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Abstract. The Laplace resonance is a configuration that involves the commensurability between
the mean motions of three small bodies revolving around a massive central one. This resonance
was first observed in the case of the three inner Galilean satellites, lo, Europa, and Ganymede.
In this work the Laplace resonance is generalised by considering a system of three satellites
orbiting a planet that are involved in mean motion resonances. These Laplace-like resonances are
classified in three categories: first-order (2:1&2:1, 3:2&3:2, 2:1&3:2), second-order (3:1&3:1) and
mixed-order resonances (2:1&3:1). In order to study the dynamics of the system we implement a
model that includes the gravitational interaction with the central body, the mutual gravitational
interactions of the satellites, the effects due to the oblateness of the central body and the secular
interaction of a fourth satellite and a distant star. Along with these contributions we include the
tidal interaction between the central body and the innermost satellite. We study the survival of
the Laplace-like resonances and the evolution of the orbital elements of the satellites under the
tidal effects. Moreover, we study the possibility of capture into resonance of the fourth satellite.
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1. Introduction

The Laplace resonance is a notorious case of resonant configuration belonging to the
class of three-body resonances, i.e., resonances involving a commensurability between the
mean motions of three small bodies revolving around a massive central body. A prominent
example in our solar system is the configuration of the three Galilean satellites lo, Europa,
and Ganymede, whose mean motions ny satisfy the near-commensurability

nr—3ng +2ng~0. (1.1)
The so-called Laplace angle is defined as
dr=A1 —3X2+2)3, (1.2)

and it librates around 7 with a small amplitude.

In this work we generalize the relations that involve the mean longitudes of the three
satellites, so that they describe a chain of resonances given by the form j:k&m:n. We will
consider first-order resonances, when j — k=1 and m —n =1, second-order resonances,
when j — k=2 and m — n =2, and, finally, mixed-order resonances, when j — k=1 and
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m—n=2or j—k=2and m —n=1. In particular, we will study the resonant chains:
2:1&3:2, 3:2&3:2, 2:1&3:1, 3:1&3:1.

In order to perform numerical integrations of the equations of motion we use the
parameters that correspond to the Galilean satellites. However this study can be easily
applied to many examples of resonant chains of systems of satellites in the solar system,
as well as of extrasolar planetary systems. For example, a resonant chain is observed in
the system of satellites of Pluto. Specifically, Styx, Nix, Kerberos, and Hydra are near
3:1, 4:1, 5:1 and 6:1 resonance with Charon, respectively. There are also many examples
of extrasolar planetary systems. Kepler-31 is a system of three planets in a 2:1&2:1
resonance, YZ Ceti is in a 3:2&3:2 resonance and Kepler-305 in a 3:2&2:1 resonance
(Pichierri et al. (2019)). Moreover, three of the four planets of V1298 Tauri are in a
2:1&3:2 resonant chain (David et al. (2019)).

Following Celletti et al. (2021), we study the dynamical evolution of a system of three
satellites orbiting around a central planet and they are involved in a first-, second- or
mixed-order resonant chain. We implement a model which consists of the gravitational
interaction among the central planet and the satellites, the mutual gravitational inter-
action of the satellites, the effects due to the oblateness of the planet and the secular
interaction of a distant star and a fourth satellite. Finally we include the tidal interaction
between the planet and the innermost satellite.

2. Hamiltonian model

In this section we present the Hamiltonian model adopted, which consists of the fol-
lowing contributions: (a) the gravitational interaction of the satellites due to the central
planet, (b) the mutual gravitational interactons of the satellites, (¢) the effects due to
the oblateness of the planet and (d) the secular gravitational interaction due to a distant
star and a fourth satellite. In the following, mg is the mass of the central planet, and
my; is the mass of the j-th satellite. The orbital elements of the j-th satellite are: the
semi-major axis a;, the eccentricity e;, the inclination /; with respect to the equatorial
reference frame, the mean longitude A;, the longitude of the pericentre w;, the longitude
of the ascending node Q; and the auxiliary variable s; =sin(I;/2).

2.1. Keplerian part

The Keplerian part of the Hamiltonian can be expressed using the semi-major axes of
the satellites as

CGMip GMops  GMsps  GMypuy

H= 2a1 2a2 2&3 20,4 ’ (21)
where the following auxilliary variables are used:
momi Mimo Moms Mzmy
Mlzvl, M2 = M, M3:Tg’ M4:T4 (2.2)

My =mo+mq, My=DM+mg, Mz=DMy;+mg, My=DMs+my.

