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Abstract. We re-derive the secular theory for Trojan-type motion from Morais (1999) using a Hamiltonian formu-
lation and show how this methodology allows us to include the effect of an oblate central mass and the secular
perturbations from additional bodies in a rigorous way. As an application of this work we locate secular resonances
inside the co-orbital regions of the uranian satellites and the planets, and show that these are in good agreement

with the behaviour observed in numerical integrations.
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1. Introduction

Lagrange (1867-1892) showed that the three-body prob-
lem has five relative equilibrium configurations. In the
restricted version (i.e. when one of the bodies is mass-
less) it is useful to view the motion of the test particle
in a frame co-rotating with the massive bodies; in this
case the relative equilibrium configurations correspond to
fixed points two of which, named L4 and Ls, are linearly
stable when the mass ratio is small enough (i.e. when
mi/me < 0.0385). These are also known as the trian-
gular equilibrium points and correspond to configurations
where the test particle is in the exact 1:1 mean motion res-
onance, i.e. it is co-orbital! with m; but leading or trail-
ing it by 60°. In this paper, Trojan-type motion refers to
the tadpole-shaped librations around L4 or Ls (in analogy
with the Trojan asteroids which occupy tadpole orbits in
the Sun-Jupiter system) and also to the horseshoe-shaped
librations that enclose both triangular points as well as
the unstable co-linear point Ls.

In Morais (1999), hereafter Paper I, we constructed a
secular theory for Trojan-type motion in the framework
of the restricted three-body problem. A secular solution
was derived based on the heuristic assumption that the
terms in the averaged disturbing potential depending on
the relative mean longitude do not have a net effect on
the evolution of the eccentricity or inclination. Here we
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! The word co-orbital, which has here its literal meaning of
shares the orbit with, is also generally used whenever referring
to any nearby orbits.

show how we can re-derive this secular solution apply-
ing first-order canonical adiabatic theory (Lichtenberg &
Lieberman 1983). Moreover, we show that this methodol-
ogy allows us to construct a complete secular theory which
includes the effect of an oblate central mass and the sec-
ular perturbations from additional massive bodies, and
we are thus able to explain rigorously some preliminary
results obtained in Paper I.

2. Settings of the perturbation scheme
and the short-term behaviour

2.1. Restricted three-body case

Consider the hierarchical restricted three-body problem
with m. > m;. The equation that describes the motion
in the vicinity of L4 or Ls is

me +my)

. (
=G 3 r+ VR (1)

where the disturbing potential R is defined as

e ey @)

|ry — 7| 3 r
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with 7 and 71 being, respectively, the vector positions of
the test particle and mass m; relative to the mass mc.

Note that the second term on the right hand side of
Eq. (1) vanishes at the triangular points; this means that
a test particle located at Ly (or Ls) describes a keplerian
ellipse which has an equal size, equal shape and common
focus to that described by the mass mq, but whose ori-
entation is shifted by 60° (or —60°) with respect to the
latter.
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As usual we define the set (a, e, I, A, w, Q) as the
osculating elements (respectively, semi-major axis, eccen-
tricity, inclination, mean longitude, longitude of pericen-
tre, longitude of node) of the test particle’s orbit. Also,
in our notation, unsubscribed quantities refer to the test
particle and quantities with subscript k refer to a mass
my. We then define the average angular velocity around
the two-body ellipse (or mean motion) as n = A, and we
relate this to the semi-major axis a by?

n?a® = G(me +my). (3)

In Paper I we first expressed the disturbing potential R in
terms of osculating elements including terms up to degree
two in eccentricities and inclinations; then we performed
a change of variables (A, A1) — (¢ = A — A1, A1) and av-
eraged R with respect to the fast angle A;. The averaged
expansion of the disturbing potential is

a a? a —1/2
Ria = n2a2u1— ( [—2 +1—2—cos gzﬁ]
a1 ay a1

i(:osgb%JrX) (4)

ai

with

= g1(0)e? + g2(¢)eey cos(w — @)
+gs3(¢)eeq sin(w — wy)
+94(0) I + g5(d) I 11 cos(Q — )
+96(p) 111 sin(Q — Q) (5)

where 1 = my/(mc + mq), and we refer to Paper I for
the explicit form of the functions g;(¢).

Tadpole and horseshoe orbits can be decomposed into
a slow guiding centre motion described by the variables
da = a — a1 and ¢, with a superimposed fast epicycle
due to motion from pericentre to apocentre viewed in the
frame co-rotating with m;. Averaging over the mean lon-
gitude \; effectively removes the epicyclic motion and is
justified in terms of perturbation theory by the fact that
the amplitude of the epicycle is an adiabatic invariant.
This is not only confirmed by numerical experiments (e.g.
Dermott & Murray 1981) but has also been proved rigor-
ously in the framework of Hill’s problem (Henon & Petit
1986). Note, however, that the adiabatic invariance breaks
down if the test particle can get close to the mass mj.
Indeed, numerical experiments (Dermott & Murray 1981;
Gladman 1993) show that near-circular and near-planar
orbits with 0.74¢ < da/a; < 3.5¢ (where € = (u1/3)"/?)
are strongly affected by successive encounters with mq,
thus being chaotic and potentially unstable. The adiabatic
invariance also breaks down in the vicinity of the sepa-
ratrix between the tadpole and horseshoe regions where
there is overlap of high order resonances between the
angles ¢ and .

