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Abstract. We use a boundary perturbation technique based on the calculus of mov-
ing surfaces to compute the gravitational potential for near-spherical geometries with
piecewise constant densities. The perturbation analysis is carried out to third order
in the small parameter. The presented technique can be adapted to a broad range of
potential problems including geometries with variable densities and surface density dis-
tributions that arise in electrostatics. The technique is applicable to arbitrary small
perturbations of a spherically symmetric configuration and, in principle, to arbitrary
initial domains. However, the Laplace equation for an arbitrary domain can usually be
solved only numerically. We therefore concentrate on spherical domains which yield a
number of geophysical applications.

As an illustration, we apply our analysis to the case of a near spherical triaxial ellipsoid
and show that third order estimates for ellipticities such as that of the Earth are accurate
to ten digits. We include an appendix that contains a concise, but complete, exposition
of the tensor calculus of moving interfaces.

1. Introduction. This paper demonstrates how to use the calculus of moving sur-
faces to compute the gravitational potential for near spherical geometries based on a
perturbation theory approach. Our expressions apply equally well (with a minus sign!)
to the electrostatic potential when no surface charges are present.

The perturbation of the potential is induced by a small deformation of the boundary of
the domain. Our analysis applies to an arbitrary sufficiently smooth small deformation.
We consider the case of constant density which can be extended to piecewise constant by
the superposition principle. We do not consider the case of varying density, since the most
challenging and interesting part of the analysis deals with the density discontinuities at
the boundary of the domain. The presented technique can also be applied to boundary
density distributions that arise in the analysis of the electrostatic potential of a conductor.
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Fic. 1. A spherically symmetric “unperturbed” configuration.

F1G. 2. The spherically symmetric configuration is perturbed by a
slight shift of the inner sphere. Such perturbations arise in the anal-
ysis of the Slichter modes of a planet.
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Fic. 3. An ellipsoidal perturbation of the spherically symmetric con-
figuration. Such perturbations find applications in the analysis of the
librational modes of an ellipsoidal planet. Note that the inner sphere
can be arbitrarily turned relative to the shell.

F1G. 4. An arbitrary small perturbation of the spherically symmetric
configuration. Such perturbations may arise in the study of phase
transformations at the inner core boundary of a planet.
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The presented analysis has a number of geophysical applications:

a. The study of Slichter modes of the inner core. First studied in 1961 [9] by Slichter,
the modes refer to the translational motion of the inner core of a planet with respect
to the outer core and the mantle. Busse [I] presented an analytical treatment of this
problem in which he treated the constituents of the planet as constant density (Figure
). A small translational displacement of the inner core (Figure 2) can be treated as a
small boundary perturbation of the unperturbed spherical configuration.

b. Libration of the inner core. An inner core and a mantle which are slightly ellipsoidal
(Figure B) are coupled by a gravitational torque that is roughly proportional to the
ellipticities. As a result, the two parts of the planet oscillate about a stable equilibrium
configuration. Because the product of the (small) ellipticities is involved, the effect is
second order and requires a second order perturbation analysis.

c. Phase transformations at the inner core boundary. It is a well-accepted hypothesis
that the matter at the inner core - outer core boundary undergoes phase transformations
[4]. If the inner core is no longer assumed rigid, then potentially arbitrary deformations
of the interface may occur, as illustrated in the exaggerated Figure d] and a technique
flexible enough to analyze such deformations is required.

2. Methodology.

2.1. A word about our notation. Throughout the paper we adhere to the indicial no-
tation of tensor calculus, [7], [6], [T2]. In our experience, this language is best for the
calculus of moving surfaces outlined in the Appendix. For the sake of consistency we use
indicial expressions such as N*V;1) even where the more conventional N - V1) would have
been sufficient.

2.2. Fwvolution of geometries and the power series. The gravitational potential field is
determined by the distribution of mass densities. Since we consider piecewise constant
densities, the potential field is essentially determined by the geometry of the configura-
tion. We suppose that the geometry €', for which the potential field is to be computed, is
close to a spherically symmetric configuration 2. Then the desired gravitational potential
Y’ (z) for Q' is close to g (z) for Q. The letter z indicates a point in the three-dimensional
space.

We imagine a smooth evolution €2 () of Q into €' indexed by a time-like parameter 7
(sometimes conveniently thought of as having dimensions of time) such that

Qo) = 9 (1)
Q@1 = Q. (2)

The gravitational potential ¢ also undergoes a smooth evolution v (7, z) such that
,(/} (05 Z) = wo (Z) ) (3)
P(Lz) = ¥ (2). (4)

We approximate 1’ (2) by the first n terms of the power series
, o (1,2 1 0% (7,2 1 Ny (1, =

z/;(z)zd;“z)%—% flovma) 120 (5)

o 2 o0 | __, N ooV,
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and calculate the first three terms explicitly. Note that by letting A7 = 1, we consider
slow evolutions over a finite period of time rather than an equivalent scenario with finite
velocities over a short period of time.

