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ABSTRACT

Context. With the discovery during the past decade of a large number of extrasolar planets orbiting their parent stars at distances lower
than 0.1 astronomical unit (and the launch and the preparation of dedicated space missions such as CoRoT and KEPLER), with the
position of inner natural satellites around giant planets in our Solar System and with the existence of very close but separated binary
stars, tidal interaction has to be studied carefully.

Aims. This interaction is usually studied with a punctual approximation for the tidal perturber. The purpose of this paper is to examine
the step beyond this traditional approach by considering the tidal perturber as an extended body. To achieve this, we studied the
gravitational interaction between two extended bodies and, more precisely, the interaction between mass multipole moments of their
gravitational fields and the associated tidal phenomena.

Methods. We use cartesian symmetric trace free tensors, their relation with spherical harmonics and Kaula’s transform enables us to
analytically derive the tidal and mutual interaction potentials, as well as the associated disturbing functions in extended body systems.
Results. The tidal and mutual interaction potentials of two extended bodies are derived. In addition, the external gravitational potential
of such a tidally disturbed extended body is obtained, using the Love number theory, as well as the associated disturbing function.
Finally, the dynamical evolution equations for such a system are given in their more general form without any linearization. We also
compare, under a simplified assumption, this formalism to the punctual case. We show that the non-punctual terms have to be taken
into account for strongly deformed perturbers (J, > 1072) in very close systems (ag/Rp < 5).

Conclusions. We show how to derive the dynamical equations for the gravitational and tidal interactions between extended bodies
and associated dynamics. The conditions for applying this formalism are given.

Key words. gravitation — celestial mechanics

1. Introduction

In celestial mechanics, one of the main approximations done in the modeling of tidal effects (star-star, star-innermost planet or
planet-natural satellites interactions) is to consider the tidal perturber as a point-mass body. However a large number of extrasolar
Jupiter-like planets orbiting their parent stars at a distance less than 0.1 AU have been discovered during the past decade (Mayor
et al. 2005). Moreover, in Solar System, Phobos around Mars and the inner natural satellites of Jupiter, Saturn, Uranus, and Neptune
are very close to their parent planets. In such cases, the ratio of the perturber mean radius to the distance between the center of
mass of the bodies cannot be any more negligible compared to 1 (cf. Fig. 1). Furthermore, it can also be the case for very close, but
separated, binary stars. In that situation, neglecting the extended character of the perturber has to be relaxed, so the tidal interaction
between two extended bodies must be solved in a self-consistent way by taking the full gravitational potential of the extended
perturber into account, generally expressed with some mass multipole moments, and then to consider their interaction with the
tidally perturbed body. In the literature, not many studies have been done (Borderies 1978, 1980; 11k 1983; Borderies & Yoder 1990;
Hartmann et al. 1994; Maciejewski 1995). The purpose of this work is then to provide a theoretical procedure for obtaining this
tidal gravitational interaction, as well as its associated tidal dynamical evolution.

Several years ago, Hartmann et al. (1994) introduced an interesting tool in celestial mechanics, based on cartesian symmetric
trace free (STF) tensors, to treat the couplings straighforwardly between the gravitational fields of extended bodies. These tensors are
fully equivalent to the usual spherical harmonics, but in addition, a set of STF tensors represents an irreductible basis of the rotation
group SO3 (Courant & Hilbert 1953; Gelfand et al. 1963). It means that, by using algebraic properties of STF tensors with the
index notation of Blanchet & Damour (1986), these objects become a powerful tool for determining the coupling between spherical
harmonics in an elegant and compact way. However, as these tensors are not widely used in celestial mechanics, we first recall
their definition and fundamental properties and stress their relation to the usual spherical harmonics. Then, we treat the multipole
expansion of gravitational-type fields for which each type is related to a given extended body. First, the well-known external field
of such body is derived using STF tensors; classical identities are provided. Next, the mutual gravitational interaction between two
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Fig.1. System of two extended bodies. EA
and Ry are the respective mean radius of A and
B, while D,g is the distance between their re-
spective center of mass. €5 and &g are the con-
ical angles with which each perturber is seen
from the center of mass of the perturbed body.

When D'i < 1 with i =A or B, the ith body
could be considered as a punctual mass per-
turber.

DAB

A 4

extended bodies and the associated tidal interaction are derived. We show how the use of STF tensors leads to an analytical and
compact treatment of the coupling of their gravitational fields. We deduce the general expressions of tidal and mutual interaction
potentials expanded in spherical harmonics. Using classical Kaula’s transform (Kaula 1962), we express them as a function of the
Keplerian orbital elements of the body considered as the tidal perturber. These results are used to derive the external gravitational
potential of such tidally perturbed extended body. After introducing a third body, its mutual interaction potential with the previous
tidally perturbed extended body is defined that allows us to derive the disturbing function using the results obtained with STF tensors
and Kaula’s transform. At this stage, the different type of mutual gravitational interaction is defined. The dynamical equations ruling
the evolution of this system are obtained. Finally, we use a reduced form of that equations to qualitatively quantify the influence of
non-punctual terms of the disturbing function in comparison with the punctual case.

2. STF-Multipole expansion of gravitational potentials
2.1. Definitions and notations

We focus first on the STF tensors. Let us define a Cartesian /-tensor as a set of numbers 77;,;,. ;, with [ different indices i; to i;, each
taking an integer value running between 1 and 3. A compact multi-index notation, first introduced by Blanchet & Damour (1986), is
generally used. An uppercase Latin letter denotes a multi-index, while the corresponding lowercase denotes its number of indices:

L=ii..q;, Tp=Ti. - (1)

The Einstein summation convention is assumed in the following, so if some index appears twice, a summation over that index is

implied

Ag Bk = Aiiy...ii Biyiy..iy = Z Aiviy.iiBijiy...iy - 2
1502500l

Given a Cartesian tensor Ay, we denote its symmetric part with parenthesis
1
Awy = Ay = I Z Aiyityigy o> (3)
[on

where o runs over all the /! permutations of {1, 2,3, ..., [}. .
Next, the symmetric trace tree part of a tensor Ay, is denoted indifferently by A; = Ay = Aqyyiy...ipp- Following Thorne (1980),
the STF part of A, reads as

A — kls .. Q. .
AL = a 6(1112"’612k—112kS12k+1mll)alaluakak “4)

where ¢ is the classical Kronecker delta function,

B w1 (=DF@I-2k- 1
Se=Aw and @ = o o I 20 ®)

[%] denoting the integer part of % while

if [ is odd
if [ iseven’

DN =

IN=1(0-1)1-2)---2x1 and 1!!:1(1—2)(1—4)---><{
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2.2. STF-basis

Let e; (i running between 1 and 3) be a Cartesian basis vectors set (with the rule e; - e; = 6;;). The basis of the (2/ + 1)-dimensional
vector space of STF rank /-tensors is made of the STF parts of the [-fold tensorial products (Thorne 1980)

m !
== ®
n=1 p=m+1
where
Et=e +ie;, E’=e; (7
with i2 = —1. For m > 0, let us define the following algebraic object
m !
er=\T1etl| [] E- (8)
n=1 p=m+1
Then, the STF canonical basis is proportional to Eé’g and can be chosen as (Thorne 1980):
ylm . Alm lm
Y = Al ©)
where
A = (=121 - ! 2l—+1 . (10)
- “Ndnr(l - m)!( + m)!
The constant A” is chosen to get a normalization, such that
Sl (S’ \* _ (2l+ 1)”
yL (yL ) —W mm’ s (11)

z* corresponding to the complex conjugate of z, z being a complex number or function. Finally, taking Egs. (4), (9), and (10) into
account, we obtain

(]

ylm _ Y ot + 0 0

Y = N Z A SOy i By B EDLED), (12)
Jj=0

where

mj . (=D)@i=2))! g |21 =m)!
=i pid=mozpy 4 ANm =D \/ 4n (+m)! (13

Let us consider an arbitrary vector x = (x1 X2, x3). We can now introduce the Euclidean norm r of x, the corresponding unit vector n
and the Cartesian tensors xX and nX constructed on x as

r= ‘/?, n=x/r XK= xhx X nK = nha nk (14)
Using the harmonic property V2 (r‘l) = 0 (for r > 0) and Eq. (14), one gets

