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Abstract We investigate the dynamics of two satellites with masses ps and p’, orbiting a massive central
planet in a common plane, near a first order mean motion resonance m+1:m (m integer). We consider only
the resonant terms of first order in eccentricity in the disturbing potential of the satellites, plus the secular
terms causing the orbital apsidal precessions. We obtain a two-degree of freedom system, associated with
the two critical resonant angles ¢ = (m + 1)\ —mA — @ and ¢’ = (m + 1)) — m\ — @', where A and
w are the mean longitude and longitude of periapsis of i, respectively, and where the primed quantities
apply to pl,. We consider the special case where p; — 0 (restricted problem). The symmetry between the
two angles ¢ and ¢’ is then broken, leading to two different kinds of resonances, classically referred to as
Corotation Eccentric resonance (CER) and Lindblad Eccentric Resonance (LER), respectively. We write
the four reduced equations of motion near the CER and LER, that form what we call the CoraLin model.
This model depends upon only two dimensionless parameters that control the dynamics of the system:
the distance D between the CER and LER, and a forcing parameter €; that includes both the mass
and the orbital eccentricity of the disturbing satellite. Three regimes are found: for D = 0 the system is
integrable, for D of order unity, it exhibits prominent chaotic regions, while for D large compared to 2,
the behavior of the system is regular and can be qualitatively described using simple adiabatic invariant
arguments. We apply this model to three recently discovered small Saturnian satellites dynamically linked
to Mimas through first order mean motion resonances : Aegaeon, Methone and Anthe. Poincaré surfaces
of section reveal the dynamical structure of each orbit, and their proximity to chaotic regions. This work
may be useful to explore various scenarii of resonant capture for those satellites.
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1 Introduction

We consider the problem of two small bodies of masses us and g/, orbiting in a common plane around a
central massive body of mass M, (us, i, < Mp). In this paper, the central massive body will be called
the planet, while the two orbiting objects will be called the satellitesﬂ We consider a configuration that
is close to a first-order m + 1:m mean motion resonance:

(m+1)n’ ~ mn,

where m is an integer (positive or negative depending on whether u, orbit inside or outside p), and n
and n’ are the mean motions of us and p, respectively. Near the resonance, the dynamics of the satellites
is described by a two-degree of freedom system with two critical resonant angles ¢ and ¢':

o= (m+1HN —m\—w (1)
o =(m+1HN —mI\—w,

where A and w and their primed counterparts are the classical notations for the mean longitude and
longitude of periapsis of the satellites, respectively.

Having two degrees of freedom, the Hamiltonian describing the motion of us and g, is in general not
integrable, and leads to chaotic behaviors in certain regions of phase space, as shown herein.

The aims of this paper are:

(1) To describe the problem by a generic way, also to rescale the restricted problem (s = 0) so that
it depends upon two dimensionless parameters only: the distance D between the two resonances and a
parameter €7, that depends upon the mass and orbital eccentricity of p, thus allowing a generic approach
of the problem. While the problem is integrable when the D = 0, we show numerically that large chaotic
regions appear for small distances. For large D’s, the system tends again toward an integrable system
that can be solved using adiabatic invariance arguments.

(2) A second goal of this paper is to clearly distinguish the effects of the two kinds of resonances
associated with ¢ and ¢’. When ps # 0 and pl, # 0, the two resonances have indeed symmetric behaviors,
but this symmetry is broken when for instance ps = 0, that is, the planar restricted three-body problem.
The angle ¢ then describes the so-called Lindblad Eccentric Resonance (LER), while ¢’ describes the
Corotation Eccentric Resonance (CER). This terminology was originated from galactic dynamics, see e.g.
Lindblad| (1961}, [1962); [Lin and Shuy| (1964); |Goldreich and Tremaine| (1979), and it’s used in the case of
planetary rings, however, it’s not frequently used in Celestial Mechanics. As recalled later, LER’s mainly
excite orbital eccentricities (leaving semi-major axes largely unaffected), while CER’s mainly change
semi-major axes (leaving eccentricities largely unaffected).

The final goal of this paper is (3) to discuss the integrability of the two-degree of freedom system in
the presence of the two critical angles ¢ and ¢’. There is a considerable amount of literature for the case
s = 0 and € = 0 (the planar, restricted and circular three-body problem), in which only the critical
angle ¢ appears, reducing the problem to a one-degree of freedom integrable system described by the
classical Andoyer Hamiltonian given in Eq. , see Henrard and Lemaitre| (1983)); [Ferraz-Mello| (1985,
2007)). The problem where both ¢ and ¢’ are present has been treated by [Sessin and Ferraz-Mello| (1984)
in the Keplerian case (i.e. with a central potential « —GM,/r, where G is the gravitation constant and
r is the distance to M,) and for ps # 0 and g}, # 0. These authors show that the two-degree of freedom
system is then integrable. More precisely, they show that the problem can be reduced to a one-degree of
freedom system described again by an Andoyer Hamiltonian. More discussion about this result and its
developments is provided in Section [2.2

Our work can be applied in a general way to various problems involving ring and satellite dynamics.
This extends for instance the approach of|Goldreich et al.| (1986 and [Porco| (1991]), who proposed a model
to explain the stability of Neptune’s incomplete rings (arcs) under the combined effects of Lindblad and
corotation resonances. More recently, |Cooper et al. (2008]) and [Hedman et al.| (2009, [2010) have studied
the motion of the small Saturnian satellites Anthe, Aegaeon and Methone that are trapped in corotation
resonances with Mimas, while being perturbed by nearby Lindblad resonances.

1 For sake of brevity, the masses My, s and p/, will denote at the same time the bodies and their masses.



2 General case
2.1 Derivation of the Hamiltonian

We use here standard notations: a, e, n, A and w denote the semi-major axis, orbital eccentricity, mean
motion, mean longitude and longitude of periapsis of ug, respectively, with similar primed quantities for
. For an oblate planet, this elements denote the geometric elements (and not the osculating elements),
see [Borderies-Rappaport and Longaretti| (1994); [Renner and Sicardy| (2006) for details. In that case, the
quantities w, and ) will denote the secular time variations of w, and w?, (precession rates) arising from
the planet oblateness, i.e. the variations that are not due to the resonances themselves.