2.2. Satellite interaction

In order to express the Hamiltonian with respect to the orbital elements, the direct and
the indirect part of the satellite-satellite interactions are expanded and truncated up to
second order in the eccentricities and the inclinations (see for example Murray & Dermott
(1999)). The Hamiltonian that corresponds to the satellite interaction is given by:

H=Hu2) +Hes +Has) (2.3)
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where
Gmim
Hiaz)=— a12 2 (Bolans) + f12(en” + e2”)
+ fy%er cos(jAa — kA — @1) + f3 ez cos(jAz — kA1 — @)
+ fi’2e12 cos(2jAg — 2kA; — 2w1) + f51’2€22 cos(2j A2 — 2kA1 — 2w2) (2.4)
+ fg P erea cos(2jAg — 2kAy — @1 — @) + f72e1e; cos(wa — 1)
+ fa 217 cos(25ha — 2kA1 — 2Q1) + fo 2507 cos(2jAa — 2k — 2Q)
+ f11628132 cos(2jAa — 2kA; — Q1 — Qo) + f11i25152 cos(€2 — Qg))
Gmom
Mooy == 2 (Boloza) + F77(er” + )
+ f3ea cos(mAs — nda — @2) + £33 cos(mAs — nAy — ws)
+ f1%e5” cos(2mAz — 2ndg — 2w2) + f2 €3 cos(2mAz — 2nhg — 2w3) (2.5)
+ [3 % eaes cos(2mAs — 2nXg — ws — ws) + f7 ezes cos(wws — o)
+ faPs9% cos(2mAs — 2ndg — 209) + 3% 557 cos(2mAs — 2nAy — 203)
T f12633233 cos(2mA3 — 21Xy — Oy — Q3) + f12i38283 COS(QQ - 93))
~ Gmamg 13,2, 2
Hiz=— (Bo(a,3) + f17"(ef +€3) (2.6)

+ f1 e1e3 cos(ws — w1) + f1i 5183 cos(Q — Q3)) -

In the above expressions «;; =a;/a; is the ratio of the semi-major axes of the i-th
1

and j-th satellite, By(a ;) = §b1/2(0)(a1‘7]‘) — 1 and the functions f*J are linear combina-
tions of the Laplace coefficients b, and their derivatives (Murray & Dermott (1999),
Ellis & Murray (2000)). Equations (2.4) and (2.5) are valid for a first-order resonant
chain where j —k=m —n =1, however the expansion to the second- and mixed-order
cases is straightforward.

2.3. Secular interaction of the fourth satellite

The secular gravitational attraction of the distant star (¢ =.5) or of a fourth satellite
(o0 =4) is given by:

| Gmims (1 0) (@ Ta; 1y [ 2, 2

i=1

(2.7)
Ta; 1y (a 9 . 9
- §aab3/2 (ag> (si +s5)
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2.4. Oblateness of the central planet

The contribution due to the oblateness of the central planet, limited to the secular
terms, is given by:

4
GM;pi Rp 3, 3,
HObl:_ZML[JQ(ai) (1 5 —581'
i=1 (2.8)

() (1+52-39)]

where Rp is the radius of the planet and .J5 is the spherical harmonic coefficient of
degree two. To obtain the final formulation of the Hamiltonian, we express it in modified
Delaunay variables, which are defined as (j =1, 2, 3):

L =p\/GM;ay , Aj
Pj=L;j(1—/1-¢€}), pj =~ (2.9)
Yj=Lj\/1-ei(1—coslj), o;=9;.

3. Tidal interaction

In order to take into account the tidal interaction between the central body (consid-
ered to be fast-rotating) and the closest satellite, we include in the model the following
equations describing the evolution of semi-major axis, eccentricity, and inclination of the
satellite (see Ferraz-Mello et al. (2008)):

a 2 51

E = §C <1 + 162 — D(7e2 +532)>

é 1 19

- D— = . 3.1
‘ 3c<7 4) (3.1)
. 3

1= _iSBc(l +2D).

The parameters ¢ and D are defined as:

_9koml<Ro)5n D_onl<R1>5<m)2 (32)
2Qomo \ a1 7 Q1 ko \ Ro my .
following the notation of Malhotra (1991), where m,, are the masses, k,/Q. the tidal
ratios, R, the radii of the first satellite and the central planet, n is the mean motion of the
satellite, and Sp =sin(/;). As the tidal interaction is quite weaker than the gravitational
forces, longer integrations are needed in order to appreciate its effects. We then multiply
them by an enhancing parameter « before including the equations above in the model.
This is equivalent to a rescaling of time (see Showman & Malhotra (1997), Lari et al.
(2020), Celletti et al. (2021)). Equations (3.1) are translated in Delaunay variables and
then added to the equations for the variables L;, P;, ¥; that can be derived from the
Hamiltonian.