2.3. Two approaches to the problem. Our task is to compute 9" /9™ at 7 = 0. At a
given time 7, the potential is given by the conceptual integral

p(r,z") *

Y(r2) = - q Distance (z,z*)dQ ’ (6)
where p (7, z) is the imaginary evolution of density distribution. This integral can in prin-
ciple be differentiated with respect to 7 to obtain 9¢™/d7™. Since this approach requires
a complicated analysis of integrals with singularities, we prefer a different approach based
on Poisson’s equation.

Away from the surfaces of density discontinuities, the gravitational potential ¢ satisfies
Poisson’s equation

ViV = 4rGp. (7)

In addition, ¢ vanishes at infinity and is finite everywhere. Finally, across the interfaces
S of density discontinuities, v is continuous along with its derivatives

[‘/’]s = 0 (8)
N'[Vilg = 0, (9)

where
[X]s (10)

stands for the jump in quantity X across the surface S. We require continuity only
for the normal derivatives since the continuity of tangential derivatives follows from the
continuity of .

2.4. Outline of the procedure. We start by calculating the unperturbed potential 1 (r)
for the initial domain 2. Since € is spherically symmetric, a sphere of radius R in our
case, this is a straightforward task. We then derive a system of equations for 9" /07"
by repeatedly differentiating (or perturbing) the system (Z)—(@) with respect to 7. Dif-
ferentiating the bulk condition (@) n times yields

R
v%% =0. (11)
The derivative of the right-hand side of () vanishes since p is presumed piecewise con-
stant.

The differentiation of the boundary conditions () and (@) is far more challenging and
requires an application of the so-called ¢/d7-derivative, a key operation in the calculus
of moving surfaces (see the Appendix).

The perturbed system needs to be solved for the initial configuration since the power
series () requires the values of 9™y /d7™ at 7 = 0. The spherical symmetry of the initial
configuration allows us to solve the resulting systems by separation of variables.

We consider a single domain of density p. More complicated geometries with piecewise
constant densities can be obtained by superimposing solid domains. For example, a
planet with an inner core of density p;, an outer core of density po and a mantle of
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density ps can be represented as a sphere of radius ps with a smaller sphere (outer core)
of density ps — p3 and an even smaller sphere (inner core) of density p; — ps.
For a sphere of radius R and density p, the unperturbed potential 1g (z) is given by
1 2_3
el 2(&) -3 2<9
o (r) = 4nGp—- (12)
=1
— (E) , 2> Q,
where z < Q and z > Q is a shorthand notation for “points inside 2”7 and “points outside
Q.

3. First perturbation of the potential.

3.1. Solution of Laplace’s equation for a sphere. We noted that 0" /07™ satisfies
Laplace’s equation in R3, i.e. 9"/07™ is harmonic. Here, we present the general
solution for the Laplace equation in R? that is finite at the origin, vanishes at infinity,
and satisfies the given boundary condition on the sphere of radius R.

Suppose that y is a harmonic function

ViVix =0 (13)

and that, in addition to being finite at the origin and zero at infinity, x satisfies the
following discontinuity conditions across S, the boundary of Q:

s = J, (14a)
: H
NVids = o (14b)
Both J and H are determined by the evolution  (7), and the factor of R~! was intro-

duced for nondimensionalization. If the fields J and H are represented as a series in
spherical harmonics Yy, (0, ¢)

J = J"™Y,,(6,0), (15a)
H = H"™Y,(0,9), (15b)

then y is given by

U+ J " ™ oy

— (5 z <

X (ri 97 ¢) = { lJl'n%i_I}Zm T,(Ii; Q lem (97 ¢) * (16)
2011 (R) 2>

We usually prefer complex spherical harmonics Yy, (0, ¢) that are normalized to unity
on the unit sphere

}/llml (95 d)) 12m2 (0 (b) s = 5l1l26m1m27
[r|=1
where * means complex conjugation.
As we compute successive perturbations of the system ([@)—(@) we obtain Laplace sys-
tems of the type ([3)-(I4h)), each with its own H and J. Denote the H and J appearing
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in the n-th perturbation by J, and H, and their spherical harmonic expansion coeffi-
cients by H.™ and J\™. The power series approximation of the perturbation A (r, 8, ¢)
of ¥ (r,0,¢) (@) is then given by

| SR (7). <0
Ay (’I", , (JS) ~ Z 7lJ§LmiP}ELLT;z ry—i—1 Q Yim (95 d)) . (17)
= | @ (&) » 22>

The task that remains is to determine the surface fields J,, and H,, and to represent them
with respect to the spherical harmonics.

3.2. The %-dem‘vative and the interface velocity C'. This paper relies heavily on the
calculus of moving surfaces, whose concise but complete exposition can be found in the
Appendix. This section briefly introduces the main concepts, enabling the reader to see
the big picture presented in the following section while using the Appendix as a reference.

The two primary concepts on the calculus of moving surfaces is the §/dr-derivative
and the interface velocity C. In the following sections, the boundary conditions for the
potential field perturbations are stated only in terms of this operator and this quan-
tity, plus the stationary surface fields such as the mean curvature. Therefore, while the
derivation of the perturbation equations requires the knowledge of the calculus of moving
surfaces, the interpretation of the resulting equations only requires the concepts introduced
in this section.