&(%) - aL(%) G ENIEC (15)

where d;, and A, are the STF part of 9, and n”, respectively. Then, considering Eq. (12) and taking V> (r") = 0 into account, the
computation of Kronecker deltas functions combined with Eq. (15) leads to

. 1 1
oL (;) = Nina"(0y + i0,)"0\" (;)
yl,nlﬁ
= (=Dl rLML. (16)

By applying Eq. (16) twice, we find

ara | aia (1
sralwra;)

Yimd, [Njkafko(ax +i0,y o™ (

)]
I

1
P
1
P

Nixa™@, +id,) 0™ [y’L’”’éL (
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This last equation leads to a composition law of a product of basis functions Y 'L’" After some algebra, we obtain

Lm
Sl A AilA 1 y jm+k A
V"o [yﬁ’k@f(;)] (—D)@I - D1 - D! ,ﬂﬂy’[/’ i (18)
where
I _ Lk _ 20+1 2j+1 [+ ) =m+B][(+)+m+B] (19)
Yie = = N m—m)! G+ 001G - &) A2+ ) +1]
Considering that the lefthand side of the Eq. (18) can be written using Eq. (15) as
cima | ajka (1 , ) S im ik LI
"oy [yj"aj(;)] = (DM @1+ 2j - WY (20)
we finally get
Sl 2[-DHN2j-nHi ko
«yiinlyl?kﬁLJ — ( ) ( J ) yl+] +knLJ~ (21)

Q1+2j- D! L

2.3. Relation between STF-basis and usual spherical harmonics

In this section the equivalence between STF basis and spherical harmonics Y;,, is given. Following Abramowitz & Stegun (1970),
Y}, reads as

Yim(0,9) = Ny PJ'(cos ) exp [imp] form >0
(3]

Nim (exp [ig] sin §)" Z a™i(cos )", (22)
=0

where the P}" are the classical associated Legendre polynomials. We also recall the symmetry property of the Y;,,, namely,
Y -m(0,9) = (=1)" Y}, (6,¢) withm > 0. (23)
Since the components of the unit vector n in complex form is
ny +in, = exp[ip]sinh, n; =cosb, (24)
we can identify

=Y = Y, (25)
which can be inverted by using Eq. (11) as

A 4”1' lm
i, = mzy Y, (26)

To give an example of how it works, let us examine the cases / = 0 and [ = 1. The spherical harmonics are

Yo,0 = (27)

3 3
Yig=q[/-—cosf, Yi;=—/-—sinfexplig]. (28)
' 4r ’ 8r

Let us compare with the STF-basis functions. For [ = 0, the normalization rule given in Eq. (11) gives the single number 1/ V4.
For [ = 1 we have

8-
Y

VA 0 VS 1 VA 1

fo 3 : o 3. ol 3 ;
y =4/—10 while Yy =~ & i and Yy “V&r -il, (29)
yl 0 T\ yll T\ 0 yl,—l T 0

so it is verified that Yy, = Y (x'/r).
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2.4. Multipole expansion of the external gravitational field of an extended body

Let us consider some matter distribution, corresponding to a body A, in the inertial coordinates (¢, x'). The Newtonian gravitational
potential of this body, V2 (¢, x), is obtained by solving the Poisson equation

V2VA (1, x) = —4nGpa (t,x)  with | J}liinw VAt x) =0, (30)

with pa (2, x) its density. This leads to an expression of |x| > Ra, where Ry is the equatorial radius of A, to

VA(t,x)szpA(t’x:)d3x'. (31)
A

e — x|

Then, the external gravitational field of the body A for |r| > Ra can be represented by the series:
1)l 1
VAL x) = GZ( M0 LA( ) (32)

where all mass multipole moments are defined by

A _ lA' lAmA
Mo =G -on 5 Mg (33)

ma=—Ia
and the usual gravitational moments in the physical space are given by

ar

My = —
N YN

f ria Y] o (0:0)dM (34)
My

where M, is the mass of A and dM, = p,r’drsin #d@de. Inserting Eqgs. (33) into (32) and using Eq. (16), the final expression for VA
for |r| = Rp is thus obtained:

VA (l r) = GZ Z MIA - YIA ma (, 90) (35)

IA+1
IA OmA——IA

One should note the symmetry property of M, ,,,:

My oy = (1" M, (36)
Moreover, M), ,,, can be represented in its polar form
MIA,mA = |MIA,mA| exp [iéMlA,mA] s (37)
where the following identities are obtained from Eq. (36)
IMiy—my| = My m,|
. (38)
Arg (M, —m,) = mamt — Arg (M, m,) = mam — My, i,

Using the classical symmetry property concerning spherical harmonics given in Eq. (23), VA (¢, r) could also be expressed with the
associated Legendre polynomials:

© A (cos ) )
VA(tr) =G Z Z lArlA+1 [Ci, iy €OS (MAQ) + S,y SiD (MAY)], (39)

IA OmA

where the usual coefficients Cj, ,,, and S, ,,, are given by

CIA,mA = N[’:A (2 - 5mA,0) R, (MIA,mA)
- . (40)
SlAJ"A = _Q’N]A (1 - 6mA>0) Im (MIA,mA)
The expression of M;, ,,, and OM;, ,,, are then deduced for ma > 0:
Moyl = S S’A’"*‘ (1= Gn,0)° (@1
Inmal — NmA (2 6mA,0) mA,O B
1 - 6m 2 - 6m S m
SMiyny = —Arctan[( £0) @ = O0) S, A]- 42)
2 Cioma
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In the general case, the gravitational moments are expanded as

My, = M+ M (43)

Ipmp Ipmp

Both MlSA and MlTA are respectively those in the case where A is isolated (without any perturber) and those induced by the tidal
AsMma AMA
perturber(s).

One can identify some special values of M, ,,, relevant to the gravitational field of a body A. The trivial one is its mass, M

Moo = VarM,. (44)

Furthermore, we know that the external field of an axisymmetric body A can be expressed as a function of the usual multipole
moment J;, ! (see e.g. Roxburgh 2001)

Ia
{1 - Z R ( ) Py, (cos 9)} ; (45)

using Eq. (35), we identify in a straigthforward way:

Yi,0(6.9)
— 4 Z Tl T

We can now focus on the second type of gravitational interaction, namely the tides between two extended bodies.

VA, r) =

J MAR'™
A S T, Ia A
where  Mj ;o= M)+ M) = g (46)

Ia

VA, r) =

2.5. Determination of the tidal potential

Let us now introduce an accelerated reference frame, i.e. (z, Xg), associated with a body A, which is related to a global inertial frame
through the transformation

X =0+ X}, (47)

zg(t) being the arbitrary motion of the local A-frame. The equations of motion with respect to the local A-frame reads (Damour
et al. 1993):

0 i
dpa | Oenty _ 48)
ar " oxi,
a(pAvg) 0 P . ovA
i i A7) = eff , 49
a ox’, (patien +17) = pa oxi, “9

where pa(t, Xa) = pa(t, za) is the mass volumic density expressed in the local A-frame, vi\ being the velocity with respect to this
frame, while / denotes the stress tensor. The following effective potential appears as

N
d2
VAL Xa) = ) VP za + Xa) = VAdhza) = 5 Xa, (50)
B=1
where
Vadn Xa) = ) VB Xa), 1)
B#A

the considered body A being tidally interacting with N — 1 perturbing extended bodies B; V® is the potential of each body B different
from A. The last term of Eq. (50) represents the inertial effects on the accelerated local frame A. This effective potential can be split
into the potential of A given in Eq. (35) and a tidal potential, VA, as

Vi = VA + VA, (52)
the tidal part being given by

A A A d*za
Vi, X)) = Vo (t, za + Xa) — Vi (8, z4) — - Xa. (53)

! They are driven by two types of deformation. The first one is those induced by internal dynamical processes such that rotation (through the
centrifugal acceleration) and magnetic field (through the volumetric Lorentz force). The second one is the axisymmetric permanent tidal oval shape
due to a companion in close binary or multiple systems.
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By integrating the equations of motion Egs. (48) and (49) over the body A, we get the equations for the conservation of the total
mass of A, M® = My, and for the second time derivative of the local dipole moment M, (Damour et al. 1992; Hartmann et al.
1994):

dm*

=0, 54
; (54)
L/ f (WAd*X 55
ar = P ax X (55)

