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Abstract. In this paper we present an extension to the non-
planar case of the asymmetric expansion of the averaged reso-
nant disturbing function of Ferraz-Mello & Sato (1989, A&A
225, 541-547). Comparions with the exact averaged disturbing
function are also presented. The expansion gives a good approx-
imation of the exact function in a wide region around the center
of expansion.
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1. Introduction

An important challenge in dynamical astronomy is to find a suit-
able expansion of the disturbing function R for a given problem.
As far as planetary theory is concerned, the Laplace’s series
are widely used. They basically represent an expansion around
coplanar circular orbits. However, these series have generally a
poor convergence for high eccentricities and inclinations (see
Ferraz-Mello, 1994 for a discussion).

A typical example where the Laplacian expansion can not be
used because of its lack of convergence is that of the first-order
resonances in the asteroidal main belt (Murray, 1986). In the
case of the 2/1 and 3/2 resonances, the radius of convergence in
eccentricity of the Laplace’s expansion is 0.2 and 0.09, respec-
tively. Recall that both the Griquas (at 2/1) and the Hildas (at
3/2) have eccentricities higher than these values.

It was Woltjer (1928) who first proposed to use a Taylor
expansion of the disturbing function around a point other than
the origin. There is no reason “a priori” to suppose that such
an expansion will not have the same convergence problems of
the Laplacian expansion when we are far away from the center
of expansion. On the contrary, the larger the eccentricity of the
center, the smaller the radius of convergence (see for example
Wintner, 1941, §285-§299). However, it is clear that it will be
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good enough to describe the dynamics of libration as far as the
real motion remains close to the center of expansion.

The asymmetric expansion of Woltjer allowed him to make
a good prediction of the libration period of the 3/4 resonance
between Titan and Hyperion. Later on, Ferraz-Mello (1987) re-
formulated Woltjer’s idea in the form of an analytic expansion
in the framework of the restricted planar three-body problem
for a first-order resonance. This work was extended for reso-
nances of any order by Ferraz-Mello & Sato (1989): We will
refer hereafter to their article as FMS89.

The planar asymmetric expansion led to the high-eccen-
tricity libration theory of the Hildas’ motion (Ferraz-Mello,
1988; Gallardo & Ferraz-Mello, 1995). It was also used to study
the corotation solutions of first-order resonances (Ferraz-Mello,
1989; Ferraz-Mello et al., 1993) and, more recently, to formu-
late a formal analytic theory for the high-eccentricity small-
amplitude librations at first-order resonances (Ferraz-Mello et
al., 1997). Numerical applications of the asymmetric expansion
also allowed Ferraz-Mello & Klafke (1991) to discover the dy-
namics of very-high eccentricity libration in the asteroidal 3/1
resonance, and Ferraz-Mello (1997), to construct a symplectic
mapping for the 2/1 and 3/2 resonances.

However, it becomes more and more evident that planar
models are not sufficient to explain all the properties observed
in some resonant systems. The articles of Wisdom (1987) and
Henrard et al. (1995) are good examples of this fact. Thus, in
many cases, the inclusion of the third dimension in the models
is necessary.

An important advance in this direction was already made
by Moons (1993, 1994), who extended the basic equations of
FMS89, and presented a method to calculate numerically the
resonant averaged disturbing function at each point of the phase
space for the non-planar model. This method allows us to have
an exact representation of the disturbing function. Despite of
the problem of the high computational cost of a mean at each
point of the phase space, the method was successfully applied
in many works (see for example Morbidelli & Moons, 1993;
Moons, 1994; Henrard et al., 1995).
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FMS89’s equations were also extended by Tsuchida (see
Oliveira, 1995) who derived an extension of the asymmetric
expansion to the non-planar case in which the plane of motion
of the disturbing body is kept fixed. The aim of this paper is
to extend the equations of FMS89 to the construction of the
spatial asymmetric expansion in terms of the inclinations of
both the disturbed and the disturbing bodies with respect to
a fixed reference plane. Since this expansion is a polynomial,
and its coefficients are computed only once, it is much faster
than the numerical calculation of the exact disturbing function.
However, it approximates well the disturbing function only in a
neighborhood of the center of expansion, and is only useful in
the case of moderate amplitude librations. In the case of large
amplitude librations, it should be better to use the expansion of
Yokoyama (1994), which is an expansion in powers of (e — e)
combined with a Fourier expansion in the resonant angle o.
However, that expansion was only calculated in the frame of
the planar problem.

In Sects. 2 to 6 we present the basic calculations to obtain the
asymmetric expansion of the disturbing function. These calcu-
lations are extended in Sect. 7 to the case of an oblate potential
of the primary body. Finally, in Sect. 8, we present a comparison
with the exact averaged disturbing function calculated numeri-
cally. The last section is devoted to the conclusions.