2 Note that Eq. (3) implies that at L4 (or Ls), a = a1 and
A — A1 = +60° (or —60°) and follows from the fact that the
three-body potential at L4 (or Ls) is of keplerian type but with
a larger mean motion.
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2.1.1. The guiding centre's motion

We now want to obtain the equation of the guiding centre
(that gives the evolution of da with ¢). From Lagrange’s
planetary equations we have

. 2 OR1.1 tan %I OR1:1
¢ =n—n ——
na da na2y/1—e2 0OI
\/1762(17\/1762)87311 (6)
na3e Oe
2 OR1a
5 = — .
na 0¢ (M)
Following Paper I we note that da = O(,/ira1); hence
. 3da
¢:f§a—1n1+0(u1n1). (8)

Moreover, if we assume that the eccentricities and the in-

clinations are small, i.e. at most (’)(u}/ %), then we have

da d
% — gy L 4 0 ) )

where

1+ 4| sin(¢/2)|3.

1) = =5 ntor2)

From Egs. (8) and (9), neglecting terms O(u; 3/2
obtain

2 df(6)
do

This equation (which can also be found in the work of
Yoder et al. 1983) has an integral of the motion

¢ = —3un? (11)

1.
mniB = =26 — junif(9) <0 (12)
Now from Egs. (8) and (12) we obtain the equation of the
guiding centre

da 8
T
aq \/3M1

and as f(¢) has minima at ¢ = +7/3, the maximum value
of [0a|/ay occurs at ¢ = +7/3 and is given by

8 3
- —-FE——-).
3N1< 2)

In Fig. 1 we show some guiding centre trajectories de-
scribed by Eq. (13). Orbits with 3/2 < —E < 5/2 are
tadpole-shaped and orbits with —E > 5/2 are horseshoe-
shaped. The separatrix curve (i.e. the boundary between
the tadpole and horseshoe regions) has —E = 5/2.

Alternatively, we can describe the motion of the
guiding centre using the integrable Hamiltonian

(—E = f(¢)) (13)

apg = (14)
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sa\2
Hy=—gnidt ()~ pntalf() = miatE (19
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Fig.1. Guiding centre trajectories obtained with Eq. (13):
—FE = 1.77465 (inner curves), —E = 2.50019 (separatrix)
and —FE = 4.08606 (outer curve). Note that f(¢) is sym-
metric about ¢ = 180°; in particular this implies that when
—F = 1.77465 there is another possible trajectory which is
symmetric with respect to the one shown here

whose trajectories have periodicity
d¢
¢

and which admits the action-angle variables (J,6), such
that

Tyq = (16)

T
J = Hy 5 (17)
. 2T
6 — . 18
Tha (18)

2.1.2. Expansion of the Hamiltonian

The time-independent Hamiltonian of the restricted three-
body problem can be written as

(G(me +ma))?
2A2

where we used the following angle-action variables of the
isolated two-body systems

A A =+/G(mc+m1)a
A1 Ay =+/G(mc +m1)ay.

In order to obtain Eq. (4) we performed a canonical trans-
formation to the following angle-action variables

H=-— — R+ Aimy (19)

(20)

A=A
Ay = A; +A.

A=A—M (21)
A=\
Therefore, the time-independent Hamiltonian of the aver-
aged restricted three-body problem in the vicinity of the
1:1 mean motion resonance is

2
B _W ~Any + Ay — Rua (22)
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and as there is no dependence on 5\1, the third term on
the right hand side of Eq. (22) is constant and thus can
be dropped.

It is straightforward to obtain again Hy (given by
Eq. (15)) by expanding Eq. (22) in powers of da/ay, as-
suming that the eccentricities and the inclinations are
at most O(M}M), and keeping only the terms up to
O(u1n3a?) while dropping any constant terms. We can
then expand the Hamiltonian of the averaged problem
(Eq. (22)) to first-order in the small parameter /i1, i.e.
we write

H = Ho+ /u1H:
where Hy is given by Eq. (15) and

3
VitH: = nia} (% (6_@) +M1f(¢)> — Rua (24)

(23)

ai

It is important to recall here the assumption of small ec-
centricities and inclinations made in the derivation of the
guiding centre’s equation (Eq. (11)) and in the expansion
of the Hamiltonian (Eq. (23)). As under this approxima-
tion the zero-order part of the Hamiltonian, Hy, is inde-
pendent of e or I, we obtained guiding centre trajectories
which are stationary with respect to the secular pertur-
bations. Therefore, we do not consider here the co-orbital
structures whose guiding centres are modulated by the
secular evolution, which have been studied by Namouni
(1999) in the framework of the three-body problem.