We can now derive the expression of V? into series by using an STF expansion of ascending powers of X as

VA - Z Z ! ALAGA (56)

B#A lA—l

where G?A are the local effective tidal moments with

A A dzzix
G; = 0iVex(za) - FrR (57)
G = 0i..Va(za). (58)

We assume that the origin of the local A-frame coincides with the center of mass of A; i.e., the dipole moment MlA(t) vanishes.
Since now the {/, m} indices are related to their associated body: for example, for A we use {ls,ms} while for B we use {/g, mp}.
With these definitions, the righthand side of Eq. (55) can be written as

3y DA A
The local equation of motion is finally obtained from the d’ Alembert principle with
d?
M N = (60)
which leads, by using Eqgs. (59) and (57), to

d?z
5 = Mad; w+zz MG (61)

B#A In=

M

Expressing VB in terms of Eq. (32) as in Hartmann et al. (1994), we finally obtain

d°z (-1 1
5[5 5 st 1]

B#A [15=015=0 AB

Using Eqgs. (57), (58) and (62), the tidal potential can be expressed as

A (LU I N\ B vi 1
VT‘GZ{Z zAzzB!MLB AaLALB( )__AZZ NS MEMEX, ZLALB(AB ' 9

B#A \is=215=0

Using Eq. (15), we get

A_ ! (21A+2IB DI b oy ALty Ny (21A+2IB DI wn s i o [ ALty
Vr = GZ{Z Z( N R MLBXAA 1A+zB+1 - _ZZ( DA —— I g! M MLBX rl el | (64)
B#A \iy=215=0 A Ja=1l5=0 AB
that leads, taking into account Eq. (33), to
© Ig
(2Ip +21g — 1)" lpumg ¢La MLaLs
=G (_ )IA [B mByB BXAA
= = 2Ip + 2l — D! A Inna sl AL,Lg
(_ )IA M " " leA AyB Ba (65)
lA_l - OmB:Z_:lB (ZIA _ 1)”(213 _ 1)” Inma IB B f\];—ls+1



896 S. Mathis and C. Le Poncin-Lafitte: Tidal dynamics of extended bodies in planetary systems and multiple stars

We now replace the Cartesian multipole moments by their spherical harmonics representation. First of all, using Eq. (26) and putting
XA =r=(,60,¢), we get

i _ 4 Solma v
Xj = 7; G0 0, 0), (66)
R Afaplyl By o
La _ A Ip,mA %
= G 2 I i 6.9, ©7)
Ma=—IA

Then, the last term of Eq. (65) involving the product of basis function Y can be written by using Eq. (21) as follow

IAmA lB My ALALB | 17lama 3yls.ms ﬁLALB
Byl i a[ 0; | i 3yl

Ian+lg+1 Ian+lg+1
AB AB
_ QL= DU = D! 31+, matmy g N
T Qa2 - 1)1 s Lale Invip+1
(68)
Noting that the STF derivative in the RHS of Eq. (68) can be split into two parts,
AL,Ly 1 R R 1
9; Intloil | = Iatlptl 0i (AL Ly) + e, 1, 0i Tt |? (69)
TaB TaB "aB
and using the relation given by Hartmann et al. (1994)
Ia+1g+1 2l +2lg + 1
i (Arary) = 2 iy — P s (70)
T'AB T'AB
we get
ﬁLALB _ ZIA + 213 + 1
6[[ IA+IB+1] s ALy - (71)
AB AB

Inserting Egs. (68) and (71) into Eq. (65), using Eq. (25) with z4 — zg = rag = (raB, 0aB, ¥aB), we finally get the expression of the
tidal potential for || < Ra

mg ;. Amria ME S Yy, +1g.mp+ms (OAB, ©AB)
vernm=cY1y 3 3 e DR S T ME iy iy (0.0) =22
B#A | 1an=2 mp=—Ix lg=0 ly=—my T'ap
1
1 00 [N 00 Iy Y, p
L 114m B iy Lina a+lg+1mip+mg+mp ( AB"PAB)
M Z Z Z =D r(ZZA +20p + 1) Uas mAMlB my? Iy mg Y] mA( <p)ylA+lB,m’A+mB Ia+lg+2
ma=—1Ux=1 mx=—Iy I[g=0 mp=—Iy AB

(72)

The respective physical meanings of terms I and I are clearly identified. Term I corresponds to the gravitational interaction of B
with A, while term I is the acceleration responsible for the movement of the center of mass of A. In the case of a punctual mass
perturber B, we recall that we get (see for example Melchior 1971)

V’?(tyr»rAB) = VB (t»r»rAB)_V(?rb (t7r»rAB) (73)
where
M .
VB, r,rap) = G——2— and VA, (t,r,rap) = G—[l + %) (74)
Ir — rasl rAB "B

with My its mass.
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Equation (72) exactly corresponds to the Eq. (3.25) given in Hartmann et al. (1994) that we recall here:

SRR 4 Y 41 (0aB, ¥AB)
A — _ lA o lA Jma 1B Ia y* Atlg.ma+my ’
VT (t, r, rAB) =G Z Z Z ( ) 21 +1 lB mg MIB,mBr YIA,MA (9’ QD) Ia+lg+1
Ian=2 ma=—Ip lg=0 mg=—Ip rAB
G < - Y (0aB, $aB)
_ In Iama n gA B Qo Ipn+lg,ma+mg \UAB> ¥AB
M Z Z Z Z =D yIB mg MIA mAMlB mBX 0 Ia+lg+1 ’ (75)
In=1 mam—iy lg=0 mg=—1Ig T'AB

It is then recast in its general spectral form, using that V4 is real and expanding it in the spherical harmonics for || < Ra,

00 lA
VRrras) = D G T (A, (57aB) + Atgymy (67AB)] P2V, (6,9), (76)

B#A In=0mpa=—Ia

where the coefficients Ay, »,, and Ay, ., are respectively given by

4r Yr (0aB, ¥AB)
_ 1) Ia 1 +lg,ma+m
Aty = COP 27 (=80 (1= 8, )Y Z Vi (M) =200 (77)
lg=0 mp=—Ig AB
and
1 dn Fatl (o r Y R
A][;IA’mA = ___61A Z Z Z Z =D M (2l At2p+ 1))/ AmA( Uam’ s ) (MIB,mB) Yr :Tls Jm A+mp
Ua=1m'a=—1'p lg=0 mg=—Ig
Y;:A+IB+1,m'A+mB+mA (GAB’ SDAB) 78
U'a+Ilg+2 ’ ( )
AB

Once the more general form of the tidal potential is derived, we now express Ay, m, and Ay, ., as a function of the Keplerian orbit
elements of the perturber B.

Here, we take into account the relative inclinations of the spin of each body with respect to the orbital plane. It is then necessary
to define three reference frames, represented in Fig. 3, all centered on the center of mass of the considered body A, Ox:

— An inertial frame Rgr: {Oa, XRr, YR, Zr}, time independent, with Zy in the direction of the total angular momentum of the whole
system L1 = Lomital + LBodya + 2x LBody, Which is a first integral. (We are studying here the two bodies interaction between
A and each potential perturber B; with k € [1, N].)
— An orbital frame Ro: {Oa, X0, Yo, Zo}. We define here three Euler angles to link this frame to Rr: {Oa, Xgr, Yr, Zr}:
— I, the inclination of the orbital frame with respect to (Oa, Xr, YRr);
— ws, the argument of the pericenter;
- Qj, the longitude of the ascending node.
Let us finally define the last three quantities associated to the elliptic elements of body B’s center of mass: ag, the semi major
axis, ep, the eccentricity, and Mg, the mean anomaly with My ~ ngt, where ng is the mean motion.
— A spin equatorial frame Rg.1:{Oa, Xg, Yg, Zg}. This frame is rotating with the angular velocity, Q4. This frame is linked to
RR : {Ona, XRr, YR, Zr} by three Euler angles:
— &a, the obliquity, i.e. the inclination of the equatorial plane with respect to the reference plane (O, Xgr, Yr);
— ®4, the mean sideral angle where ®, = dQ,/dz. This is the angle between the minimal axis of inertia and the straight line
due to the intersection of the planes (Oa, Xg, Yg) and (Oa, Xgr, Yr).
— @a, the general precession angle.