2. The disturbing function

Let a, e, I,w, ) be the orbital elements in their usual notation,
and v, u, £ the true, eccentric and mean anomalies, respectively.
We will use primed variables for the disturbing body and un-
primed ones for the disturbed body. We define the resonant an-
gular variables for a generic resonance (p + q) : p in the form

+
PHdy, Py

q q
o = p+q)\/_p/\_w/
q q
o, = PTINv Py _q
q q
O_/Z — p+q)\/—pA—Q/
q q
A—=N
Q = (1
q

where w = w+Qand A\ = £+ w (also @’ = ' + Q' and
N = 0 + @'). Recall that Q is the so called synodic angle,
which is a fast variable in comparison to the others.

Now, we write the disturbing function of the restricted 3-
body problem as

Gm/
R=""" [f+[] 2)
a

where G is the gravitational constant, m’ and o’ are the per-

turber’s mass and semimajor axis, and f and f! are the direct
and indirect parts, respectively, which we write as

f=d@?+r"?=2rr" cos S)~/?
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| r
f=-a 2 cos S 3)
where S is the angle between the position vectors r and r’. This
disturbing function depends on the inclinations only through
cos S. Introducing the notation

I
n = sin 5 n' = sin 5 4)
we can write
cosS = (1—n* —n*+n*n"?)
x cos (v — o) — (v — 0"))
+ 20/ 1 = 12y/1 = 2

x [cos (v—0)— (' —0')+0. — o)

—cos (v—0)+ (@ —d')+0.+0)]
+(1=n%)n%cos (v—0)+ (' —o')+207)
+(1=n?)n*cos (v —0)+ (' — o) +20.)
+n*n*cos (v —0) — (' — o) +20, —207).

Q)]

On the other hand, R depends on the eccentricities through
r,7" and v,v’ which involves the solution of Kepler’s equa-
tion. If we assume that the eccentricity of the perturber is small
enough we can use the known elliptic expansions (Brouwer &
Clemence, 1961) and write

1
v =d |l—écosl + 26/2(1 —cos20) + ()

5
v = 0 +2e sinl + 46'2 sin 20 + 7'(e'?) (6)
where, in terms of the variables of Egs. (1), we have
! =0 +pQ. @)

A similar assumption is not done in the case of the disturbed
body and the dependence of r, v on e will be considered later
(see Sect. 5).

Now, using Egs. (5) and (6) we can write R as a function of
the form

®)

R = R(T7 U7 07 ’rI’ O-Z) r/(a’/7 6/7 6/)7 ,U/(e/’ 6/)7 Ol? "7/7 0-,/3)

and expand it in Taylor series. We will do this in two steps,
respectively discused in the next two sections.

3. Expansion in €/, ;' and 7

Since €’ is a small quantity we start with an expansion around
¢/ = 0 up to 7(e'?) (this part of the expansion will lead to the
same expressions that appear in FMS89). We stress the fact that
such expansion is sufficient if we are looking for a first-order
averaged expansion of R, on the hypothesis that ¢/ < @'(v/m/).
We will also assume that ny’ ~ ¢7(e’). Note that this assumption
is valid for the inclinations of almost all the planets with respect
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to the invariant plane of the outer Solar System or with respect to
the ecliptic. On the other hand, many asteroids have inclinations
less than 30° and we will assume 7 ~ (v/¢'). Thus, we will
expand R around ' = 0 and 1 = 0 up to orders consistent with
(e?).

Denoting .72 = f + f! we write

/
R = GZ;L Sy

+8.%3 oy 1 0% o2y 0.7 'y 10272 ,

oe’ 2 Oe’? on’' T, on'? K
+8J2 . 10%72 N 10°.%2 . 1 047

on ) on? T on? 704 on* g
+82.,% . +1 A7 N o7 o

e’ On g 2 e/ On? g e’ o' g

292 1 3%
’ RTINS ©)

!
* on'on ) 817’(“)772”

and hereafter we assume that all the derivatives are evaluated at
e’ =n' =n = 0. Since the expansion is symmetric with respect
to the inclinations, the D’ Alembert rule holds and, so, just the
terms in the even powers of the inclinations should survive.
Hence, we must have

o _OR _PR PR PR PR

= = = = V. 1
on’  On o3 9eOn 00y On'On? 0. 10

The remaining derivatives are not null, and in order to calculate
them we divide .72 in its direct and indirect parts.
First, we introduce the notation ¢ = cos S and

2472 = 2rr'c

b=
a2

(11)

Thus for the direct part we can write

fo = 651/2
of _3p [ 1or r r Oc O’
= _ 1 — _
oe’ b a’ de’ ( a’ CO) a’ Ov' de’
02 f 32 1or'\> 18> r
e b <a’ 66’) T4 der (1 o CO)
T dc 9% _27“ Oc ov' (1 0r
a’ Ov' De’? a’ Ov' Oe’ \ a’ Oe’
2 N 2 2
_ r 0°c v + 3b(l)/2 8f
a’ Ov'? \ Oe’ e’
82f _ b_3/27” 320
an/z 0 a’ @77’2
azf _ b_3/2 r 826
8,,72 0 a (9772
O*f _ gz (1Y
3774 0 3772
o f