Consider a one parameter family of curves S indexed by a time-like parameter 7. The
family S; can also be thought of as a time evolution of a single curve S. Let T (7,S;) be a
scalar field defined on S;, so T not only changes its values with time but also experiences
a change in its domain of definition.

We present a geometric definition of the d/d7-derivative at a point £ on the surface
S; at time 7, illustrated in Figure Consider two locations of the surface S, and S, -
at nearby times 7 and 7*. Draw the straight line orthogonal to S; passing through the
point £&. Mark the point £*, where this straight line intersects S.«. Define

T (r6) | TE) T (16 )

oT T =T T*—T

An equivalent algebraic definition of the §/é7-derivative of a scalar is given by equation
(I08) of the Appendix. A general definition applicable to tensors of arbitrary shape is
given by equation (ITT]).

Let Az be the vector connecting the point £ to the point £*. Then the velocity of the
interface C' (also known as the normal velocity) is defined as

: (19)

where N is the unit normal to the surface S;. By construction, Az is aligned with N,
and the dot indicates that the sign of C' depends on the choice of the normal. Obviously
C'is a scalar, and it is called “velocity” rather than “speed” because the normal direction
is implied.
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F1G. 5. Geometric definition of the §/d7-derivative as applied to a
scalar field T defined at time 7 on the surface S-.

If z is the radius vector with respect to an arbitrary origin, then the definition of C'
(@) can be rewritten as

B 5Z'N

=5 N

C

The velocity field C' completely determines the evolution of the interface, much like
prescribing the velocity field of a fluid completely determines its flow, with one significant
difference. In the flow of a fluid, the trajectories of individual particles are usually of
interest and the velocity field allows one to determine the flow. The velocity C, on the
other hand, describes the motion of the surface as a geometric object not keeping track
of individual points.

3.3. The first perturbation 0v/0T. The perturbed bulk equation is obtained simply
by differentiating Poisson’s equation with respect to 7:

o
V'V,— =0. 20
or (20)
Since p is constant, the would-be right-hand side 47rG%§ vanishes. The effect of the
variation in the mass density is instead captured by the boundary conditions.

Taking a §/é7-derivative (see the Appendix) of [g—f] o= 0 we get

by eqn. (I2) = Bﬂs+01\ﬂ Vil (22)

where C' is the velocity of the interface defined above.
Since the jump in the normal derivative of ¢ vanishes, so does [0v/07]4:

2] o -
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Taking the §/d7 derivative of the second boundary condition, we have

o — JWNVVivls) lé WV | (24a)
oT oT P
. ON' i [0Viy
= F[VZWS‘FN [ 5, Lv (24b)
b = ZlVeC [Vilg + N’ [vig—f + ON'NT [V; V). (24c¢)
Is
*Product Rule (24d)

“By eqns. ([I4d) and (I12) (24e)

Since V;1 is orthogonal to the interface at 7 = 0, the product 2% V;1) vanishes on both
sides of the interface, and we have

Nt {Vlaw} = _-CN'N’ [ViV;y]g. (25)
or ¢
It can be shown for a continuous function v with continuous derivatives that
[ViVilg = (N*N' [V Viglg) NiN;. (26)

In other words, the nine entries of [V;V ;1] share a single degree of freedom (rather
than six for an arbitrary function). Raising one of the indices and contracting, we get
[VZ-V%} g = 471G [p]g- Therefore, the second boundary condition can be rewritten as

N'|V,=—| =-4 . 2
{V 87]5 7GCp (27)
Summarizing, the perturbed potential 0v /07 is governed by
vivi% = 0,2€9Q, (28)
or
oY
-7 = 0 29
LP"T ] s , @)
T oy
N |V,;—— = —A4AnGCp. 30
{ 87]5 p 30)
Therefore, the “jump” function J; and the “hop” function H; are given by
J1 = 0, (313)
Hy = —47GRCp. (31b)

Let us now represent C' as a series in spherical harmonics in a way similar to equations
([I5D) and (I5al) except with an additional parameter R for nondimensionalization:

C = RC"™ Y}, (0, 6). (32)
As C is determined by the evolution Q(7), so are the C'. We think of the C'™ as
the collection of small parameters that represent the given perturbation, and all relevant
expressions are given in terms of the Cj,. Below, we shall explicitly calculate the C'™

for two specific perturbations of the sphere: a radial perturbation that preserves the
symmetry of the system and an ellipsoidal perturbation.
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Given equations (BIa) and (BIH), the coefficients Ji™ and H!™ are easy to determine:

Jmo = o, (33a)
HI™ = —4xGR?pC™. (33h)

We have thus obtained the first order approximation to the gravitational potential:

(%)Z, z < Q,

A (r,6,0) ~ o g
R ) ’

Yim (6, 9) - (34)

_47erRQC’lm
20+1

4. Second and third perturbations. The system of equations for 9%¢/972 is ob-
tained by repeating the steps of the previous section, i.e. by differentiating equations

28)-@30) we respect to 7:

o 9%
v Vzﬁ = 0, S Q, (35)
0% 9
2
N° via—d’ 747er£ + 47GpC? B2,
or? | 4 oT

where BS is the mean curvature (I02) which, for a sphere of radius R, equals —2/R. We
rewrite the last boundary condition as

; 02 20%  §C
N'|\V,—| =-4 ——F+—).
{Vz or? } s mGp ( R + oT ) (37)
Jo and Ho are therefore given by
Jo = 47GpC?, (38a)
9 oC

The surface fields Jo and Hy cannot be as easily decomposed in spherical harmonics as
J1 (which was zero) and H; (which was directly proportional to C'). Therefore, for a
given perturbation they need to be explicitly computed and independently expressed in
spherical harmonics. Below we perform this task for radial and ellipsoidal perturbations.