Kaula’s transform is then used to explicitly express the whole generic multipole expansion in spherical harmonics in term of
Keplerian elements. Using the results derived by Kaula (1962), the following identity is obtained:

Y} (OaB, pAB)
# s Z Z D ki, (88) Frjp () Gipg (e8) exp [1Wim g (79)
T'aB 9 j==ip=0 ¢

where the «; ; coefficients are given by

20+101 -
_ . 80
Ky ar A+ D! (80)

Here d’].ym (ea) is the obliquity function which is defined as follow for j > m:

L+ )L = ))! ] [COS(sA)]ﬁm

j-mo
A+ m) (L= m)! SN (G R s, (81)

2

d’,, (ea) = (=1))"

2
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Fig.2. Spherical coordinate system asso-
ciated to the equatorial reference frame
Re: {Oa, Xg, Yg,Zg} of an extended body A;
we have r = (1,0,¢) and rag = (rag,0ag, PaB)
where rap, Oap and pap are the coordinates of
the center of mass of the potential extended per-
turber B. R, is the equatorial radius of A.

Orbital
plane
B
Reference
plane
Equatorial
plane
periastron

Fig. 3. Inertial reference, orbital, and equatorial
rotating frames (Rg, Ro, and Rg.1) and associ-
ated Euler’s angles of orientation.

the Pga’ﬁ e being the Jacobi polynomials (cf. Abramowitz & Stegun 1972). The value of the function for indices j, which do not
verify j > m are deduced from

i, (r+ex) = (1) d , (ea) (82)
or from their symmetry properties:
d},, (ex) = (=1)/"d’;_, (ea) = d), ;(—£A). (83)

On the other hand, one should note that dﬁ.’ Q) = 0.
The inclination function, F; ;, (I), is defined in a similar way:

ar (1+ ))!

. —(—1\
Fuip Us) = GO | 31 =)

1
2 Vg
Vi (3.0} sy (1), (84)
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Table 1. Values of the obliquity function di.’m (¢) in the case where [ = 2 and j > m obtained from

j_m|d, (3)4 Eq. (81) (adapted from Yoder 1995).
2 2 (cos g)
2 1] =2 (cos %)3 (Sil’l %)
2 0 \/g(cos %)2 (sin §)2
4 2, \2
1 1 (cosg) —3(cos§) (sm %)
1 0| - GCoss(cos %)(sin %)
0 O0|1-6 (cos %)2 (sin %)2
1 j p| Fy, Table 2. Values of the inclination function Fj;, (/) in the case where / = 2, and values for j < 0 can be
. 2 deduced from Eq. (86) (adapted from Lambeck 1980).
2 0 0] gsin”/
2 0 1| -3sin*I+1
2 0 2| isin’]
2 1 0| 2sinI(1+cosl)
2 1 1| -3sinfcos/
2 1 2| =3sinf(l-cosl)
2 2 0] 2(+cosl)’
22 1| dsin’s
2 2 2] 2(1-cosl)
I p g I p q | Gigle Table 3. Values of the eccentricity f.unc'tion Gip,q (e) in the case where [ = 2 (adapted from
Lambeck 1980), where several combinations {/, p, g} have the same G, , value.
2 0 2|2 2 210
2 0 1|2 2 —%e + -
2 0 012 2 O0/|1- %ez +
2 0 2 2 -1 % + -
2 0 2|2 2 =2 ]—27e2 + -
201 202 1 2|32+
2 01 12 1 1 |3e+:
2 1 0| (1-)"
where
1 1
T 20+ 1|2 [d=m)! (+m)!]2 Vs
Yiom (5’ 0) T Tar | 2Ma=m 20+ my 2 [(l ~m) E] ; (83)

moreover, the following symmetry property is verified:

(- )!
U+ n!

The usual value of these functions are given in Table 2.

The eccentricity functions Gy, 4 (eg), are polynomial functions having e% for argument (see Kaula 1962; and Laskar 2005, for
their detailed properties). Their values for the usual sets {/, p, ¢} are given in the Table 3. In the case of weakly eccentric orbits,
the summation over a small number of values for ¢ is sufficient (¢ € [-2, 2]). More details can be found in the appendix of Yoder
(1995).

Finally, the phase argument is given by

Fi_j,Ug) = [(-UH }Fl,j,p (Ip). (86)

WYimjpg=U-2p+¢q) Mg + D jipg (WB, Q. On, Pa) (87)
where

. pis
D jpg = (I-2p)ws + j (QB —Pa) —mOx + (I —m) 3 . (88)

This can be also written as

\Pl,m,j,p,q = O—I,m,p,q (”lB, QA) r+ lpl,m,j,p,q (wB7 QB: ¢A) s (89)
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where we have defined the tidal frequency:

Tlmpg = (L= 2p + q)ng — mQa (90)
and

. m
‘/’l,m,j,p,q = (I—ZP)CUB +](QB _¢A)+(l_m)§ : o1

Kaula’s transform allows us to express each function of rag, i.e. of (rap, 0as, ¢aB), as a function of the Keplerian relative orbital
elements of B in the A-frame. Applying Eq. (79) to Ay, m, and Ay, ., respectively given in Egs. (77) and (78), we get

Apgom, = (D

[ lB
4n I
o1 =00 (=00 >0 D) Vi, exp[-ioMy, |

Ig=0 mp=—Ig
Ia+lg  Ia+lp

Atlp :
lA+lB+1 Z Z Z Kip+lg jd] ma-+mg (SA) FIA+IB,j,p (IB) GlA+lB,p,q (eB) exp [_I\PIA+IB,mA+mB,j,p,q]
Jj==(a+l) p=0 ¢

(92)
and
1 471 v,
Apgymy = 01,1 Z Z Z Z (=1)fa*! (21A+213+1)y1AZBA AmAlexp[ isM mA]I . |exp[ 16M;133m3]
Ia=1 mis=—I I5=0 mp=—Iy
1 Ua+lg+1  Ia+lg+1
X?’,l e s+ BT Z Z Z Ki+lg+1, rdi",,:riﬂlwm (E&A) Fr+is+1,n.s UB) Gry i +1,5,u (€B)
ag r=—(Iatlg+1)  s=0 u
X exp [_i\Pl'A+lB+l,m’A+mB+mA,r,s,u] B (93)
whereas in Eq. (43) M} = MlSB + MlTB and M} = MlSA + MlTA .
B»/MB B»/MB g AsTNA RON AsIA
Like in Zahn (1966a, 1977), the tidal potential can be split into two components. The first one, VTA;] (r,rap), is station-
ary (i.e. the tidal frequency vanishes: o0 = 0). It corresponds to the axisymmetric permanent deformation induced by B.
In the case of a punctual mass perturber and of a system where all the spins are aligned, Zahn (1966a, 1977) showed that
-3/2
V?,] = —G:;’B % (1 - eZB) / r2 P, (cos §). Then, the second component is the time-dependent part of the perturbation, V?_z (t,r,raB),
; 3 :

for which o # 0.

2.6. The two-body interaction potential

The mutual gravitational interaction potential® of two bodies A and B is defined as

Va-g (1, raB) = f VP (1,1, rap) dMj. (%94)
My
Following Hartmann et al. (1994), its expansion on STF-tensors is given by
1 1
Vas —GZ ' D" MM | — ) (95)
22 Ialls! A"\ raB

Using once again Eqs. (18) and (33), we get

) IN ) Ig
Y, (0aB, ¥aB)
- In Ia.ma Lla+lg,mpa+mg \UAB> PAB
=63 30 53 s iy oz L G| o

Ia=0 ma=—I5 lg=0 mp=—Ig AB

Finally, using Kaula transformation given in Egs. (79), (80), and (87) as previously done for V2, Va_g is expressed as a function of
the obliquity, €4, and of the Keplerian orbital elements of B: ap, eg and Ip:

oo I oo I
VA—B = GZ Z Z Z { [asma IBmB( l)lA’ny:llBA

1 (Ia+lg)  Ia+lg }

Ia+1, .
X Dy Dy DKt (E) Flyatyon (I) Giysiy b (€8) XD (W1, iy my o ] 97)

B v=—(la+lg) w=0 b

2 The denomination of V4_g as a potential is not very pertinent since it has the dimension of the product of a mass by a potential. However, we
keep it to stay coherent with Hartmann et al. (1994).
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This interaction potential contains all multipole-multipole couplings. It is used in Sect. 3.2 to compute the disturbing function
aimed at studying the dynamics of an extended body in gravitational interaction with A.
Since all types of gravitational potentials have been examined, we now study the dynamics of a system of extended bodies.

