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Abstract

Numerical methods have been used to predict the eigenperiods and eigenfunctions of the
Earth’s Slichter modes, known as the Slichter triplets. In order to test the validity of our
method, we have also computed the frequencies and displacement eigenfunctions of some of
the inertial modes of the Earth’s fluid core. We use a Galerkin method to integrate the Three
Potential Description (3PD) for a neutrally, stratified and rotating fluid core of a modified
Preliminary Reference Earth Model (PREM). Moreover, the same mathematical tool is used
for the computation of the frequencies and displacement amplitudes of the Slichter modes.
In the Galerkin formulation of the 3PD, using the divergence theorem, we make use of the
natural character of the boundary conditions to reduce the order of derivatives from second
to first. To compute the frequencies of the Slichter modes, we solve simultaneously the
equations of the inner core motion and the dynamics of the fluid core as described above.
The results are compared to those in previous studies and it is shown that in the case of the
inertial modes they agree well, which proves the validity of the approach. For the Slichter
modes, however, it is shown that the results are significantly different from previous work
for a similar Earth model. We have also plotted the displacement eigenfunctions for the
motion of the fluid in the fluid core during the Slichter oscillations. It is shown that the
pattern of motion is consistent with the motion of the inner core, which serves as a second

test of the validity of our results.
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Chapter 1

Introduction

1.1 Motivation

Referred as the blue planet, the Earth is the densest and the fifth largest of the
eight planets in the solar system, and the third planet from the Sun [1]. Its rich physical and
geological properties are the key for sustaining life since its origin [2|. The Earth is composed
of three major layers: a solid Inner Core (IC) with radius R;c = 1221.5 km, the Fluid Outer
Core (FC) which is responsible for most of the Earth’s magnetic field, and about 2258.5 km
in thickness, and finally a thick layer of solid mantle with thickness of about 2891 km. In
addition, the Earth’s mean radius measured from the geocentre to the surface is R = 6371
km [3,4]. Besides the above physical properties, the Earth is chemically composed of iron
(32.1%), oxygen (30.1%), silicon (15.1%), magnesium (13.9%), sulfur (2.9%), nickel (1.8%),
calcium (1.5%), and aluminum (1.2%) and 1.2% for other trace elements. However, due
to mass segregation, the Earth’s core known as the inner core plus the fluid core is mostly

composed of iron (88.8%), and a small amount of nickel (5.8%), sulfur (4.5%), and about
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1% of trace elements [5]. In most studies, the Earth has been approximated as a sphere,
while its true figure is close to an oblate spheroid, flattened along the polar axis so that
there is a bulge at the equator due to rotation, and, as a consequence the equatorial radius
(Re = 6378.1 km) is about 21 km longer than the polar radius (R, = 6356.8 km), and the
flattening produces an ellipticity of about e = 0.0033528 at the surface [3,4,6,7]|.

The objectives of this work are to predict the frequencies and the displacement
eigenfunctions of the small translational oscillations of the inner core known as the Slichter
modes. Known as the hottest layer of the Earth, the inner core is the most enigmatic and
remote part of our Earth. It was discovered in 1936 by Inge Lehmans from Denmark, using
early seismological observations of P-waves travelling through the Earth’s deep interior [8,9].
The inner core crystallization from the center outward is believed to originate from the
increase in pressure as we go deeper toward the center due to mass, and also because iron
can no longer be liquid above a certain pressure [10,11]. Moreover, due to the temperature
drops below the melting point of the inner core boundary, the inner core crystallyzes within
the liquid outer core [10-12].

The inner core is mostly composed of iron and nickel, and the evidence from earth-
quake seismology that P-waves travel through both solid and liquid whereas S-waves only
travel through solid, revealed the solid aspect of the inner core [10]. P-waves are compres-
sional waves and are Principal (P) waves to be recorded at the seismograph stations at
the Earth’s surface, and they are longitudinal in nature (top image in figure 1). However,
S-waves are Secondary (S) waves and are recorded after the P-waves, they are shear waves

and are transverse in nature and they displace the ground perpendicular to the direction of
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Figure 1.1: P (Principal) and S (Secondary) wave representations from Earthquake and
Seismic Education notes [15]

Compressions Undigmurbed medivm

propagation during an earthquake excitation (bottom image in figure 1) [13,14]. Since the
core is not directly accessible, much is still unknown about its properties. However, most of
the information extracted from the Earth has been made possible through ray seismology

and the normal mode theory. The velocity of the P and S-waves are given as

A+2u

Upz T
| E
Vs = —
1%

where A, ;4 and p are the Lamé parameter, the shear modulus, and the density of the media
respectively. The above parameters in the core are established through the observations of
seismology and also the free oscillations. However, the density jump near the inner core

boundary is poorly known and varies from one model to another.
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The spectrum of the Earth’s free oscilllations is divided into five types according
to the normal mode theory:

1- the seismic oscillations with the elasticity as their restoring force which have periods
shorter than a few hours;

2-the gravity modes which are excited in any unstably stratified region of the Earth’s fluid
core;

3-the Earth’s wobble and nutation modes caused by the Earth’s rotation and flattened figure;
4- the inertial modes of the Earth’s fluid core caused by the Earth’s rotation;

5-the translational modes of the solid inner core, known as the Slichter modes, with the
gravity as their restoring force.

The periods of some of the Earth’s modes depend on the material properties of
the Earth’s interior. If one of the modes is detected, the frequency, and the shape of
the predicted mode may be used to extract much information about the Earth’s interior.
Hundreds of oscillations of type 1 have been detected and used to improve the existing Earth
models (e.g PREM, by Dziewonsky and Anderson, 1981) [16]. Chandler (1891) discovered,
from available astronomical data, one of the Earth’s wobble modes, known as the Chandler
wobble, which has a period of about 430 days. Therefore any reliable Earth model must
yield a wobble period in the vicinity of the period of the Chandler wobble.

It is commonly accepted that the Earth has been existed for at least 3.6 billion
years [17]. The source and origin of its magnetic field is one of the most interesting topics
in the study of the Earth. The two dominant theories attempting to explain the Earth’s

magnetic field are based on precession driven flow and thermal convection. However, it was
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shown that these ideas were insufficient to fully explain the origin, and the polarity reversal
of the Earth’s magnetic field [18,19]. The determination of important parameters of the
Earth such as the density jump near the Inner Core Bounday (ICB), may help explain the
growth of the inner core (IC) from the outer fluid core [20,21] and also to understand the
existence and the polarity reversal of the magnetic field [8].

The Earth’s material properties, such as viscosity and the density jump near the
ICB, are poorly constrained by seismology and the normal mode theory. Indeed a variety of
Earth models such as the Preliminary Reference Earth Model (PREM) [16], CORE11 [22]
and 1066A [23] give different density profiles, determined using surface observations of the
seismic activity travelling back and forth through the Earth, and also the use of the normal
modes. Therefore, for a better determination of the Earth’s parameters, or for instance
a direct image of the density structure inside the earth, it is necessary to develop meth-
ods which can be used to accurately predict the period of the Earth’s long-period modes.
Previous studies show the periods of the long-period modes such as the Slichter modes
to depend on the inverse of the square root of the density difference across the ICB as
T ~ k(prc — ,00)*1/ 2 where k depends on the dimensions and densities of the inner and
outer cores, and pyc and pg are the densities of the inner and outer cores near the inner
core boundary respectively [24-26]. Therefore, with this direct dependence, the Slichter
modes are the best candidates to estimate the density jump and other parameters such as

the viscosity of the fluid core near the ICB, and maybe also to quantify the energy required

to maintain the geodynamo of the Earth [27].
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The inner core oscillates with the periods sensitive to the physical properties such
as density of both the inner and fluid cores at the ICB. It is held inside the FC mainly by the
buoyancy force [28]. Following the observations of unusual gravity signals recorded on the
LaCoste-Romberg Earth tide gravimeter after the 1960 Chilean Earthquake, Slichter [29],
based on his research on a particular types of oscillations known as Sy (spheroidal oscillation),
proposed that the observed unusual peak with a period of about 86 minutes could have been
produced by the translational oscillations of the IC. Further research showed that the period
of the central mode was much longer, 3-4 hours, and that the effects of the Earth’s rotation
and its ellipticity cause the principal mode (central mode) to split into three frequencies
known as the Slichter triplet. Much effort has been made and is still ongoing to detect these
modes [30,31]. Although, there have been a few claims of the detection of these modes (to
be discussed later in this section), there is still a concensus among researchers that much
work is still needed [32-34].