2.2. The effect of an oblate planet

Now suppose that the body with mass m. has an oblate
shape with equatorial radius R and that we can consider
only the dominant zonal harmonic term (with coefficient
Jz) in the oblateness disturbing potential. It can be shown
(Kozai 1959) that the effect of the oblate planet on a satel-
lite’s orbit can be modeled by averaging the disturbing
potential over the mean longitude, i.e. by taking into ac-
count only the secular part of the oblateness disturbing
potential, which is

Robl = naQﬁ(a) <% — %sin2 I) (1- 62)73/2 (25)
with

3 (R\’ 372
Bla) = 5]2 <E) vGmea . (26)

The potential Rop1 induces the following precession rates
in the satellite’s orbit
V1 —e? 87_30101 n

tan %I 87?,0131

w:

naZe  Oe na2yv/1 —e2 0OI
= B(a)(1 —e?)72 {1 — gsin2 I — tan g sin [ cos T
~ B(a) (27)
Q o 1 87éobl
 na?V/1—e2sinl O
= —B(a)(1 —e?) % cos I ~ —f3(a) (28)
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and it also introduces the following correction to the mean

motion of the satellite’s orbit

2 ORobl tan31  ORobl

na Oa nav/'1 — e2 ol
V1—e2(1—-+1—¢€2)oR

+ ( ) oy ~n+ 28(a).

na2e Oe

A=n-—

(29)

We now want to see what the effect of an oblate planet
is on the guiding centre’s motion of satellites in tadpole
or horseshoe orbits. As there are no perturbations on the
semi-major axis® we only have to take into account the
contribution of the secular oblateness potential to ¢ =
A — A1 which from Eq. (29) is 26(a) — 26(a1). Adding this
to the right hand side of Eq. (8) yields

. 36 R\?
$=—-p, <1+7J2 (—) ) + O(pim).
2 a1 ai

Then, from Egs. (30) and (9), we obtain an integral of the
¢-motion similar to Eq. (12). Therefore, the motion of the
guiding centre is described by an integrable Hamiltonian
Hy, which has the same form as Eq. (15). So again we
write the Hamiltonian of the averaged problem as

H = Hy+ \/u1Hy

(30)

(31)
where now

3
ViiHy = nia? (1_76 <6_a> +M1f(¢)> —Ri:1 — Robl-

(32)

As the orbit of the mass m; precesses due to the oblate-
ness, the Hamiltonian given by Eq. (31) depends explic-
itly on time. If we assume that @ = — = B(a) = B and
= -0 = B(a1) = P1, one can avoid this explicit time
dependence by introducing the following two extra degrees
of freedom and associated conjugate momenta

Ag1 = —Bit —xa
A = Bit — &

and by adding the terms —Ag1/5; and Ap By to the new
Hamiltonian.

Ag

Ap (33)

2.3. The effect of additional massive bodies

Now consider N massive bodies orbiting a primary of mass
me. It is well known (see e.g. Brouwer & Clemence 1961)
that in the absence of mean motion resonances between
the IV massive bodies, one can obtain a good description
of the long-term behaviour of, say m;, by averaging the
disturbing potential over the mean longitudes. The expan-
sion of this secular disturbing potential, up to degree two

3 Here we refer to a semi-major axis obeying the approximate
relation n?a® = Gm.(1 + (3/2)J2(R/a1)?) which follows from
the fact that the oblateness potential is of nearly keplerian type
but with a larger mean motion (see Greenberg 1981).
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in eccentricities and inclinations, is

_ A
R; = na; (%e? + Z Ajieje; cos(wj — ;)
i#]

B, .
#1}2 + Z Bjﬂ'Iin COS(Qj — Ql))
i#]

+ (34)

where the elements of the matrices A and B are functions
of the masses, mean motions and semi-major axes of the
massive bodies, whose definition can be found in Paper I.
The secular solution for the mass m; is simply
ejexpliw;] =

Z eji expli(git + xi)] (35)

I expliQ] = ij,z‘ expli(fit + Z;)] (36)

where the frequencies g; (and f;) are the eigen-values of
the matrix A (and B), the coefficients ¢, ; (and I, ;) are the
components of the eigen-vectors associated with g; (and
fi), and the phases x; (and Z;) are constants determined
by the initial conditions.

Moreover, the secular disturbing potential acting on
a test particle in a tadpole or horseshoe orbit associ-
ated with the mass my, due to the masses m; (where
Jj # k), expanded up to degree two in eccentricities and
inclinations, is

_ Ay
Rox = na’ <7€2 + Z Ajeejcos(w — wj)
J#k
By ,
+5 1 +§Bj11j cos(Q — Q) (37)
j

with A; (and B;) defined as Ay, ; (and By ;) but with my, =
0, ag replaced by a, and ny replaced by n.

We now want to see how the secular perturbations
from these additional massive bodies change the guiding
centre’s motion of tadpole or horseshoe orbits. Obviously
there are no secular perturbations to the semi-major axis.
Now, adding to the right hand side of Eq. (8) the contri-
bution of the additional massive bodies to (j) =\ }\k,
yields

; 3da mi | s mi

C

(38)

where b and b are functions of the semi-major axes of the
massive bodies.

Then, from Egs. (38) and (9), we obtain an integral of
the ¢-motion similar to Eq. (12). Therefore, the motion
of the guiding centre is still described by an integrable
Hamiltonian Hy, which has the same form as Eq. (15).
So once more we write the Hamiltonian of the averaged
problem as

H:HO+\//TkH1 (39)
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where now

ag

3
ViRH, = n2al (% () + ukf(¢)> ~ Rua —Rog.
(40)

Note that although this Hamiltonian depends explicitly on
time through the relations in Eqs. (35) and (36), this can
be avoided by over-extending the phase space to include
the following extra 2N degrees of freedom and associated
conjugate momenta

Ag;
Ag;

Agi = —gil — Xi

Ati = —fit = E; (41)

and by adding the terms — Y. Agig; and — >, Ag; f; to the

new Hamiltonian.