3. Equations of motion
3.1. External gravitational potential of a tidally perturbed body

The goal of this section is to derive the external gravitational potential of a tidally perturbed extended body A by an extended
body B. This potential is the sum of the structural self-gravitational potential of A, V? (t,r), and of VTA (t,r, rap), the tidally induced
gravitational potential corresponding to the response of A to the perturbing potential V? (t,r,raB),

V& (6 r,rap) = VE (6,7) + VE (1,7, 7aB) ©98)
with the following definition for Vs:

Sy Yiums 6,
vean=6y > M Yiumy 0. ) -

In,mp rlatl
IA=0In=—mp

where MlsAAmA are the multipole moments of A in the case where it is not tidally perturbed by any other body, in other words, in
the case it is isolated. By definition the external gravitational potential is harmonic; therefore V2, (#,r, rap) verifies the Laplace
equation,

VZVA (t,r,rapg) =0 if |r| > Ra, (100)

ext

that directly leads to the same equation for V? (t,r,rap):

VZVA(t,r,rag) =0 if |r| = Ra. (101)

Following Lambeck (1980), Néron de Surgy (1996), Néron de Surgy & Laskar (1997), and Correia & Laskar (2003,b), we use
the classical Love numbers, kﬁ , which allow us to characterize the response of the body A to the tidal perturbation. The boundary

conditions for V2 (#,r, rap) are

{\74* (t,]r] = 0,ra5) =0 10

VA (t,Ir] = Ra,7aB) = 3, k) Vi, (1, 1r] = Ra,7aB)

where V), is the lgh spherical harmonic of V? (t,r,rap). We also recall that when using Eq. (76) V? (t,r, rap) has been expanded as
follow for |[r| < Ra:

VR, r,a8) = G ) [Atsymy (67a8) + Aty (6 TAB)] 7Y, (6,9) (103)

Ia,ma

Using the well-known properties of the Laplace’s equation, we search the solution for V? when |r| > R of the form

YIA,mA (6» 90) .

rlA+1

) Ia
VTA (t,r,rAB) = GZ Z M;l::mA (t,rAB)

IA=0 mA=—IA

(104)

Inserting Egs. (103) and (104) into (102), the final solution of \7TA is then derived with

My, = MN (6 rag) + MM (1,7 AB) (105)

In,ma Ia,ma

Tail Tasl .
where M, * and M,* " are given by
[ama NN

Ia,ma E

MTA;I — kaI;lA,mARZIA‘H
\ (106)

Tasl _ 1A 200+1 "
MIA,mA = k[AAﬂ;lA,mARE

The response of body A, which is described by the Love numbers, is the adiabatic one. However, it is well known that both elastic and
fluid bodies react to the tidal perturbation with a damping and a time delay that are caused by the internal friction and diffusivities (in
other words, to the viscosity, v, and the thermal diffusivity, K, in a non-magnetic body). That allows us to transform the mechanical
energy into a thermal one, which leads us to the dynamical evolution of the studied system (cf. Fig. 4). We, therefore, introduce a
complex impedance, Zr, (v, K; Y1), with its associated argument, o1, (v, K; V1),

Zr, W, K3 ¥p) = |Zr, v, K3 Wp) [ exp [i6t, (v, K5 WL)] (107)
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Fig.4. Classical tidal dynamical system. The

‘ \ ng extended body B is tidally disturbing the ex-
tended body A, which adjusts with a phase lag

B ot, due to its internal friction processes. The
dynamics of a third body C (different from B or

not) is then studied. Q4, np, nc are respectively

I Dissipative adjustment I the §pin frequency of A and the respective mean

motions of B and C.

I Adiabatic adjustment I

which describes this damping. We thus substitute kl’z |Zr, | exp [idt, ] for k;: in Eq. (106). Here, L corresponds to the indices of the

considered tidal Fourier’s mode>. The different modelings that can be adopted for Zr, and o, are described in Alexander (1973),
Zahn (1977), and Correia & Laskar (2003).

Using Eqgs. (92) and (93), the expressions of MlTA 1 and M ;][A are obtained:

NUDN N

An 2Up+1 B I
KR (1= 6,0) (1= 61,1) Z Z1 it mas Vs K ity o jp M, 0 1Y

Ta:l 1)
M = (_1) A
2p+1 ' s Iy e

I, mg, j,p.q

[INUON

glat+lp ) . . . B
X It KZA+1B»de,mA+mB (&a) Fiyrty.p IB) Gy 4ty p.g (eB) €XP [1 (6TA;ZA,mA,LI(Va K; \PZA+IB,mA+mB,,/,p,q) = Wity amptmp.jpg — 6Mlg,m3)] >
a

B
(108)
MTA;][ _ 1 47TkAR21A+16 1 Ia+1 21/ 2[ 1 7 K\P Uam/a MA MB
o =~ 3 KRR G (=D (206 + 215 + DIZrytympta O K3 Prstgat iy ema s 1y Ay WM |
A Un,mialg mp.r,s,u
Xy lma L, At eV Fy, (Is) Gy (eB)
Youriganntmg ineigez Kiatls+ L@y omgemy \EA) L intip+1rs UB) Ul tip+1,5.u (€B
ag
xexp|i(6 nK;¥, , ) -, , — oMy, —6MP
p Tasla.ma,Ly \Vs s LUy +lg+1,m/s+mp+mp,r,s,u Un+Ilg+1,m'a+mp+ma,r,s,u INITN Ig,mg )| °
(109)
B — AsSB Tg 4 A — AfSa Ta
where MZBJ"B - MlemB + MZB»mB and MlAva - MZAJ"A + MZA»mA'

As for V?, \7? can be split into two components. The first one V?;l (r,rap) is stationary. It corresponds to the permanent
component V?n for which the tidal frequency (o) vanishes. The second component \7?;2 (t,r,rap) is the time-dependent one that
corresponds to V?;z for which o # 0.

Finally the external potential of A is thus written in its more compact and general form for |r| > Ra:

o0 I
Yimy (6, 9)
A A Iam , P
VA rra) =G ) Y0 M, (tras) =25 (110)
ZA=0 mA=—lA
where
A — Sa Ta — Sa Ta:l Tasl
MlA,mA - MZA,mA + MZA,mA - MIA,mA + MIA,mA + MIA,mA. (111)

3 Note that each tidal Fourier mode has its own dissipation rate as shown by Zahn (1966b, 1977).
* The tidal multipole moments of B due to A can be derived using the same methodology and substituting A to B for the perturber and vice versa.
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3.2. Disturbing function

The goal of this section is to derive the disturbing function, Ra_c, due to a tidally perturbed body A, acting on a body C for which
the dynamics are studied and which can be different from the perturber body B (see Fig. 4).

First, the disturbing function is related to the mutual gravitational interaction potential (cf. Tisserand 1889, 1891; Correia 2001)
through

1

Ra_c (¢, =——Va_c, 112
a—c (t,7ac) e VAC (112)

the sign being due to the potentials convention adopted here.
Using the definition of Va_c¢ given in Eq. (96), we deduce the explicit spectral expansion of Ra_c in the spherical harmonics:

Y ((J )
In IA mp Lia+lcma+me \UAC, PAC
RAC___Z Z Z Z { Lasma lcmc( 1) Yic.nc rlA+lC+1 } (113)

lA 0 ma=—Ip lc=0 mc=—Ic AC

The Mf - MZC m are respectively the mass multipole moments of the body A and of the body C, while rac, Oac, and @ac are
the spherical coordinates of the center of mass of the body C in the A-frame (cf. Fig. 2). Then, using Kaula’s transform given in
Egs. (79), (80), and (87), Ra—c is expressed as a function of the obliquity, £x, and of the Keplerian orbital elements of C: ac, ec and

IC:

we-g 3 5 5 5 stz

lA OmA:—IA IC OmC:—lC

1 Untle) Ia+le
Ia+lc .
X E E Kipticolymime EA) Fiytic.ow (10) Giysicwb (ec) €Xp [1Wi, 11cm +mevwb] (114)
C v=—(lpa+lc) w=0 b

Here, three types of gravitational interaction are treated in our formalism (see also Eq. (111)). To describe them, one has first to
consider the two causes of the multipolar behavior of the gravitational potential of a body. The first is due to its internal structure
and dynamics. In the case of a solid body, it is due to its proper asymmetry, while in the case of a fluid mass, the internal dynamical
processes such as rotation or magnetic field will break the ideal spherical hydrostatic symmetry of the body. The second is the
deformation of the body due to its response to the tidal perturbation exerted by the perturber(s). In the case studied here, it is the
response of the body A to the perturbation exerted by B computed in the previous section. Therefore, we split here the k-indexed
mass multipole moments of each body as in Eq. (43):
My, =M, + M (115)
where Mif’mk is the self-structural contribution of the body, while Mif’mk is the tidal one.