We assume that the semi-major axes of pg and p) remain close to reference values ay and ay, re-
spectively, where the mean motions are ny and n{, with ng = \/GM,/a3 and nj, = \/GM,/a}. Those
reference values are chosen in a uniquely defined way so that (m + 1)nj — mng — @), = 0, and so that the
total orbital energy of us and ) is —GM,ps/2a0 — GMppl,/2af. Then (m + 1)nj —mng — ws = @l — ws,
which defines the distance (in term of frequency) between the two resonances. This is more clearly ev-
ident by noting that or @/, — s = ¢ — ¢'. This choice for the reference values ag and afy is arbitrary,
and is motivated by the fact that we will study later the behavior of a test particle near the corotation
resonance, where (m + 1)n’ — mn — !, = 0. We define:

a — ag a — a

f: ; fI: 7 ’

ap aq

as the relative differences of the semi-major axes with respect to the reference radii. We finally assume
that ps and p!, stay far apart, in the sense that their orbital eccentricities and excursions in semi-major
axes are small compared to their relative orbital separation: £,£,e,e’ < |a —d'|/a’ ~ 1/m.

The expansion of the disturbing function acting on ps and g, to first order in eccentricities yields two
terms slowly varying with time: GuspleA - cos(¢) and Gusule’ A" - cos(¢’), where ¢ and ¢ are given in
Eq. . Those terms include both direct and indirect parts from the perturbing function. The quantities
A and A’ are combinations of Laplace coefficients bg%) , see |[Ellis and Murray| (2000) for details. For

numerical purposes, it is useful to note that A and A’ have opposite signs, and that

. 1 m 0.802m
A=A"(a) = 5 [2(m +1) + aD] b () ~ + =
1 0.802 2
m .802m
A= A™0) = o [(2m + 1) + oD b7 (o) ~ — e

where o = a/a’, D = d/do, and where the approximations hold in the case of large m’s. Note that A and
A’ have the dimension of the inverse of a distance.

The derivation of the Hamiltonian of the system is classical and is described in many works, see e.g.
Laskar and Robutel (1995) for a general approach. Averaging the rapidly varying terms to zero, and
keeping only the terms containing ¢ and ¢’, we obtain the averaged Hamiltonian:

3 2 3 "2 7
a (29/1]2\4) Sy gizl\j ) + g,u,u/Aﬁ -cos(¢) + Guu' A’ 2/5 cos(¢)) — [ — I, (3)
If 4 orbits inside i, then M = My(M, + pus + pl)/ (M, + pl), M' = M3 /(M, + pl)%, i = ps(pl, +
Mp) /(s + 1l +M,) and p = p/,(pl, 4+ M,) /M, see|Sessin and Ferraz-Mello| (1984). Equivalent expressions
may be derived if pi orbits inside p. In all cases, the orbital elements refer to the center of mass of M,
and the innermost satellite. Note that since us, puf < M, we have M ~ M' = M,, u ~ ps and p' ~ pl.

Moreover, since the functional dependence of the state vectors of © and ¢/ upon the geometric elements
is the same as for Keplerian case, to first order in eccentricities, the values of A and A’ can be directly
derived from the formulae , provided geometric elements are used instead of osculating elements.

The actions A, I', A’ and I'" are the Poincaré variables, which are respectively conjugates to the angle
variables A\, —w, )\’ and —w@’ as shown below:

A— A= puv/GMa
—w — ' = u/GMa(l — V1 — e2) =~ pe*\/GMa/2 4
N s N — 1 JGIT T )
—w I = p/\GM'a' (1 — V1 —e?) = p'e?/GM'd' /2.

Hi=—




Because H1 depends only on ¢ and ¢/, it is convenient to use the new pairs of conjugate variables:

Aé— J=A+m(+1TI")

Ne—J =A—m+1)(I"+I) (5)
p+—— 6 =TI

¢ +— 0 =TI,

and introduce the new actions A, I', A’ and I"" into H;.

2.2 Physical interpretation of the actions

In order to better understand globally the motions of p and p/, it is instructive to consider the various
actions entering in the system. Because H; does not depends on A and )\, J and J' are constants of
motion. Consequently, the initial four-degree of freedom system (two satellites moving in a common
plane) reduces to a two-degree of freedom system. It is generally not integrable (see e.g. Fig. |, unless
ws — wh = 0, as discussed later.

Turning back to J and J’, we have:

J+J =pu\/GMa(l —e2) + p'/GM'a'(1 — e'?) = constant

6)
J J’ 2 M M’ (
~ . —g o GM p = constant.

m om+1 mng 2a 2a’

We remind that this approximation is valid only when &, £’ < 1/m. Consequently, the conservations of J
and J’ merely express the conservation of the total angular momentum and energy of the system. More
precisely, the Hamiltonian #; describes the motion of two satellites that would orbit a motionless central
massive planet. Thus, the exchange of energy and angular momentum occurs only between the satellites,
and not between the satellites and the planet. In terms of £, e, £ and €, the two equations (@, under
the assumption that M ~ M’, read:

pE—e?)  p(E—e?)

+ = constant
atno agn}) ;
ps e v
— + — = constant
ap g

We now define J. = A+ml' = J—m6O and J, = A'— (m+1)I" = J + (m+1)O, which are averaged
versions of the Jacobi quantity, or Tisserand parameter, see e.g. Murray and Dermott| (2000). It can be
shown that, to within additive constants?}

2
J. = :U'(L;TLO [ngmeQ]
(8)
/ ,u’a62n6 ’ /2
J, = 5 (€= (m+1)e?].

The conservations of J and .J' thus impose J. = mdH /8¢’ and J!, = —(m + 1)0H, /¢, or:

d 2\ 2mGu
dt(§+me)— —a%ner-sm(gi))

d p_ AmA DG
i € = om e 1e?) = T e o).

As expected, the Jacobi quantity J. (resp. J.) is constant if ¢/ = 0 (resp. e = 0).

2 The notation J. is used later for a local version of the Jacobi constant, see Table . It is the same quantity as used
here, except for a multiplicative constant.