3. The long-term behaviour: Secular theory
3.1. Restricted three-body case

We now recall Sect. 2.1.2 where we obtained the
Hamiltonian of the averaged problem (Eq. (23)) and
then apply Eq. (13) in order to write its first-order part
(Eq. (24)) as

VR = pndatF(o) S - X (42)
where F(¢) is a function of ¢,
X = panfgi(4)2M + ga(¢)2N
+g2(¢)v/na(2M)?e; cos(w — w1)
+93(¢)v/na(2M)?e; sin(w — w1)
+g5(¢)vna(2N)/ 11 cos(Q — Q1)
+96(¢)v/na(2N)" /211 sin(Q — 0] (43)
and
— M = %naQeQ »
—Q N = ina?I? (44)

is an approximate canonical set of coordinates and
conjugate momenta for the secular Hamiltonian (i.e.
the Hamiltonian obtained after the elimination of the
¢-dependence).

3.1.1. Adiabatic approximation

By construction of the Hamiltonian of the averaged prob-
lem (Eq. (23)) the variables (—w, M) and (=, N) vary
on a timescale (’)(ufl 2Tm) and therefore are much slower
than 6, the angle variable of the integrable part Hy. The
general procedure for dealing with this type of quasi-
integrable systems involves a canonical transformation of
variables such that the new Hamiltonian does not de-
pend on the fast angle and thus the associated action is
an adiabatic invariant (Lichtenberg & Lieberman 1983).
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To first-order in the small parameter ,/ji1, the transformed
Hamiltonian is

E[:H()Jr\/pu < Hy >¢ (45)
where
1 [ 1 d¢
< Hjp >9¢ 2 Jo 1 Tl:l%l(b ()
Now from Eq. (8)
1 da do
— =20 47
Tl o s (1) (47)
hence we obtain the transformed Hamiltonian
H=Hy—X (48)
with
X = mm[g[lJ(R* 4+ k?) + gall}(0® + ¢°)
+g2[l]v/n1a1e1(hsinw; + k cos wn)
+3gs3[l]y/n1are1(hcoswy — ksinw;)
+gs[l]y/n1a1li (psin Qq + gcos )
+gs[l]\/n1a1li(pcosQy — gsin )] (49)
where (k, h) and (g, p) are defined as
k = /niaiecosw h = ./njaiesinw (50)
50
q = /n1a11 cos) p = /nialsin .
Moreover,
1 do
il = — i(p)—— 51
alll = g f 00 61

where [ is a parameter that characterises the size of the
tadpole or horseshoe orbit which we define as

l=7/3— dmin (52)

and @min is the minimal distance to m; obtained by
solving Eq. (12) with ¢ = 0.

From Paper I we recall that gs[l]] = —2g4[l] and
gs[l] = 0; then we write!
2ga[l]pima = T[] (53)
2g1[llpana = ~[] (54)
gl _ —c[l] cos
2 = el costl (55)
glll _ —c|l] sin
= —cllsinbl] (50)

We also note that from Eq. (14) we have

aol] = \/gm (f(ﬁ/3 -1 - g)

and we refer to Paper I for plots of T'[l], v[l], c[l] and b[(]
as functions of agll].

(57)

4 There is an obvious error in the definition of c[l] in Paper I
(Eq. (36)). This only takes the unit value when ! = 0 and when
Il — o0, as can easily be confirmed in Fig. 1b from the same

paper.
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3.1.2. Secular solution

We now write Hamilton’s equations for (k, h) as

+1n = *% + 1%
= i[l](k + ih) — iy[l]\/n1aic[l]er expli(cor + b[1])]
(58)
which imply the solution for (e, w)
eexpli] = e expli(y[lt + )
+c[l]ey expli(zoy + b[l])] (59)

i.e. composed of a proper term (proper eccentricity e, and
proper precession frequency [l]) and a forced term (forced
eccentricity c[l]e; and forced periapse b[l]).

Similarly, we write Hamilton’s equations for (g,p) as

q lp - ap 1 aq

= il[l](g +ip) — iT[l]y/n1a1I; exp[iQ] (60)
which imply the solution for (I, )
I expliQ] = I, exp[i(T[]]t + E)] + I1 exp[ifh] (61)

i.e. composed of a proper term (proper inclination I, and
proper precession frequency I'[l]) and a forced term Iy
(note, however, that if we choose the orbital plane of m,.
and my as reference, then this forced term disappears).

3.2. The effect of an oblate planet

The Hamiltonian of the averaged problem has now six de-
grees of freedom (cf. Sect. 2.2) i.e. two more than in the re-
stricted three-body case. However, we can eliminate these
extra degrees of freedom by making a canonical transfor-
mation to the following variables

—Wy = —W — Agl M
-, =—-Q—A\p N

= 62
Agl {\gl =M+ Agn (62)
A Ast =N+ Ap.