The three types of gravitational interaction are thus identified. The first is the interaction between the structural mass multipole

moments of each body, Mlskkmk Mif'mk, with k& # k’; one should note that {{, = 0,ma = 0}-{Ic = 0, mc = 0} is the classical interaction

between M and Mc, Mc being the mass of C. The second corresponds to the mixed interaction between the structural and the

tidal mass multipole moments, Mlskmk Mi‘m The third is the interaction between the tidal mass multipole moments of each body,
T T

p ir ., - Lherefore, the disturbing function could be split into three terms:
k> K ST

Ra-c = Ra-cs-s (t,rac) + Ra—cs-1 (t, rac) + Ra—cr-1 (t, 7ac) (116)

where Ra_c:s-s is the disturbing function associated to the structure-structure interaction, Ra_c.t—s is associated to the tide-structure
interaction and Ra_c.—7 is associated to the tide-tide interaction.
Inserting Egs. (115) into (114), the respective Fourier expansions of Ra_c:s-s, Ra—c:s-1 and Ra_c.7—t are derived:

Ricss =3 3 % zz {M M (1
C

IA OmA——IA IC Omc=—

1 .
Z Ky +ic0dle) m,iimc (&A) Fiaticow I0) Giyicws (ec) exXp [i¥, +ic.mp+mewwd) }, (117)

X Ian+lc+1
aC vw,b

T T S 1) M
RA—C;T—S Z Z Z Z { lA ma lCCmc + MIAAmA Mlccmc) (_1) A 7[: mlg

lA 0 mpa=—Ip lc=0 mc=—Ic

1 Ia+, .
X~ Z Kiy+ic.o@ymyeme EA) Fiyticow () Giysicwp (€c) €Xp [1W1, +icmy +me.viwb] (118)
a

C v,w,b
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and

- _ I ~lama
Ra-cr-1 = Z Z Z Z My M (SD

lA OmA:—IA IC Omc——lc

1 I+, .
Xt Dy Kinsteaimne (68) Fiysic.nw (U0) Gryricans () €Xp [1(Wsicmy ome.ss] |- (119)
a
C v,w,b

This classification of the three different types of interaction allows us to explicitly generalize the classical case where the only
considered extended body is the tidally perturbed one, A, while B and C are considered as punctual masses. In this case, the

interaction are restricted to the classical gravitational interaction between Mi’fnlA, Mg:mA, Mg, the mass of B, and Mc.

By now, to lighten the equations, the tidal multipole moments of C are ignored. In a practical case, they have to be derived using
Egs. (108), (109) and taken into account.

The disturbing function Ra_c is thus reduced to the two first interactions: the respective structural moments of body A and of
body C and the structural moments of body C with the tidal moments of body A. The Fourier expansion of the disturbing function

is thus given by

Ra-c = Ra-c;s-s + Ra—c;1-s = Z Rimaicmeowb & FAC) 5 (120)

Ia,ma,lc,me,v,w,b

where
Rinmadcmevwb = RS=Sinmadcmewwb (G TAC) + RT=S:1, madc.mewwp (& FAC) (121)
with
G s
_ = A In Iasma
RS_S;lAymAJC,mC,U»Mb - MC M[A,mA lC mc ( 1) ylc me
1 I+l
. )
X Z Kiy+icoumyeme (EA) Fiyicom (I0) Glyticwb (ec) €Xp [1¥1,4icmp4me 0] (122)
aC v,w,b
and
G 1,
- _ In ~lama
RT_S;ZAva’lC’"ICv”vw’b - MC MlA,fﬂA lc me ( 1) ylc me
1 I
+1, .
X Z Kiy+leoympime EA) Flyricomw (I0) Giyricwp (€c) €Xp [1Wiysicmy+mevmb] - (123)
a
C v,w,b

Using Eq. (105), the tide-structure interaction disturbing function is expanded as

Rrsiymoiemennd = 0 R (rac)+ > Rugy (7a0), (124)
Ig,mg,j.p.q [N N )
where Ry, and Ry, respectively correspond to the MTAI’ﬂA and MTA;IIIA contribution to the external gravitational potential of the

tidally perturbed body A, V?. Inserting the explicit expansion for M™! and MTA’ glven in Egs. (108) and (109) into (123), we get

I mp
RI:LI = ZTAslA»mAsLI(V K; \P1A+1Bs”1A+"1Bv]sl7 41) ILI

G 4n A g2atl I Se 1l
= ——— kR (1= 63,0) (1= 01 ) 1Z1 im0 K5 Wity amcimg op ) VLA M MG Ly

MC 205 + 1 Ia Ig,mp lc,mc '/ lc,mc
SEE I d' e d'rle )Fioi1.p I) F Ic)G )G
X T Terier s Kt Kt o By (EA) Aol S (€8) Fiysty jp IB) Fiysic.ow (1) Gyt pg (€8) Giysicw (ec)
B C
. B .
X exp [1 (\PlA+lc,mA+mc,U,lU,b \PlA+lB»mA+mB»J> pg T 6MIC me 6MB my T OTpslamaLy (V’ K; \PIA+IB,mA+mB»j>PJI))] > (125)

where Ly = {lg, mg, j, p, q}, and for Ry.z,:

RH;LE = ZTA;IA,mA,Ln(V K; \Pl W+ +1,m/A+mp+ma.r,s M)R][ Ly

G 1 4n 21 +1 ’ ,
_ Ua+1+1 4 . Ny A
= kAR A A,l (_1) A A (ZIA + 2lB + 1) |ZTA;IA,mA,L]| (V’ K; \Pl’A+lg+1,m§A+mB+mA,r,S,u)|ylll:mBA|M/A mA“M]B mBl
MC M 3 ’
1,mp In,mp 1 1 Un+Ilg+1 Ia+lc
><’yl +Ig, m’A+mB| lc, mclylc me Ua+lg+2  Ia+lc+1 Ky +ig+1.rKiy+ic.v dr A +MB +A ( A) dU M +nc (SA)
B C

XFp ity +1,r,s UB) Frytic.ow (Uc) Grytig+1,5,u (€8) Giy+ic.wb (€C)
Xexp |1 [ (\PIA+IC,mA+mC,U wb_\}ll 's+lg+1,m/A+mg+ma,r,s, u+6M[C me —oM, [A m 6M1 +6TA;IA,mA,L][ (V7 K; \PI’A+IB+l,m’A+mB+mA,r,s,u))] 5

(126)

BB
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where Ly = {l,m's,lg, mp, 1, s, u}. R{?‘le and Rll?;%n correspond to the adiabatic response of A. Finally, as in Eq. (43) MZ’mB =
MY 4+ M® and MA = MY 4+ M)A

Ig,mp Ig,mp Ia,ma Ia,ma In,ma”

3.3. Dynamical equations

The external potential of the tidally perturbed body A by a body B being now well understood and known, our purpose here is to
derive the dynamical equations for the evolution of the angular velocity (the angular momentum in term of Andoyer’s variables)
and the obliquity of A under the action of the gravitational interaction with a body C, which could be different from the perturber
B and of the Keplerian orbital elements of this third body: ac, ec, and Ic. To achieve this, we follow the method adopted by Yoder
(1995, 1997) and Correia & Laskar (2003—c), who used the mutual interaction potential for the variation in the Andoyer variables
and the disturbing function of the orbital elements. Here, gravitational interactions between B and C are not taken into account.