Finally, we present the system for 931)/073, which is obtained analogously to dv/dr
and 9% /072

0%

vivi—aT2 =0, z€9Q, (39a)
0% 53¢ 5
——| =4 ——~ —(C3B® b
{ aTQL 7Gp (30 5 c a) , (39b)

. 524 ¢ _ 3030 B _ 302VeV,C — ...
N* vz— = —4nG or? or N ’ 39
[ 972 } G ( . —4CVCOV,C - C3B§BY + C*BYBj -
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where (having substituted By = —2/R and B3 B[ = 2/R?)

§C 203
82c 5C _ 3po2ye _
Hy — —anGp( B55 005 ~8ROPVVLC - ) (400)
. —4RCVCV,C + 22

We reiterate that the perturbation equations are started only in terms of the operator
d/67 and the velocity field C' along with the stationary characteristics of the surface such
as the mean curvature B and the trace of the third groundform Bng .

5. Two examples.

5.1. Spherical expansion. We consider a spherical configuration with radius R (1 4 €a),
where ¢ is a small quantity and a is on the order of unity. The gravitational potential
for this geometry can be obtained directly, and in fact it is available in equation ([I2I):

2
Yo (e,7) = %Gp (r2 —3R*(1+ 5a)2) . (41)
Therefore, the perturbation Ay = 1)g (¢,7) — 1o (7) is given by
A =21GpR® (2ea + €°a?) . (42)

This expression is a polynomial in €, so we expect that our two-term Taylor series ap-
proximation will recover the correction exactly.

As prescribed by the recipe in the Appendix we specify an evolution of the initial
configuration into the perturbed one. We let the radius evolve according to R (1 + Tea).
The velocity of the interface for this evolution is given by

C (0, ¢) = Rea, (43)
and their spherical harmonic expansions have the single [ = 0, m = 0 term:
C% = Virza. (44)
Therefore, we have
JP =0; HY =+/4drea. (45)
Moving on to the second order perturbation, we have
Jy = —0—2 = —ead?, (46a)
R2
H, = QR—C; + }%% = 2:%02, (46b)
since it is clear that 60C/é7 vanishes
JP = —V4re?d?, (47)
HY = 2V4rea. (48)
Constructing the Taylor series inside the domain, we get
AY ~ —2nGpR* (2ea + £%a?) (49)

which is precisely equation ([42)).
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5.2. FEllipsoidal perturbation. We now turn to the computation of the potential inside
a near-spherical ellipsoidal domain. The potential outside this domain can be computed
analogously, but the results are not presented here for consideration of space.

The gravitational potential of a near-spherical ellipsoid can be estimated to any order
by a technique originally proposed by Migdal [§], [5] for the analysis of the energy splitting
of a quantum particle trapped in an ellipsoidal cavity. Migdal’s technique is simpler
than ours (although not shorter!) for lower order perturbations and can be used for an
independent verification of our results.

The gravitational correction inside a slightly ellipsoidal shell was also calculated to
second order in [10].

The boundary S is an ellipsoid with semi-axes R(1+¢ca), R(1+¢€b), R(1+¢ec). As
before, we start by specifying the evolution from 2 (a sphere of radius R) to €; (our
ellipsoid):

z (1+ 7a)sinfcos ¢
22 | =R | (1+7b)sinfsing |. (50)
23 (1+7c)cosf

5.2.1. Computing C. The marker velocity v* (I07a) is given by

P asind cos ¢
v = 9 = R | bsinfsing |, (51)
ccos

and the velocity C' of the boundary at 7 = 0 is constructed by projecting the marker
velocity onto the unperturbed normal N*® = (asin  cos ¢, bsin @ sin ¢, c cos §):

Cl._o=R (a sin? 6 cos? ¢ 4 bsin? fsin® ¢ + ¢ cos? 9) . (52)

This expression is easy to represent in terms of Y}, as in equation (B2, since only a few

terms are nonzero:
4
,/?’r(a+b+c), (53a)

%T(a—b)

0
o= | /A4 (a+b-20) |- (53b)
0

Ql—g(a—b)

COO

These coefficients can practically be obtained from equation (52) in a number of ways.
One is by integration:

1 T ™
=g || .05 0.0)sin0doa (54)

where * stands for complex conjugation.



GRAVITATIONAL POTENTIAL FOR NEAR-SPHERICAL GEOMETRIES 241

Alternatively, one can expand the harmonic series for C' ([32)) as a single trigonometric
polynomial and form a linear system for C'™ by matching up the terms of the trigono-
metric polynomials with the explicit expression (B2) for C.