_ T 0% (1 or LT e o
oeronr 0 a’ In? \ o de’ a’ Ov'On? e’
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120f 0*f
+3b, de’ O
2 2

0 f _ b(;3/2 r 0% (12)

on'on a’' On'on

where ¢y = cos S |e’=n'=n:0 and
2 r

b0=1+a/2 _2(],/60' (13)

For the indirect part, after straightforward calculations, we ob-
tain

fo == 00
of! . 8081}’+ r. 1 or
de! ' O Be a0\ o de

o*f! v (1orN v [ 10%
e 76a’60 (a’ 86’) +2a,Co (a’ 86’2)

o’ Oc ' (1 8r’> 1 dc v’
a’ Ov' e’ \ a’ de’ a’ Ov' De’?
r e [0\
Sl (86’)
02 f! T &c
877/2 a/ 8,'7/2
02 f! o &c
on? T on?
84fl _ 0
ont
P f! r e o r &% (1 0r
e’ On? R ov'On? Oe’ * 2a’ on? <a’ 8@)
2 ¢l 2
867.7’277 - 7; 83’577' (14
Now, we introduce the functions
Wy = " cos(v — o)
a
W, = Zsin(v — ) (15)

which are the same as defined in FMS89 (see Eq. 18 in that
paper). These definitions together with Eq. (7) lead, after some
calculations, to the following expressions for the derivatives at
6/ = 7’/ = ’r) = 0

2

Zzz = a*(WE+W3)

Z;, co = a(W) cos pQ + W, sin pQ)
Z, 885, = —a(W, sin p@Q — W, cos pQ)
; gj; = —4a(Wysino, + W cos o)

X (sin pQ) cos o, + cos p() sin o)
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r 0%c .
o 9o = 4a(W;sino, + W5 cos o)
X (sin pQ cos o, + cos pQ sin o)
83
; 81}’80772 = —4a(W;sino, + W, cos o)
X (cos pQ) cos o, — sin p@ sin o)
r 0% .
o I = —a(W cos pQ + W, sin pQ)

(16)

where « = a/a’ (recall that o’ is a constant). From Egs. (6) we

also have

1 or
a’ de’
ov’
oe’

1 0%
a' Oe’?
v
Oe'?

= —cos pQ cos ¢’ + sin pQ@ sin ¢’
= 2(cos p@ sin ¢’ + sin pQ cos o)
= 1 — cos2pQ cos 20’ + sin 2pQ sin 20’

5
=5 (cos 2pQ sin 20" + sin 2pQ cos 20”)

a7)

and the computation of the derivatives is almost completed.
It is worth noting that Eqgs. (15) can be written in the form

W
W,

g2 cos(p +q)Q — g3 sin(p + 9)Q
g2 sin(p + @)Q + g3 cos(p + ¢)Q

where ¢, g3 are the functions

cos(p — A)

92

Q 32 =3

g3 sin(p — A)

(18)

19)

with ¢ = v + w. Thus, using the notation of FMS89 (see their

Egs. 11, 12, 14 and 37) we introduce the definitions

g = Wi+ W;
= $+93
gs = WicospQ + W, sin pQ
= 9208 ¢Q — g3sin¢Q
gs = WhcospQ — Wi sin pQ

g2 sin qQ + g3 cos qQ.

(20)

Recall that g4 differs by a factor « and g5 differs by a factor
2« to their counterparts in FMS89. In addition, we define the

functions
ge = WicospQ — W, sinpQ

= gacos(q +2p)Q — gs sin(q + 2p)Q
g7 = Wscos pQ + W sin pQ

g2 sin(q + 2p)Q + g3 cos(q + 2p)Q.

Finally, after some algebra, we obtain the following results for

both the direct and indirect parts.

2y

3.1. Term of zero order

Itis

P = (fo+ fy)

where

fo = (1 +a’g —2ag)7"/?
fo = —ags

(compare with Egs. 7 and 13 of FMS89).

3.2. Terms of (7 ()

The term in €’ is:

0.7 .

b = 1+ [Deosa’ +(fo+ f3)sino’

where

fi = f21(1 — agy) cos pQ + 2ags sin pQ]

fr = —f3 [(1 — ags) sin pQ — 2ags cos pQ]
| = —2a(gscos pQ + g5 sin pQ)

fr = 2a(gasinpQ — gs cos pQ)

(compare with Eq. 36 of FMS89). The term in 7 is:

>

op = (¥ F3) + (fa+ fi)cos 20,
+(fs5 + fsl) sin 20,

where

f = —f32ag

fa = f320g6

fs = — 32007

fa1 = 204

fi = —2age

fsl = 2ag;.