4. Dynamical evolution

Having defined the model, we study the dynamical evolution of the system. The equa-
tions of motion are integrated numerically applying an 8-th order Runge-Kutta scheme
implemented in a Mathematica program. The parameters used in this study are listed in
Table 1 and Table 2.
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Table 1. Values of the masses m;, the eccentricities e; and the inclinations I; of the four
satellites considered. These values correspond to those of the Galilean satellites.

Satellite my ej I

Sy 8.933 x 10?2 4.721 x 1073 3.758 x 1072
© S 4.797 x 10%2 9.819 x 102 4.622 x 1071

Ss 1.482 x 1023 1.458 x 1073 2.069 x 10~1

Sy 1.076 x 1023 7.44 x 1073 1.996 x 10~*

Table 2. Initial values of the semi-major axes of the four satellites, expressed in km.

2:1&2:1 3:2&3:2 2:1&3:2 3:1&3:1 2:1&3:1
S 4.22 x 10° 4.22 x 10° 4.22 x 10° 4.22 x 10° 4.22 x 10°
Sa 6.713 x 10° 5.53 x 10° 6.713 x 10° 8.78 x 10° 6.713 x 10°
S3 10.705 x 10° 7.25 x 10° 8.78 x 10° 18.26 x 10° 13.94 x 10°
S 18.828 x 10° 12.751 x 10° 15.442 x 10° 32.115 x 10° 24.517 x 10°
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Figure 1. Evolution of the sem-major axes (left) and the eccentricities (right) of the three
satellites in the case of the 2:1&3:2 first-order resonance. The tidal effects are multiplied by
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Figure 2. Evolution of the sem-major axes (left) and the eccentricities (right) of the three
satellites in the case of the 2:1&3:1 mixed-order resonance. The tidal effects are multiplied by
a=10°

In the case of the first-order resonances the three satellites move outwards due to the
tidal interaction between the innermost satellite and the central planet (an example for
the 2:1&3:2 resonance is given in the left panel of Fig. 1). The angular momentum is
transferred through the tidal interaction from the central planet to the first satellite, from
the first satellite to the second one, and so on. The resonant configuration is therefore
maintained. However in the case of the 2:1&3:1 mixed-order resonance the two inner
satellites move outwards, while the semi-major axis of the outer one remains constant,
as shown in the left panel of Fig. 2. In this case the resonant configuration is destroyed.

The eccentricities of the satellites in the case of a first-order resonance converge to
limiting values that are lower than the initial ones. An example is shown in the right panel
of Fig. 1. In the mixed-order case the eccentricity of the innermost satellite converges to
zero, the eccentricity of the second satellite is decreasing and the eccentricity of the third
satellite oscillates around a value close to the initial one (see right panel of Fig. 2).
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Figure 3. Evolution of the semi-major axes (left) and eccentricities (right) of the four
satellites. The tidal effects are multiplied by o = 10%.

5. Capture into resonance of the fourth satellite

In this section we modify the Hamiltonian model in order to include the gravitational
interaction of the fourth satellite (i.e., not limited to its secular part) in order to study
the possibility of capture into resonance. We sample 100 different initial conditions for
the mean longitude of the fourth satellite and integrate numerically the equations of
motion. In the cases of the first-order resonances the fourth satellite is captured into
resonance in all the different cases studied. In the case of the 2:1&3:2 resonance the
fourth satellite is captured in a 2:1 resonance with the third satellite and the resonant
argument @outer = A2 — 3A3 + 2\4 librates around m. In the case of the 3:2&3:2 resonance
the resonant angles 2\ — A3 — w3 and 2\4 — A3 — wy rotate, but the resonant argument
Gouter librates around .

The semi-major axes of the satellites increase in a similar rate after the capture into
resonance of the fourth satellite, which takes place after 1.5 Gyr (left panel of Fig. 3).
The eccentricities of the first and second satellite remain the same after the capture of
the fourth satellite, the eccentricity of the third satellite is larger after the capture than
before and the eccentricity of the fourth satellite decreases (right panel of Fig. 3).

References

Celletti, A., Karampotsiou, E., Lhotka, C., Pucacco, G. & Volpi, M. 2021, arXiv e-prints,
arXiv:2109.02694

David, T.J., Petigura, E.A., Luger, R. et al. 2019, ApJ, 885, L.12

Ellis, K.M. & Murray, C.D. 2000, Icarus, 147 129

Ferraz-Mello, S., Rodriguez, A. & Hussmann, H. 2008, Celestial Mechanics and Dynamical
Astronomy, 101, 171

Lari, G., Saillenfest, M. & Fenucci, M. 2020 A& A, 639, A40

Murray, C.D. & Dermott, S.F. 1999 Cambridge university press

Pichierri, G., Batygin, K., & Morbidelli, A., A&A, 625, AT

Showman, A.P.; & Malhotra, R. 1997, Icarus, 127, 93

https://doi.org/10.1017/51743921322000552 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921322000552