The transformed first-order part of the Hamiltonian
(Eq. (32)) is then

VirHy = —pi(Ag — An) + ulnlalF((j))i—?
-X-Y (63)
with
= nlgi(¢)2M + go(¢)v/na(2M)*?e; cos w,

+93(¢)v/na(2M)'/ e, sin w,

+94(9)2N + g5(6)v/na(2N)"/21; cos Q,

+96(¢)v/na(2N)Y21, sin Q] (64)
and

sa\~/?

vemor-n) (1+2) omor-N.
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3.2.1. Adiabatic approximation

The first term on the right hand side of Eq. (63) can be
dropped as there is no explicit dependence on Az or Ag.
Hence, Eq. (63) has the same form as Eq. (42), except
for the term Y. This introduces the relative precession
frequencies

)4 oYy

7 da
oM = N (66)

o ¥ 5 = 0% Vim).
As in general 1 < nj, the variables (—w,, M) and
(=9, N) still vary on a time-scale much longer than
the co-orbital period T1.; = O(niy/pr). We can then
follow the procedure described previously, obtaining an
Hamiltonian as defined by Eqgs. (45) and (46), i.e

H=Hy—-X-Y (67)
with
X = mna [ [l)(B2 + k2) + Gall] (0 + )
+g2[l]v/niareik: + gs(l]y/niaier by
+gs[l]v/n1a1li g + Goll]v/n1a1lipy) (68)
and
1
Y = §Aﬁ[(hf + k) — (02 + )] (69)

where (k;, h;) and (g, p;) are defined as

k. = \/niaiecosw, h: = \/niaiesinw, 7
¢ = y/n1a1l cos§), Pr = y/n1a1lsin (),
and from Eq. (30)

_ B sa\ dg
si=-mrgtf(1+3) 7=

3.2.2. Secular solution

O(Brpr). (71)

Hamilton’s equations for (k, h,) are

C o .0 S -
LR (_ahr akr) &+Y)=
iyl + AB) (k: +ihe) — in[l)y/naarc(ler explib[i]]  (72)
and therefore the solution for (e, w;) is
eexpliwy] = epexpli((Y[l] + AB)t + X))
llcll]es explib[l]
= 73
AT+ a5 "
Similarly, Hamilton’s equations for (¢, p;) are
C 0 0 =S
gr +1pr = ( aprJrlaq,) (X+Y)
= i(T[] = AB)(gr +ipe) — iT[l}ynaan s (74)
and therefore the solution for (I,€,) is
TexpliQ,] = I,expli((T[l] — AB)t + =)]
I
+L1_. (75)

T[] - AB
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From Egs. (73) and (75) we see that the oblateness term,
Af > 0, leads to a decrease in the secular precession pe-
riods and the magnitude of the forced terms. However,
this effect is only significant if A3 ~ 7 (or —T). As
v > 3.375n1p; (see Fig. la in Paper I) and in general
B1 < ni, one can largely neglect the term Af in that
which concerns the evolution of the eccentricity; in this
case the secular solution reduces to Eq. (59). On the
other hand, very small amplitude tadpole orbits can have
' ~ =311 (see Fig. 1d in Paper I) and thus the effect
of the term Af on the evolution of the inclination can be
visible.

3.3. The effect of additional massive bodies

The Hamiltonian of the averaged problem has 2 x N +
4 degrees of freedom (cf. Sect. 2.3). In order to reduce
the number of degrees of freedom we perform a canonical
transformation to the following variables

—Wy = —W — Agk M
-, = -9 — A& N

~ 76
)\gk /}gk: =M+ Agk: ( )
Atk Afp = N + Ay

We also perform N — 1 canonical transformations of the
same type to the following variables

%\gi = )\gi - )\gk Agi
Ati = Ari — Atk Ag;

M ~ 7
Ag Ag = ik Agi + At ()
Atk Apr =7 Mri + A

Then, the transformed first-order part of the Hamiltonian
(Eq. (40)) is
VieH1 = —Agrgr — Aexfr
= Agilgi —gr) = Y Anilfi = fr)
ik ik
da

+NwiaiF(¢)a -X-Y

with
X = prnlgi(9)2M + ga(6)2N
+g2(p)v/na(2M)/? Z ex.i cos(wy 4 Agi)

7

+g3(¢)Vna(2M)'/2 Y " ey s sin(w, + Agi)

7

+95(¢)v/na(2N)*/? Z Iii cos(Qr + Ar;)

+96(¢)v/na(2N)*/? Z I.i sin(Q + Ass)] (79)

and

(Ak — gu)M + (Bi, — fe)N

+ ZAj\/ﬁa(QM)l/Q Z ej.i cos(wy + Agi)
ik i

—|— ZBJ\/ECL(2N)1/2 leﬂ' COS(Qr + XfL)

J#k i

(80)
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And the first two terms on the right hand side of Eq. (78)
can be dropped as there is no explicit dependence on Agx
or Agg.

3.3.1. Secular resonances

We now assume that the perturbers move on circular and
co-planar orbits, in which case the terms in Eq. (78) de-
pending on (Xgi, Ag;) and (Ati, Ag;) also disappear and the
Hamiltonian reduces to

da
H = Hy+ ukniaiF(@a_k

—(291(@)uen + Ap — g) M

—(294(¢)pxn + Br, — fi)N. (81)
Equation (81) represents a one-degree of freedom (hence
integrable) system depending on the parameters M and
N. Therefore, we can perform a canonical transforma-
tion to action-angle variables which eliminates ¢ from the
Hamiltonian (Lichtenberg & Lieberman 1983). To first-
order in the small parameter ,/j, this is accomplished by
averaging over the angle variable of the zero-order term
Hy, which is equivalent to averaging over the co-orbital
period T7.1. The transformed Hamiltonian is

H = Hy — ([l] + Ak — gr)M — (Di[l] + Bx — fr)N (82)

which has proper frequencies

) 0H _

wy = “aM =[] + Ak — gk (83)
O0H

Qr = 78_]\7 _Pk[l] + By *flc (84)

where v, [l] = 2g1[l prnk, Tk[l] = 2ga[l]prni; and from
Eq. (38)

_ d
Ay = % %Akf = Apk(1+ O(ux)) (85)
B = d¢ (86)

E Bk? :Bkyk(].+0(‘u,k))

Secular resonances involving the pericentres (or nodes) oc-
cur when w, (or ;) is equal to a forcing frequency g; — gx
(or fi — fx), i.e. when

Yell] + Ag = gi
Pk[l] + Bk = fi.