On the other hand, we have I' = 9H, /0w and I = H, /0w, so that:

d(e*/GMa)

7 2G 1 Ae - sin(¢)

(10)
d(e?/GM'a’)
dt

The quantity e>/GMa (resp. e’?/GM’a’) is the action associated with the fast, radial motions of p
(resp. 1'). In effect, the particle radial motion has an ampitude Ar & ae, while its radial velocity has an
amplitude Ap, ~ aen o< a~/2e, from Kepler’s third law. Thus, § p,dr o« e?al/?2.

In the case of a Keplerian central potential —GM), /r, we have ts = !, = 0. The two-degree of freedom
system described by H; then admits a second integral of motion (besides the Hamiltonian itself), and is
thus integrable. This second integral was found by |Sessin and Ferraz-Mello| (1984) for the general case
uw # 0, ' # 0 and extended to the restricted case by [Wisdom| (1986), while being further analyzed
by [Henrard and Lemaitre| (1986]). The existence of this second constant can be demonstrated by using
canonical transformations in which the sum uu’Ae - cos(¢) + up’ A’e’ - cos(¢’) in Eq. is replaced by
a unique term /2 - cos(yp), and by showing that the new Hamiltonian only depends on the conjugate
variables @, o, reducing the system to a one-degree of freedom, integrable problem.

A more geometrical demonstration of the existence of a second constant of motion for H; is pro-
vided here by posing ¢ = (m + 1)\ — mA and by defining the vectors u = [cos(c),sin(c)] and v =
[—sin(o), cos(o)]. Note that du/Jdo = —v. We also define the eccentricity vectors of u and p’ as

=2GuA’e’ - sin(¢'),

e= (p,q) = [ecos(w), esin(w)]

(11)

o = (1), q') = [¢' cos(="), ¢’ sin(w)].
For the Keplerian case, tos = w!, = 0, the Hamiltonian #H; now reads:
BHGMY WG
242 2A2
Using the approximations e < 1 and A ~ Ay = puy/GMayg, we obtain p = (0H1x/9q)/A¢ and
G = —(0H1x/0p)/ Ao, so that € = —(Gup' A/Ag)v. Likewise, e = —(Guu' A’/ A)v. Using Kepler’s third

law and noting that A and A’ have opposite signs, the two latter equations provides the following vectorial
constant of motion:

Hix = — + G Ale ) + Gy A'(e/ - ). (12)

/

A /
L0, Loy H |

AT e aolAlnoe * ap|A'ng, ® = ewor = constant, (13)

where the vector ei,; defined here is called the “‘potal eccentricity” of the system. Moreover, A =
—0H1Kk /0N = mOH 1k /00 = —m(Age - & + Aje’ - €). Using the conservation of e, and performing
the same calculation for A’, we obtain:

9
AAA = —[Ae + A'€'] - Aé
mao

A/2A/ .
Gy = e+ el 4

Subtracting these two equations and noting that A/Ay ~ ¢ /2 and A’/ Af =~ 4 /2, we finally arrive at:
A2§ A/2§/
m m+1

Je relat = + (|Ale — |A'|e’)? = constant. (14)

Comparison with Egs. shows that the second constant of motion can be interpreted as a “rela-
tive Jacobi constant”, which extends the notion of Jacobi constant to the non-circular 3-body problem.
Eq. tells us that the exchange of energy between the satellites only depends on the relative eccen-
tricity vector erelat = |Ale — |A’|e’. Moreover, Eq. tells us how this energy is distributed between p
and /. Finally, Eq. shows that the interaction between p and p’ conserves the total eccentricity
of the system etq. For large m’s, |agAng| &~ |ajA'ng|, and the total eccentricity is just proportional to
e + p'e’. This is a classical result already obtained by [Hénon and Petit| (1986|) for the Hill’s Keplerian
limiting case and by [Foryta and Sicardy| (1996) for the generalization to an oblate planet.



3 Restricted case

When p = 0, the actions describing the motion of p must be expressed in terms of unit mass, we
remind that ' is a dimensionless parameter. Thus, the hamiltonian #; must be divided by u. This new
hamiltonian is not autonomous anymore, since A’ and @’ are now linear functions of time: X' = n’t and
w’ = wlt. This yields the Hamiltonian:

n' A

2 ! 7\2 /
_(gM) _ M(gM) +g/ub/A %COS(¢)+g[LIA/€/COS(¢/)—WSF+T—W/SF/, (15)

== p PIE

where the angle-action variables are now:

A<— A=+GMa
—w +— I'=+vGMa(l — /1 —e2) =~ e2\/GMa/2
N=nt+— AN =GM'd (16)

—w' = it — " =/GM'd (1 —1—e?)~e?/GM'd /2

Note that for 4 = 0, A’ and I being constant, the corresponding terms above can be dropped from
the Hamiltonian. Then, the treatment of 5 proceeds in the same way as for the general case previously
considered, i.e. by defining the same transformations as in Egs. . Again the Hamiltonian is reduced
to that of a two-degree of freedom system which is in general not integrable, except for the special case
of a central Keplerian potential —GM,,/r. In this case, {’ and €’ are constant, so that Eq. can be
re-written:

Al N2
Jc,rclat =&+m (e — ‘A e’) = constant, (17)

which generalizes the expression of the Jacobi constant & 4+ me? associated with j, where the eccentricity
vector e has been replaced by the relative eccentricity vector
Al

€relat — € — |—

1 e. (18)

Physically, this means that, at the first order approximation in eccentricities used here, the exchange of
energy between the satellite and the particle (described by §) only depends on the relative eccentricity
vector €pe.

Finally, both Egs. and show why the relative Jacobi constant is destroyed when the central
potential departs from the Keplerian form —GM,,/r. In fact, a general potential induces a differential
secular precession rate tws — w/, between the vectors e and €', which causes a drift of the angle between
e and e which is imposed “from outside”, i.e. independent of the interactions between p and p'.

We conjecture that as soon as w, # ), the Hamiltonians H; and Hy (Egs. and ) are not
integrable, as shown for instance in Fig. (). The demonstration of such a result is beyond the scope of
this paper, however, and will be accepted on numerical grounds.

