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Abstract

A model of a planet, consisting of two solid bodies — a core and a mantle — between which there is a spherical layer of a
viscous incompressible liquid, is considered. The gravitational interaction between the core and the mantle is taken into account.
The problem is investigated in a limited formulation, when the mass centre of the planet moves in a fixed elliptical orbit in the
gravitational field of a point mass, while the mutual displacements of the core and the mantle are to be determined. The mutual
displacements of the core and the mantle of the planet, and also the velocity field of the viscous liquid in the spherical layer, are
obtained using multiparameter perturbation theory, where the Reynolds number, the orbit eccentricity and the ratio of the radius of
the planet to the distance to its attracting centre are taken as small parameters. In addition, an approximate theory of gyroscopes
is used to analyse the equations of motion. The results obtained are illustrated by the example of the motion of the Earth-Moon
system.
© 2006 Elsevier Ltd. All rights reserved.

The complex internal structure of the planets of the solar system produces relative motion of its component parts
and affects the dynamic processes (the rotation of a planet around its mass centre, tidal phenomena, evolution of the
orbit, and tectonic processes as a consequence of the relative displacements of parts of the planet).! The choice of
any particular model to describe the motion of the planet and its component parts depends on its dimensions (mass),
which determine the gravitational field inside the planet and affect the physical state of the planet material. If the planet
dimensions are small, it represents a solid deformable body. When the mass of the planet increases a liquid layer can
be formed inside it.

A model was considered previously in Ref. 5 under the conditions that the continuous medium between the core and
the mantle of the planet has viscoelastic properties, but was unable to investigate “rotations” of the core with respect
to the mantle.

1. Formulation of the problem

Suppose the planet consists of a core and a mantle, between which there is a spherical layer of uniform viscous
incompressible liquid. This type of model corresponds to modern representations of the internal structure of the Earth,
which consists of a solid core, a spherical layer of viscous liquid and a solid mantle. Phase transitions from one type
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Fig. 1.

of continuous medium to the other (solid — liquid — solid) are related to the value of the pressure inside the Earth,
which increases as one approaches the centre of the Earth, and the temperature distribution inside the Earth. Inside the
mantle the temperature and pressure are low and, as a consequence of this, the material is in a solid state (the model
of an absolutely rigid or deformable body). As one approaches the centre of the Earth, the temperature and pressure
increase, and at a certain distance r from the centre of the Earth (r=>5) the pressure p(r) becomes equal to p=(T(D)),
where p=(T) is a function which defines the relation between the pressure and the temperature 7, at which the solid -
liquid phase transition occurs. Further, as one approaches the centre of the Earth, the pressure and temperature vary
in such a way that when r=a the pressure becomes equal to p=(7(a)), at which the inverse transition from the liquid
phase to the solid phase occurs. The dependence of the pressure on the distance from the centre of the Earth r is mainly
determined by the gravitational interaction between the particles inside the Earth and the centrifugal forces due to the
daily rotation of the Earth, which does not exceed 0.3% of the gravitational forces. In view of this the isobars inside
the Earth and the boundaries of the liquid layer can be assumed to be spherical. Information on the internal structure
of the Earth is based on an investigation of the way in which seismic waves travel through it (Fig. 1).>3

Suppose the core and the mantle of the planet are solid bodies. The system of coordinates Cx1x2x3 is connected
with the core, which occupies a region V| = {r% < a2, r| = (x1, x2, x3)}, the point C; is the mass centre of the core
and J; =diag{A;, A1, C1} is the inertia tensor of the core with respect to the system of coordinates Cyxjxpx3. We will
assume that the principal central moment of inertia Cy > A (this is related to the fairly rapid rotation of the planet about
the Cyx3 axis). As regards the mantle, we will also assume that it occupies a region V5, the inner surface of which is
given by the equation r% =b2r) = (y1, ¥2, ¥3) in the system of coordinates Cpy1y>y3. Here C» is the mass centre
of the mantle and b — a =1 is the thickness of the liquid layer between the core and the mantle. The inertia tensor of
the mantle in the system of coordinates Coy1y2y3 is equal to J, =diag{A,, A2, C2}, C2 >A,. The velocity field v(r, 1),
a <|r| < b of the liquid will be considered on the assumption that the systems of coordinates Cix1xox3 and Coy1y2y3
coincide, while the velocity field describing their mutual motion is not identically equal to zero and determines the
boundary values of the velocity field of points of the liquid layer.