3.3. Higher order terms

The term in e'? is:

882;28 = (fo+ [+ (f1+ f7)cos 20’
+(fs + fg)sin20”
where
fo = —15 (; + ag4) + ;fé [(1 = aga)? + 2ags)’]
=1 [(; +ag4> cos 2p@) + ;ag5 sin 2pQ

(22)

(23)

(24)

(25)

(26)

27

(28)

(29)

(30)
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3
+2fg {((1 — ags)’ — (2ags)*) cos 2pQ

+4(1 — ags)ags sin 2pQ }

1 1
fs = —f03 Kz + ag4> sin 2pQ — 2a95 cos ZpQ}
3 .
_ng {((1 —ag)? - (2ags)2) sin 2pQ
—4(1 — aga)ags cos ZpQ} G1)
o = ag
1 13 .
f7 = —Tagscos2pQ — , @gssin 2pQ
13
fs = Tagasin2pQ - agscos2pQ (32)

(compare with Egs. 40, 41, 42 and 43 of FMS89). The term in
n'? is almost the same as Eq. (27):

P72
o2 = (f3+ [3) + (fa+ fi) cos 20,
+(fs + fHsin 207 (33)
The term in n* has no indirect part:
7
= fo+ fipcos20, + f1;sin20,
ont
+fiacosdo, + fizsindo, (34)
where
fo = 18]”3012 (gl +29§)
o = =72f50% gage
fit = 12f50%gagr
fr2 = 18f30” (g5 — 97)
f13 = —36f30é2g6g7. (35)
And finaly, the mixed term in ¢’ 772 is:
sk
de'dn? [(fia+ fig) + (fis + fl5) cos 20
+ (fi6 + fig) sin20] cos o’
+ [(fn + fl) + (fig + flg) cos 20,
+ (f10 + flo)sin 20| sin o’ (36)
where

fis = foaBW) — gacos pQ — gs sinpQ) — 6f5 frags

fis = —foaBWi — gecos pQ + g7 sin pQ) + 6 f5 f1age

fie = foaBWa — gesinp@Q — g7 cos pQ) — 67 frags

fir = = f3BW, — gasinpQ + gs cos pQ) — 65 fag4

fis = —f3a BWa + g sinpQ + g7 cos pQ) + 6 f5 fruge

fio = =3 BW1 + gs cos pQ — g7 5inpQ) — 6f3 fragr (37)
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f114 = _2f11
fls = —flg = —4a(ge cos pQ — g7 sin pQ)
fle = fis =4a(gesinpQ + g7 cos pQ)

flr =21, (38)

All these terms are of ¢7(e’?). There is also a mixed term in 7'n
which is of 7'(e/3/?); it is:

PI | , e
on'om = [(fzo + fao) cos o7, + (fa1 + f31) Slnoz] Sin o,
+[(foo + frp) cos ol + (fa3 + fr3)sinol] coso,
(39
where
froo = fodaW;sinpQ = f32a(g7 — gs)
far = fadaW; cospQ = f320(ga + ge)
fr = fodaW,sinpQ = f52a(gs — go)
f3 = f4aWacos pQ = f32a(gr + gs) (40)
fro = —4aW,;sinpQ = —2a(g7 — gs)
fa1 = —4aW; cos pQ = —2a(gs + go)
f2 = —4aWssinpQ = —2a(gs — g6)
fry = —4aWcos pQ. = —2a(g7 + gs). 41)

With these calculations we have completed the first part of
the expansion.

4. Expansion in k, h and o

We know that, in the resonance, the critical argument o librates
around a certain value oy, and both the eccentricity and the
semimajor axis librate around ey and a( respectively. So we
could make an expansion of the disturbing function around these
points. Since e and o are coupled through the D’ Alembert rule,
any term with the argument no is proportional to ™. Thus any
expansion around a point ey # 0 is singular at e = 0. In order to
avoid this non-analyticity at the origin it is useful to replace the
pair of variables e, o by the regular variables

k = ecoso

h = esino (42)

and to expand R around the point (ko, hg)-

It is worth noting that the expressions obtained in Sect. 3
depend on k, h and cv only through the coefficients f; and f;, and
more precisely, they depend on &, h only through the functions
W, and W, (or equivalently, the functions g, and g3). Thus, the
second part of the expansion consists in expanding each of these
coefficients in powers of (h — hy), (k — ko) and (o — ay).

