disruption of the Laplace resonance as we
know it today (see Fig. 4).

Surprisingly, in both cases A and B, the resonances involving
Callisto survive for a very long time, even though asz/as moves
quite far from the nominal value of the nominal two-body 2:1
MMR. Only for very low values (as/as < 0.5, not shown), the
resonance completely disappears and the four-body resonant chain
breaks down. This means that Callisto can spend from hundreds of
millions to billions of years in resonance with the other three Galilean
moons, even if it is moving on a divergent orbit.

In the rest of the simulations (only 7 per cent, case C), Callisto
is not captured into resonance. From Fig. 5, we can appreciate how
aslay recovers its initial slope after the crossing, which implies that
the satellite does not remain locked in any resonant link with the other
moons. In this situation, Callisto does not redistribute the angular
momentum that it gains from Jupiter, and so as/as reaches today’s
value much faster than in cases A or B. Also for these simulations, we
observe two subcases: in the first one (subcase C.1), Callisto crosses
the 2:1 resonant region and the Laplace resonance is preserved; in
the second one (subcase C.2), it crosses the 2:1 resonant region and
the Laplace resonance is disrupted. In the first subcase, apart from
the libration of the angles involved in the Laplace resonance, we can
note how after a relatively brief period of time where the moons’
eccentricities can be excited (even to quite high values), they settle
again to the values forced by the resonances.

Therefore, we actually found a class of simulations that matches
qualitatively the current configuration of the Galilean satellites.
Indeed, subcase C.1 is the scenario expected by Downey et al. (2020),
but, although it is the most straightforward one, we obtained just a
total of 2 per cent simulations of this kind. All the other simulations
do not reproduce directly today’s configuration of the moons. In cases
A and B, Callisto remains locked into resonance, which evidently
is in contrast with the current situation; while, in case C.2, Callisto
is not captured, but the Laplace resonance is in part disrupted. As
the capture of Callisto is the most likely pathway, in Section 4,
we investigate whether some additional dynamical mechanisms,
that begin to play a role as the system departs from the exact 2:1
commensurabilities, could help us to restore the configuration of the
system after the capture of Callisto.

4 EVOLUTION THROUGH A 4-BODY
RESONANT CHAIN

In Section 3, we found that if Callisto migrates faster than the other
moons and crossed the 2:1 MMR with Ganymede in the past, the most
likely outcome is the capture into a four-body resonant chain with
the other satellites (cases A and B). Differently from the convergent
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Figure 8. Examples of Callisto’s capture into and escape from the four-
body resonant chain. Each curve has been obtained from an un-averaged
N-body integration with parameter B = 1.5. The colours correspond to six
different values of (k2/Q); (i = 1, 2, 3). High-order MMRs between Callisto
and Ganymede are labelled.

evolution presented by Lari et al. (2020) and shown in Fig. 1, after
the capture, the ratio as/a, decreases, passing from 0.63 to 0.56 in
several hundreds of millions of years (or up to a few billions of years,
depending on the exact value of B; see Fig. 6). Since all semimajor
axes ratios move away from the nominal 2:1 MMRs, we expect that
our averaged model gradually becomes less accurate after the capture
of Callisto, as it is designed to be valid in the vicinity of the 2:1 MMR
chain and lacks other potential resonant terms.

For this reason, we explore the subsequent evolution of the
Galilean satellites after the capture of Callisto by running un-
averaged N-body numerical integrations, assuming a planar motion
as before. These simulations require a much larger computation
time than the ones obtained with the averaged model, therefore their
number is quite limited.

For comparison purpose and to avoid the delicate task of converting
back averaged orbital elements to un-averaged coordinates, we begin
our N-body numerical integrations before the capture of Callisto. Our
N-body simulations closely match the results obtained in Section 3
during the stage of Callisto’s capture; this means that our averaged
model did capture the essence of the dynamics in a neighbourhood
of the nominal 2:1 two-body MMRs. However, as as/a4 continues to
decrease substantially, new dynamical features show up. Indeed, as
shown in Fig. 8 by the abrupt change of the slope of as/ay, at certain
points of the evolution the resonant link of Callisto can break down.