Begining with the Andoyer variables (cf. Andoyer 1926), we respectively get the total angular momentum, Ly = I5oQa, where 15
is the inertia momentum of A,

dQa

IA? = 0o, Va-c, (127)

and the obliquity, &x:

d
IAQAE COSéEp = —6¢A VA—C — COS SAagAVA_c. (128)

The classical equations of orbital evolution are given by the Lagrange planetary equations (cf. Brouwer & Clemence 1961):
dac 2

e rodc OmRa-c, (129)
1 —é? 2

d C 1-e¢

=€ Y R + ——5 SOy Rac, (130)

dr ncag.ec neagec

dlc 1 cos Ic

- == O Ra—c +
dt 2 2w 2 2w
ncag 4|1 — eg sinlc neag 4|1 — eg sinlc

The Fourier expansion of the disturbing function Ra_c is then introduced,
Rac= D Riomdemesmb (132)

Ia,ma,lc,me,v,w,b

where, as in Eq. (114), Ry, . ic.mevwb 1S given by:

B Rac. (131)

C (_l)lA IA,mA

_ A
RlAsmA»IC»mCsUsw»b = = M Yieme

Mc Ia,ma Mlcsmc
1

X alA+lC+1
C

I+ .
Ky ticolym Gme €A) Fiaticow Ic) Graticws (ec) exp [iWh, vicmytme.wwb] - (133)

Therefore, the following formal equations are obtained for the dynamical evolution of respectively the angular velocity of A and its
obliquity,
dQa

IR = Mc DU Re{iOna +mc) Ry mytcmenui} (134)
t
Ia,maLlc,mev,w,b
d .
IAQAE cosep = —Mc Z Re{i[v+ (ma + mc) cos el Ri, imaic.mcvwb) » (135)

Ia,ma.lc,me.v,w,b

where R, (7) is the real part of a complex number or function z, while those for the Keplerian elements are given by

1 dac 21 .

- ? = — > Re {1 (lA + lC - 2w+ b) RlA,mA,lC,mC,u,w,b} 5 (136)
ac he aC Ia,mpLlc,me,v,w,b

1d 1 1-¢ 1 : 1

——t-——C— Y Rfilla+ie=20)|1 - ——=|+b|Rimiemcous (137)
€c c eC aC Inmp,lcme,o,w,b 1 - 62

C
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and

d 111
Geosle= ——=— D Relilo= U+ e = 2w) €08 Icl Riy my demesams) - (138)
t nc 1 - e(z: ac In,mpLlc,me,o,w,b

If the tidal multipole moments of C are ignored, the following system is obtained using Eqgs. (121) and (124) due to the dependence
of Rz, and Ry.z, on Op and Pa:

dQu . .
IA? = Mc Z Re 31 (ma + mc) Rs—s:1, ma.lc.mevwb + I Z (mc — mp) R,
Ia,ma.lc,me.v,w,b Ig,mg, j.p.q
i y R do, |Z R do, |2 R4 139
+1 (mC - (mA + mB)) Ll — O4 [ TAJAJ"A,Ll] L — O4 [ TA;lA»mAyLll] T;Ly (> ( )
Uns/p g g 1, s,u Ig.mp, j,p,q Un,m/p g mp 1, 5,u

d .
IAQAE cosep = Mc Z Ry —i[v+ (ma + mc) cos eal Rss:i, mlcmewwb
Ia.m,lc,me,v,w,b

=i >0 (= p+mc —mp)cosaal R, =i Y. [(0=r)+(mc - (ma +mp)) cos ] Ru,

Ig.mp., j.p.q Unma I mp,r,s,u
+ Ay, + cOsEpxdo, ) Z RA4 4 Ay + de, ) Z R (140)
Oa AU®, ) £Taslama Ly | 7ML, ¢ T COSEAOQ, ) LT piln.maLa | V11,
Ig.mp, j.p.q A A LB 1B 5,1
and
1 dac 21 .
a— ? = I’l_ a_2 Z R. 1(lA +lc - 2w+ D) RS—S;IA,mA,lC,mC,u,w,b + Z Rl;Ll + Z RH;LE
¢ CAC 1 mplcmevwb Ig.ms, j:psq Unp g mp 75,1
Ad Ad
+ Z 6Mc [ZTA;IAJ’”A»LI] RI;LI + Z 6Mc [ZTA;IAJ’”A»L][] RI[;L]l > (141)
lg.mg, j.p.q Unym/, I mp,r,s,u
2
1 dec 1 1—e. 1
ec dr nc e%: a(Z:
. 1
X Z Reqif(a +1lc = 2w)| 1 = —= [+ b||Rs-sin.malcmcowb + Z Rir, + Z Ri.1,
Lamaslc.me,v,w,b A1 - 6‘(2: Ig.mp,j.p-q NN RN
e — ——— R L R 142
+ Mc — wc 4NN LL T Mc — wc ZTA;’A»mA>LlI T:Lg (2 ( )
Iy g, j.p.q NI e%: U gl g 15,10 1- 6’(2:
d 1 1 1 .
—coslec = ———— Z Reqilv = (Ia + lc = 2w) cos Ic] | Rs-sity malc,mevwb + Z Rur, + Z Ru:,
dr nc 2 a . —
1- e C Ip,mp,lc.me,v,w,b Ig,mp., j.p.q ASMUA B 1B TS, U
+ [(0q. — cosIcd,.) Z JRA 4 [(0a. — cosIcd,.) Z | R (143)
Qc — COS LCOwc ) LT pilamaLi] T, Qc ~ COSLCOwc ) LTpilamaLul 1,
lg.mg, j.p.q Unym/s, I mp,r,s,u

where the explicit expression for Rs_s.;, ma.ic.mcowps Ri:r, and Ry, have been derived in Egs. (122), (125), and (126).

4. Scaling laws in the case of an extended axisymmetric deformed perturber

4.1. Comparison to the punctual case

Here, our goal is to quantify the term(s) of the disturbing function due to the non-punctual behavior of the perturber B and to
compare it to the one in the punctual mass case.
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To achieve this aim, some assumptions are assumed. First, we adopt the quadrupolar approximation for the response of A to the
tidal excitation by B; thus, we put [y = 2 so that Ry,;, = 0. Then, we consider the simplified situation where the body of which
dynamics is studied is the tidal perturber; therefore, B = C and Eq. (125) becomes

G 4n

_ Aps5 . 2.1y B |2
Rl;Ll - - Mg ?kZ RA |ZTA§2>mA»LI (V’ K; \P2+1B»mA+mB»j>P>q)| [le mB] |MIB,mB|

xﬁ [kaeini] [d20 0 @] [Fretunin 0)] [Gartpg (en)]
B

X exp [i OTp2mp Ly (V, K; \P2+IB,mA+mB,j,p,q)] . (144)

On the other hand, since we are interested in the amplitude of Ry.;,, we focus on its norm (|Ry,|). Finally, as we know that the
dissipative part of the tide is very small compared to the adiabatic one (cf. Zahn 1966a), we can assume that |ZTA| ~ 1 in this first
step.

Let us first derive the term of Ry, | due to the non-punctual term of the gravific potential of B, which has a non-zero average

in time over an orbital period of B, (Vg_p)TB (r) = 1/Tg fOTB Vg_p (t,r)dt that corresponds to the axisymmetric rotational and
permanent tidal deformations (see Zahn 1977). (The same procedure can of course be applied to the non-stationary and non-
axisymmetric deformations, but we choose here to focus only on <V£—P>TB to illustrate our purpose.) Then, as the considered
deformations of B are axisymmetric, we can expand them using the usual gravitational moments of B (J,) as

I
Y000, ¢) S T Ji, MRy
ST with My & M =~

Iy

VB (r) = ===+ (V¥ p)r, where (VE p)p, =G ) (M, + M)

Ig>0

(145)

Then, we obtain

G47T

lBO BO Jsma

kARS 2mA] |MSB M

[Ri%, (a5, s, Ig, )| = o2 ﬁ[m 1 @] [Fretin U9)] [Gaotypg )] - (146)
B

On the other hand, the term of |Ry,,| associated to Mg, namely the disturbing function in the case where B is assumed to be a
punctual mass, is given by