We assume that all Ak, Ah and A are of order @@ (¢’) (i.e.,
Ae ~ @(e) and Aa ~ 0.05). So, we expand the term .22 up
to second the order in €’:

0.7 %

A4 — % 0. 70
Sy = Sy + ok (k — ko) + oh (h — ho)
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0.2 1 929, 2

+ oo (Oz—Oéo)+ 2 8k2 (ki—k‘o)
1 029, , 1 P2, 2

+2 on2 (h—ho) +2 a2 (a—Oé())
072, 0%

* 9kon (k — ko)(h — ho) + hde (h — ho)(a — ap)
0%

+ kDo (k — ko) — ay). (43)

The terms of ¢7(¢) are expanded only up to the first order in ¢’
obtaining

0.7 02 0 0.7
oel < oe’ )0+ ok Oe¢ (k= ko)
0 0.7 0 0.7
Yon oo "0 9o ger (70
2 ¢ 2 o 2 o
8(ﬁ3= 0% 7 +88Q,(k_ko)
on? on? ), Ok on?
0 0> 0 027
+8h on? (h — ho) + 9o On? (a — ap). (44)

The remaining terms are just evaluated at kg, hy and «.

The calculation of these derivatives is almost simple. We
show below some of the most cumbersome derivations of the
direct part. Denoting by X, Y any of the variables k, h or o, we
have

dfo _ _1f3 a?g1) _ ,0ag)
ox — 27| ax oX
9 fo _ 3f—laf08f()
dXoY L) )%
_1f3 O*(a*gy) _232(0494)
270 | aXoYy oXoY
oft _ ,,—10f0
O0(ags) 0(ags) .
3 J—
+f0{ 29X cos p@ +2 X sme]
Ofs _  n0fo  _ 30(ags)
ox - 65 ox Y94 215 ox (45)

The explicit form of these coefficients can be found in Roig
(1997).

5. The functions W; and W,

The evaluation of the functions W, and W, as well as of their
derivatives at the point kg, h( can be done in two different ways
as already described in FMS89. We can use the relations (18)
together with the classical elliptic expansions of the functions
g» and g3 (see Sect. 7 of FMS89), which leads to the so-called
high-eccentricity (HE) asymmetric expansion, valid only for
ep < 0.6627, i.e., inside the radius of convergence of the cited
expansions of g, and g3. Alternatively, we can write the func-
tions W; and W, in the form

Wi = cos(u — o) — k+hT

W, = sin(u — o)+ h+ kT (46)
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where
1 .
T= (\/1—62—1)smu
e

and we can calculate the derivatives with the use of closed for-
mulas which are not singular at e = 0 (see Sects. 3.1, 3.2 and
3.3 of FMS89 and pay attention to some obvious misprints in
Egs. 28 and 32, and in the formula after Eq. 22). This later
method leads to the so-called very-high-eccentricity (VHE)
asymmetric expansion, valid for any eccentricity ey.

It is worth noting that in Eq. (46), W, and W, depend on
the eccentric anomaly u. Thus, we must use the relation

(47)

l=c+(pP+qQ (48)

and to solve Kepler’s equation in order to obtain the dependence
of Wl, W2 on Q

6. Final expression and average

Now, we can write the final expression of the expansion. De-

0.72;

noting . 22; = f; + fl and .2, x = 5 XZ , we have

Gm’
a/

{a%?o +.7220n(h — ho) + Lo (k — ko)
+Spalo — o) + [ A2 cos o’ +. 72, sino’] €

B ; 1
+ [ 723 + .4 cos 20, + A5 sin 20| 27]2
1

+S20nh
2

1 )
+Z0aa 2(Oé — ) + Lok (h — ho)(k — ko)
+Z20na(h — ho)(a — ap) + Aopa(k — ko) — o)
+[. A2}, cos o’ + .Sy, sin o' 1€’ (h — hg)
+[ A1), cos o’ + . S8y sino’ e/ (k — ky)

+H A1 cOs 0’ + Fng sina’le’ (o — )

; 1
(h — ho)* + Lok, 2(/€ — ko)?

; } 1

+[. A3, + Suy, cOS 20, +. P25, 8in 20, ] 2772(h — ho)
} } i 1

+[ S5 + Sy COS 20, + . S5y, sin 20, ] 2772(k — ko)
} , 1

+H[S34 + S2s0, cOS 20, +.F25, 8in 20, ] 2772(a — ap)
. . , 1

+H[ P + L7 cos 20" + . S5 sin 207 ] 5 e

1 2

277

; 3 1
+[.%9 + ;%)10 cos20, + -%11 sin 20, ] 24 ’174

+ [ A2 + .24 cos 207, + A5 sin 207

; ; 1
+[.%12 cosdo, + -%13 sindo, ] 24 ’174

/ 2/

+[S214 + S 5c0820, + S 6sin20,]cosa’ _ne

!/ 2/

1
2
1
e
277

+[ 217 + .S cos 20, + .29 8in 20, ] sin o
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+ [ A9 cos ol + Sy sinol, | n'nsino,

+ [.%322 COS O, +. 723 sin o’z] n'ncoso, } ) (49)
Since each of the coefficients .72; depends on the fast variable
@, this expansion can be averaged by solving numerically the
integral

1 27

R = R{uw(@), Q] dQ.

o ), (50)

The calculation of this integral requires the solution of Kepler’s
equation as an intermediate step (see Sect. 5). It is easy to show
that this step can be avoided by performing the average directly
over the eccentric anomaly (cf. Moons, 1993). From Eq. (48)
we write

_ (u—egsinu) — gy

P+

where e, oy are the values at the center of the expansion; then
Eq. (50) can be replaced by

Q (D

1 2m(p+q)
R* = 2rp+ ) /0 (1 —egcosu) R[u, Qu)] du.
(52)

6.1. Parity rules

There are some special cases in which the coefficients .72; have
a well defined parity with respect to the variable @) (or w). This
property can be used to predict some zero averages (for odd
coefficients) and reduce to half the interval of integration in the
calculation of even coefficients.