In this work, we develop a method which we apply to a realistic Earth model to
numerically predict the periods of the Earth’s Slichter triplet. We will first test our computa-
tional codes by numerically solving for the frequencies and the displacement eigenfunctions
of the inertial modes of a rotating and spherical Earth model with a compressible and neu-
trally stratified fluid core based on the PREM model with rigid inner core and mantle.
Thereafter, we will numerically compute the eigenperiods and eigenfunctions of the Slichter
modes for the same model. We will show the steps we have taken to make sure that the

results are converged.



1.2. FUNDAMENTAL EQUATIONS OF THE FLUID CORE

1.2 Fundamental Equations of the Fluid Core

A set of different methods have been so far used to study the normal modes of the
Earth, from traditional approaches to the three potential description (3PD). In this section
we will briefly review some of these methods. The 3PD will be discussed in chapter 2.
The Earth’s liquid core is considered as inviscid, with the reference state being one of
hydrostatic equilibrium in a coordinate system which is attached to the Earth and rotates

with a constant angular velocity
Wy = 963

where  is the rate of rotation of the Earth and €3 is a unit vector along the rotational axis.
In this reference frame the density, the pressure, and the gravity are labelled as pg, pg, and

go and are related by [25, 35|

Vpo = pogo (1.1)

g = VW (1.2)
VW, = —4nGpo + 202 (1.3)
Voo = (1- B (1.4)

where Wy, G, «, (8 are respectively the gravitational potential, the constant of gravitation,
the local compressional wave speed, and the stability parameter. The stability parameter is

defined as

a?N?

9t

B=- (15)

where N is the Brunt Vaisséla frequency. The stability parameter measures the departure

of the Earth’s equilibrium density from neutral stratification. Specifically, its sign § < 0
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(N?2>0),3=0(N2=0)or >0 (N?<0) correspond to a stably, neutrally or unstably
stratification. It is an important parameter for the understanding of Earth’s geodynamo.
However, like the density jump near the ICB, it has not been well defined |25, 35].

The conservation of mass, momentum, gravitational flux and entropy yield the

equations governing small oscillations of an inviscid liquid core [36]:

dp1 .
5% - Vv (pov) (1.6)
ov R 1 p1
— 4+ 2Qe3xv = ——Vp1 +VVi + —gyo (17)
ot Po Po
V2V1 = —47TG,01 (1.8)
0 0

where v = %—‘t‘, u, p1, p1 and Vi, all regarded as first order departures from the equilibrium
reference frame, are the velocity, the fluid displacement, the perturbation in density, the
pressure disturbance and the perturbation in the gravitational potential. Here u is the
Lagrangian displacement from the equilibrium configuration.

Since we are dealing with small oscillations, all the field variables have time de-
iwt

pendence of €. With this consideration and some mathematical operations in the above

equations, the fundamental dynamical equations are written as

1
wiu - 2iwes xu = —Vp —VV + 8y. (pou) (1.10)
Po Po
V2V = —47GV - (pou) (1.11)
DL (6®V utu-g) (1.12)
p g0 '

The above equations (1.10-1.12) represent five scalar differential equations describing the

dynamics of the Earth’s fluid core [37]. In the traditional approach, to solve the above equa-
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tions for the modes of a spherical, symmetric and rotating Earth model, the field variables

are represented in spherical polar coordinates by means of spherical harmonics.

Vio= > > enyy (1.13)

m=—0o0 n:|m|

po= Y > (1.14)

m=—00 n:|m|

u = i isx+T;” (1.15)

m=—0oo n:|m|

Sy = [uyr+roV]Y," (1.16)
™" = —t'rxVYy" (1.17)
Y™ = P™(cosh)e™? (1.18)
where S and T)', are the spheroidal and toroidal components of u, and u]', v*, I,

b are functions of the radial coordinate and P} the associated Legendre function of
degree n and azimuthal order m. The spheroidal oscillations are similar to the P-waves:
long-period oscillations strongly affected by the gravity. However, the toroidal or torsional
oscillations are waves in which the motion is parallel to the sphere’s surface. Contrarily to
the spheroidal modes, gravity does not influence these modes.

The traditional approach is an effective tool for the computation of short period
free oscillations, which rely on heavy truncations of the degree n of the associated Legendre
functions. Alterman et al. [38] computed the short period free oscillations (acoustic modes)
showing that the effect of rotation and ellipticity can be negligible for this type of oscillations.
However, Smith [39] showed that the choice of the displacement field as a sum of toroidal
and spheroidal components would give reasonable results for the Chandler wobble but for

the wobble modes of the inner core, the truncations have had to be extended way beyond 3
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to 4 terms [39]. Crossley [34] was able to extend the numerical computations of short period
modes to high degrees of truncations for both the spheroidal S!"* and toroidal T for different
Earth models, thanks to the development of high speed computers. Besides the weakness
of the traditional approach due to high truncation, it is not valid for the computations of
many modes which are sensitive to the rotation and the ellipticity, especially the inertial
modes and Slichter modes. Therefore, new alternatives were considered for the solution of
the governing equations of the fluid core oscillations [37] .

The Subseismic Approximation (SSA) was developed by Smylie and Rochester
(1981) to solve for the free oscillations of the Earth [40]. They were able to reduce the
governing equations of the fluid core to only two scalar variables V7, and x. In this method,
the contribution of the pressure perturbation %(1) << |go-u] is ignored in the entropy equation

(1.12). Therefore, equations (1.11) and (1.12) become

V-(fT-Vx) = 0 (1.19)
L o = loy (1.20)
47 Gpo ' B X '
where
x = 2oy (1.21)
Po
a’w? 2 2 27 2
B = 5 (L—=p7) +g5 —w(k-go) (1.22)
C = p’kk go—go+ink x g (1.23)
. - e CF P
r = 1—u°kk— +ipk x 1 (1.24)
20
= — 1.25
Iz - (1.25)

where 1 is a unit tensor, and f the decompression term introduced by Friedlander [41]. In

10
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this method, the Subseismic Wave Equation (SSWE) in (1.19) represents the major equation
to be solved, and the other variables V7, the field displacement u, and the perturbation in
density p; and the pressure p; are deduced from other relevant equations defined above.

The SSA was implemented by Rochester and Peng [42] to show frequency depen-
dence of the load Love numbers at the ICB and Core Mantle Boundary (CMB). Love numbers
are used to include the elasticity of the Earth’s solid parts in the dynamical equations at
the solid-liquid boundaries. They applied a variational principle to solve for the frequencies
of the Slichter modes for a rotating, spherical and neutrally stratified Earth model. They
showed that the SSA violates the conservation of the linear momentum near the CMB [25].
Furthermore, the Hermitian property of the matrix generated from the SSWE in equation
(1.19) is violated [36,42-44].

The shortcomings of the SSA, plus the inefficiency presented by the traditional
approaches, motivated a search for different approaches for the solution of the governing
equations of the fluid core dynamics. Wu and Rochester [43], proposed the Two Potential
Description (TPD). The TPD represent a coupling pair of second order linear partial differ-
ential equations based on two scalar potential fields V; and x [25]. This method bypasses the
conventional representation of spheroidal and toroidal components of the field displacement

u described earlier. The mathematical formulation of the TPD is

Cr, w(l-p?)

VD Vx4 w1 = i) (x+ Vi) 5] - B

[C-Vx —w?(1—p*)(x+ V)] =0

(1.26)

1
47 G

C-Vx 1-8 w1l

2 —_—
v Vl /00 B [ 042 B

J(x+V1)=0 (1.27)

where B, C and T are defined above.

11
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Figure 1.2: Fluid core (FC) stability parameter of PREM (Dziewonsky and Anderson, 1981)
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To discuss one of the limitations of the TPD, we show in figure 1.2 the stability
parameter profile of the PREM model, and discuss the failure of this method due to its
depedence on 1/3 and also on 1/B. It is obvious from figure 1.2 that there are three
(03) singular points (8 = 0). Therefore, the TPD becomes inadequate for such an Earth
model [25]. Since the TPD equations have a 1/B dependence, they may also become unstable
for some frequencies at which B tends to zero [25]. However, this method is useful for a
neutrally stratified Earth model (5 = 0). To remove the instability of the TPD equations,
Peng [25] multiplied the equations (1.16) and (1.17) by the term (8B)? so that the governing
equations become suitable for a numerical search for eigenperiods in a frequency range for
which B may vanish somewhere in the liquid core.