The system of coordinates CX1X»X3 is connected with the mass centre of the planet, and its axes are parallel to the
axes of the inertial system of coordinates OX; X2 X3, the origin of which is the mass centre of the planet and of the point
mass of mass m (see the figure). When the mass centre of the mantle is displaced with respect to the mass centre of
the core, the following vector equalities hold in the system of coordinates CX>X>X3

m m mygMiyg
CC,=¢§Q,CC,=E,Q; & =—, & =—,m, = T M = my+m;+m,
myg mag

(1.1)

_ 0 _ _ _4 3 _4 »
Mg = My =Mg >0, My = My + Mgy, Mg = Mgy =My, Moy = 3NPa, My = 1P

where mg, m and my are the masses of the liquid layer, the core and the mantle respectively, p is the density of the
liquid and Q is the vector C{C.
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We further obtain Py = £,Q + 'y, rr € Vi (k=1, 2), where P; and P, are the vectors of points of the core and the
mantle, I'1 and I'; are orthogonal operators of transition from the systems of coordinates Cyxjxpx3, Coy1y2y3 to the
system CX 1 X>X3. If Q=0and I'; =T, =" the core of the planet is inside the mantle and their principal axes of inertia
coincide, while the liquid fills the spherical layer between the core and the mantle. The rotation operator I'g determines
the transition from the system of coorindates CX|X>X3 to the system Cz;z,z3, connected with the planet in unperturbed
motion.

When the planet moves, there are small displacements and rotations of the mantle of the planet with respect to
its core, with the exception of rotations about the axes of dynamic symmetry of the core and the mantle, which may
have a secular form. In the system of coordinates Cz;z2z3 this displacement is equal to q = I %Q, while the relative
rotation operator I' = Fl_l I'; is the matrix of rotation of the mantle with respect to the system of coordinates Cx1x2x3,
connected with the core. The displacement vector q is small in the sense that the ratio |q|/! is small. If the operators I';
and I', are specified using the Euler angles, the following equalities will hold

I = 0;(v+y)0,(0+0,)0;(0+¢,), k=1,2

1 0 0 cosy —siny O (12)
0:1(X) = || 0 cosy —siny - O3(X) = || siny cosy O
0 siny cosy 0 0 1

The Euler angles s, 8, ¢ define the rotation operator I'g and describe the rotation of the planet, when its core and
mantle are a single whole, and the perturbations s, 0, ¢x (k= 1, 2) are equal to zero. Using relations (1.2), we obtain

(Trey Tyes) = 1-51(A0)° + (Ay) sin’0], A8 = 6,-0,, Ay = W~V (13)

where the expression in square brackets is the square of the angle between the axes of symmetry of the core C1x3 and
the mantle C2ys. In (1.3) we have omitted terms of the third order of smallness and higher in the small quantities Ay,
A#. Unlike the case considered earlier’ the perturbation A¢ =@, — ¢ may have a secular character, since the core
and the mantle are not connected elastically, and the gravitational interaction in the system is independent of A¢.

As the unperturbed motion of the system we will consider the motion of the planet as a rigid body, when there are
no relative displacements of the core, the mantle and the liquid. We will also assume that the mass centre of the planet
describes an elliptic orbit under the action of the gravitation of a point mass m and that the planet rotates with constant
velocity about the axis of symmetry. In the limited formulation of the problem, we will take the motion of the mass
centre of the planet as unperturbed and we will investigate the mutual motion of the core, the mantle and the liquid.

The kinetic energy of the system can be calculated using Koenig’s theorem and is equal to

2 2
T= mM R2+m1§1+m2§2
= 2(m+ M) 2

2
. 2 1 2
(4 +[@xq]) +§k§(1kwk, mk)+gvj(v+ [o x r])’dx

where R is the vector connecting the mass centre of the planet and the point with mass m, w1, w; are the angular
velocities of the core and the mantle in systems of coordinates connected with each of these, and v(r, 7) is the velocity
field of the liquid in region V() between the core and the mantle, specified in a uniformly rotating system of coordinates
Cz120z3. The following relations hold

1 1 L2 . .2 1 . .
50, 0)) = zAk[\yismz(0+6k)+6k] +§Ck[(p+(pk+\|!kcos(9+9k)]2, k=12

In the Stokes approximation (we will assume that the Reynolds numbers Re = v~'/max(|q|, |T2w> — 1w |l) are
small) and assuming the flow to be quasi-stationary, the equations of motion of the viscous incompressible liquid in
the liquid layer in the uniformly rotating system of coordinates Cz;z2z3 and the boundary conditions on the surface of
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the core 9V and on the inner surface of the mantle 3V> have the form®

p~'Vp = —VII(r,1) + VAV, divv = 0, TI(r,1) = TI,(r, 1) - [@ xr]*/2
- ) (1.4)
V(5 )lpeay, = G+ [(Tp T,0, - @) x1], k= 1,2