5.3. First order coefficients. Decomposing J; = 0 and H; = C/R, defined by equa-
tions ([4al), ([4h), with respect to spherical harmonics yields the following coefficients

(I5al), ((I5L):

(I +1) i + H™ —Ljim 4 Him \/@
= 4GRS | V7o b : 55
—47GR?p =0 —47GR%p |_, 9 (a+b+c) (bba)
VE @)
(I+1) Jim + H™ _Lgim 4 e 0
= — 41
“xGRp |, anGRp |, | V® (a+b—2¢c) | . (55b)
- - 0

L VEw-n ]

5.3.1. Computing §C/é7T. According to the definition of the §/d7-derivative ([I0S]), we
have
5C_ 9C (.6,0)

5 57 —v'28V,C. (56)

The term OC/O7 contains a partial derivative of the normal N with respect to 7. This
would be a very cumbersome computation, given the definition of the normal in equation
[@F). It can be avoided by utilizing equations (IT1]) and (II4€) to eliminate the ON*/OT
term. The resulting expression is

iC _

5 = —v;zl, (N VoF +veC). (57)

The shift tensor z¢, (87) is given by

cosfcos¢p —sinfsing
zt, =R | cosfsing sinfcos¢ | . (58)
—sinf 0

Since C'is a scalar, the surface gradient (@) of C coincides with the ordinary gradient:

Lo —1b)sin20cos2¢ — (¢ — 2a — 1b) sin 26
2 2 2 2

Vol =R — (a — b) sin® § sin 2¢

(59)

The surface gradient of the marker velocity coincides with the ordinary gradient, since a
Cartesian metric is used in the embedding space:

cosfcos¢ —sinfsing
Vov' =R | cosfsing  sinfcoso | . (60)
—sind 0
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Putting everything together we obtain the following expression:

sC asin 6 cos ¢ T cosfcos¢p —sinfsing 1 0 -17 ac
— = — | bsinfsing cos fsin ¢ sin 6 cos ¢ ) 29
oT 0 sinZ@ 9¢
ccosf —sinf 0 9¢
asin 6 cos ¢ T cosfcos¢p —sinfsing 1 0
— | bsin#sin¢ cosfsing  sinfcos ¢ { 0 sin?o } (61a)

ccosf —sinf 0

acosfcos¢p —asinfsing g sin @ cos ¢
X | bcosfsing  bsinfcos o sin 0 sin ¢
—csinf 0 cosf

5.3.2. Second order coefficients. The following equations summarize the values for
(I+1)Jim™ + HI™ and —1J'™ + HI™ ) which were obtained using Mathematica [13]:

(I +1)Jy™ + Hy™ 2 2 2 2
47GR2p o 15ﬁ (3a® 4 3b” + 3¢® — 8ab — 8bc — 8ca) , (62a)
V30T (¢ — b) (9a + 9b — 4c)
0
[+ 1) Jim + Him
( 4)7753% ? Ly = *21655? (9a2 + 9b% — 18¢? — 8ab + 4bc + 4ca) . (62b)
- 0
! ! 22 (a — b) (9a + 9b — 4c)
4;(:732,02 - \;;/E(““bcﬂa)a (63a)
=0
i V30T (g — b) (3a + 3b + 2¢)
0
—lJym + Hym
—irore, |, = | U (0P80 — 6 dab—2e—2ca) |, (63D)
- 0
i V30T (4 — b) (3a + 3b + 2¢)
i _3\/375071' (a— b)Q -
0
0% (0 — b) (a+ b — 2)
0
—LJm + Him
Gy |, = | % (807 +3° +86 + 2ab—gbe—8ca) | . (630)
B 0
SVI0% (g — b) (a+ b — 2c)
0
L 73‘{9’7507 (a —b)* |

Interestingly, according to equation (62B]) there is no contribution from the I = 4 harmon-
ics inside the ellipsoid, consistent with the fact that inside the ellipsoid with arbitrary
semi-axes the potential is a linear function of x2, y?, and 22, each of which can be
represented as a linear combination of 72Ya,,.
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5.3.3. Third order coefficients. Finally, we present the coefficients for the third order
perturbation:

(I+1) Jim + HIm 8T
=———(a+b—-2¢) (2a—b—c) (a—2b+¢), (64a)
4rGR2p =0 35
[ 8a? +8b% —5¢c2
_2 /27
TV b)(+12abbcac
0
8a®+8b% —16¢°
l 1 Jlm Hlm
(+4)C§R;L - =| #VE | —6a’b—6ab®>—3ac?—3bc? ., (64b)
e 1=2 +9b%c+9a%c
0
8a% +8b% — 52
_2 /27 (4 _
L TVl b)(—|—12ab—bc—ac
—lJim + g™
—_— =4 b 65
4rGR2p 1=0 vmabe, (652)
[ —\/%Z(a—b) (a® +4ab+b*+3ac+3bc)
0
—lJim + HIm a®+3a’b+3ab®+b3
_—_— = 2 T
4rGR?*p  |,_, Vi +3a’c+3b2c—6ac® —6bc®> —2c3 » (65b)
0
| /% (a—0) (a®+4ab+b*+3ac+3bc)
_ , - -
-9 (a—b)" (2a+2b+c) /3E
0
2a% +2b% —3¢2
18 /2n _
TV @ b)<—|—3ab—2ac—2bc
0
6a®+6b3+16¢3+6a*b+ 6ab?
—lJ,lm Hlm
;Gi—;‘j =| —-2r —9a%c—9b%c—4ac*—4bc? ,  (65¢c)
T P li=a —l4abc
0
2a%+20b% —3c2
18 /2w _
TV b)(—|—3ab—2ac—2bc
0
i —9,/2% (a—b)* (2a+2b+c) ]
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[ —/ 5 0 - b)° |