To remedy on the above limitations, a new approach was develop by Seyed-Mahmoud

12
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and Rochester (2006) [45], the three potential description (3PD), to study of the dynamics
of the Earth’s fluid core and rotating stars. Beside the linear character of the scalar repre-
sentation in solving for the oscillations of the fluid core, the 3PD is a set of three equations
describing the fluid core oscillations without any approximations [45,46]. We adopt the 3PD

to solve for the dynamical equations of the Earth’s core oscillations (see chapter 2).

1.3 Previous Work

We review some published work on the theoretical and observations of the Earth’s
core oscillations. Among the first to conduct studies of the inertial modes of the Earth
were Hough [47] and Poincaré [48]. They found analytical solutions for the inertial modes
of a spherical, incompressible, inviscid and homogenous core model. After a successful
computation of the inertial modes, their theory was extended to treat more realistic cases.

There is a network of superconducting gravimeters installed around the globe in
order to record the Earth’s seismic activities for the identification of the Earth’s oscillations
such as the Slichter modes and other normal modes. Since the South Pole is seismically quiet,
it is an ideal point for observing the translational oscillations of the inner core. Jackson and
Slichter [30] proposed that if these modes were excited with an amplitude of up to 1 nanogal
during the period of October 1970 to September 1971, they would have been recorded
using the spring gravimeter (the gal or galileo, is a unit of acceleration used in the science
of gravimetry, it is defined as 1 centimeter per second squared (lecm/s?)) . At the lower
limit of its detection, Crossley [34| showed that with PREM-like model, the Slichter mode

excitations could produce a weak gravity signal of about 0.5 nanogal at the Earth’s surface
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for the Great Chilean Earthquake (1960).

The influence of the fluid core rotation on the Slichter mode was first studied
by Busse [24]. He used a rotating Earth model with a rigid mantle, an incompressible,
homogeneous and inviscid fluid core. He concluded that a change of 50% in the frequency of
the Slichter modes could be seen if the action of the Coriolis force is taken into account, and
that their rotational splitting was not symmetric. In addition to Busse’s model, Crossley [49]
and Smith [50] added to the rotation of the Earth the compressibility and the density
stratification of the FC, with an elastic IC and mantle. They showed that these parameters
added to Busse’s model are important in the determination of the Slichter modes, and should
therefore be considered for a realistic Earth model.

To account for the effects of the ellipticity, Smith [50] showed that the main contri-
bution to the Slichter splitting is due to rotation, and the ellipticity affects the frequency of
the central mode by 10%. Smith used Busse’s Earth model [24], but with an elastic IC and a
radially stratified FC. However, Smith’s calculated period for the Slichter triplet was about
20% higher than those obtained by Busse’s (7.653 to 6.397 h) [50]. Moreover, a perturbation
theory was used by Dahlen and Sailor [51] to study the effects of the ellipticity and rotation
on the free oscillations of the Earth. They include parameters of second order in rotation
and ellipticity, and develop a convenient formula to evaluate the splitting coefficient, con-
clude that the frequencies of the Slichter modes for a spherical Earth are displaced only by
about 0.1% when the elliptical figure of the Earth is considered.

The Slichter modes have been the subject of searches in data produced by the global

network of gravimeters since a motion of the inner core would produce a small change in the
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Earth’s gravity field. After the Great Chilean Earthquake of May 22, 1960, a gravimeter
peak near 86 min was tentatively identified by Slichter (1961) as originating from the inner
core translational oscillations [29]. However, in 1992 research conducted by Smylie [52]
using his theoretical prediction and analysis based on the recorded gravity data claimed
the detection of the Slichter triplets. Shortly after Smylie’s publication, authors such as
Crossley [53], and Rochester and Peng [42], disputed Smylie’s claims. They showed that it
is not relevant to avoid the frequency-dependence of the load Love numbers, it is a parameter
of great importance between the elastic IC and mantle to the liquid core, therefore, should
be accounted. They concluded that it was unrealistic to use the static Love numbers for the
rotational splitting [42].

Moreover, using geophysical processing tools to correct the noise in the data from
seismic activities recorded across the worldwide gravimeter network, Jensen [54] and Hin-
derer [55] showed that the peaks identifed by Smylie [52] were not significant.

In 2000, Courtier et al., [56] using 294,106 hours of observations from station logs
from different gravimeter across FEurope, confirmed the presence of the Slichter triplets
claimed by Smylie [52|. However, Rieutord [57| showed that the results of Courtier [56] do
not agree with the observed Q factors (under-damped oscillations) of several recorded data,
and could not be reproduced using a realistic dynamical Earth model. Rogister [58] using
the PREM and 1066A Earth models, studied the splitting by rotation and ellipticity using
normal mode theory and concluded that the ellipticity and the centrifugal force contibute
0.3% of the variation of the frequencies of the Slichter modes [58].

In addition, studies based on possible sources of excitation of the Slichter modes
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have been conducted for a simple Earth model, composed of three layers (solid and de-
formable IC, FC and elastic mantle) by Marianne and Legros [59], and for a spherical,
self-gravitating anelastic PREM-like Earth model by Rosat and Rogister [27]. They both
concluded that the Slichter modes can best be excited by a pressure change at the core
boundary at the time scale of half the Slichter periods [27], and for a considerable pressure
of 100 Pa, the signal due to the Slichter triplet can be recorded at the Earth’s surface using

any sensitive superconducting gravimeters [59].

1.4 Thesis Scope

This thesis is divided into 5 chapters as follows: In chapter 2 we discuss the three
potential descriptions (3PD). We then develop a Galerkin formulation which we apply to the
3PD to solve the dynamical equations. We expand the equations and use the orthogonality
relation among spherical harmonics to implement the equation with respect to the radial
component r. Next, we discuss the boundary conditions. In chapter 3, we discuss the Earth
model and the parameters needed for this study, and also develop and expand the inner core
equations of motion.

In chapter 4, the results of this work are discussed. We will first describe the
procedure to solve for the frequencies of the inertial modes of the fluid core. The inertial
modes of a spherical and rotating Farth with a solid inner core and neutrally stratified and
compressible fluid core will be discussed and presented along with their eigenfunctions, and
the discussion on the Slichter modes will follow. Finally, a summary and concluding remarks

will be presented in chapter 5.
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Chapter 2

GALERKIN FORMULATION OF

THE 3PD AND BOUNDARY

CONDITIONS

In this chapter, we briefly describe the 3PD in section 2.1, and summarize the
method named after Boris Galerkin in section 2.2. The Galerkin method is widely used
in the area of numerical analysis to convert continuous operator problems such as Partial
Differential Equation (PDE) subject to boundary conditions to a discrete problem [60]. After
a description of the Galerkin method, we will present the expansion of the 3PD in sections

2.3, 2.4 and 2.5. In section 2.6 we will implement the boundary conditions.
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2.1. THE THREE POTENTIAL DESCRIPTION (3PD)

2.1 The Three Potential Description (3PD)

Constructed from the dilatation, the gravitational potential and the perturbation in
pressure, the 3PD represent a set of 3 linearized equations in 3 scalar potentials describing the
dynamics of a rotating, self gravitating, stratified, compressible and inviscid fluid body [45].