Here v is the coefficient of kinematic viscosity of the liquid, p(r, ) is the pressure of the liquid and ITg(r, £) is the
potential of the mass forces of gravitational interaction of all parts of the system. Henceforth, when determining the
velocity field we will neglect small displacements of the mantle with respect to the core (the vector ) and we will
assume that Eq. (1.4) hold in the spherical layer Vo ={r:a < |r| < b} and on its boundaries respectively.

The equations of motion and continuity (1.4) are linear in the unknown functions p(r, ) v(r, f), which enables us to
obtain their solution in the form

P =PpotpPi+Py V=V +V, py=-pll

where the functions introduced satisfy the following equations and boundary conditions

p'Vp, = VAy,, divy, =0; k=12 (1.5)
Vi(5 )| o, = €14, vy(r, Di=p = &.4 (1.6)
Vot D)y 20 = (TG T0, - @) X1], Va5, )], = [(Tg T,0, - @) x1] 1.7)

Bearing in mind the spherical symmetry of the region occupied by the liquid, it is more convenient to solve problem
(1.5), (1.6) in a spherical system of coordinates, assuming that the velocity of the mantle with respect to the core q is
directed along the Cz axis. Subtracting the velocity of translational motion of the core from the velocity field of the
liquid, we obtain problem (1.5), (1.6) with the changed boundary conditions

v,(a,0) = Vy(a,0) = 0, v,(b,0) = gcos®, vy(b,0) = —¢sin®; ¢ = |q|

Here v,(r, 0), vg(r, 0) are the components of the velocity field of the liquid in a spherical system of coordinates, while
the component of the velocity field corresponding to the angle ¢ of the spherical system of coordinates is identically
equal to zero.

By analogy with the Stokes solution, we will obtain the solution of this problem in the form

v,(r,0) = f(r)cos®, vg(r,0) = —g(r)sin®, p(r,0) = pvh(r)cos6
f=Aar>+Br'+Cc+Dr*, g(r) = -24r"+2Br' +C+2Dr’, h = Br’+10Dr

The coefficients A, B, C and D are found from the boundary conditions
A =30E +E)F(E)d, B = -a(48+4E>+48% +9E* + 9E°)F(E)q
C=6E+E"+E +E +E)F(E)g, D = 20 (E+E"+E))F(E)q
FE) = (1-8)>(4+76+48% ", E = bla>1

The stresses on elements of the surface of the spherical core, taking the boundary conditions and the incompressibility
condition into account, are®

(ave _190,

v, .
Dy = —p+2pa— = —ph(a)cos®, p, =L Wﬂl %) = —ug'(a)sin®

r

Here p = pv and the prime denotes differentiation with respect to r.
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The resulting pressure on the core is directed along the vector ¢ and is calculated from the formula
T
. . 2 . L 2.0
F, = I j(p,,cos(-) — Pp,gsin@)do = —Znuazqf[h(a)cos 0 —g'(a)sin"0]sin0dO =
v, 0

4 o, . . 4 4E+4E"+48 421"+ 218
= —= [h -2 ] = —d ’ dy = 3
s dlh(@) -2 (@) = ~dig, dy = Fmha T S 4

The force acting on the inner surface of the mantle, is equal in value and opposite in direction to the force F|, while
the corresponding dissipative function has the form

1, 2
D, = 5di4 (1.8)

Problem (1.5), (1.7) is also solved in spherical coordinates.® As a result we determine the moment of interaction of
the core and the mantle due to their mutual rotation and the corresponding dissipative function
3,3
1 2 8uma b
M = d)l'@ -T,,|, D, = Edz(rlwl -Lm,)"; d, = —:3 3 (1.9)
-a

It remains to consider the potential component of the pressure
-1
Po = -p H(l', t )

in the liquid layer and the action of this pressure on the mantle and on the core of the planet. We will consider the work
due to virtual displacements of the field of potential forces —VII(r, ), r € Vp, where Vj is the region occupied by the
liquid. Using Gauss’ formula and the condition of incompressibility of the liquid, we can represent this work in the
form

84, = - [ VII8Rdx = - [ div(II3R)dx = - [ [ndRdo

(1.10)
v, Vo v,

Here dR(r) is the field of virtual displacements which satisfy the relations div SR =0, and n(r, f) is the outward normal
to the surface of the liquid layer.’