0
/2677r(a_b)2(a—|-b—26)
0
137r(a b 5a2+6ab+ 5b°
105 —16ac—16bc+ 16 ¢?
0
—lJ:ém-i-H;l),m 9 502 +5b% 4+ 8¢2
ArGR?p | V3T (atb=2¢) {5 sac—sbe (654)
0
FER b 5a2+6ab+5b2
105 —16ac—16bc+ 16 2
0
VEE @b (@b -20)
0
5 (a -

5.3.4. Analysis of accuracy. We considered an ellipsoid of density p = 1 with semi-
axes 2(1+¢€),2(1+2¢),2(1+3¢),i.e. R=2,a=1, b=2, c=3. The potential inside
a uniform ellipsoid with semi-axes A, B, and C is given in closed form by the elliptical

integral
2

y? z
A2+q B2+q C2+4q
U (x,y,2) = ﬂ'GpABC’/ N EE eIt dg, (66)
which can be evaluated to arbitrary precision (we used 40 digits) by a number of software
packages. We selected a single point (r = 1/2, § = 7/3, ¢ = 7/3) and compared the
“true” value obtained from the integral above to the Taylor series estimates for € = 107!,
1072, 1073, 1074, 107°, and 10~%. Figure [6 shows the error with the Taylor series
estimates for zeroth, first, second, and third order estimates. Observe that the slopes
of the curves are respectively —1, —2, —3, and —4, indicating that the produced errors
behave as O (5”“), where n is the order of the Taylor estimate.
In the table below we present the true values and our best Taylor series estimates for
the potential at (r =1/2, 0 =7/3, ¢ = 7/3):

€ True value to 40 digits Taylor estimate |Error|
10~ —35.43708351803048697192025381012391736957 —l8oo0ssr 1.20x1077
107? —25.62255732018668419194698852443368280613 =83687089T 1 1.37x107°

-3 — ™ —13
1072 —24.70978981647731607371769060209184738688 =343824440093 1 1.54x107"

107 —24.61920024789102747620130556538189421147 ~ =808208928629T400x 1 56, 10~ 17

107° —24.61014816318116756083082018753515760828 ~—S58026890706227490Lx 1 56x 102"

— - T -2
107° —24.60924302343199898214889695992182000437 —6280026890520622749901 7 1 56 1025
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Error

FIG. 6. The error in the Taylor series estimate for ¢ = 1072, 1073,
10~%, 1075, 10=6. The four curves correspond to the Taylor series
with zero, one, two, and three terms.

The ellipticity of the Earth is roughly on the order of 1072. Since the density of
the Earth varies with distance from the center, our technique is not directly applicable.
However, an adaptation of our technique would be applicable, and Figure [ indicates
that the second order estimate will produce a relative error on the order of 5 x 10711,

6. First order perturbation for a triaxial planet. This section is concerned with
an example that has a number of geophysical applications related to the dynamics of the
inner core and also shows how to apply the obtained expressions to composite geometries.
Suppose that the configuration (before the perturbation) consists of an inner core Q0 of
radius R; and density p1, an outer core )y of radius Ry and density p2, and a mantle
Q3 of radius R3 and density ps. This configuration can be equivalently represented by
three superimposed spheres: one of radius R3 and density p3, another of radius Ry and
density p2 — ps, and a third one of radius R; and density p; — pa.

We construct the estimates for the resulting potential by adjusting expressions for the
unperturbed potential (I2) and the first order perturbation ([34) to each of the domains
and then combining them. In order to make equations (I2]) and (34]) appear more generic,
introduce a radius R, and a density p.. Also, define the dimensionless densities o, and
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radii Qp:
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Qn:pla Qn =

P

B
R.’

(67)

and a convenient quantity W, that has dimensions of gravitational potential:

Consistent with the definition (I0), let [o], = 01 —

v, =

47
—Gp.R2.
3 Pty

(68)

02, [0], = 02 — 03, and [o]; = 03.

6.1. The unperturbed potential. The unperturbed potential for a single domain (say
), equation ([I2)), can now be rewritten as

@(L)z_
_ 2 &

3

5[9]1 %v
1
_[Q]IQLI)’ (RL*) ) Z>Ql;

z < Qq,

and the combined expression is easily obtained by replacing the subscript of 1 with 2

and 3:

Rewriting the sum in a single expression, we get

where

2 b
% (&) -ilhot z<o
Qi (%) . 2o
2
o), F(E) @ s<n
A+
[Q]ZQ%< ) ) Z>Q27
2
LB () @ s
—[o]; @3 (p%) ;2> .