4 Lindblad vs. corotation resonances

Eqgs. @D and show that the term A’ - sin(¢’) modifies the Jacobi quantity of u and the radial
action of u/. Conversely, the term A - sin (¢) modifies the Jacobi quantity of u/ and the radial action
of p. Consequently, the resonances associated with ¢ and ¢’ play symmetrical roles, and cannot be
distinguished, as it is clearly apparent from the form of H; (Eq. )

This symmetry is broken, however, when the mass of one of the satellites tends to zero (restricted
case), and the different roles played by the two resonances clearly appear. Taking for instance u = 0, the
resonance associated with ¢ is then called the Lindblad Eccentric Resonance (LER), while the resonance
associated with ¢ is called the Corotation Eccentric Resonance (CER)H This nomenclature comes from
galactic and ring dynamics, where those resonances were studied, see|Goldreich and Tremaine| (1979) and
the references already quoted in the introduction.

3 Lindblad and corotation resonances associated with orbital inclinations are also possible, hence the specific term “ec-
centric” used here.



If we consider the LER alone (i.e. taking A’ = 0), then & + me? is constant. Using £ = (a — ag)/ao,
this yields

§—a = —2me? - §. (19)
a e

Thus, the LER mainly excites the orbital eccentricity of u, and much less its semi-major axis. This
is physically understandable by noting that the LER corresponds to (m + 1)n’ — mn — ws; = 0, i.e.
k= (m+ 1)(n —n’), where kK = n — @, is the epicyclic, radial oscillation of the particle. The quantity
n—n' is the synodic frequency, i.e. the frequency at which the satellite and the particle are in conjunction.
Thus, n — n’ is the frequency at which p’ perturbs u through periodic kicks in the radial direction. For
& = (m+1)(n —n'), those kicks resonantly excite the radial action of ;1 (Eq. (I0)). On the other hand,
because they are radial, the kicks essentially conserve the energy of the particle, and thus, its semi-major
axis, as shown in Eq. .

Conversely, let us consider the case where the LER is far away from the CER. Then ¢ varies rapidly
in Hs, and the corresponding term can be zeroed, which is equivalent to taking A = 0, the radial action
I' x e2a'/? is constant. This imposes

de da

= i (20)
The comparison of Eqgs. and shows that the corotation resonance affects much less the orbital
eccentricity of the particle than the Lindblad resonance.

This is physically understandable by noting that the CER corresponds to (m + 1)n’ — mn — @/, =0,
ie.n =n'+«&'/m, where k' = n' — o/, is the epicyclic, radial oscillation of the satellite . Then, the mean
motion of 1 matches the pattern speed npattern = n’ + k' /m of one of the harmonics of the disturbing
potential of y’, hence the denomination corotation. Those resonances are in fact identical in essence to
the classical 1:1 co-orbital resonance, but they occur at radii that are different from a’.

Note in particular that the CER slowly modulates the azimuthal potential acting on the particle since
Gup'e’ A’ - cos(¢') = Guu'e’ A’ - cosim(6 — npasternt)], where 6 is the true longitude of p. This periodic
potential creates a small, slowly varying azimuthal acceleration on the particle that slowly modifies its
semi-major axis a. As a slowly varies, the radial action of u, I < e2a'/? is conserved, as expressed in
Eq. (20). More exactly, this conservation is actually the adiabatic conservation of the fast radial action
e2a'/? as the azimuthal action \/GM,a slowly varies. More discussions about the conservation of e?a'/?
in various contexts can be found in [Fleming and Hamilton| (2000) and [Sicardy and Dubois| (2003)).

While the separate effects of LER and CER are easy to describe in term of 1-degree of freedom
systems, the problem is complex when they are coupled. The following section provides the simplest
equations that permit to explore this complexity.

5 The CoraLin model

The restricted case ;4 = 0 can be studied through the Hamiltonian Hs (Eq. ) The derivation of
the equations of motion stemming from Hs is standard, see for instance [Murray and Dermott| (2000).
Near ag, the actions A and J can be written A = Ag + AA and J = Jy + AJ, respectively, where
AJ = AA+m(O + @) is a constant of motion. The Hamiltonian Hs is then expanded to second order
in AA, providing an approximation of the Hamiltonian valid near ag.

At this point, it is useful to consider the Jacobi quantity J. = AA + mI" that appears in the first
line of Egs. (5), from which we obtain .J, = AJ — m@’. Consequently, J, = —mO’' = mdH,/d¢' and
¢’ = —mIHz/0J.. These are almost the canonical Hamiltonian equations, but not quite, because of the
appearance of the factor —m. This suggests to take ¢’ and J. as conjugate variables, after redefining
the action J. and the Hamiltonian Hs to within multiplicative and additive factors. The choice of those
factors is rather arbitrary. We choose them so that to simplify as much as possible the expression of Ha,
so that to obtain the form in Eq. . Moreover, as the particle remains close to the corotation resonance
radius ag, it is convenient to use the new time scale 7 = n.t, where n. is the libration frequency of ¢.
near the corotation fixed point in the absence of the Lindblad resonance, see Table [I]

As discussed in Section the resonances associated with ¢ and ¢’ can be separated into LER and CER
types, respectively. To enhance this distinction, we will use from now the conjugate variables (¢¢,¢r,Je,J 1)
instead of ((b/,qb,@,,@). The actions J. (proportional to AA+mI") and Jy, (proportional to @) are defined



in Table [} Moreover, the angles ¢. and ¢, are defined by:

o= F+¢o'+7 =4+(m+DHN —mA—w' +71 if m >0 (uinside p’)
b= +¢ =4+(m+ 1N —mI—w’ if m < 0 (u outside u') (21)
¢r= —9¢ =—(m+HN+mA\+w

The particular choice for ¢. is motivated by the fact that it allows a unique form of H, avoiding a +1
factor in front of the term cos(¢.) in Eq. . With this convention, the stable corotation point is always
at ¢. = 0. Moreover, the minus sign used to define ¢, from ¢ stems from the requirement that we retrieve
the canonical equations i = —9H/dk and k = +9H/Oh with the correct signs in the system .