To construct the 3PD, the reference state is considered one of hydrostatic equi-
librium, rotating with the rate £ about the unit vector fixed in the inertial space €3. The
motion of the fluid is considered as oscillatory. Based on the conservation of laws described
in chapter 1 for the mass, momentum, gravitational flux, and entropy in equations (1.6)-(1.9)
respectively, and also replacing the time dependence of these equations with e®!. With the
choice of 3 scalars potentials defined as y = %(1), ¢ = V-uand Vj. After several mathematical

operations on the equations (1.6)-(1.9). By using the dimensionless terms are y = o

I

o i _a . = f‘P
V] = iq7z, the local wave speed o = 555, the Poincare tensor I'p = 75, the modal

frequency o = 55, the gravity g;] = and the dimensionless constant of gravitation

£0
4RO?>
G = %. Where R is the radius of the Earth,  the Earth’s rotation rate, the notation (')

is used to represent the dimensionless terms. We write the dimensionless equations of 3PD

(see Seyed-Mahmoud and Rochester, 2006 [45])

v-[F, V(x-W) - 50*4} — 022 —1)¢ = 0 (2.1)
V2V — 4nG (5@* — 1;25X> = 0 (2.2)
C-Vix—WV)—d*(c>~1)x—B¢ = 0 (2.3)
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2.1. THE THREE POTENTIAL DESCRIPTION (3PD)

where

I'p = o’1 — es3e3 + ioez X i, (2.4)
C = —0'2g0 +e3- g0€3 + io0e3 X g0, (2.5)
B = od*c*(c*-1)+8 [UQgg — (e3 - g0)2] , (2.6)

where 1 is the unit dyadic, and for convenience we have dropped the (/) notation from all
terms. Equations (2.1), (2.2), and (2.3) are known as the 3PD. They are composed of two
second and one first order differential equations describing the dynamics of an oscillating
fluid body via 3 scalars x, ¢, V1 without approximations [37,45].

The boundary conditions require that at all boundaries the following conditions

are met:

continuity of the normal component of the displacement, n-u ,

continuity of the normal component of the gravitational flux, n - (VV; — 47Gpou) ,

- continuity of the normal component of the stress tensor, n - 7,

continuity of the perturbation in the gravitational potential, V7,
where n, and 7 = —(p; + u - Vpo)i are the unit normal vector to the boundary surface,
and the additional stress developed by the deformation superimposed on the equilibrium

pressure.
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2.2 The Galerkin Method

The Galerkin method is a tool to approximate the solution of an operator equa-
tion in the form of a linear combination of the elements of a linear independent sys-

tem [61]. Following Seyed-Mahmoud’s work [37], and suppose we have a set of functions

X = (X1, X2 -een , Xn) which satisfies, in a region V', the set of simultaneous PDEs
N
> Lijx; =0, (i=1,..N) (2.7)
j=1

where L;; are linear partial differential operator. Suppose also that for a linear operator B;;

which satified a set of boundary conditions S, such that

M
> Bijx; =0, (i=1,..N) (2.8)
j=1

Using a set of basis functions fi, k =1, ..., L, introduce trial functions x; = Zé:l Cjk f, for

every j = 1,..., N, which need not a priori satisfy the boundary conditions. The Galerkin

formulation requires that

N L
ZZ/ fiLijCixfxdV =0, (K =1,..L) (2.9)
14

j=1 k=1

where (*) denote the complex conjugate of fr. The problem in equation (2.9) is changed

into a matrix formulation as

N L
>3 | HpijuCir =0, (2.10)

where Hyriji = [i, fiLij fr- In general the trial functions do not a priori satisfy the boundary
conditions. A set of basis functions equal in number to the basis functions defined in the

trial functions is used to reconstruct in addition equation (2.9) as

N L
Z |:/ f]:/Lz‘jCjkfde+/SQZ/BijCjkfde:| =0, (2.11)
1%

j=1k=1
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2.2. THE GALERKIN METHOD

Therefore, the Galerkin formulation is then given by
Fyrijie = Hygji + / 9 Bij frdS (2.12)
S

where g are the weighted functions. The surface integral can possibly be removed by im-
plementing the divergence theorem, which arises by the conversion of the volume integral to
a surface one. When this happens with a proper choice of weighted functions, the boundary
conditions are considered natural.

In this study, a conventional approach to solving the 3PD is to consider spherical
harmonics for the three scalars potential Vi, x, ¢, and apply the Galerkin method, which
reduces the set of differential equations into a system of matrices. Once the matrix is
generated the solution can be estimated by any numerical method [25,37,60-62|. For further

calculations we choose the trial functions as

N L

Vi = DY Epmgh@)Y"0,9), (2.13)
n=|m| [=1
N L

X = D Epwangh(@)Y"(0,0), (2.14)

T
I

3
i
3

[
E
M=

ErraN4n)+ f1(2)Y," (0, ¢) (2.15)

T
I

n

3

where f;(z) is a function of the dimensionless radius = & and can be any functions, where
r is the varying radius of the Earth, and R the mean Earth radius. As one of the objectives
of this study is to test the convergence of the results, the completeness requirement for
varying N, or L is an advantage of using the Galerkin formulation, therefore in this study,
we consider the Legendre functions for fj(z), since we can vary both N,L — oo, or any

other functions which can be used to test the convergence of the results [63]. The argument
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2.3. GALERKIN FORMULATION OF THE POISSON EQUATION

x of fi is defined in equation (2.16) below

2r _b—i—a
b—a b—a

(2.16)

where a and b are the dimensionless inner and outer radii of the spherical shell, and a < r <b.

2.3 Galerkin Formulation of the Poisson Equation

The Galerkin formulation of Poisson’s equation can be written as

/ fr(@)Y]*V*VidV — 4rG / Ju(z)Y™ <B< - l_fx> av
1% Vv o

—i—/ Yy (@) (VVi —4rGpou) — 1 - (VV, — 4xGpreupe))ds = 0, (2.17)
ICB+CMB

where I = 1,..., L and p;¢, po, u, usyc, G, Vi and Vll are the density of the inner core,
and the density of the fluid core near the ICB, the displacement of the fluid near the
ICB, the inner core displacement, the dimensionless gravitational constant, the perturbation
in gravitational potential for the fluid near the ICB, and for the inner core respectively.
The surface integral terms added to the Poisson equation are used to consider the natural
character of the boundary conditions. Applying the divergence theorem on the first term
Jur(x)Y, V2V, with a proper choice of the weighted functions V() = —fu(x)Y"™, and
with the implementation of the boundary conditions n-u = n-uj¢, we can rewrite equation

(2.17) as

m* m 1- 6
/Vv[fl,(x)yq ]~VV1dV+47rG/Vfl/(x)Yq <ﬁ( ~ x) dv

_/ Ju(2)Y, " [4mG(po — pre)n - urc +n - VVll]dS =0 (2.18)
FC+LC
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For convenience, we write

PE1 = / \V4 [fl/(q:)qu*] -VVidV (2.19)
1%
1—
PE2 = 47G /V Jo(@)Y," <5g - 0425X> av (2.20)
PE3 — / Fr (@)Y 47 G (po — prc)fi - wge + 1 - VVI]dS (2.21)
FC+LC

The surface integral in the PE3 term of equation (2.21) will be developed later using the
implementation of the boundary conditions. By using the spherical harmonic representation

of the trial functions, following the gradient operations shown in apendix A.1, we can operate

\Y [fl/(m)qu*] -VV1 and then rewrite PE1 as

N L p
PE1 = E E E P P — fy
[L(H)Jr”/v [ dr  dx :172 Jo(@) () de do

n=lm| =1 (2.22)
@) PP av

m2
332527120
Substituting dV = 2%sinf df d¢ dr and knowing that

T dP™ dPm™ ™ m2
q n . _ m pm _:
a0 o sinfdo _/0 {n(n—i— 1) — 5in29} PP} sin 6df (2.23)

we write equation (2.22) as

- dfi() df ()
- 2 ! ™m pMm L3
PE1 = ;E[L(Q)-H]/ {UU e de T q(q+ 1)fl/(1‘)fl(x)} dx/Pn P sinfdo (2.24)
The development of PE2 in equation (2.20) is given by

PE2—47TGZ[ L(2N+q)+] /ﬂx Jv(x) fi(x)dx
(2.25)

L(N+q) +l]/ —— a2 fu () fi(z d:c/Pum sin Hdﬁ}

We know that the orthogonality relation of the associated Legendre polynomials is given by

2(n+m)!
(2n—£ 1)(n —) m)!(s% (2:26)

/ / YY" sin 0dfd¢ = 2n / PP sin 6df = 27
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where 07 is the Kronecker delta, which is zero for n # ¢ and 1 only for n = ¢q. However, we
will just drop the constant in front of the orthogonality relation since the Poisson equation
(2.17) equal to zero. Therefore, we finally rewrite the Galerkin formulation of Poisson’s

equation as:

L
— PE3 + Z/ [E[L(QM (ﬁd@f)d@f) +alg+ 1)fz/(:c)fz(z:)>
=1 (2.27)

+anG (E[L(2N+q)+z]ﬁ$2fw(x)fz( ) — E[L(N+q)+z]1 B2 2 fu(x )fl(w)ﬂ dx =0,

where the term PE3 will later be completed after the implementation of the boundary
conditions in section 2.6. Note that equation (2.27) is a function of z only, that is we have

integrated the Poisson equation analytically with respect to # and ¢.