These points correspond to the crossing of high-order (>3) MMRs
between Ganymede and Callisto, which can destabilize the system
and release Callisto from the resonance. From that point on, the
migration of Callisto does not push outwards the other moons
anymore, as the angular momentum that it gains from Jupiter is
no longer exchanged with the other moons. In Fig. 8, we show the
nominal position of the main high-order MMRs that Callisto crosses.

As shown in Fig. 9, the exact resonance that produces the escape
of Callisto depends on the values of the moons’ eccentricities, as they
set the strength of these high-order MMRs. As explained in Section 3,
the eccentricities reached by the satellites depend on their internal
tidal dissipation. For high values of the eccentricities (mainly case
B), we find that resonances 13:6 and 11:5 have a good probability to
break the resonant chain. For smaller values of eccentricities (mainly
case A), only stronger resonances, like 7:3 and 5:2, manage to release
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Figure 9. Evolution of Ganymede’s eccentricity for simulations of subcase
B.1, obtained with un-averaged N-body numerical integrations. For each
curve, the abrupt change corresponds to the escape of Callisto from the four-
body resonance chain.

Callisto. As the current configuration of the system is close to the
7:3 resonance between Ganymede and Callisto, we can envision two
distinct pathways.

In the first pathway, Callisto escapes the resonant chain early,
through an MMR of order higher than 7:3 (for instance 9:4, 11:5, or
13:6). In this case, the migration rate of Callisto must remain high
after its escape, because we still need as/a,4 to decrease down to its
current value. However, Callisto’s escape from the resonant chain
does not guarantee that the current configuration of the system will
be reproduced. Although Callisto is not in resonance anymore, we
also need the eccentricities of the outer satellites to be damped to
their current low values, and the Laplace resonance must be restored
in case it was disrupted (case B). Moreover, the ratios a;/a, and
as/as must retrieve their equilibrium values close to the nominal 2:1
two-body MMRs. This last point arises naturally as a result of the
moons’ eccentricity damping; however, this recovery of the Laplace
resonance must happen before as/a4 reaches it current value. In the
example shown in Fig. 10, the convergence of a;/a, and a,/a; towards
the nominal 2:1 level does happen, but it is too slow compared to
the decrease in as/as. In order to counteract this effect, we need
Callisto to escape the resonant chain earlier, for instance through
the resonance 11:5 or 13:6. In order to allow for such high-order
MMRs, however, the eccentricity damping of Ganymede must be
lower (see Fig. 9), which in turn slows down the recovery of the
Laplace resonance. Hence, reproducing all features of the current
configuration of the moons is possible through this first pathway,
but it requires some fine tuning, such as a timely variation in the
dissipative parameters.

In the second pathway, Callisto escapes the resonant chain later
on, through the 7:3 MMR or a lower-order resonance (for instance,
5:2 or 3:1). In this case, the migration rate of Callisto must strongly
decrease after its escape, so that the three other moons can catch up
as they migrate outwards; this would increase as/a4 again up to its
current value.

An abrupt change in the dissipative parameters is clearly an ad
hoc assumption, but it is unavoidable here to reproduce the current
configuration of the moons. From a physical point of view, a change
in the energy dissipation is possible, and it has already been invoked
in previous studies of the Galilean system (see Showman & Malhotra
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Figure 10. Simulation of the kind B.1, in which the four-body resonant chain
breaks down because of the crossing of the 9:4 MMR between Ganymede
and Callisto. After Callisto’s escape, aj/ap and az/a3 converge towards the
2:1 MMR nominal value, but do not have time to reach it before as/a4 crosses
its current value.

1997). Hussmann & Spohn (2004) showed that the coupling between
thermal and orbital evolution of the moons can produce wide periodic
oscillations in their dissipation rate. Moreover, large variations in the
dissipative parameters are expected with the activation of dynamical
processes within the celestial bodies. In the case of satellites, it
can be due for instance to resonances in moon—moon tides (Hay,
Trinh & Matsuyama 2020). Moreover, an abrupt change in the tidal
dissipation within the planet may also happen at some point, because
of a release of Callisto from the tidal resonance locking mechanism
of Fuller et al. (2016).