R e ] = S TRR IR e [ o0 [ 00 [ e
dy
- ]\3}3 TR My 16 ] [, @] [Faip )] [Gapy ()] (147)
For this first evaluation of the ratio |RIJ;’Z / '7{{”& ,

and B are aligned with the orbital one so that 5 = Iy = 0 (that leads to j = ma and p = (2 — ma + [g) /2) and the orbit is circular
(eg = 0). Then, we consider

'RJIB (a8, 0,0, 0)]

Emply = (148)
' L (an O, 0’ O)|
Using Eqgs. (146), (147), we get its expression in function of J;, and of (Rg/ag):
m 2
& U5 ko Frena s OF Ry ) (149)
made = an Nl0 2 o Kamy F50(0) 5\ ap

As emphasized by Zahn (1966a, 1977), the main mode of the dissipative tide ruling the secular evolution of the system is ma = 2.
We thus define &, such that

Bl 2 Re 2y
&, =&y = 32t (0)] I (%) , (150)

which can be recast into

[ 1
log (&) =2 10g|:§F2+lB,2,’TB 0)

+log Jy, — I log(Z—B)]~ (151)
B

Finally, taking only the quadrupolar deformation of B (J,) into account, we get

log (&) =2 [log (;) +log Jp — 210g(R )} (152)
B
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~~~~~~~~~~ Fig.5. Log&, as a function of ag/Rp for

-8 T 1 Jp = 1073 (red dashed line), 10~2 (purple long-

_______________ dashed line), 10~ (blue solid line). The non-

__________________ punctual terms have to be taken into account

""""" for strongly deformed perturbers (J, > 1072)

in very close systems (ag/Rp < 5), while they
ap/Rg decrease rapidly otherwise.

This gives us the order of magnitude of the terms due to the non-punctual behavior of B compared to the one obtained in the punctual
GMB )
Ry

mass approximation. It is directly proportional to the squarred J;, thus increasing with s?z (where gq = Qfg /Q2 with Q. =

in the case of the rotation-induced deformation and with s% (where e1 = ¢ (RB/aB)3 where g = M /Mp) in the tidal one, while

it increases as (Rp/ag)*. Therefore, as it is shown in Fig. 5, the non-punctual terms have to be taken into account for strongly
deformed perturbers (J, > 1072) in very close systems (ag/Rp < 5), while they decrease rapidly otherwise. This corresponds for
example to the case of internal natural satellites of rapidly rotating giant planets such as Jupiter and Saturn (J, =~ 1.4697 x 1072 for
Jupiter and J, ~ 1.6332% 1072 for Saturn; see Guillot 1999, and references therein). In the case of close Hot-J upiters that are already
synchronized (because of the tidal dissipation, the rotation period is close to the orbital one), the rotation period is longer than 2 days
(50 h), which is roughly 5 times slower than Jupiter’s rotation (10 h). In this case, the flattening of Hot-Jupiter is less important
and their J, should be close to the Earth’s value (i.e. J, runs from 10~ to 1073). Then, the relative effect of the non-punctual terms
is less important. The situation may be different in the earliest evolutionary stages of those systems and this has to be studied in
forthcoming works.

4.2. Application to rapidly rotating binary stars

Here, we apply the previous procedure to the case of rapidly rotating binary stars where o > er. First, we roughly scale J, of B
to Jo as (cf. Roxburgh 2001)

3 2 -1
RB ) QB MB
J ~JN= = =] . 153
coren =2 () (32) (32) (153)
the deformation being thus mainly due to rotation. Then, Eq. (152) becomes
5 RB MB QB ap
log (&) ~ 2|log|= | +1logJ? +3log| —| - log[—| +2log| —| - 2log| —]| - 154
0g (&) [og(z) ogJ, og(Ro) og(Mo) og(%) og(RB)] (154)
Then, we introduce the stellar homology relations for main-sequence stars (cf. Kippenhahn & Weigert 1990):
R M\ +1-2 al 1
2B where 1= 5272 with 4= (22E) and o= 226 (155)
Ry M, a+ 34 dlnp/, olnT o
where € is the nuclear energy production rate per unit mass inside the star. We finally obtain
5 M, Q
log (&) ~ 2 [1og(§) +log J? + 3z — 1)10g(VZ) + 210g(Q—Z) - 210g(;—BB)] : (156)

For main-sequence stars burning their hydrogen A ~ 1, while considering the pp chains leads to z; ~ 0.465 (Mg /My < 1.5) and the
CNO cycle to z; = 0.795 (Mg /My, > 1.5) (see Kippenhahn & Weigert 1990, for a detailed discussion).

In Fig. 6, we plot &; as a function of My/My and Qp/Q for ag = 3 Rp taking J2O ~ 2.2 x 1077. It is shown that the non-
punctual terms are not always a perturbation compared to the punctual mass one (&, > 107%) for Mg > 40 My and Qg > 45Q¢
that corresponds to rapidly rotating close binary massive stars. This has to be taken into account in future studies dedicated to the
evolution of such stars.

Since we now have identified the regime where the non-punctual terms have to be taken into account, those have to be examined
by integrating the complete set of dynamical equations. This will be presented in a forthcoming paper.
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/ Fig.6. Log&, for 1 M, (red dashed line),
1 40 M, (purple long-dashed line), and 120 M,
(solid blue line) main-sequence stars as a func-
tion of Qp/Q at ag = 3 Ry taking J;° ~ 2.2 X
1077. Non-punctual terms are not always a per-
turbation gompared to the punctual mass one

; (& = 1077) for Mg > 40 M, and Qp > 45 Q,,
20 40 60 80 100 which corresponds to rapidly rotating close bi-
Qp/Q nary massive stars.

—15¢

5. Conclusion

This work represents another step towards modeling the tidal dynamical evolution of planetary systems and of multiple stars by
taking the extended character of the bodies into account. We have used the STF tensors that allow us to analytically and compactly
treat the complex couplings between the multipole behavior of the gravitational fields of two extended bodies. First, the main
properties of STF tensors were defined and derived. Next, after deriving the classical multipole expansion of the self gravitational
field of an extended body A, we have derived the tidal potential related to the interaction between two extended bodies A and B,
which is a generalization of the previous results where the perturber is treated through the punctual mass approximation. Using those
results, the external potential of a tidally-perturbed body was provided and used to obtain the associated mutual interaction potential
with a body C for which the dynamics is studied and which could be different from the previous tidal perturber B, as well as the
corresponding disturbing function. Once the disturbing function were expanded into Fourier’s series, the dynamical equations were
derived. Those allows us to study the dynamical evolution of the angular momentum and the obliquity of the body A simultaneously
with the Keplerian orbital elements of C relative to the center of mass of A, namely the semi major axis, ac, the eccentricity, ec, and
the orbital inclination, /c. The equations were derived in a general way without any linearization of function of any orbital elements
as it has been done in Hut (1981, 1982) and in Correia & Laskar (2003b). This allowed us to study the strongly nonlinear problem
of inclined, eccentric orbits. Therefore, this formalism can be useful for elliptic systems.

The major interest of this modeling concerns the dissipation of the tidal mechanical energy. Here, the response of each extended
body is parametrized through the Love number k; for the adiabatic one, and an impedance Zy and its associated delay 6, which
describes the damping and the phase lag due to the (viscous and thermal) dissipation acting on the bulk-induced by the perturber.
Self-consistent modellings have to be developed for elasto-viscous bodies (Rogister & Rochester 2004), for fluid bodies (cf. Zahn
1977), and equilibrium and stability conditions. This will be done for extended fluid bodies in a forthcoming series of papers.

Moreover, due to the general character of this work, various applications are possible. The first one deals with the dynamics
of planets that are very close to their star, as observed in several extrasolar planetary systems (cf. Laskar & Correia 2004; Levrard
et al. 2007; Fabrycky et al. 2007; Correia et al. 2008). Next, in our own Solar System, dynamical systems, such as giant planets and
their internal satellites, can be studied by taking their spatial extension and their multipolar behavior into account, due for example
to their rapid rotation. Finally, this work can be applied to the dynamical evolution of close binary stars where the tidal interaction
and its dissipation dominate the behavior of the system until it has reached its lower energy state, where the spins are all aligned, the
orbits are circular, and the components are synchronized with the orbital motion. For these future applications, the potential impact
of the spatial extension of bodies on dynamics has to be carefully evaluated and understood.
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