Note that on the boundary of the liquid layer the virtual displacements are identical with the virtual displacements
of the corresponding points of the surface of the core or of the inner surface of the mantle. Using this fact, we will split
the last integral in (1.10) into two integrals. We apply Gauss’ formula to each of these, extending the field of virtual
displacements on the surface of the core into the region occupied by the core, like the field of virtual displacements of
the core, and we extend the field of virtual displacements, specified on the inner surface of the mantle inside the whole
core like the field of virtual displacements of the mantle, extended over the whole inner surface. As a result we obtain

84, = [TMn8Rdo- [ Mn,3R,do = [VIISRdx— [ VII8R,dx

v, v, v, V,uV,

where nj (r, 7) is the outward normal to the surface of the core, 3R (r) is the field of virtual displacements of points of
the core as a solid body, n;(r, 7) is the outward normal to the inner surface of the mantle, directed towards the mantle,
and 3Ry (r) is the field of virtual displacements of points inside the whole cavity of the mantle, which is identical with
the analogous field of a solid body, rigidly connected to the mantle. The property obtained holds for any form of the
cavity filled with an incompressible liquid.

We will consider the motion of the core and the mantle of the planet with respect to an inertial system of coordinates
0X1X,X3, using Lagrange’s equations of the second kind. We will take as the generalized coordinates the coordinates
of the vector q and the perturbations of the Euler angles s, 0k, ¢ (k=1,2), while the radius vector R, connecting the
mass centre of the planet and the point mass m, corresponds to the unperturbed motion (see the figure).

As was shown above, the gravitational interaction of the core, mantle and liquid remains unchanged if we assume
that the whole cavity V| U V) (the sphere inside the mantle) is filled with an incompressible liquid of density p, while
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the density of the material in the spherical region, occupied by the core, is reduced by the value of the density of
the liquid p. The assumption that the corresponding regions are spherical is unimportant. From the point of view of
gravitational interaction of the parts of the planet, and also of its gravitational interaction with external bodies, the
planet can be assumed to consist of two solid parts: a mantle with an additional inner spherical cavity, represented by
a solid body of constant density p, and a core, the density of the material of which is reduced by an amount p. The
interaction between the core and the mantle is made up of their gravitational interaction and the interaction related to
the presence of a layer of uniform viscous liquid between them. The gravitational interaction potential has the form?

g h .
M, = - El[qf +45-243)+ QI(A\V)ZSIHZG +(40)°]

= 'leo(czs“'Az)>O’ h= Y(C,=A)(Cy,-Ay)

3 >0
2ry ary(ro—a)

where rq is the outer radius of the mantle (the radius of the planet) and v is the universal gravitational constant.

We will determine the action on the core and on the mantle of the planet of the component of the pressure py, related
to the rotation of the system of coordinates Cz;z2z3 and equal to p[w X r]?/2. By changing from surface integrals to
volume integrals we can obtain an expression for the equivalent potential of the centrifugal forces

m §2 m §2 Mo, b* — my,a” )
_ 5 _
01 12 02520 6y x q ] + 202 . 01

I, =
in which we have omitted the last term, which is independent of the generalized coordinates. Taking the last expression
for the potential of the centrifugal forces into account, we can represent the difference in the kinetic energy of the
core-mantle system and the potential of the centrifugal forces in the form

2
m +m
Ty, -1l = —@lz—zgz(q +2q[w><q])+—[w><q] +22(kak, ;)

k=1

We will obtain the potential energy of the gravitational interaction of the three components of the planet with the
point mass m. The presence of a liquid layer between the core and the mantle can be taken into account by adding
to the mantle a body of mass m, with constant density completely filling the region Vo U V. At the same time, one
must reduce the density of the material comprising the core of the planet by the value of the liquid density p. Hence,
the gravitational interaction of the planet with the external point mass reduces to the interaction with this mass of two
solids — the modified mantle and the modified core. By relations (1.1), the potential energy of this interaction can be
represented by the functions®

m "'C 2
3 =—ym [llﬁ —k——3£(1—30‘3k)}
4 2Ry (1.11)

In relations (1.11) there are terms, the order of smallness of which is determined by the power of the ratio ro/R, and
small terms of the order of |q|/R, A{s, A6 and higher. Taking this into account, we retain in expression (1.11) terms of
the lowest order of smallness and we obtain