2.4 Galerkin Formulation of the Momentum Equation

The Galerkin formulation of the momentun equation can be written as

| 5@y [9- (Bp V=) = 5O7C) ~ 0%(0? ~ 1)¢] av
v (2.28)
+ / Yp(z)n- (u—ure)dS =0,
CB+LC

where I’ = 1,...,L and Y, the complex conjugate spherical harmonics of order m, and
degree ¢, u, and ujc are the displacement of the fluid core and inner core respectively.

Applying the divergence theorem, we can write
/ L@y (T Vo= 1) = BCC) | dS = 0%(0? ~ 1) / fr(@)Y™¢dv
/ V(fr@)y) - (B - Vi~ Vi) - BCC) av (2.29)

‘|‘/ W( ) (Ll uIc)dS =0.
1ICB+LC
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We know from the implementation of the 3PD in equation (21) of Seyed-Mahmoud and

Rochester’s work [45] that

T, V(x - Vi) - BCC = 0*(0® ~ )u (2.30)

therefore, with a proper choice of 9j;(x) = —fy(x)Y™*, and with the substitution of the
boundary condition n-u = n - uy¢ at the inner core boundary, and at the core mantle

boundary n - u = 0, we then rewrite equation (2.29) as

20 .2 , mxzs 20 2 , ok
o(o 1)/Sfl ()Y, n-urcdS —o”(o 1)/Vfl (z)Y,""CdV

(2.31)
- [ V@) [B V- W] av +5 [ V@) e =o
|4 14
For a clear expansion, we write
MEL = / fr (@)Y - uredS (2.32)
S
ME2 = / Ju(z)Y,""CdV (2.33)
\%4
ME3 = /‘/V(fl/(:n)lf]m*) . [f‘p -V(ix—W)|dV (2.34)
ME4 — / V(fu(2)Y,™) - C ¢V (2.35)
14

The term ME1 will be expanded in the next section dealing with the boundary conditions.
We now expand equation (2.31) term by term, starting with the third term ME3. Therefore,

with the substitution of the Poincaré tensor we write

MES = [{V(@)Y™) Vo= 1) = (V@) -8es- T0x - Vi)
(2.36)

+ioV(fir(z)Y;™) - (€3 x 1) - V(x — V1) }dV
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In a spherical coordinate system, 1 = TT + 00 + gggg, and €3 = Tcost — fsind. By using the

gradient operations shown in appendix A.1, we get

N L

/ V(@) Y™) - @ x 1) -V~ V)V = —im 3" S Byt — Pz

n=|m| [=1

cost m A" cos 6 AP dfi(x)
//[9:281119 ) filz) Py 7 4o +mfl’(fﬂ)fl($)Pn d@q +5fl() Py P

L2t )Pum] sin Bdfde.
x dx
(2.37)
We use the identity [37]
cos® [ dP" AP I
/ 00 (Pq 70 + P 70 ) sin 0df = /Pn P} sin 6df. (2.38)
Substituting equation (2.38) into equation (2.37), we write
N L
/V(fl/ (2)Y,"™) - (€3 x 1) - V(x = V1)dV = —im Z Z(E[L(N-i-n)—i—l] — Ep(n)+1) X
n=|m| [=1
d dfy
/ {fm)fl(x) @B 4oy ldff)} iz [ Py sioan [ do
(2.39)

However, following the transformations in the above section for the term PE1l in equation

(2.19), we get

N L
/V(fz'(ﬂf)qu*) V=WV = > (Birven+ — Bipm+) ¥
n=imf =1 (2.40)

/[ dfi;; )df(;(x) +n(n+1)fy(x)fl(x)} d:c/d¢/pgnp(;nsin9d9’

Following the above scheme of calculations and using the identities of associated Legendre’s

polynomials below [37]

dPm pm
/1321 d; P,Tsinedez/(ﬁpgpm Pgdde > " sin Odf (2.41)
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APy dpm 2 , 2
= —_ — — 1 m m
/szn yTRT sin 0d0 /[3n(n+1) m 3n(n+ )P2| PP,

2 ndPT
3/PQP 70 sin 0d6,
we rewrite the second term of ME3 in equation (2.36) as

L

/ V(@)Y B85 - Vx — VIV = S (Biuov e — Bz )%
=1

///([ n(n+1) = m®) fo(z )fl(”““)*;l),”fz‘d]zg)dfsz)} prp
(

[2 2 dfi(x) df, ( ) 4 21 fi (x)dfclzix) _ %n(n +1) fy () fl(a:)] PP P
+ [;fl' (z) fi(x) — %xfl/ (x) dfcll;x) + ;wfl(m)dfgix)] P; ;”dcjljgm) sin Odzdfde

Since the summation is over all n, we use the following two identities
PP = AP o+ B'P" + C' Pl

P
P g

=2(n+ 1Ay Py + 3B, P — 2nCR Pl

where

m_ 3(n+m)(n+m-—1)
A’ = 2(2n +1)(2n — 1)

m_ n(n—+1) —3m?
" (2n+3)(2n 1)

om 3n+2—m)(n+1—m)
" 22n+3)(2n+1)

(2.42)

(2.43)

(2.44)

(2.45)

By expanding the chain with P, and Pj, since the summation is all over n, equations (2.44)

and (2.45) are transformed as a function of P, by interchanging n from the constant A},

B and C)' with those attached to the associated Legendre polynomial, and vice versa.
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Substituting the orthogonality relation of associated Legendre polynomials, also we know
that the Kronecker delta involved while integrating with respect to 8 only survives for n = q.
We therefore, rearrange terms with respect to Ep(n4q+2)+1)> Eln(N+q)+1)> a0d ElL(N4q-2)+1)

and finally rewrite ME3 as:

ME3—Z J{|o* (B2 g+ 0 @150)) - Cata+ 1) - 02 o) )

z (x x2 dfy(z) dfy (z
332 o /
_ @‘@i)df;y +20fy () T §q<q+1>fl/<x>fl<x>)3
- (2 @ite) — afo) B 4 iy 2

@)\ pm
o ) B | Bleovig+) — Eir+)
x)

IIZ’2 x T
gy | (B ED DD gD 2+ 20+ 910
+2(q +3) (gfw( ) fi(x) — 3f v(x )dfcll(m) + ;fz(fb‘)dfgg(f)ﬂ (Bln(v+q+2)+0 — Elrg+2)+1)
.%'2 x "\ X
~aps | (3 B oo - 22~ DA
e e

2 T
—2(q - 2) (3fz’( ) fi(x) — 3f v(z)= =+ 3 filz) = ﬂ (ElL(N+q-2)+1) —E[L(q—2)+z})}d$
(2.46)
To develop the term ME4 of equation (2.31), we need to define in the spherical coordinate

system the gravity as gg = —goT, where gy is evaluated in appendix A.2. We now first

expand C*( as
N L R ~
C*C =go Z Z [(02 — cos? 0)T + (cosfsin @ + %) — io sin 9¢] Eironn)+f1(2)Y,
n=|m| [=1

(2.47)
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Therefore, we write ME4 as

ME4 = Z Z///{ — cos? 0)22 fy(x )dfg( )Pum

n=|m| [=1

Py (2.48)

+(cos Osin b + o) fi () i) Py —1

—maxfl/(x)fl(:c)PglP;ﬂ E{1,2N4n)+1)dx sin 0d0d¢
We know that cos?f = % + % and P21 = —3cosfsinf, and substituting into equation

(2.48), we write ME4 as

ME4 = gq i ZL:{K 22 )dfl( )+2a:fz'( )fl(x)>P
=1

n=|m|

" fo)ite) - (3 - o) s L8] pyry (249

1 dpm
—gxfz'(x)fl@?)leP;l 70 } BN 1n)+1;

Using the identity in equations (2.44) and (2.45) and substituting the orthogonality relation
of the associated Legendre polynomials, which only survive for n = ¢, we therefore, rearrange
terms with respect to E[rontq+2)+1]> Elr@eN+q+1) and Eroniq—2)+1, and finally rewrite