Constant parameters

7N\ 1/2 VA 7N\ 1/4 A
Ne = (3m2a0\A/|e/“—) ‘ng D= (@ —ws) L = ( ap W ) '
M (

Ne 3m2 M |A’|e’)3/4
Actions
3 M\'? 2 am? v \V2% o
te=roto) (i) GHm) = (sl 6) e

Table 1 Quantities entering in the Hamiltonian H (Eq. , where A and A’ are a combination of Laplace coefficients
given by and ag is the reference value of the corotation, Note that the time scale used in Eq. is 7 = nct. Those
definitions relate the actual parameters of the problems (mass of the satellite, semi-major axis, orbital eccentricity, etc..)
and the non-dimentional variables used in Egs. and .

Using the equations (m+1)nj—mng—cw, = 0 and (m+1)nj—mng—ts = w,—w, (see Section (2.1))),
and the quantities D, €, J. and Jy, defined in Table [I} we finally obtain the following Hamiltonian with
the two pairs of conjugate variables (J., ¢.) and [h = +/2J, - cos(¢r), k = V2JL, - sin(¢p)]:

> = % — DJy, — cos(¢e) — eph. (22)

The associated equations of motion are:

dJ. oM
dr —  9¢. ~sin(de)
do.  OH _
dr +3JC = Je= 1]
(23)
dh oH
e O
dk OH

where 7 = n.t and J; = (h? + k?)/2. Note from Egs. and Table that sgn(er) = sgn(m). Note that
D (defined in table (1) depends on both e’ and u'. Our choice of D is such that the width of corotation
resonance is fixed to £2, (see fig. [1).

We call this system of equations the “Coralin” model, as it describes the motion of a particle near a
corotation and a Lindblad resonances, for which, the centers occur respectively at J. = J and J. — Jp, =
—D. Tt is completely non-dimensional and can be used in a generic way to analyze the coupling between
the two resonances. In fact, this system is parametrized by only two quantities: D, which measures the
distance between the two resonances, and €y, which measures the forcing of the particle orbital eccentricity
by the satellite, while absorbing the satellite’s orbital eccentricity. Finally, the time scale 7 is parametrized
by the quantity n., see Table

The coupling between the two resonances comes from the bracketed terms in Egs. , namely ()
the term Jp, in the second equation, which tells us how the particle orbital eccentricity (mainly driven
by the Lindblad resonance) perturbs the simple pendulum motion and (é¢) the term J; in the third and



fourth equations, which tells us how the corotation resonance affects the motion of (h, k) driven by the
Lindblad resonance.

If we suppress the term cos(¢.) in H in order to keep only the LER, then the Hamiltonian takes the
form

Hana = J2/2 — (J. + D)Jp — erh, (24)

where J. is now a constant parameter. This is the classical Andoyer Hamiltonian that has been extensively
studied and reviewed in many publications in the last few decades, see e.g.[Henrard and Lemaitre| (1983)),
[Ferraz-Mello| (1985)) and [Ferraz-Mello| (2007)).

On the other hand, if we make e;, = 0, then Jy, is constant, H reduces to the Hamiltonian of the
simpe pendulum:

Hpen = X2/2 - COS(¢C)7 (25)
where we define y = J. — Jr. Then we obtain éc = —sin(¢.), which describes the stable oscillatory
motion of the particle guiding center around the corotation fixed point at ¢. = 0. Note that in this case,

Jr, = constant, meaning that the particle orbital eccentricity is conserved, as announced by Eq. .
An alternative form of the system 7 although not using conjugate variables, is:

X = _Sin(¢c) - jL
(Z-Sc =X

h= —(x+ D)k

k= +(x+D)h+er.

If the corotation motion of the particle is not perturbed by the LER, then the librating zone for ¢, has
a width of Ay = +2, see Fig. . The exact LER occurs at y = —D. Consequently, the two resonances
collapse into a single one for D = 0, and are well separated for |D| significantly larger than 2. We now
explore the dynamics of the system for intermediate values of D, showing that significant chaotic zones
appear in the phase space for those intermediate cases.

xX= JC_JL

Fig. 1 Scheme of the CoraLin model. In the absence of the Lindblad resonance (LER), the pendular motion forced by the
corotation resonance (CER) is confined into the red separatrix curve, whose full width is given by Ax = 2. In the absence
of the CER, the LER radius is at x = —D (dotted blue line) The coupling between the two resonance strongly depends on
D, see Fig. (5)).
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6 Asymptotic behaviors
6.1 Superimposed resonances

If D = 0, the CER and LER are superimposed, and the problem is integrable (Section [2.2)). Poincaré
surfaces of section taken at k£ = 0 are then regular, and they can be obtained analytically by noting that
the second constant of motion in Eq. can be re-written:

V2Jr

€L

S=Jc+ cos(¢e — b1), (27)

which is another expression of the relative Jacobi constant defined in equation .
Using Egs. and and making k = 0, we obtain:

x* — 4HX? + 82 x — 4cos?(¢.) + 4H? = 82 S, (28)

where H is the value of the Hamiltonian H. For H fixed, the surface of sections are the level contours of
the surface defined by Eq. for various values of .S. Note these contours are 7-periodic, not 2w-periodic.
The fixed points are given by the singular points of that surface:

x> —2Hx +2¢2 =0
¢e = k%, kelZ

The number of solutions in y depends of the sign of the discriminant A = 32H3 —108¢} . Therefore, there
exists a critical value Hy = (27¢% /8)'/3: for H < Hj the system has only one solution in y:

1/3 1/3
263 + /—A/27 / 2¢2 — \/—A/27 /
X0 = f + - 5

2

For H > Hj a pitchfork bifurcation occurs and provides three solutions:

—2H 1 2
Xp = 2 cos [3 arccos (—e% 27/8H3) + Z;T]

3

with p € {0,1,2}.

Examples of surfaces of section with H < Hy and H > H are given in Fig. [2| Note that orbits near
the fixed elliptical points do not correspond to librations of ¢. (i.e. to particles trapped in a CER). For
instance the fixed point near ¢, = 0, x = 0 in the left panel corresponds to the trajectory shown in blue,
for which ¢, is circulating.

6.2 Well separated resonances

We consider the situation in which the CER and LER are well separated, |D| > 2. Two cases are
discussed.