The case of particular interest is the one in which we use a
center of expansion on the k-axis, i.e. hg = 0. Such an expansion
is useful to study first-order resonances (¢ = 1), since, in this
case, libration occurs around oy = 0. Then, we can see from
Eq. (51) that the variable () is an odd function of u, so the parity
of any function with respect to () is the same as with respect
to u. This property can be used together with the parities of the
functions W; (and their derivatives) with respect to u, shown in
Table 1, to predict the parity of each coefficient.

With these rules, the coefficient f; as well as any power of
it are always even functions of u. Consequently, for a first-order
resonance the averaged expansion is reduced to the following
expression:

Gm/’

B o= [/?0 + Rk — ko) + A (a — )

1
+ 72} € coso’ + [ R} + .S cos 20| 2772

+ L 2h2 + S (= ko)?

L 2(a — ) + .20 (k — ko) — )

+25, €' sina’h + .27, ' cos o’ (k — ko)
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+727, € cos o’ (a0 — ap) +.72%, ;772 sin20,h

+[. AR5, + .92}, cos 20, ] ;nz(k — ko)

+[. 225, + .72, cos20,] ;nz(a — ap)

+[. 225 + 725 cos 20"] ; e

+ [ 725 + 72} cos 20" ;77’2

) ,, _ 1
+[. 225 + .22} cos 20, + .42}, cos 4o, ] 24 n*
) ) 1
+[. 22}, + . A2}5 cos 20, ] 27]26/ cos o’
Dk 1 2 . /. / O * . s /
+,%319277 sin20, €' sing’ +.425, nsino, n' sino,

+.725, ncosa, 1 cos o, } (53)

1 m(p+q)
where .22} = / (1 — egcosu) .72; du.
TP+ Jo

In the general case, when the center of the expansion is at a
point with o # n/2 (n integer) the functions Wy, W, as well
as the variable ) do not have well-defined parities with respect
to u. Thus, the full expression Eq. (49) shall be considered.

7. The oblateness of the central body

In resonant satellite problems, we must take into account the
part of the disturbing function arising from the oblateness of
the primary body. Using the classical Legendre expansion, we
can write this oblateness potential in a first approximation as

2 -3
,GM;sz (2) Py(sing) + - --

a’

R’ = (54)
where M, b and J, are the mass, the equatorial radius and the
ellipticity factor of the potential of the central body; r, ¢ and a
are the planetocentric distance, the latitude over the equator and
the semimajor axis of the disturbed body. P; is the Legendre
polynomial

3 1
Pyz)= " — _. 55
2@) =17 =, (55)
If the equator of the primary is the reference plane for defi-

nition of inclinations, the following relation holds:

sin ¢ = sin I sin(v + w) (56)
which in terms of Eqgs. (1) and (4) can be written as
sing =2ny/1 — p?sin (v — 0) + 7). (57)

We now substitute Egs. (55) and (57) in Eq. (54) and obtain

GM J,b? 1
- a/32 2772 (1 - 772)

x (2] + .79 cos20, +.72] sin20.) }

R’ = R +

(58
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Table 1. Parities with respect to u for the case ¢ = 1.

Even Wi, Wik, Wan, Wik, Wikk, Wank

Odd Wa, Win, War, Wannh, Wark, Wink

where a’ is the semimajor axis of the disturbing body. Taking
into account Egs. (15) and (20), we have

/— 1 172\ 3
A==, (aai”)

(compare with Eq. 72 of FMS89). In addition, we introduce the
definitions

(59)

g8 = W12 - sz

go = 2W1W, (60)
and we can write

2] = 1292

Ry = 12788 9;198

S = —12.72] g7 go. (61)

Now, we expand each term 78;] around ko, hg and «p as in
Sect. 4. The calculation of the derivatives is simple and the final
expression reads

GM J,b?
- a3

,, 1
+ 22 (o — ap) + Z.e/zghh(h — ho)?