Note that the proper frequencies of precession of the
Trojan orbit are in fact @ = @, +gg and Q = Q.+ fj, which
coincide respectively with the left hand side of Eq. (87)
and Eq. (88). Moreover, the terms 7, (and I'y) and the
terms Ay (and By,) are respectively the contribution from
the mass m; and the contribution from the additional
massive bodies m; (where j # k).
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3.3.2. Adiabatic approximation

We will now assume that not only the variables (—co,, M)
and (—Q;, N) but also the angles )\gz and A¢; vary on a
time-scale much longer than the co-orbital period T7.;.

Note that while the first assumption will in general be
true, the same does not necessarily apply to the second
assumption. When the co-orbital frequency is comparable
to one of the forcing frequencies, a low order resonance can
occur in which case the adiabatic approximation does not
provide a good description of the system. Nevertheless, if
we ignore this possibility then we can apply Egs. (45) and
(46) to obtain the transformed Hamiltonian

H = Ho—Y Mgilgi—gr) = > _ Auilfi = fx)
itk itk
-X-Y (89)
with
X = g gi[[)(h? + k2) + all) (07 + ¢F)
+Go[l]/nrak Z ek (kr cos Xgi — h,sin ;\gi)
+gs[l]v/nrag Z ek,i(hr cos Xgi + k, sin }gi)
+5[1v/nkar > Tri(gr cos A; — pysin Ar;)
+6(llv/mrar > Txi(ps cos Aei + o sin Ag;)] (90)
and
_ 1, - 1, -
Y = 54~ gr)(hi + k2) + 5 (B — fr)@0? +q?)
ZA Vja; Zej i(kr cos)\gz — hy Sm)\gz)
J#k
+ZB \/_QJZI“ Qv COS A — prsm)\fl) (91)
J#k
where (k;, hy) and (g, py) are defined as
ky +ih, = /ngapeexpliow;] (92)
G +ipr = /nragl expliQ,] (93)
and from Eq. (38)
- 1 d
Aj = o 4% 4,04 0Gw) (94)
1:1 10}
_ 1 d
By = 7 § BT = Buy(1+ Ou)). (95)
1:1 10}

3.3.3. Secular solution

The evolution of z = \/nrake explico] is described by

(2 — igrz) explidgr] = ( 8?1 +1a(z ) (X+Y)=

i(( k[l + Ak — gr)z — Wll]v/nrakc(l]ex expli(wy + b[l])]

+ Z Aj/mjaje; exp[iwj]> exp[idgk] (96)

#k
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which is the equation of a forced harmonic oscillator with
proper frequency 7i[l] + A and forcing frequencies g;;
hence the solution for (e, ) is

eexpliw] = ep eXp['(( k] + ARt + x)]

% €1m
Z +Ak*

_Z Zj;ﬁk}A €j,i
; Yell] + Ax, — i

expli(git + xi + b[l])]
expli(git + xi)]- (97)

The evolution of Z = /niarl exp[if?] is described by

(Z —ifnZ) explirer] = <_3?? —Hai ) (X+Y)

= i((rk[l] + By — fr)Z — Ti[l]/nrasIx exp[iQx]

+ Z Bj\/nja;l; exp[in]) explirer] (98)
J#k

which is the equation of a forced harmonic oscillator with

proper frequency I'y[l] + By and forcing frequencies f;;

hence the solution for (I, ) is

Texp[iQ] = I, exp[i((T[l] + Bi)t + =)]
Uil Iy — 321, Bilyi
+Zi: Till] + By, — fi

expli(fit + Z3)]. (99)

We now recall from Paper I that B; = (1 + O(ux))B,j,
and that by definition of eigen-values and eigen-vectors,
B gy, + Zj;ék Byl = fiIk,'h so that

TexpliQ) = I, expli((Tx[l] + Bi)t + =)]
- Z Ii,i expli(fit + Zi)]

O(prepei) I i

Z Tolll + Be— f; expli(fit +Z;)].  (100)

This is to say that when ['y[l] + By = fi, the forc-
ing terms in the second-order differential equation that
describes the evolution of Iexp[if2] are smaller than in
the non-resonant case by a mass ratio factor. Indeed,
one can show that these forcing terms have amplitudes
L (Oull] + By + f)[(Tull] + Bx — fi) + Olups)], which
reduce to 2f; I ;O(uki) at the exact resonance.