(a) The particle is trapped in the corotation region. In this case, the variations of (h,k) in the sys-
tems and are much faster than the variations of (J.,¢.). Consequently, the action § hdk is
adiabatically conserved. Since the vector (h, k) essentially describes a circle centered on the forced value
(—er/(x + D),0), it means that (h, k) rapidly moves on a circle of constant radius, whose center slowly
moves along the Oh axis, see Fig. [3] In particular, if (h, k) starts at the forced value (—er/(x + D),0),
then it will stay at that value as x slowly changes. In other words, the orbital eccentricity of the particle
will permanently adjust itself so that e = |e,/(x + D] as x varies.

(b) The particle is trapped in the Lindblad resonance. The situation is now reversed: (h,k) slowly
varies as J, as ¢, oscillates rapidly. Thus [ J.d¢, is adiabatically conserved. In fact, the system :

J. = —sin(¢.)
(29)
¢c = Jc - JL
correspond to a simple pendulum with a slowly varying parameter, Jr. Thus, the particle will librate
around the slowly varying point (J. = Jp, ¢. = 0), while adiabatically conserving [ J.d¢., see Fig.
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Fig. 2 Phase portraits of the system when the corotation and Lindblad resonances (CER and LER, respectively) are
superimposed, i.e. D = 0. We show Poincaré surfaces of section corresponding to k = 0, with prescribed values H of the
Hamiltonian #, and various values of the second constant of motion S (Eq. ) For both panels, e, = —0.123, which
provides a critical value Hy = (27¢% /8)'/3 = 0.091.... Left panel: H = —1 < Hy, there is only one solution in x for the
fixed points. Right panel: H = 1 > Hy, there are three solutions in x for the fixed points. See text for details.
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Fig. 3 Left: Poincaré surfaces of section k& = 0 of the system with D = 10 (the Lindblad resonance is far away from
the corotation radius at x = —D = —10) and e, = —0.1. The phase portrait of the CER is very close to that of a simple
pendulum. Right : the vector (h, k) rapidly describes a circle centered on the forced value (h = ey = |er/(x + D|, k = 0)
that moves slowly as x varies (red circles). When x = 1.4 (green point at left), then ey = e4 = (0.008,0), corresponding to
the green orbit at right. When x = —1.4 (blue point at left), then ey = ep = (0.016,0) (blue orbit at right).

7 Intermediate cases
7.1 Chaoticity

We have explored numerically the transition from the integrable case D = 0 to the chaotic regime for

D of order unity. We consider here an illustrative case where e;, = —0.1 and H = —0.5. The value of H
using the orbital elements is :
0o (3mAa/ag)? B 3Dm?e? Vv3m?2e?

— COS ¢ — €L——q/1 cos ¢r,,
€

8/ 2./c.

with e, = 3m2ag|A’|e/p/ /M. This choice is motivated by the fact that they are typical values relevant to
the small Saturnian satellites Anthe, Methone and Aegaeon, see Table
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Fig. 4 Poincaré surfaces of section k£ = 0 of the system with D = 10 and €7, = —0.1. The particle is now close to the
Lindblad resonance, ¢. and x vary rapidly compared to h and k, while keeping [ Jcdd. adiabatically constant.

Fig. |b|shows that the phase portrait of system is rapidly invaded by a chaotic region for values
of D as small as ~ 0.01. As D increases, a central regular region appears, corresponding to the trapping
of the particle in the corotation site, i.e. to a libration of the critical angle ¢.. Only for value of |D|
significantly larger than 2 does the system retrieves its regularity, and can the orbits be described using
adiabatic invariant arguments, see Section [6} In fact, Fig. shows that for 0 < |D| < 2 the motion of
the particle near the CER is dominated by chaos. This is true for the actual Saturnian satellites that we
examine now.

Je - dL

X

Fig. 5 Poincaré surfaces of section of system lh using €7, = —0.1 and H = —0.5 for twelve different values of D. Each
phase portrait is obtained when k& = 0 for sixteen different trajectories with the same value of H. When D = 0 and D = 10,
the trajectories are regular. For intermediate cases, chaos is prevalent. In the CoraLin system (23], we can see that for

D = 0, the vector (h, k) moves slowly, so that k passes more rarely through zero, explaining the rarefaction of points along
the line D = 0.
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7.2 Numerical exploration of the chaoticity

In order to give a better and a global view of the dynamics in the intermediate cases, we perform a
more systematic analysis of the dynamics for all of the regimes: the two limit cases (CER and LER) and
the intermediate regime by measuring the Fast Lyapunov Indicator (FLI) detailed in (Froeschlé et al.
and [Morbidelli (2002)). In practice, we have study the FLI near the separatrix (see. fig [5) and
corresponding to these initial conditions: x =0, ¢, = m, h =0 and k£ = 0.

-03 -0.25 -0.2 -0.15 -0.1 -0.05 0

gL

Fig. 6 Maps of FLI, for 90000 trajectories, the initial conditions used are : x = 0, ¢. = 7, h = 0 and k = 0. We integrated
numerically a several orbits (90000 orbits) during 2000 years, with these initial conditions: x =0, ¢ =7, h =0 and k = 0,
for 100 values of e, between [—0.3,0] and 900 values of D between [0,7.5]. A FLI of 400 corresponds to 5 years in term of
divergence of two close orbits, smaller values of the FLI correspond to longer divergence times that scale like 5 years/FLI.

The values of FLI represent the irregularity degree for each orbit. We show in figure @ a FLI map
for several values of D and ej,. Here we are interested by the global dynamics of the test particle, we
note that for values of D between ~ 0 and 2, the chaoticity area grows gradually (clear colors). Beyond
D = 6, the orbits become regular (dark colors) what is in agreement with the previous discussion. For
er, = 0, the trajectories becomes regulars as expected, because the system is not perturbed as the mass
of the perturber satellite is equal to zero.