For comparison, Fig. 11 shows one successful simulation for each
of the two possible dynamical pathways: on the left, Callisto escapes
early from the resonant chain; on the right Callisto escapes later on,
and its tidal migration is switched off after some time.

The first one is obtained starting from initial conditions III of
Table 2, initially setting B = 1.5 and (k»/Q); = 0.001, and it
corresponds to an evolution of the kind B.1: Callisto is captured
into the three-body resonance given by 21, — 5A3 +2As + w3 ~ 7
and the eccentricity of Ganymede increases up to large values (about
0.06). The first part of the evolution is very similar to the one already
presented in Fig. 4, but because of the crossing of high-order MMRs,
the resonant angle involving Callisto is excited. A zoom-in view
of this phenomenon is presented in Fig. 12. As as/as decreases,
the crossing of different two-body MMRs between Callisto and
Ganymede has a direct noticeable effect on the amplitude of the three-
body resonance angle. Each resonance produces a kick, which is then
damped through tidal dissipation. The magnitude of the successive
kicks increases as the order of the MMR encountered decreases, until
a strong enough resonance (here, 11:5) ejects Callisto from the three-
body MMR. Once Callisto exits from the resonance, the ratio as/a,
decreases faster, while a,/a, and a,/a; move back to the 2:1 nominal
resonant value, so that also the forced eccentricities of Io and Europa
increase up to their current values. The eccentricity of Ganymede,
which reached high values when Callisto was still in resonance, is
also damped because of the tidal dissipation within the moon: in
order to reach a value e3 ~ 0.001 in about 100 Myr, which is the time
for as/ay to go from 0.591 to 0.568 (considering B = 1.5), (k2/Q)3
must be at least 0.007. Under this condition, when as/a4 reaches
today’s value, we arrive very close to the current configuration of the
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Figure 11. Orbital evolutions of the Galilean satellites, obtained with N-body
numerical integrations, that match qualitatively the current configuration of
the system. The left column shows a simulation where the moons follow an
evolution of kind B.1 and then Callisto exits from the resonant chain through
the crossing of the 11:5 MMR. The right column shows a simulation where the
moons follow an evolution of kind A.2, then Callisto exits from the resonant
chain through the crossing of the 7:3 MMR and we stop its fast outward
migration. For the first simulation, we set B = 1.5 and (k2/Q)3 = 0.001 (then
increased to 0.007); for the second one, B = 3.1 and (k»/Q)4 = 0.008.
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Figure 12. Evolution of the resonant angle 24, — 5A3 + 2i4 + @3 from
the capture to the exit of Callisto, obtained with an un-averaged N-body
numerical integration. The crossing of two-body MMRs between Gaymede
and Callisto are labelled.

Table 4. Mean orbital elements of the Galilean satellites at the time
aszlay = 0.5685 for the two simulations described in Section 4 and
represented in Fig. 11.

element Io Europa Ganymede Callisto
1) a 5.8565 9.3215 14.8925 26.1945
e 0.0033 0.0072 0.0012 0.0048

2) a 5.9037 9.3987 15.0083 26.4044
e 0.0033 0.0074 0.0012 0.0120

system, with similar eccentricities and semimajor axes (see Table 4),
the Laplace angle and all other angles in equation (1) librate, and
Callisto is not involved in any resonance anymore, as observed. If the
Galilean system did follow this dynamical pathway, then it means that
Callisto escaped recently from the resonant chain, and that all four
moons reached their equilibrium configuration even more recently
through tidal damping. This relatively recent increase and following
damping of the eccentricities of the outer moons can also provide
an explanation for the residual free eccentricities of Ganymede and
Callisto (Sinclair 1975; Downey et al. 2020).

A variant of this scenario can involve a large increase of Callisto’s
eccentricity (subcase B.2). In this case, the escape of Callisto from the
resonant chain may happen earlier, as e4 reaches values much larger
than e3, which strengthens high-order two-body MMRs. Simulations
show that the 13:6 MMR can be strong enough for this. However,
also in this case we would need to tune the dissipative parameters,
and abruptly increase the eccentricity damping of Callisto in order
for it to reach its current value in time. Moreover, a large increase in
Callisto’s eccentricity would result in a quite recent large tidal friction
within the moon, which seems to contradict the almost complete
lack of geological activity, as testified by its heavily cratered surface
(Greeley, Klemaszewski & Wagner 2000). For these reasons, we do
not explore further evolutions involving a large increase in Callisto’s
eccentricity.