ME4 as:
MFE4 = QOZ/ { [ moz fir () fi(z) — (Zl,) — 02) foJ(x)dflC/liw)

—z fu(x) fi(x) By (2$f1f( ) fi(z) — 7f( )dfl/:(n )) szﬂ] ElLaN+q)+y

ragy (2000 (0) - iy 2 - 20D 10 0)) Bigisg e
+0py (2ef(@)lo) - 23 i) 212) +2(q3_2)xfy( i(o)) B q-ayen  do
(2.50)
Next, the term ME2 is therefore written as
L
ME2 = Z/$2fl'(x)fl(w)E[L(2N+q)+u- (2.51)
=1
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We keep the first term MEL as it is defined in equation (2.32), and will discuss it later in

section 2.6. Therefore, by adding ME2, ME3 and ME4, the Galerkin formulation of the

momentum equation is given by

—0*(0®> = 1)MFE1+ ¢*(0*> = 1)ME2 4+ ME3 — BMFE4 =0 (2.52)

2.5 Galerkin Formulation of the Entropy Equation

The Galerkin formulation of the entropy equation can be written as

/ fr(@)Y™ [C-V (x — V1)]dV — 0” (6® — 1) / Jo ()Y xdV
1% 1%

(2.53)
- [ fe@yyseav —o
1%
For simplicity of the calculations, we use
EEL= [ fu@Y™ [C-V (x— V)V
v
EE2 = / Jo (@)Y xdV (2.54)
1%

EE3 = / fo (2)Y;" BCdV
1%
From the expansion of C in the spherical coordinate system in equation (2.47), we write

~
)

C=q [(02 — cos® 0)7 4 sin  cos 00 — iosin qu}

we therefore, operate C -V (y — V1) as

N L
dfl x m
C.v (X _ Vl) = g Z Z (E[L(N+n)+l} — E[L(n)Jrl}) |:(o'2 — cos?® 9) dE[; )Yn
n=|m| I=1
) 1dP" im mo m
—|—s1n90050; p7 fi(x)e ¢+ Tfl(x)yn }

30



2.5. GALERKIN FORMULATION OF THE ENTROPY EQUATION

Integrating with respect to 6, and using the recurrence relation in equations (2.44) and

(2.45), and also using the orthogonality relation in equation (2.26), we rewrite EE1 as

EEl—goZ/{[ - () T

2 dfi(x) ., m
o fu(e) flx) — 2 fu(@) l(x) By = ah @B} | (Baovsasn - Elua) -
2 dfy(z q+3
q+2[ 2 fu () clz(g;)+ 2953 p(a )fz(x)} (Er(v+qr2)+0 — Elrigr2)+1)
m |2 dfi(x 2(q—2
—Cgty { a® fr () fcll;) Bl 3 >$fl'(fv)fl(90)] (Br(N+q-2)+1) _E[L(q—2)+z])}dx
Now, €3 - gg = —go cos 8, therefore,
N L
= " ) [0%0(0® — 1) + Bg3 (0” — 08’ 0)] Epon gy f(2) V" (2.56)
n=|m| I=1
We write EE3 as
Lo oo
EE3 = Z/{3ﬂggAZiﬂZfl/($)fz($)E[L(2N+q+2)+z}
2.57
+ Bg o1 f1 (@) fi(€) Bipon-+q—2)+1 (257)
+ [a%?(a?—l)mgé( 3>+ > b4} Bm] 2 fr (@) fu(@) Elpan+q)41 fd
EE2 is written as
L
EE2 = 27‘(2/%2fl/ (:L‘)fl(zﬂ)d:EE[L(N+q)+l] (2.58)
=1

Combining equations (2.55), (2.57), and (2.58), we finally write the Galerkin formulation of

the entropy as

EF1—0%*(0®> - 1)EE2 -~ EE3 =0 (2.59)
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

2.6 The Boundary Conditions and the Inertial Modes

In this section, we will implement the boundary conditions involved in the Galerkin
formulation of the 3PD. These conditions refer to the continuity of V1, the normal component
of the displacement, the normal component of the stress and the gravitational flux across

the inner core boundary and core mantle boundary.

2.6.1 Inertial modes

Since the inner core and mantle are rigid, for the inertial modes of a rotating and

neutrally stratified fluid core, the normal component of the displacement requires that
n-u=n-uc=0 (2.60)

The dimensionless gravitational potential is Vi = ) ¢"Y,"™. The continuity of V; is written

Vi(b™) =Wwi(b) (2.61)

where b™ is the radius of the inner layer of the mantle, b~ the outer radius of the liquid core
at the CMB. Using the spherical harmonics representation of the gravitational potential,

the continuity in V; reduces to
O (b7) = o' (07) (2.62)

Now, V7 must be a solution of Laplace’s equation in the mantle, so

m

a
¢nm(’r) = r”%’r > Rumantie (263)
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

Since the mantle is rigid, then the continuity of n-(VV; —47rGpu) accross the CMB becomes

n-VVi(b)=n-VVi(b") (2.64)
Now
AV = —(n+ 1)70‘71;?2 _ ("j Y gm i+ (2.65)
where n =T. Therefore using equation (2.63), we write
8w =~ gy (2.66)
or
Wy = - D gy (2.67)

Therefore, with the omission of the Kronecker delta, the boundary condition involved in the

Galerkin formulation of the Poisson equation is given as
[ Fe@Y5 - VVidS = ~(a + Dafe(@)fbEL@ +1 (2.68)

The term in equation (2.68) will be added to the elements E[L(q) + [] of the matrix in the
Poisson expansion. However, rigidity of the mantle requires that at the outer surface, the

stress vanishes. Therefore, we write

—(p1+u-Vpy)l =0 (2.69)

,i‘.

or

p1+u-Vpy=pi +u-(pogo) =0 (2.70)
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

or

PLoug=0 (2.71)
Po

Therefore
x=—-gon-u=0 (2.72)

Since the mantle is rigid, this condition is automatically satisfied as the motion is parallel
at the CMB. In the next section we present the boundary conditions implemented for the

Galerkin formulation of the 3PD to solve for the Slichter frequencies.

2.6.2 Continuity of the normal component of the displacement

The continuity of the normal component of the displaced inner core at the ICB

boundary requires that
n-u=n-ujc. (2.73)

Here u is the displacement of the fluid near the inner core boundary and ujy¢ the inner core
displacement. We know that any point on a rigid solid body such as the inner core oscillates
similar to a simple pendulum with a constant displacement amplitude in each direction.
Assuming X4z, Yinaz, Zmae are the maximun displacement amplitudes of any point of the
inner core along the unit vectors €1, €2, €3 in a Cartesian coordinate system rotating with

the Earth, with €3 along the rotation axis, we write

usjc = Xmaxal + Ymam/e\2 + Zmamaii (274>

+iwt

We omit the time dependence e of the inner core displacement. It will be clear in chapter

3 why it is easier to defined uy¢ in a Cartersian coordinate system. For a spherical Earth
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

n = —r. Therefore, for I’ = 1,..,L and ¢ = 1,..., N, we write the Galerkin formulation of

the normal component of the inner core displacement in equation (2.31) as

MEFE1l = — fl/(a:)(XmaxP(;" sin 6 cos ¢ + Ymang” sin @ sin ¢ + Zmaqum cos G)e_imd’dS
ICB
(2.75)
By using the fact that sin = 2P, !, cos = P?, sin¢ = —ilm(e’?), and cos ¢ = Re(e™*?),

where Re, and Im are the real and the imaginary parts of a complex number respectively,

we rewrite equation (2.75) as

ME1 = — fr (@) 2Xmao Ppy L MO Y, o PPl 10
e (2.76)

+ Zinao P"Ple”?)dS
Coupling the associated Legendre polynomial and integrating with respect to 6 and ¢,
considering that only for m = 1,0,—1, and ¢ = 1 does the Kronecker symbol survive,
we can rewrite equation (2.76) as
—%"fol/(m)Xmaz ifm=-1,and ¢ =1,
ME1 = BTi02 1 (0) Vipae 1 m = 1,and g = 1, (2.77)

47r 2fl/( ) maz if m=0,and ¢ = 1.