R’ = R + R, (h — ho) + .72, (k — ko)

| 1
+2'%0Jkk(kj - kO)Z + 2'%0Jaa(a - aO)z
+ (b — ho)(k — ko) + 2230 (h — ho)(ax — )
) 1
+ ARialk = ko) = ao) + i (1= 17°)
x (2] + .22 cos 20, + .7 sin20.,)
1
+,m°(h = ho)
x (A1), + 723, cos 20, + .43, sin 20,
1
+,m°(k = ko)
X (%{k +.923, c0s 20, +. 723, sin 202)
1
+,m* (@ = a)
x (A, + 4, cos20, +. 5], sin20,) ] . (62)

The average is computed in the same way as already described
in Sect. 6, and parity rules apply when hy = 0.

8. Comparisons

In order to test the precision of our asymmetric expansion, we
made several comparisons with the exact averaged resonant dis-
turbing function, computed numerically using the formulas of
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Fig. 1. Comparison at ¢ = 0 between the exact averaged disturbing
function (continous line) and the asymmetric expansion (dotted line),
expanded around the point ko = 0.2, hp = 0 and ap = 3.275 AU (2/1
resonance) for different values of I, considering o, = 0. In all cases
we take @’ = 5.2 AU, ¢ = 0.05, I’ = 1.2°, and o' = ¢, = 0. The
expansion is almost the same in all cases. The agreement at I = 20° is
better than at I = 0° due to the fact that the planar disturbing function
has a singularity at k£ ~ —0.5.

Moons (1993). These comparisons were made for the 2/1 reso-
nance and in all cases we considered

a =52AU

e = 0.05

I =1.2°

o =0,=0 (63)
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0.4

Fig. 2. Comparison at ¢ = 0 between the exact disturbing function
(continuous line) and two expansions around the points ko = ho = 0
(dotted line) and ko = 0.4, hp = 0 (dashed line), with ap = 3.275
AU in both cases. The comparison is made for I = 20° and o, = 0.
The variables of the disturbing body have the same values as in Fig.
1. Note that at £ = 0 the difference between each expansion and the
exact function is almost the same. However, the second expansion gives
better approximation for other values of k£ (see comment in the text).

as fixed parameters. The coefficients of the expansion were eval-
uated using the closed formulas as in the VHE expansion. The
average was computed using a fourty points Gauss quadrature.

First, it is known that the planar asymmetric expansion be-
comes singular when the path of integration over ) includes
the point of collision of the bodies. The set of points in the
ko, ho plane where this singularity occurs is the so-called col-
lision curve (see Ferraz-Mello et al., 1993). The non-planar
asymmetric expansion presented here is the sum of the planar
expansion plus terms related with the inclinations; so, this spa-
tial expansion has embedded the presence of the collision curve
of the planar problem. If we choose the center of expansion
(ko, ho) close to the collision curve, the spatial expansion will
try to reproduce a false singularity, leading to a very bad rep-
resentation of the disturbing function, even if a collision may
occur only at the mutual node of the orbits.

However, when the center (kg, ho) is far away from the col-
lision curve, the expansion can be used to obtain a very good
representation of the non-planar disturbing function. This rep-
resentation can be even better than that of the planar disturbing
function (FMS89), due to the fact that, in general, the non-planar
function does not have a collision curve. We can see in Fig. 1
that, for a given center of expansion kg, ho, there seems to be a
certain inclination for which the expansion works the best.

It is worth noting that the best agreement between the asym-
metric expansion and the exact disturbing function at a given
point in the plain k, h is, sometimes, obtained using a center
of expansion kg, hy other than that point. This does not only
depend on the values of kg, hg, but also on the values of I, ¢’

347

and I’ at which the expansion is evaluated. For example, we
see in Fig. 2 that, around the origin (k = 0), the asymmetric
expansion (for which ky = 0.4) gives an approximation as good
as the Laplacian expansion (for which ky = 0). However, the
asymmetric one gives better approximation for other values of
k, so it can be applyed to problems in which the center of li-
bration is at k = 0.4 as well as at £ = 0. Note that, in this
figure, neither the asymmetric expansion nor the Laplacian one
coincide with the exact function when k& = ky. The difference
with the exact function at this point is because both expansions
are made around ¢’ = I’ = I = 0, but they are being evaluated
at e/ =0.05, I’ = 1.2° and I = 20°. The difference is greater
at kg = 0 because we are nearer the collision curve and the
expansion becomes worse.

We also perfomed some comparisons for different values of
o. To do this, we used an asymmetric expansion around ag =
3.275 AU, hy = 0 and a given kg between 0 and 0.8. Then we
fixed a, I and o, and calculated the relative difference between
this expansion and the exact function at each point of a grid in
the plane e, 0. The results were plotted as level curves in that
plane. Some of these comparisons, for three different values of
the inclination (/ = 0°,1 = 15°, I = 30°) are shown in Fig. 3,
using centers of expansion around k( = 0.2 and around k¢ = 0.6.
In all these examples we fixed a = 3.275 AU and o, = 0.