7.3 Real applications

In this section, we show that in some cases, a strong coupling between corotation and Lindbald resonances
may lead to chaotic behavior. We apply the Coraliin model to several recently discovered small satellites
dynamically linked to Mimas through first mean motion resonances : Anthe, Methone and Aegaeon
(Cooper et al.| (2008); [Hedman et al. (2009, |2010)), all associated with arc of material. The presence
of these structures are consistent with their confinement by CER with Mimas : Aegaeon is trapped in
an inner 7:6 CER with Mimas, while Anthe and Methone are respectively near the outer 10:11 and a
14:15 CER resonances. All satellites are trapped in CER with Mimas and perturbed enough (D < 2) by
the associated LER. Indeed, the topology of space phase depends of two parameters (table [2)) which are
given by the configurations between the particle (one of these small moons) and Mimas (the disturbing
satellite) orbiting a central planet (Saturn). Poincaré surfaces of section reveal the dynamical structure
of each orbit, and for some of them, their proximity to chaotic regions (fig E[)
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D eL CER (¢c) LER (1)

Aegaeon | -1.155 | 0.132 A — 6\ — @’ N — 6\ —w

Methone | 0.129 | -0.115 | 15X — 14N — =’ | 15A - 14\ — @
Anthe 0.286 | -0.123 | 11X — 10N — =’ | 1IA - 10N —w

Table 2 Critical angles and values of D and er, appropriates to Anthe, Methone and Aegaeon given by CoralLin Model,
these parameters depend of the configurations of the small satellites in the Saturnian system. We note that for the inner
(outer) moons D is positive (negative) and ey, is negative (positive).

Aegaeon

Jc'JL

%=

3 2 14 0 1 2 33 2 -1 0 1 2 33 -2 1 0 1 2 3
Oc
Fig. 7 Green curve : Position of Lindblad resonance at J. — J;, = —D. Blue curve : Trajectory of the small satellite. Red

curve : Surfaces of sections of a particle having the same parameters of each satellites with different initials conditions in
term of x = J. — Jr. Note that the corotation site is very affected by chaotocity due to the interaction with LER.

Indeed the system is numerically integrated for twenty separates trajectories and (J. — Jy) was
plotted versus ¢.. From (fig E[), we see that this dynamical system displays both regular and irregular
orbits as most of the Hamiltonian systems. A surface of section is obtained by getting back (J, ¢.) with
period 27 or only when £ = 0 and k£ > 0. This approach gives an idea on the structure of phase space
for each of moons, we see also that the chaos results of a strong coupling between CER and LER, and
that the chaotic sea is very large occupying totally the corotation site. We notice that Anthe is close to a
chaotic region. The amplitude of libration is +26 km, i.e. about half of the corotation width (50.7 km).
The orbit of Methone is farther away from the chaotic zone than Anthe, with an amplitude of libration of
+20 km and a corotation width of 55.36 km. The case of Aegaeon (inside the orbit of Mimas) is slightly
different, its orbit seems to be more stable than those of Anthe and Methone, as it is far enough from
the chaotic region, the width of the corotation site is 31.62 km, and the magnitude of libration in terms
of semi-major axis is £4 km (Hedman et al| (2009, 2010)).

We notice that the chaotic region is surrounding by many regular trajectories, this behavior means
that the corotation stability is not affected, this result will be investigated in future works by analysis of
capture probability of this structures inside CER site.

8 Conclusion

We have studied the behavior of two satellites of masses pus and p, revolving along coplanar, small-
eccentricity orbits around a planet of mass M, > us,u,. We have averaged the equations of motion
close to a first order mean motion commensurability m+1:m, keeping only perturbing terms of first
order in eccentricity and accounting for the secular apsidal precessions rates @, and @/, of the satellites.
This allows to derive the classical Hamiltonian of the system, with the two critical resonant arguments
¢p=(m+1N —m)\—wand ¢ = (m+ 1)) —m) —w'. Using the constants of motion (total energy
and angular momentum), the initial four-degree of freedom system reduces to a two-degree of freedom
problem that is not in general integrable.
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For ws; — @, = 0 (as it is the case for the Keplerian problem), the Hamiltonian is integrable, a
result initially derived by |Sessin and Ferraz-Mello| (1984)). The integrability of the system stems from the
existence of a second constant of motion, besides the Hamiltonian. Here we show that this constant is
actually a generalized version of the Jacobi constant (Eq. ), where the orbital eccentricities of ps or u),
are replaced by a quantity that we call the relative eccentricity of the two orbits (Eq. ) Secular terms
forces a differential precession between the two orbits (i.e. ©os — @’ # 0), and destroys the generalized
Jacobi constant.

In the general case (us # 0,pu, # 0), the two satellites play symmetrical roles. This symmetry is
broken, however, in the restricted problem (e.g. us = 0). The two critical resonant angles ¢ and ¢,
or their counterparts ¢ and ¢., are then associated with two resonances (Lindblad and corotation, or
LER and CER, respectively) that plays very different roles. While the LER mainly excites the orbital
eccentricity of the test particle, leaving its semi-major axis relatively unaltered (Eq. ), the CER
mainly changes its semi-major axis, leaving its eccentricity almost constant (Eq. )

The two resonances may be simultaneously described by a reduced Hamiltonian (Eq. ), that
depends upon only two dimensionless parameters that control the dynamics of the system: (i) the distance
D x ws — 0!, between the CER and LER, and (i¢) the forcing parameter e, that includes both the mass
and the orbital eccentricity of the disturbing satellite, see Table

The resulting equations of motion are summarized by four simple differential equations that constitute
the “CoraLin model” (see the system ) This system describes the coupling between the motion of a
simple pendulum (Eq. ) that has a separatrix of width £2, and an Andoyer-type oscillator (Eq. )
centered at x = —D, see Fig. [l It has the advantage to permit a generic exploration of the dynamics
of the system through simple numerical integrations, Poincaré surface of section, etc... Furthermore,
it uses dimensionless parameters that encapsulate all the parameters of the systems (mass and orbital
eccentricity of the perturber, secular precessions of the orbits, etc...).

As an example, we have examined the phase portraits relevant to small Saturnian satellites trapped
in CER’s with Mimas: Aegaeon, Methone and Anthe. While the system is integrable for D = 0, chaos
is rapidly prevalent for values of D as small as about 0.01, see Fig. [5| Only for large values of D > 2
is the system almost integrable again, with a behavior that can be qualitatively described using simple
adiabatic invariant arguments.

More specific integrations (Fig. show that Aegaeon, Methone and especially Anthe are close to
prominent chaotic regions. Future works are now in order to explain how those satellites may have been
captured inside their respective corotation sites. The numerical implementation of orbital migrations of
Mimas and/or the small satellites in the CoraLin system is in fact very simple, and we will use that model
to explore various scenarii of resonant capture.