By introducing new variables Xg = Xz + tYmaer and X1 = Xiar — ©Yinaz, We rewrite

equation (2.77) as

—22? fy(z)(Xo + X1) ifm=—1landg=1,

MEL = 4222 f(2)(Xo — X1) i m=1and g =1, (2.78)

—2%332]‘}/ () Zmaz ifm=0,and ¢ = 1.
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Considering the integration with respect to 6 in the Galerkin formulation of the 3PD, we
can therefore write the Galerkin formulation of the normal component of the displacement

as

—22fi(2)(Xo + X1) ifm=—1,and ¢ =1,
MEL =92 p(2)(Xo— X1)  ifm=1andq=1, (2.79)

_$2fl’(x)Zmax ifm= 07 and q = 1.

The above equations are then added to the Galerkin formulation of the momentum equation
in section 2.4, which complete the system of 3LN unknowns, with 3 additional unknowns

Xo, X1, and Zp44 to form a (3NL + 3) x (3NL + 3) matrix.

2.6.3 Continuity of the normal component of the gravitational flux

The continuity of the normal component of the gravitational flux at the inner core

boundary requires that
- (VVi —4rGpou) =0 - (VV, — 4nGproure), (2.80)

Here le is the inner core contribution for the perturbation in the gravitational potential.

Rearranging the term involved in the continuity of the normal displacement, we write
PE3 = /fz'(x)qu* [47G(po — prc)fi - usc + 8- VV;]dS (2.81)

Since the continuity of n - us¢ is given in (2.79), we will follow Peng’s work [64] to expand

fi - VV,. Therefore, we write

/ 1
Vi(r) = Gprc /ICB use - V(E)dV' (2.82)
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

Using the divergence theorem, we then write

: 1
Vi(r) =Gpic / =0 -uscdS’ (2.83)
ics R

where R (see figure 3.3) is the distance from source point 7’ to field point r, which for ' < r

is expanded to two terms in Legendre polynomials as

1 1 N r’ 9
— = -+ —cos
R r r?
considering n = —T, at the ICB, where T is expanded in the Cartesian coordinate system.

Substituting d.S, and integrating with respect to ¢, some of the component of the vector

. . . ’
displacement urc vanishes, therefore, we write V| as

9 13
Vl/(r) = 27GprcZmax / (: sin @ cos 0 + :—2 sin 6 cos® 9) do (2.84)

Integrating with repect to 6, we rewrite equation (2.84) as

’ 47 a3
Vl (’I”) = _?GplCﬁZmaz' (285)

. . . . ! 3 ~
Here G = %, and using the dimensionless gradient VV| = %TGpIC%Zmaxr, therefore, we

write
~ / ~ / 8T
n- vv’l =-r- vVvl (a) - _?GPIC'Zmaa% (286)
By applying the Galerkin method in equation (2.81), where '’ =1,..,L and ¢ = 1,.., N, we
write
R / 8 .
fr(2)Y," - VVidS = —WGpIC/ Zmaz fv ()Y dS, (2.87)
ICB 3 ICB
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2.6. THE BOUNDARY CONDITIONS AND THE INERTIAL MODES

Following the same procedure as in section 2.6.2 and using the orthogonality relation asso-

ciated to the integration with respect to 8, and ¢, we can then write

) —%WGpICmel/ () Zmaz ifm=0,and ¢ =1;
fr(x) Y8 - YV, dS = (2.88)
ICB
0 otherwise .

Finally, the Galerkin formulation of the boundary condition involved in the Poisson equation

is given by

—47G(po — pro)a® fr(z)(Xo + X1) if m = —1,and ¢ = 1,

PE3 =1 2rG(po — prc)a?fu(z)(Xo — X1)  if m=1,and ¢ =1, (2.89)

—47G(po — %plc)xzfl/ () Zmaz if m=0,and ¢ = 1.

As for the normal component of the displacement, the condition in equation (2.89) will be
added to the 3NL x 3N L system from the Galerkin formulation of the 3PD. Finally, the
boundary conditions developed add 3 additional rows with 3 unknowns to the 3PD, forming
a (3NL+3)x (3NL+3) system. Therefore, we will solve a system of (3NL+3) x (3NL+3)
elements to compute for the zeros of the determinant which correspond to the frequencies

of the Slichter modes.
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Chapter 3

DYNAMICS OF A RIGID INNER

CORE

In this section, a simple Earth model will be adopted to solve for the frequencies
of both the inertial and Slichter modes. To implement the IC equations of motion, we will
use Newton’s law to first show the contribution of all the forces involved in the dynamics
of a prestress solid body such as the Earth. Thereafter, a vectorial inner core equations of
motion derived from Newton’s law will be projected along the unit vector of a Cartesian

coordinate system.

3.1 Earth Model

The Earth model adopted in this study is a modified Preliminary Reference Earth
Model (PREM) [16] with a rigid inner core and mantle, and an inviscid and neutrally strat-

ified liquid core. The material properties such as density, compressional wave speed, mass
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3.1. EARTH MODEL

of the inner core (IC), and the mass of the Earth and so on, are from PREM (see Ap-
pendix A.3). We take the radius of the Earth to be R = 6371 km, the Earth rotation rate
Q = 7.292115 x 107> s~ !, the gravitational constant G = 6.6690941 x 10~ m? kg=! s72.
The density of the inner core pyo and that of the fluid core pg near the inner core bound-
ary will be directly calculated in the numerical computation using the data available from
PREM. We will mainly study a modified PREM like Earth model where the density profile
is a parabolic function of the radius of the inner core and a cubic function of radius in the

outer core:

prc = a1+ a2x2

po = b1 + box + bsz? + bya®

where ay, ag, by, be, b3, by are PREM parameters (given in Appendix A.2 ) and z the radius
normalized by the mean Earth’s radius R = 6371 km. From the density profile of PREM in
figure 3.1, it is easy to see the density jump across the ICB and the FC. We will first solve
for the inertial modes of a rotating PREM with neutrally stratified fluid core, and thereafter
compute numerically the frequencies of oscillation of the Slichter modes.

Figure 3.2 shows the inner core oscillating in a random direction from its initial
position to the edge of a maximum shaded sphere. The shaded sphere is the maximum
displacement of the inner core in any direction. In figure 3.2, the shaded area represents
a small portion of the total fluid core interior of the Earth. Figure 3.3 shows the vector
representation of the inner core in motion, including the vector relationships between the

displaced inner core and the outer core system. In this diagram, a, urc, po and p;c are
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3.1. EARTH MODEL

Figure 3.1: The density profile of PREM
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Figure 3.2: Inner core in random motion

displaced nner core

Inner core at the geocentre

FC:fluid core

the radius of the inner core, the inner core displacement, the density of the shadded area or

fluid core and the inner core density as discussed in Peng’s thesis [25] .
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3.2. GRAVITATIONAL AND PRESSURE CONTRIBUTIONS

Figure 3.3: Vectorial representation of the inner core in motion in the surrounding portion
of the fluid core (shaded area). R, R, a, prc, po, urc and € are the field vector, the source
vector, the radius of the inner core, the density of the inner core, the density of the fluid
core, the inner core displacement and the Earth rotation rate respectively [25]

3.2 Gravitational and Pressure Contributions

In this section, we implement the effect of the gravitational force F,, and also the
force due to the pressure contribution F,,. The inner core experiences the gravitational force
acting at any point interior to the inner core and the hydrodynamic pressure applied at the
boundary. So as a starting model, we will use a non-rotating Earth, and recall the equation
of motion of a deformable solid subject to hydrostatic prestress by Smylie and Mansinha

(1971) [25,52].