M Ym °
l—[13‘*1—[23‘—'Y—n;e [q -3(R°, I“o¢l) 1+Z
2R

2
= 1}% Y (A- Ck){l ~3(R° Tie;)’ +

k=1

R

+3§i‘[(R T,q) +2(R®, T,e)(Tes, Toq) — S(R®, Te5) (R®, roq)]} R® = ]
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In this limited formulation of the problem, the mass centre of the planet moves in an unperturbed Kepler orbit, while
the core and the mantle of the planet constitute a single whole — a rigid body which rotates with constant velocity about
the axis of symmetry. Hence, the unperturbed motion of the system is described by the relations

- 4 o _ :
R = T3 ecosd’ R (cos, sin, 0)

Yy = const, O =const, ¢ =const, Y, =0, =¢, =0; k=12

Here p, e and ¢ are a parameter, the eccentricity and true anomaly of the orbit of the mass centre of the planet. The
Lagrange function is represented in the form

m m
L= S4q +24[oxq) + Floxq)+

2
+ % T {A[Wisin’ (6 +8,) + 601 + C,[0 + @y + Wycos (8 + 6,1} +
k=1 (1 12)

g h .
+ é[qﬁ +qi-24%]- z[(Aq;)zsmze +(A0)7]-

ymm,

2R®

2 o 2 2 2
[q"-3(R°%Toq) 1+Z, my = m& +mk;
We will use the Lagrange function (1.12) to set up the equations of motion of the mechanical system.

2. The equations of motion and investigation of their solutions

Lagrange’s equation in the variable ¢, taking the dissipative function (1.8) into account, has the form

Ymm

MG +d,q +2mploxq]+m,[ox[oxq]]+K,q+ e ’[q-3(R°, Toq)T,'R°] =

2
) ?7’? T (Ag- CYITy'R° + 2(R°, Tye;)T ' Te; - 5(R®, Tye5) T 'R°] @.1)
k=1

K, = gdiag{-1,-1, 1/2}

In Eq. (2.1) we have retained terms that are linear in the variables q, U5, 0x (k=1, 2). If the trivial solution of
homogeneous equation (2.1) is asymptotically stable, its particular solution will describe forced oscillations about
the position of relative equilibrium. Since the eccentricities of the orbits of planets of the Solar System are fairly
small, it is of some interest initially to consider circular orbits, when e =0 and p =R. In Eq. (2.1) there are two periodic
functions of time, corresponding to the frequency of natural rotation of the planet w and the frequency of orbital motion
dY=Q= VymR—3. We will assume that 2 <« o and average all the coefficients of the variables q, {5, 0; (k=1, 2)
over the variables ¢ and ¥, and we will average the perturbing forces solely over the variable ¢. As a result, Eq. (2.1)
takes the form

MG +d, G+ 2m,00e; X ] - m,0°[q - (q, €;)e;] + K1,q + K3q =

2
- "Ile T &M, (- sinBsing + 2sin20sing + Ssin’ Osin”g)e; 22
k=1

M, = %Qz(ck—Ak), g=0-vy, K,= ‘-limer(3cosze— 1)diag{1, 1, -2}

Eq. (2.2) is equivalent to a system of three second-order differential equations, which can be split into a system of
equations in the variables g1, and g, and an equation in the variable g3. Moreover, Eq. (2.2) do not contain the variables
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Yk, 0k (k=1, 2). The equations in the variables g; and q» can be represented in the form

G1+did1 204, + k9, = 0, §G+dyggr+204, +kjpq, = 0 (2.3)
where

dy = i ki, = _L[m co2+g —lm 92(300829—1)] (2.4)

0= Ko moL" 17 g™ .

Eq. (2.2) can be represented in projections onto the Cz3 axis in the form

P, = P(zsinze-sine+§sin3e), P, = —2Psin’0
4 4 (2.5)

2

m (M M 2 m Q

P= (—1——2) ky = 281, 0 (ésinze—l)
Rmy\myy  my, my  mp \2

The system of Eq. (2.3) can be written more conveniently in the form of a single equation in the complex variable
z=q1 +iq>. As a result we obtain a homogeneous linear equation with constant coefficients

Z+2ei+kipz =0, € =dp/2+i0 (2.6)

the general solution of which has the form
2= E,exp(\,0) +E_exp(A_1), A, = —€% e —ky

where E, and E_ are arbitrary complex constants.