In those figures the brightest level represents the region
where the relative difference is below 1%. The center of expan-
sion is marked with a cross. We see that for inclinations ~ 30°
(in the chosen limit for the truncation of the expansion), the
approximation becomes bad, and can be better in other region
than around the center of expansion. For smaller inclinations
we obtained a good agreement even for amplitudes of libration
of about 60° or 90°. It is worth noting that the evaluation of the
averaged asymmetric expansion in a grid of 100 x 200 points
in the plane e, o is about ten times faster than the numerical
evaluation of the exact averaged disturbing function in the same
grid.

Although the asymmetric expansion gives a good approxi-
mation of the exact function in a wide region of the phase space,
it is worth stressing the fact that the most important feature for
the dynamics is to be able to reproduce with the expansion the
location of the equilibrium solutions of the system (pericentric
branch, corotation solutions, etc.). For example, we can see in
Fig. 1 that for I = 20° the location of the minimum of the expan-
sion does not coincide with the minimum of the exact function.
As this minimum is associated with the location of the Kozai
resonance, we will not obtain a good representation of the dy-
namics for e > 0.5 with this expansion. It is obvious that, in
this case, we have to change the center of expansion and take a
value of ky nearer to the minimum of the exact function. This is
clear in Fig. 2, where the expansion for ky = 0.4 gives a better
location of that minimum.

In this sense, the asymmetric expansion should be combined
with a sort of iterative procedure to locate the position of these
equilibrium points. Starting with a given center (ko, hy), we
estimate the location of such an equilibrium point, then we can
use this point as a new center to recalculate the coefficients of
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the expansion, and so on. This kind of procedure was already
applied, for example, by Ferraz-Mello et al. (1993) to compute
the locus of corotation solutions in many asteroidal resonances,
using the planar expansion. We stress the fact that, even if we
can locate the exact position of a corotation, the expansion will
be valid only in neighbourhood of that corotation (which is the
actual center of the expansion). Thus, we should not expect to
obtain a good representation of the whole secular resonance.

In order to reproduce the locus of secular and secondary res-
onances inside first-order mean motion resonances, some tests
were recently made by Nesvorny (1997), using the spatial asym-

0.0- ; : : : :
-3.0 -20 -10 00 10 20

0.01 0.02 0.04 0.06 0.10 0.20 0.40 0.60

30 The white region corresponds to a difference
Ofrad] below 1%. Note that the approximation be-
comes poor as the inclination increases, and
can be better in other region than the center
of expansion.

metric expansion of this paper. He combined the expansion with
the perturbative method of Henrard (1990) and succeded in ob-
tain the position of some secular and secondary resonances, as
well as the Kozai resonance, inside the 2/1, 3/2 and 4/3 reso-
nances. As an example, we presented in Fig. 4 the location of
the stable equilibrium of the Kozai resonance (together with its
separatrixes), at the pericentric branch of the 2/1 resonance. It
is also shown the position of the ¢ secular resonance. These
calculations were made taking different asymmetric expansions
around points (ko, ag) over the pericentric branch. We can com-
pare this figure with Fig. 6 of Morbidelli & Moons (1993) or
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T |

0.4 0.6

Fig. 4. The continous lines represent the location of the stable equi-
librium points of the Kozai resonance (w curve) and the v6 secular
resonance, at the pericentric branch of the 2/1 mean motion resonance
(0 =0and o, =0). The dashed lines are the separatrixes of the Kozai
resonance. The calculations were made using the asymmetric expan-
sion of this paper and considering a’ = 5.2 AU, ¢’ =0.048, I’ = 1.2°,
and ¢/ = o, = 0. Dotted lines are different levels of the constant
N = (ua)'?2 — (1 — )/ ?cos I).

with Fig. 3 of Henrard et al. (1995) and see that the agreement
is very good.

9. Conclusions

We have presented the asymmetric expansion of the averaged
resonant disturbing function in the non-planar problem. Since
this expansion is done around a fixed point in the k, h plane and
truncated at ¢7(e’?), it approximates well the disturbing func-
tion only in a neighborhood of that point, and we have shown
that this neighborhood around the center of expansion can be
wide enough. Thus, we can apply it to problems in which the
amplitude of libration is moderate. Recall that any application
must be also limited in inclination, since we have expanded the
function around zero inclinations.

Currently, this asymmetric expansion is being used in the
construction of a non-planar symplectic mapping for the first-
order asteroidal resonances, which extends the planar mapping
used by Ferraz-Mello (1997). It is also being used in the for-
mulation of an analytic theory of the high-eccentricity libration
dynamics (Ferraz-Mello et al., 1997).

The asymmetric expansion has been already shown to be an
useful tool for the expansion of the disturbing potential acting on
a resonant asteroid, and the expansion presented in this paper
may be useful in the analytic studies of the spatial resonant
problems in high eccentricities.
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FORTRAN and C codes to compute the coefficients of this
expansion are available by anonymous ftp at:
ftp://chaos]1.iagusp.usp.br/users/ftp/pub/highecc.
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