The second simulation in Fig. 11 gives an example of the second
possible dynamical pathway. We obtained it starting from initial
conditions II of Table 2, setting B = 3.1 and (k»/Q); = 0.008,
and it corresponds to an evolution of the kind A.2: Callisto is
captured into the three-body resonance given by A, — 3i3 + 2A4
~ m and the eccentricity of Callisto jumps to about 0.002. As
all eccentricities remain relatively small, high-order MMRs with
Ganymede are not strong enough to kick Callisto out of the resonant
chain. In this example, Callisto escapes only when the 7:3 MMR
is crossed: in this case, as/a, is already close to today’s value, and
the system needs some time to resettle into today’s configuration.
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Therefore, we continue the evolution until Callisto reaches its current
semimajor axis (about 26.4, and asz/as < 0.568) and we assume
that the resonance lock of Callisto with the interior mode of Jupiter
breaks down, so that its orbital expansion stops. Such a breaking
is indeed expected when the moon is too far away from the planet
and the amplitude of the mode required to sustain the resonance
locking becomes too large (Fuller et al. 2016). Subsequently, the
tidal dissipation between lo and Jupiter becomes the dominant driver
of the orbital migration. This makes as/a4 increase, because the three
inner moons migrate away faster than Callisto. Therefore, after a few
hundreds of millions of years the Galilean moons reach orbits similar
to their current ones (see Table 4). Differently from the previous
dynamical pathway, both the escape of Callisto from the resonant
chain and the recovery of the equilibrium configuration for the inner
moons happen earlier, perhaps several hundreds of millions of years
ago.

In Table 4, we report the final values of the semimajor axes and
eccentricities for both simulations. They are clearly close to their
observed mean values, but ¢; and e, are a bit smaller. The reason is
that, if we assume the values the dissipative parameters measured by
Lainey et al. (2009) and the inward migration of Io, the eccentricities
of the moons are not steady, but their values change because of the
shift of the resonance centres. As shown in Lari et al. (2020), after
Io stops its inward migration and all moons evolve outwards (as in
our simulations), the eccentricities settle to lower equilibrium values
(0.0034 for Io and 0.0074 for Europa), which match the ones in
Table 4.

5 CONCLUSION

The tidal resonance locking theory of Fuller et al. (2016) and the
fast migration of Titan measured by Lainey et al. (2020) open new
avenues in our understanding of the Solar system dynamics. A fast
migration has also been proposed for Callisto around Jupiter (Fuller
et al. 2016), but it was unclear whether this hypothesis could be
in agreement or not with the current peculiar configuration of the
Galilean satellite system. A preliminary study of the effects of a
fast migration for Callisto has been conducted by Downey et al.
(2020). They showed that if Callisto migrates faster than the other
moons, then it should have crossed the 2:1 MMR with Ganymede
in the past. Their results, however, are limited to order-of-magnitude
estimates, and a statistical analysis of the possible outcomes of this
chaotic event was still missing. Here, we explored the past orbital
dynamics of the Galilean satellites through numerical integrations
and classified the possible effects of Callisto’s fast migration. As
the resonance crossing event is expected to be quite recent, we have
assumed that the Laplace resonance between the three inner moons
was already established at that time. This is consistent with formation
models predicting a primordial origin for the Laplace resonance (see
Peale & Lee 2002).

As the resonant encounter between Callisto and Ganymede is
chaotic, we cannot know for sure which dynamical pathway the
system may have followed, so we must conduct a statistical analysis
of the possible outcomes. To this aim, we have developed an averaged
model of the Galilean satellites which is valid in the vicinity of the
2:1 resonance. This allows us to compute hundreds of simulations
in a reasonable amount of time. We found that Callisto can cross the
resonance without being captured, and the Laplace resonance can
be preserved during this event, with only temporary excitation of
the moons’ eccentricities. However, this outcome only represents a
small fraction of the possible trajectories (about 2 per cent).