2
%(RL*) + Aq, z < Q,

2 —1
%(RL*)2+A2+32(5*)_1, 0y <2<, o)
2 () +4+B(£) . <z,

—1
34(15*) , 04 < 2,

i _%[9]1 Q%_ % [9]2 Q% - % [Q]g Q% 1
_% [9]2 Q% - % [Q}?, Q%
_%[Q}ng
= (70)
7[9}1Q?
- [9]1 Q{ - [9}2 Qg
i — (o], @F — [0], @3 — [0]; QF |
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6.2. The first order perturbation. We assume that each of the three domains €, is
perturbed in its own way according to C),, and that each C, is represented as a series in
spherical harmonics

C, = R,.C'"™Y},,.

We first rewrite the first order perturbation for a single domain (say 1) as

l

ol Q7 () ¢im, 2 <,
—1-1

[Q]l l1+3 (RL*) C{mv z > Qla

3V,
20+1

A¢ (7’,9,(}5) ~ - Y—lm (97¢)7

and the combined expression can be obtained similarly to the unperturbed potential:

l
A (g) 2 <
l —1-1
o A (g) +B (), <<y
a_ (’f’, 97 (b) = \Ij* l —1-1 lem (97 ¢) ) (71)
A (g) B () fe<z<
—1-1
B (%) Q < 2
where
r T B —142 —142 —14+2 7
A;l’m Ql : Q2 IIQ QS IIQ
A m 0 Q_ Q_
Azm 3 0 20 Q§l+2 [Q]l Cém
— _ m 2
Bim A+1| Q0 0 ﬂ? gﬁm (72)
A L
L B4m i L 1Jr Q2+ QSJF J

We have computed a first order correction to the graviational potential of a piecewise
constant density tri-layer planet for aribtrary small deformations of the three interfaces.
Such deformations are typically caused by the planet’s rotation (Earth) or by thermal
convection in the interior of the planet (Mercury). In both cases, the deformations may be
treated as ellipsoidal for a number of purposes. Therefore, the resulting corrections to the
gravitational field may be obtained by substituting the ellipsoidal expansion coefficients
C'™, equations (B3a)—(G3h), into the expressions for 9y/d7, equations ([[I)-([T2). The
resulting estimates are consistent with the estimates obtained by Szeto and Xu in [10]
for the gravitational potential inside an ellipsoidal cavity.

7. Appendix: A concise exposition of the §/ér-derivative.

7.1. Objects defined in a FEuclidean space. The radius vector z extends from an arbi-
trarily selected pole O to points in the Euclidean space. In a coordinate system z® (i.e.
(21,2%,2%)), the radius vector z becomes a (vector-valued) function of z: z =z (2%).
This definition overloads the symbol z—it now stands for both an invariant vector field
and its functional representation. We almost always omit the indices in the arguments
of a function and simply write

z2=12(2), (73)

implying z = z (zl, 22, 23)
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The covariant basis z; is defined at every point in space as
Oz
Ozt

The covariant basis is a (vector-valued) tensor which can be shown by a simple application

(74)

z;, =

of the chain rule.
The covariant metric tensor z;; is defined as

Zij = Zg * Zj. (75)

Consistent with its name, it is a doubly covariant tensor which follows from the fact
that the dot product is a tensor operation. As a matrix it is symmetric and positive
(semi-)definite.
When it leads to no confusion, the determinant |z;;| (not a tensor) is denoted by z.
The permutation tensors z;;; and 2% are defined as

» » 1 .
k k k
Zije = Vze"", 208 = ﬁe” ; (76)
where
+1, if 4, j, k is a positive permutation,
ek, eijk = —1, if i, 5,k is a negative permutation, (77)
0, otherwise.

The contravariant metric tensor 2% is defined as the matrix inverse of 241
zijzjk = (Szk (78)
Linear algebra dictates that contraction by the other index (“commuting” in the language
of LA) also yields 5; (“Identity” in LA):

The tensors z;; and 2% are used for raising and lowering indices. Raising the second
index of z;; by 27% leads to z;*, but it also leads to &;¥! Therefore, § and 2z can be used
interchangeably (but then 6;; no longer has the Kronecker interpretation).

The inner product of two vectors a = a’z; and b = b'z; is given by

a-b=a'z; bz = zijaibj =a'h; = ajbj. (80)
The contravariant component a’ can be extracted by dotting a with z*:
a'=a-z'. (81)

The covariant derivative V;, as applied to a typical tensor T.],'€7 is defined as

9T (2 ; ,
virg = e ey, (52)
where the Christoffel symbol F; » (not a tensor) is defined as
i 9z;

L
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When applied to tensors, the covariant derivative yields tensors of one covariant order
higher. The covariant derivative reduces to the partial when applied to tensors of or-
der zero, or when applied to general tensors in affine coordinate systems. Covariant
differentiation in Euclidean spaces is commutative

V.V, =V,V; (84)
and kills all metrics
VinZijs V0, V2 V2, Vin2i, Vinz', Vi ziji, Vi 2 = 0. (85)