Note that although the secular solution obtained here
(Egs. (97) and (99)) has essentially the same form as that
obtained in Paper I, the terms A; and B; are now de-
fined as averages over T.1 (which nonetheless coincide, to
lowest order, with the quantities defined in Paper I). The
basic improvement with respect to Paper I is the correct
derivation of the thresholds of validity of the secular so-
lution which as we have seen now simply depends on the
validity of the adiabatic approximation.
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Table 1. Uranian satellite system: co-orbital frequencies \/(27/4)uin; and forcing frequencies g; — ¢g; and f; — f; (units are

rads/day). Note that g; — g; and f; — f; are nearly equal; this is

due to the fact that g, and fi are respectively the eigenvalues

of matrices A and B which by definition have Agr, = — By and which are also nearly diagonal (the diagonal term is mostly due

to the oblateness and therefore Axy = — Bk =~ [(ax))

i /QT/Duine g —gi g2 — gi gs — gi g4 — gi g5 — gi
fi—fi fa—fi fs—fi fa—fi fs—fi
1 1.1 1072 0 -70107% —-85107* -91107* -9.7107*
0 7.0 107* 8.5 107 911074 9.7 1074
2 2.910°? 7.010°4 0 —-15107* —21107* -—27107*
—-7.0107* 0 1.5 107* 2.11074 2.8 1074
3 1.3 1072 8.5 1074 1.5 1074 0 —-6.0107° —-1210*
-85107*% —-1.510"* 0 5.4 107° 1.2 1074
4 1.1 1072 9.1 107* 2.1107% 6.0 107° 0 —-6.1107°
—9.0107* —21107* -5410"° 0 6.9 1075
5 7.0 1073 9.7 107* 2.7107% 121074 6.1 107° 0
—97107* —28107* -12107* —-6.9107° 0

4. Applications
4.1. The uranian satellite system

We will now apply our secular theory to the case of Trojan
orbits associated with the five major uranian satellites. As
already noticed in Paper I, this system provides a good
testing ground for our theory due to two reasons. First:
there are no mean motion resonances amongst these satel-
lites and thus the secular approximation (i.e. the aver-
age of the disturbing potential over the mean longitudes)
is valid. Second: these satellites have nearly-circular and
nearly-equatorial orbits thus satisfying the requirements
of our secular theory.

We used the data from Malhotra et al. (1989) to cal-
culate the parameters of the secular theory for the ura-
nian system® and then identified the modes that satisfy
Eq. (87) (or Eq. (88)) inside the co-orbital regions of its
major satellites. For instance, in order to locate secular
resonances involving the pericentres (or nodes) inside the
co-orbital region of the mass my, we first plot v, (or I'y)®
as a function of ag (a parameter that characterizes the
size of the tadpole or horseshoe orbit already defined in
Eq. (14)) and then identify the intersection with the hor-
izontal lines taken at g; — Ay, (or f; — By). We show the
location of the secular resonances which occur inside the
co-orbital regions of Miranda (mq), Ariel (ms2), Umbriel
(ms3), Titania (m4) and Oberon (ms) in Fig. 2. Note that
we can condense the results for the five satellites in one
single picture due to the fact that both v and I'x scale as
urng (see also Paper I).

5 Here, we took into account Uranus’ oblate shape by adding
the terms ((ax) (recall definition of function 5 in Eq. (26)) to
Apy, and — By (the diagonal terms of matrices A and -B which
we introduced in Sect. 2.3).

6 In our calculations we ignored the contribution AS (given
by Eq. (71)) due to Uranus’ oblate shape as in general this is
unimportant (cf. last paragraph of Sect. 3.2.2).

We also used a Runge-Kutta-Nystron 12th order
scheme (Brankin et al. 1987) to integrate the equations
of motion of the system consisting of Uranus, its satel-
lites and associated test particles in tadpole or horseshoe
orbits. The parameters and initial conditions were again
taken from Malhotra et al. (1989), and we incorporated
an oblateness potential which takes into account only the
dominant zonal harmonic.

In Paper I we showed the result of a numerical in-
tegration for a test particle located near the L4 point of
Titania (my), which included the gravitational interaction
with Umbriel (ms) only. We saw that in this case the long-
term behaviour of (e, w) is affected by the proximity of a
secular resonance involving the mode g3 and is in good
agreement with the secular solution (Eq. (97)). In fact,
we can see from Table 1 that the adiabatic approxima-
tion made in Sect. 3.3.2 should be valid in the case of the
uranian satellites, as the co-orbital frequencies are much
larger than the forcing frequencies.

In Fig. 3 we show the evolution of an orbit located
near the L, point of Oberon with ag = 0. This is very
close to the secular resonance involving the mode g4 (cf.
Fig. 2) and we see that the slow periodic motion of the
critical argument w — g4t is correlated with a large ampli-
tude oscillation of the eccentricity. The small amplitude
fast oscillation in the eccentricity has the same periodic-
ity as the argument @w — g5t and is indeed caused by the
forced term due to the 1:1 mean motion resonance with
Oberon. There is no apparent threat to the long-term sta-
bility of this orbit, as the maximum eccentricity is still
very far from the threshold required for close approaches
with nearby Titania (i.e. e = 0.25).