According to the second formula of (2.4), the coefficient k12 <0 and ReA; >0, ReA_ <0. Consequently, the trivial
solution of Eq. (2.6) is unstable: the solution corresponding to the root of the characteristic equation A_ attenuates,
while that corresponding to A, increases. As a result, the projection of the centre of the core onto the equatorial plane
(the plane Cz;2z2) describes an uncoiling spiral. This motion can be described by the formula

z(t) = rexp(tRed,)exp[i(sImA, + )], rexp(ia) = E,

It follows from physical considerations that as the distance of the centres of the core and the mantle from the
centre of the planet increases in the unperturbed motion of the point C, parts of the core and the mantle fall within the
zone where the pressure is insufficient to maintain the phase states. This means that, on the part of the core surface
receding from the centre of the planet, due to the reduction in the pressure, the solid phase will transfer into the
liquid phase, and on the opposite side of the core, the reverse will occur, namely, the liquid phase will convert into
the solid phase. A similar pattern will be observed on the inner surface of the mantle: in regions where the mantle
approaches the core, the material will convert from the solid phase into the liquid phase, while on the opposite side,
the liquid phase will convert into the solid phase. The modulus of the number z(¢) will not increase to infinity and in
steady motion it will be constant. In this case the projection of the vector q onto the equatorial plane of the planet
will rotate with a period of 27r[Im\,|~ /2. The value of the displacement of the core with respect to the mantle in the
equatorial plane depends on the physical properties of the planet material and on the pressure distribution inside the
planet.

Natural oscillations of the core with respect to the mantle in the projection onto the axis of symmetry Czz will
be attenuated, since in Eq. (2.5) the quantities d1g and k3 are positive. As a result, after a certain time only forced
oscillations will be observed, described by the formula

(k- n2§22) sinng — dgn€2cosng

q3(t) = Z Pn
n=1,3 (’<3—nZQZ)z‘*(‘l’m"Q)2
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Lagrange’s equations, corresponding to the angular variables {5, 0k, ¢k, (k= 1, 2), after linearization and averaging

of the coefficients of the equations over the fast variables ¢ and g, and on the right-hand sides of the equations only
with respect to the fast variable ¢, take the form

Ak\'|'1ksin29 + C (& + J,cos0) cosO — H,0;sin® + (-1 )k[hAwsin29 +

(2.7)
+d, (A + A@cosO — ¢sin@AB)] = —M,sin Osin2g; k = 1,2
ABy + Hoysin® + (=1)[hAB + d,(AD + pAysind)] =

(2.8)
= —%Mk[2cos26(-)k+ sin20(1 - cos2g)]; H, = C,¢; k=1,2
C,( + W, c080) + (<1)°d,(Ad + Acos®) = 0; k = 1,2 (2.9)

When setting up Eqgs. (2.7)-(2.9) we took into account the dissipative function (1.9). The expressions for the
coefficient dy in Eqgs. (2.7)—(2.9) represent the difference in the angular velocities of the mantle and the core of the
planet in projections onto the axes of rotation, corresponding to changes in the Euler angles s, 6, ¢. In projections onto
the axes of the system of coordinates Cz1z2z3, connected with the planet in the unperturbed motion, the difference in
the angular velocities of the mantle and the core can be represented in the form

Q) = 1“51(1‘20)2—1“1(1)1)E(Qlcos(p—ﬂzsin(p)el+
+(Q;sin@ + Q,cosP)e, + Q;e;, ¢ = 0t (2.10)
Q, = (A8 + pAysin®), Q, = Aysind - pAD, Q; = AycosO + A

Here ey, e, e3 are the unit vectors of the system of coordinates Cz1z2z3.

The linear system of Egs. (2.7)—(2.9) contains two cyclic coordinates, ¢1 and ¢, while the structure of the system
is such that one can reduce its order from the twelfth to the eighth, thereby eliminating these coordinates from Eqs.
(2.7) and (2.8), using Eq. (2.9). As a result, we obtain a system consisting of Eq. (2.7), in which the second term on the
left-hand side is not present and the coefficient of d; is represented in the form Aissin @ — ¢ sin 0A0, and Eq. (2.8);
we will call this System S.