7.2. Objects defined on embedded surfaces. Consider a surface S given parametrically
in coordinates £ as

F =2 ). (36)
The shift tensor 2’ is defined as
.07
i . 87
= on G

It is a tensor with respect to both a change of coordinates in space and a change of
coordinates on the surface.
The covariant basis &, is defined as

0z
= ——. 88
An application of the chain rule gives an alternative expression
o = 242 (89)

and suggests the interpretation of 2!, as a projection operator. Any surface vector a =
a“&, can be decomposed with respect to the spatial basis z; as a = a'z;, where a' = 2% a®.
The covariant metric tensor .3 is defined as

§ap =&a &8 (90)
and is also expressed as
€ap = zijzflzé, (91)
which (running one sentence ahead) can be alternatively written as
z;zzﬁ =60, (92)
The contravariant metric tensor £* is defined as the matrix inverse of £,

apt® = 625 Eapl™ =6} (93)
When it leads to no confusion, the determinant |{,3| (not a tensor) is denoted by &.
The permutation tensors €45 and £ (reusing letter ¢ is impossible) are defined as
o 1 «
Eaf = ViEeas, €= ﬁe A, (94)

where e12 = —¢21 = 1 and el = €22 = (.
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The normal N? is defined as

1
N' = iz”kaagz?‘zf. (95)

It is of unit length, N'N; = 1, and is orthogonal to the surface N'z® = 0.
The tensor zgz;" is interpreted as the projection onto the surface. This interpretation

is firmly justified by the following identity:

zh28 =85 — N'N;. (96)
The covariant derivative V., as applied to a typical tensor T]k% is defined as
, T , . ‘ .
VAT = G ATk T3 = ST T + DTS — D155, (907)
where the Christoffel symbol I'G (not a tensor) must now be defined traditionally:
5, = 56 (500 + 90~ 5l ) o9

When applied to a surface restriction of a spatial tensor le we have the chain rule
VT = 25V T (99)
The covariant surface derivative kills many of the metrics (but not the bases):
V)\fag, VA(sg, V)\fa’g, VAEQQ,VAEQﬂ = U. (100)
The chain rule tells us that the covariant surface derivatives kills all spatial metrics:
Vo 2ij, VW(S;-, Vyzij, V2, Vyzi, szi, Vo Zijks sz”k =0. (101)
The curvature tensor B is defined as
Bap = NiVazj. (102)
Multiplying both sides by N7 and applying the projection formula, we get N7 B,5 =
NIN;Vazy = (53 — Z;YZ,]Y) Vazy = Vazé — 23 Vod}. Since the second term is zero, we
obtain the formula for differentiating the shift tensor:
Va2l = N'Bgg. (103)
Once again taking the definition of B,g and multiplying both sides by zé, we get
ZjﬁBag = Nizjﬁvazf; = —zjﬁzéVaNi = (—(5” + NiNj) VQNZ' = —VaNj +NjNiVaNi.
Since N'N; = 1, the second term vanishes and we obtain the formula for differentiating
the normal

VoN! = —2"B,z3. (104)
Gauss’s Theorema Egregium

‘B| Evp€ap = Boa/Bﬂ;L - BByBoz,u (105)

can be interpreted as saying that the tensor B,g has only two degrees of freedom (the
mean curvature and the intrinsic curvature).
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7.3. The §/d7-derivative for moving surfaces. Let the motion of the surface S, be
described by
S, 2t =2"(1,6). (106)
Define the marker velocity v* (not a tensor) and its projection v onto the surface (also
not a tensor) as

virg = 208 (1072)

v = 20 (107b)
For a tensor of order zero T', the derivative g—f is defined as [I1]
0T (1,€) _ 0T (1,€)
ot o7

The physical interpretation of this definition is shown in Figure [Bl
The velocity of the interface C' is defined as

— vV, T. (108)

0z
C=—"-N. 109
oT (109)
It is clear from Figure [0 that g—f is normal to the surface, so g—i = CN. We also have
C =v'N;. (110)

The definition (I08)) applies only to scalars and not more general tensors such as 2%, and
Bj. For an arbitrary tensor T'%, the definition of §/7-derivative was given in [2]:

STE (1.€) T (1.€) .
J-B _ J-B -
e W VIV T (111)
AT TE G — 0T T5% 4 Vo Tl — Vg TS,

where Vv and Vgv7 are formal applications of the covariant surface derivative to the
non-tensor v*.
For restrictions of spatial tensors T,ij'7 we find very useful the chain rule
0T _ oT*;

L% oy, (112)

The chain rule indicates that the %—derivative kills all spatial metrics

02 55;- 824 6z bz; Ozt 0zijk 524k
6t &7 &1 ot 61 6t ot 1 Ot

It is also clear for such tensors that % commutes with the covariant space derivative V.
7.4. Properties of §/6T. The key properties of the §/é7-derivative, sufficient for the

derivation of all relationships in the text, are given in the following table:
6z

=0. (113)

%o - v.(oN). (1142)
0 o
=05 = 0, (114b)
56@6

— _2CB,, 114
oT CBag (114c)
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5gab
= 20B%P 114d
6T ’ ( )
SN 4
5. = “%VG (114e)
5Bg [0 « "/
Sl VsV*C + CBSBj. (114f)
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