MNRAS 518, 3023-3035 (2023)

In the vast majority of cases Callisto is captured in resonance
despite its divergent migration. This occurs while Callisto passes
through the jungle of three-body MMRs that surrounds the 2:1
commensurability with Ganymede. The capture of Callisto thus
leads to a resonant chain that involves all four Galilean moons.
From this point on, the fast migration of Callisto becomes the main
driver of the moons’ migration because the large angular momentum
gained by Callisto from Jupiter is redistributed among all four moons.
This strong outward pull of Callisto, however, cannot go on forever,
because it makes each pair of adjacent moons gradually drift away
from the exact 2:1 commensurability. We explored this drift process
through un-averaged numerical simulations. Our simulations show
that while the moons remain trapped in the four-body resonant chain,
Callisto then crosses a high-order two-body MMR with Ganymede
(e.g. 7:3, 9:4, 11:5...). Depending on the eccentricity values of the
moons at that time, this final resonance crossing can free Callisto
from the resonant chain after several hundreds of millions of years.
Hence, we may still retrieve a configuration that is qualitatively
similar to the current Galilean moons even if Callisto is temporarily
captured. Yet, our simulations show that in this case, it is challenging
to retrieve altogether today’s resonant relations, semimajor axis
ratios, and eccentricities of the moons.

If the eccentricity of Ganymede grows to large values (which hap-
pens in 9 per cent of simulations, provided that the tidal dissipation
within Ganymede is low enough), then Callisto escapes early from
the resonant chain and it can migrate to its current location while
the Laplace resonance relaxes to its observed state. In this situation,
Callisto may still be migrating fast today. If instead, the eccentricities
of the moons remain quite low (which happens in 78 per cent of
simulations), then Callisto escapes late from the resonant chain,
and only after having crossed the current ratio as/as. In this second
situation, the fast migration of Callisto must necessarily have stopped
at some point, so that the other three Galilean moons can catch up
and restore the current ratio as/as. Even though these two situations
are possible as a result of the chaotic resonant encounter, they require
a fine tuning of the dissipative parameters of the moons in order for
them to retrieve their current eccentricities by the time the ratio as/ay
reaches its current value.

The temporary increase in the satellites’ eccentricity may be a way
to distinguish between these different pathways. The eccentricity of
Ganymede, in particular, can grow up to 0.06, which would result in
a strong tidal friction within the satellite. This enhanced interior heat
could be the source of tectonic resurfacing and the smooth bright
terrains on the surface of Ganymede (Malhotra 1991; Showman &
Malhotra 1997; Schubert et al. 2004).

Our current knowledge of tidal dissipation in the Jovian system
comes from astrometric observations of the moons, which allowed
to estimate the strong dissipation within Io (Lainey et al. 2009), that
is the main source of its observed heat flow (Veeder et al. 1994).
However, because of the limitations of the available data sets, we do
not have precise estimates of the dissipative parameters related to the
other moons. In the near future, JUICE and Europa Clipper space
missions will visit the Jovian system, performing multiple flybys of
the Galilean satellites. They will provide important observations that
will allow to investigate further the energy dissipation in the Jovian
system (Dirkx et al. 2017; Lari & Milani 2019). In particular, with
the combination of precise radio-science from space missions and
other data sets (like astrometric observations) which cover wider
timespans, it could be possible to estimate the dissipative parameters
of all four Galilean satellites and of Jupiter at the different orbital
frequencies of the moons. In this way, it will be possible not
only to confirm the strong tidal dissipation within o, but also to
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obtain information on the tidal friction within the other moons.
Most importantly, these future observations may show evidence
of Callisto’s migration and dissipative processes at play within
Jupiter.

Throughout this article, our working hypothesis was the hypothet-
ical fast migration for Callisto proposed by Fuller et al. (2016). Yet,
even if future measurements prove that the migration of Callisto is
slow today, our results show that it may have been fast in the past
and still lead to the current configuration of the system. In fact, the
dynamical evolutions of all four Galilean moons are deeply coupled,
so that the knowledge of all dissipative parameters is essential to
reconstruct their orbital history.
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