We will investigate System S within the framework of the approximate theory of gyroscopes, neglecting the sec-
ond derivatives of the angular variables, which eliminates the fast nutational oscillations with small amplitude from
consideration. In this case, System S can be represented in the form

H,0,+H,0, = (M, + M,)sin0sin2g
X-n(hy+d,y-d,px) = (¢, —G;)sinBsin2g, x = A6
Y+ N(hx + dyx + dy@y) — (G0, — 620,)cos20 = 21D

= %(g1 —G,)sin20(1—cos2g), y = Aysin0

Here we have introduced the following notation

A L/
n"Hl HZ, gk_‘Hk’ - L
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The question of the stability of the trivial solution of the homogeneous system of Eq. (2.11) reduces to investigating
the roots of the characteristic equation, which has the form

%.(co?\.2 +ch+cy) =0

_ 2,2 _ 2 . 2 _9_1_ S2
cg=1+dM">0, ¢, = dZ[H—lHZ +2hm +(H1 +H2)c0526]>0
2. 2.2 2 1, S
¢, = (K" +d0")M +h(—+—)cos29>0
2 2 Hl H2

Hence it follows that one root is equal to zero (a consequence of the first integral H10, + H,8, =const), while the
two other roots have negative real parts.

The particular solution corresponding to constant perturbation on the right-hand side of Eq. (2.11), can be obtained
in the form

M +M,

YV, =V, =Q, 0, =0, =0, A0=0, A\]!-'FO, o = —mCOSO

As a result, we have
d,¢
el = QMZ’ 92 = _QM19 xO = —Q(M1+M2), yO = TxO
- (2.12)
= G276 —— - sin26
2N[M Mycos20 + (M, + M) (h" +d, ¢ )h ']

The periodic particular solution satisfies equations obtained from system (2.11)

Xx-n(hy+d,y—d,px) = B;sin2g

y+n(hy +dyx+d,Qy+asx = sB;cos2g

. M\H, M,H\ cos20
B, = (G,-¢,)sin®, aj = ( i )H1+H2 (2.13)
M +M, 20 5
s = mcos + COs

We will seek a solution of system (2.13) in the form
x = AO = Re[Xexp(2ig)], y = Aysin® = Re[Yexp(2ig)]

The complex coefficients X and Y satisfy a system of linear algebraic equations, which follow from Eq. (2.13),
(a;+ib))X - (a,+ib,)Y = —iB|, (a,+iby))X+(a;+a3;+ib))Y = sB,
a,+ib, = nd,0+2iQ, a,+ib, = N(h+2iQd,)

As a result, we find

X = B[sa,+ b, +i(sb,—a;—a3)IW, Y = B[sa;—b,+i(sb; +a,)]W

i 2.14)
W = [a°+a +ayas — b2 — b2 +2i(asb, + ayb, + azh,/2)]
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According to relations (2.10) we obtain the vector of the relative angular velocity €2 for the steady motion, described
by Egs. (2.12) and (2.14), where

Q, = Re{[2iQX + ®Y]exp(2ig)} + @y,
Q, = Re{[2iQY - wX]exp(2ig)} - wx,, O = 0

(2.15)

Since the angular velocity of the mantle relative to the core is small and the systems of coordinates Cjxjxx3 and
Cay1y2y3, connected with the mantle and the core, are close to one another, the mutual position can be conveniently
described by the Krylov angles a, B, y, assuming’

0,(0)0,(B)05(y) = T;'T,

cosP O sinf G+ ysinf Q,cos@ — Q,sin@
0,(B) = 0 1 0 [=| Bcoso—7sinocosP || =| Q;sin@ +Q,cos¢
—sinP 0 cosf Bsino + ycosoicos P 0

The last vector equation is obtained taking relation (2.10) into account, and from it we obtain the following equations,
apart from small second-order terms inclusive in the Krylov angles and their derivatives,

0=Q cos@-Q,sing, P=Q,sing+Q,cos9, 7=-Po

The components of the angular velocity & and (3 are small and are represented by the sum of harmonics with
frequencies w and w %2 €2, while the component 7, in addition to the harmonics mentioned above, has a constant
component (—Ba), where the angular brackets denote average over time of the quantities in the brackets. Taking
relations (2.10), (2.12) and (2.15) into account as well as the smallness of the ratio 2 Q2/w, we obtain an approximate
estimate for the mean angular velocity in the form

. 1. .
) = —%)(xg+y(2))——2—03[|219X+ oY’ + 2iQY - oY|*] (2.16)

A similar effect is found in gyroscopic devices on a fixed base.” Under steady-state conditions A¢ = — As cos .

If the core and the mantle of the planet are dynamically similar to one another, this means equality of the ratios
AC 1_1 = ACy 1, in which case Q=0 and B; =0, and none of the mechanical effects mentioned above are present,
i.e. the core and the mantle of the planet move as a single rigid body.

The above analysis of the equations of motion has been based on approximate equations obtained by averaging over
the fast variables, and a number of assumptions regarding the terms containing the acceleration, which, naturally, leads
to approximate results.