Acknowledgements The authors thank Sylvio Ferraz-Mello for enlightening discussions concerning the integrability of the
3-body problem with two critical resonant arguments. We had several fruitful discussions with Philippe Robutel, Nicholas
J. Cooper and Carl D. Murray, and we thank Nicholas J. Cooper for providing orbital elements of Aegacon, Methone and
Anthe. We thank the Encelade working group for interesting discussions during regular meetings, in part funded by the
EMERGENCE-UPMC project EME0911.



16

References

Borderies-Rappaport, N., Longaretti, P.Y., 1994. Test particle motion around an oblate planet. Icarus
107, 129.

Cooper, N.J., Murray, C.D., Evans, M.W., Beurle, K., Jacobson, R.A., Porco, C.C., 2008. Astrometry
and dynamics of Anthe (S/2007 S 4), a new satellite of Saturn. Icarus 195, 765-777.

Dumas, C., Terrile, R.J., Smith, B.A., Schneider, G., Becklin, E.E., 1999. Stability of Neptune’s ring arcs
in question. Nature 400, 733-735.

Ellis, K.M., Murray, C.D., 2000. The Disturbing Function in Solar System Dynamics. Icarus 147, 129-144.

Ferraz-Mello, S., 1985. Resonance in regular variables. I - Morphogenetic analysis of the orbits in the case
of a first-order resonance. Celestial Mechanics 35, 209-220.

Ferraz-Mello, S., (Ed.) Canonical Perturbation Theories - Degenerate Systems and Resonance vol. 345 of
Astrophysics and Space Science Library 2007.

Fleming, H.J., Hamilton, D.P., 2000. On the Origin of the Trojan Asteroids: Effects of Jupiter’s Mass
Accretion and Radial Migration. Icarus 148, 479-493.

Foryta, D.W., Sicardy, B., 1996. The Dynamics of the Neptunian ADAMS Ring’s Arcs. Icarus 123,
129-167.

Froeschlé, C., Lega, E., Gonezi, R., 1997. Fast Lyapunov Indicators. Application to Asteroidal Motion.
Celestial Mechanics and Dynamical Astronomy 67, 41-62.

Goldreich, P., Tremaine, S., 1979. The excitation of density waves at the Lindblad and corotation reso-
nances by an external potential. Astrophys. J. 233, 857-871.

Goldreich, P., Tremaine, S., Borderies, N., 1986. Towards a theory for Neptune’s arc rings. Astron. J. 92,
490-494.

Hedman, M.M., Cooper, N.J., Murray, C.D., Beurle, K., Evans, M.W., Tiscareno, M.S., Burns, J.A.|
2010. Aegaeon (Saturn LIII), a G-ring object. Icarus 207, 433-447.

Hedman, M.M., Murray, C.D., Cooper, N.J., Tiscareno, M.S., Beurle, K., Evans, M.W., Burns, J.A.,
2009. Three tenuous rings/arcs for three tiny moons. Icarus 199, 378-386.

Hénon, M., Petit, J.M., 1986. Series expansion for encounter-type solutions of Hill’s problem. Celestial
Mechanics 38, 67-100.

Henrard, J., Lemaitre, A., 1983. A second fundamental model for resonance. Celestial Mechanics 30,
197-218.

Henrard, J., Lemaitre, A., 1986. A perturbation method for problems with two critical arguments. Ce-
lestial Mechanics 39, 213-238.

Laskar, J., Robutel, P., 1995. Stability of the Planetary Three-Body Problem. I. Expansion of the Plan-
etary Hamiltonian. Celestial Mechanics and Dynamical Astronomy 62, 193-217.

Lin, C.C., Shu, F.H., 1964. On the Spiral Structure of Disk Galaxies.. Astrophys. J. 140, 646.

Lindblad, B., 1961. On the formation of dispersion rings in the central layer of a galaxy. Stockholms
Observatoriums Annaler 21, 8.

Lindblad, B., Theories of Spiral Structure in Galaxies. in: Problems of Extra-Galactic Research, (Ed.)
G.C. McVittie vol. 15 of TAU Symposium 1962 p. 146.

Morbidelli, A., Modern celestial mechanics : aspects of solar system dynamics 2002.

Murray, C.D., Dermott, S.F., Solar System Dynamics 2000.

Porco, C.C., 1991. An explanation for Neptune’s ring arcs. Science 253, 995-1001.

Renner, S., Sicardy, B., 2006. Use of the Geometric Elements in Numerical Simulations. Celestial Me-
chanics and Dynamical Astronomy 94, 237-248.

Sessin, W., Ferraz-Mello, S., 1984. Motion of two planets with periods commensurable in the ratio 2:1
solutions of the Hori auxiliary system. Celestial Mechanics 32, 307-332.

Shu, F.H., Waves in planetary rings. in: IAU Collog. 75: Planetary Rings, (Eds.) R. Greenberg, A. Brahic
1984 pp. 513-561.

Sicardy, B., 1991. Numerical exploration of planetary arc dynamics. Icarus 89, 197-219.

Sicardy, B., Dubois, V., 2003. Co-Orbital Motion with Slowly Varying Parameters. Celestial Mechanics
and Dynamical Astronomy 86, 321-350.

Sicardy, B., Roddier, F., Roddier, C., Perozzi, E., Graves, J.E., Guyon, O., Northcott, M.J., 1999. Images
of Neptune’s ring arcs obtained by a ground-based telescope. Nature 400, 731-733.

Spitale, J.N., Jacobson, R.A., Porco, C.C., Owen Jr., W.M., 2006. The Orbits of Saturn’s Small Satellites
Derived from Combined Historic and Cassini Imaging Observations. Astrophys. J. 132, 692-710.

Wisdom, J., 1986. Canonical solution of the two critical argument problem. Celestial Mechanics 38,



17

175-180.



	1 Introduction
	2 General case
	3 Restricted case
	4 Lindblad vs. corotation resonances
	5 The CoraLin model
	6 Asymptotic behaviors
	7 Intermediate cases
	8 Conclusion