In Fig. 4 we show the evolution of a horseshoe orbit
associated with Oberon which has ag = 2,/ps. The ec-
centricity exhibits very irregular behaviour which is prob-
ably due to the interaction between two nearby secular
resonances (involving the modes g3 and g4; cf. Fig. 2) as
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Fig. 2. Location of secular resonances involving a) the pericentres and b) the nodes, inside the co-orbital regions of the uranian
satellites Miranda (m1), Ariel (mg2), Umbriel (ms), Titania (m4) and Oberon (ms). Secular resonances associated with the
modes g; (or f;) occur at the locations ao/+/fi determined by the intersections of the curves 4 (or I'y) with the lines labeled
Ar — gi (or By — fi). Note that the frequencies 5 and I'y were divided by urni in order to be able to condense the results for

all the five satellites in one single picture. The singularity in v, and 'y at ao =
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Fig. 3. Evolution of eccentricity (upper figure), critical argu-
ments associated with the modes g4 (middle figure) and gs
(lower figure) for an orbit located near Oberon’s L4 point with
ao = 0. Time is in units of Miranda’s orbital period

suggested by the behaviour of the associated critical ar-
guments. Due to the overlap of the separatrices of these
two secular resonances, the eccentricity diffuses chaotically
and can potentially reach stability-threatening values.

(8/3)u1 corresponds to the tadpole-horseshoe
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Fig. 4. Evolution of eccentricity (upper figure), critical argu-
ments associated with the modes g3 (middle figure) and ga
(lower figure) for a horseshoe orbit associated with Oberon
with ag = 2\/;75. Time is in units of Miranda’s orbital period

We remark here that although our secular theory can-
not describe accurately the true behaviour in the very
close vicinity of secular resonances (due to the occurrence
of singularities in Eqgs. (97) and (99) which is an artifact
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Fig. 5. Location of secular resonances involving the pericentres inside the co-orbital regions of the planets. The frequencies shown
in the vertical axes are adimensional and correspond to the true frequencies divided by prng. Secular resonances associated
with the modes g; occur at the locations ag/ \/,u_k determined by the intersections of the lines labeled Ay — g; with the curves
~k- The secular resonances involving the modes g1 and g2 (not shown here as they are likely to be very weak) also occur inside

the co-orbital regions of Uranus and Neptune

caused by the truncation of the disturbing potential at
degree two in e and I) or whenever there is overlap of ad-
jacent secular resonances (due to the underlying chaotic
nature of the phase space), it is still very useful in the sense
that it allows us to obtain the location of these secular
resonances, whose dynamical effect can always be subse-
quently investigated with numerical integrations.

4.2. Our planetary system

We also applied our secular theory to the system con-
sisting of the eight planets, Mercury to Neptune, us-
ing values for the eigen-frequencies of the secular system
from Brouwer & Van Woerkom (1950). As these were
calculated taking in account the effect of the 2:5 near

commensurability between the orbital periods of Jupiter
and Saturn, the secular system is characterised by ten
eigen-frequencies g; (with gg = 2¢g5—gs and g10 = 296 —9s)
and eight eigen-frequencies f;. We then used these in or-
der to obtain the locations of secular resonances inside the
planetary co-orbital regions’ condensed in the six panels
of Figs. 5 and 6.

Figure 5f proves that the secular resonances involving
the modes gs and g1¢ can affect Saturn’s tadpole orbits
which is in agreement with recent numerical integrations
by Marzari & Scholl (2000). In particular, these latter au-
thors suggest that the mixed secular resonance involving

" The use of more accurate values for the eigen-frequencies
from Laskar (1988) does not cause any significant alteration in
the location of these secular resonances.
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Fig. 6. Location of secular resonances involving the nodes inside the co-orbital regions of the planets. The frequencies shown in
the vertical axes are adimensional and correspond to the true frequencies divided by prnk. Secular resonances associated with
the modes f; occur at the locations ao/\/ir determined by the intersections of the lines labeled By — f; with the curves I'y,

the mode g1¢ is the major factor responsible for the desta-
bilization of tadpole orbits associated with Saturn.

In Fig. 6b we see that the secular resonances involv-
ing the modes f3 and f; occur very close to each other
inside Venus’ horseshoe region, thus suggesting their pos-
sible overlap. In fact, the numerical integrations of Michel
(1997) showed that a clone of asteroid (4660) Nereus be-
comes, at some stage in its life, a Venus’ horseshoe orbit
which exhibits chaotic diffusion of the inclination caused
by the overlap of these two secular resonances.

From Fig. 6d and as already mentioned in Paper I,
we see that the secular resonance involving the mode fg
occurs within Jupiter’s tadpole region. Recent numerical
integrations by Marzari & Scholl (2000) seem to support
earlier suggestions by Yoder (1979) and Milani (1994) con-
cerning the important role played by this secular reso-
nance in the dynamical shaping of the Trojan cloud.

5. Conclusions and discussion

In this paper we were able to construct a complete linear
secular theory for Trojan-type motion (i.e. based on ex-
pansions of the disturbing potential truncated at degree
two in eccentricities and inclinations). This was achieved
through the use of a Hamiltonian formulation which al-
lowed us to generalise the theory presented in Paper I by
including, in a rigorous way, the effect of an oblate cen-
tral mass and the secular perturbations from additional
massive bodies.

Using our theory we were able to locate secular reso-
nances inside the co-orbital regions of the uranian satel-
lites and the planets Mercury to Neptune. Comparison
with numerical integrations showed that these locations
are reasonably accurate and that secular resonances seem
to play a major role in determining the stability of Trojan
orbits.
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We end by remarking that a next necessary step would
be to develop a non-linear secular theory. In particular this
would allow us to obtain even more accurate locations for
these secular resonances (i.e. as functions of not only the
proper semi-major axis, but also the proper eccentricity
and the proper inclination). Moreover, a non-linear secu-
lar theory is also essential for application to the co-orbital
structures with high eccentricity and/or inclination,
studied by Namouni (1999).
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