3. Mutual motions of the core and the mantle in the Earth-Moon system

As an example, we will consider the Earth-Moon system, which uses the data in Ref. 3 on the structure of the Earth.
We will use the kilogram, the meter and the second as the fundamental units of dimensional quantities and we will
take the following numerical values of the quantities required for the calculations:

for the solid core of the Earth

a=125-10°, m,=9.82-10% (C,=587-10", A,=586-10" p, =1.20-10"
for the mantle

b=349-10°, m,=417-10", C,=7130-10*, A,=7100-10", p,=046-10*
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for the liquid spherical layer

my = 170107, C, = 908-10%, A, = 906-10*, p = 10*, & = b/a = 2.79

The radius of the Earth, the angular velocities of the secular rotation and of the rotation of the Moon around the
Earth are, respectively

ro = 637-10°, @ =729-10", Q =267-107°

For the angle of inclination of the axis of the Earth to the Moon’s orbital plane we take 6 =23°.
As a result of a calculation using the formulae derived in Section 2, we obtain the following numerical values of
the quantities

my = 1.64-102, my = 595-10%, m, = 1.63- 10, m,, = 9.7- 107

E, =-099%, & =27-107, g/m;, =162-10"°, h=187-10*

0, Q%m(4myy) = 031077

o’mmy, = 8.9-10
No reliable data are available at the present time on the viscous properties of the liquid layer of the Earth. We will
take as an estimate w =5 x 107 Pas.? Hence we obtain the coefficients in Eq. (2.3)

dyo=43-10"°, k, =-106-10"
while the roots of the characteristic equation are
A, =253-10°+i7.7-10°, A_=-456-10"+i1.38-10™*

The root A_ defines the attenuating natural oscillations of the centre of the core with respect to the mantle in a
projection onto the plane Cz;1z,. This motion can be treated as a displacement of a point in the plane along a spiral,
coiled round the origin of coordinates. The period of rotation round the spiral is about 12.5 hours. The second root
A4, on the other hand, defines the motion along an unwinding spiral with a period of about 9.5 days. This motion
represents instability of the equilibrium position and, as was noted above, should lead to a certain steady motion of
the centre of the planet core about the mantle due to the occurrence of phase transitions between the liquid layer,
the core and the mantle. It is possible to determine the radius of this steady motion using corresponding models of
the phase transitions and the temperature distribution inside the Earth. These problems are outside the scope of this
paper.

The motion of the centre of the core with respect to the centre of the mantle in a projection onto the Czz axis is
described by Eq. (2.5), the coefficients in which are

-10 -10

ky =324-107°, P =-207-107"°, P, =-263-10"°, P, =0.154-10
As a result, we obtain forced oscillations about the Cz3 axis in the form
q;(t) = —0.85sing +3.2- 10‘4cosg +0.059sin3g - 0.72 - 10_4cos3g

The motion is represented as the sum of two harmonic oscillations, one of which has an amplitude of 85cm and
a period of one month, while the second has an amplitude of 6 cm and a period of a third of a month. To estimate
the rotations of the core with respect to the mantle in steady motion, we will use formulae (2.12) and (2.14). The
corresponding parameters for the Earth were taken as follows:

M, = 010710, M, = 321-10”, H, = 428-10°, H, =52-10"

h=187-10% d,=258-10", Q =096-107"
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As a result, we obtain the following steady values of the variables

& =-57-10"°, 0, = 3.08-107(1.06'), 6, = -1.03- 107/ (~-0.02")

AB = x, = -3.08-107*(~1.06'), Aysin® = y, = -3.1-107(-6.4")

The mean angular velocity of rotation of the core with respect to the mantle is estimated using formula (2.16) to be
(¥) = —3.5 x 107! This indicates that, in a year, the core of the planet rotates by an angle of 0.38’ with respect to
the mantle.

In addition to constant deviations of the axes, connected with the core of the planet, from the axes connected with
its mantle, there are periodic changes in the angles between them at a frequency of 2 €2, the amplitudes of which are
given by formulae (2.14). A calculation of the values of these amplitudes for the numerical values of the parameters
given above leads to the following estimates

|AB] = 7.66-1077(0.037"), |Ay| = 1.52-107°(0.74")

This means that the angle between the axes of symmetry of the mantle and the core varies periodically with these
amplitudes. According to measurements of the angular velocity of rotation of the Earth, harmonics with a period of
half a month are found in its spectrum.>

The dynamic effects described above may be the reason for seismic activity, together with tidal effects in the
deformable mantle and core of the Earth.
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