—prew*usc =V -7+ preVVi + preV(use - go) (3.1)
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3.2. GRAVITATIONAL AND PRESSURE CONTRIBUTIONS

Integrating over the inner core volume, we rewrite equation (3.1) as

—w?’Mjcurc = V-7dV + prc V(Vi+usc - go)dV (3.2)
ICB ICB

where w is the modal frequency and M;c the mass of the inner core. By using the divergence

theorem, we rewrite equation (3.2) as

2
—w Micurc =/

™midS + PIC/ (Vi + usc - go)nadS (3.3)
ICB

ICB
where ny, and ny are the outward pointing normal vector in the liquid core, and the inward
pointing normal on the inner core. The stress in the liquid core is given as 7 = —(p; + pou -

go)1, By substituting the stress 7, and after rearranging we rewrite equation (3.3) as

2
—w*Micuic = —/

(Py + pou - go)n1dS + PIC/ (Vi + ujc - go)nadS (3.4)
ICB

ICB
Assuming that n; = T at the FC, and ny = —7 at the inner core, and also gy = —gor at
the inner core, with the implementation of u- gy = ujc - go as in Peng’s work [25], we then

rewrite equation (3.4) as

—wrMjcuc = — PirdS + go(a)(prc — po)usc - /

?’fd8+p,~c/ VirdS (3.5)
ICB ICB

ICB
substituting P; = pox into equation (3.5), we finally can write both the contributions of

gravitational force and pressure as

—wrMjcusc = —Po/

xrdS + PIC/
ICB

VisdS + (prc: — po) / we - gfdS  (3.6)
ICB

ICB

where the force due to pressure is given by

F,= ,01()/ VirdS — po/ XxrdS, (3.7)
ICB ICB
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3.3. INNER CORE EQUATION OF MOTION

and the gravitational force as

Fy = (pic — po)/ usc - gordS = —w?Mjcuc (3.8)
ICB

where w? = 2 Gpy(1 — k), and k = Lo

3.3 Inner Core Equation of Motion
Newton’s second law states that
> F = Mca, (3.9)

where > F is the total force acting on the mass Mjc of the solid inner core, and a the
total acceleration of the oscillating body. Now we use equations (3.7) and (3.8) for F; and

F,, from the above expansion, and with the addition of the action of the centrifugal force

’
~ ~ / c 1. ~ d
F.= —(Mc — My)Q?es x (e3 x u;.), and also the Coriolis force Feo, = 2Mcfdes x 1;10
/ . . . .
where u;, = £, s’ = % are the dimensionless inner core displacement and surface

element, and Y/, Vll are the dimensionless trial functions defined in chapter 2. Here Mj is
the displaced fluid mass at the ICB. We next drop the prime sign for convenience and also

the time dependence of the inner core displacement. then we rewrite equation (3.9) as

du Ic

(—wQuIC + 29/6\3 X )M[O = —ngjcu[C — (M]C — M0)9263 X (63 X UIC)

+ prc Vi TdS — po / xrdS (3.10)
ICB ICB
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3.3. INNER CORE EQUATION OF MOTION

However, dividing by 4Q2M;pc, and choosing o = 500 = %, k= ppTOC’ w? = 4?’r(l — k),

2
rrc = ", v = ;5 we rewrite equation (3.10) as

—o*uyc + 2i0€3 x ujc = —yuyc — 1€3 x (€3 X urc)
3 N 3k ~
+ 3 / VirdsS — 3 / xrds, (3.11)
47T.’L'IC ICB 47’[’1’10 ICB

We use the inner core displacement ujc = Xmaz€1 + Yimaz€2 + Zmar€3. Thus, €3 X ujg =
Xmaz€2 — Yinar€1, and €3 X (€3 X use) = —Xmaz€1 — Yimas€2. We therefore expand the

inner core equations of motion as

[(7 —-n—- UQ)Xmaz - Z.O—Y;naz]/e\l + [(7 /A UZ)Ymaa: + iUXma;t]62 + (’Y - Ug)Zma$€3

3 N .
= [ VirdS — k:/ erS} , (3.12)
Lo LJICB ICB

From the earlier representation of the trial functions in equations (2.13)-(2.15) and with the

substitution of TdS = 2% (sin @ cos ¢€; + sin 0 sin ¢es + cos fes) sin OdOdep, we can write

[(’Y - n—- UQ)Xmax - io’ymam]é\l + [(’7 - n—- Uz)ymax + Z'O'Xmax]/e} + (’Y - UQ)Zmax

N L

3k : ~
Z Z 47T.’E]C [ (n)+] — CE[L(N—i-n)—&-l])fl(x)/ (SHIQCOS ¢e1 (3.13)

dmxy ICB

+ sin @ sin ¢, + cos #&3) P ™ sin Hdfdp,
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3.3. INNER CORE EQUATION OF MOTION

We therefore rewrite the vector equation above as three scalar equations

(v =1 —0%) Xmaz — 10Ymaz — ﬁ Zfzvz|m| ZZL:o(E[L(n)H]
—kE{p(N1n)+0) [i(@) [;0psin* 0 cos 9P e™Pdfdg = 0

(Y =1 = 0°)Ymae + 10 Ximaz — grorg > ) 20 (Bl (m)+
—kE{(N1n)+0) [i(@) [;0psin® Osin g Pe™dfdg = 0

(V= 0% Zimaz — Froe Someim| 2ot ElL(n)+1)

—kE{L(N1n)+0)fi(@) [;0p cosOsin 0Py ™ dfdp = 0.

(3.14)

Using the orthogonality relation of the Legendre polynomials in equation (2.26), we write

equation (3.14) as follows:

Form=—-1land ¢g=1

(v—n-— 02)Xma:r: —10Ymaz — xzc Zl 0( Q)+ — kE[L(N+q +] Jfi(z) =0
(Y =1 = 02)Ymaz + i0 Xpnaz = 0

(7 - JQ)Zmax =0

Form=1landg=1

(v =1 — 0% Xmaz — 10 Ymaz = 0
(’Y /. UQ)Ymax + 10 X maz + x21’LC Zl 0( Q)+l — kE[L(N—%—q +1] )fl( ) 0

(7 - Uz)Zmaw =0
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3.3. INNER CORE EQUATION OF MOTION

For m =0 and ¢ = 1,

(7 —-n—- 02)Xmaz — 10 Y maz = 0

(v =1 = 0*)Yiaz + i0 Xmaz = 0 (3.17)

(Y = 0% Zmaz — 515 S o Eingy+ — KEp(N+q+y) filz) =0

Considering the variables Xy and X; adopted in the boundary conditions in sections 2.6.2
and 2.6.3, we rewrite the inner core equation of motion as follow:

For m=—1and q =1,

(y—n—0-0)Xo+ (v—n+o-0))Xi - ;% S 0By — kEiL(n1qen) filz) =0
(0—v+n+0*)Xo+ (0 +7-n—0*)X; =0

(’}/ - 02)Zmax =0

(3.18)

For m=1and ¢ =1,
(y—n—c—-0)Xo+(y—n+o—-0%)X1 =0

(0—y+n+0)Xo+ (0 +7—n-0>)Xi + 5= S o (Bingy v — KB (n1q)1) fi(z) =0

(7 - Uz)Zmax =0

(3.19)
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3.3. INNER CORE EQUATION OF MOTION

For m =0 and g =1,
(Y=n-0c—-0)Xo+(y-n+o-0*)X; =0
(c—v+n+0)Xo+(c+y—n—0%)X1 =0 (3.20)

(Y = 0% Zmaz — 515 S o Eingy+ — KEp(N+q+y) filz) =0

For the computations of the Slichter frequencies, these equations will be added to the ex-
panded radial component of the 3PD discussed earlier in chapter 2 to form a square matrix,
for which any numerical method can be used to solve for the zeros of the determinant, which

correspond to the frequencies of the Earth’s normal modes.
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Chapter 4

RESULTS AND DISCUSSIONS FOR

A SPHERICAL EARTH

In this section, we first compute the frequencies and displacement eigenfunctions
for some of the inertial modes of a neutrally stratified core for which the results are known
in order to check the validity our results. We will then present and discuss the results for

the frequencies and eigenfunctions of the Slichter modes for the same model .

4.1 Matrix Implementation and Eigenvalues

The matrix to be solved for the eigenvalues of a rotating, compressible and stratified
fluid core is obtained by the implementation of the Galerkin formulation for the numerical
solution of the 3PD. There are 3 equations and 3 unknowns. We have shown that the use
of the orthogonality relation among spherical harmonics leads to the removal of the 6 and ¢

dependence of field variables. The r dependence of one of the terms in the series expansion
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4.1. MATRIX IMPLEMENTATION AND EIGENVALUES

is linked to every other components in the same series via the chain relations in equations
(2.44)-(2.45).

For each q there corresponds Ny, terms from expanding the r components. Each
equation involves 3 x N x L unknowns and the application of a Galerkin method ensures
that there are 3 x N x L equations. The expansion of the 3PD shows that there are 2 in-
dependent chains representing the dynamics of the core, one links the odd degree spherical
harmonics, the other, the even. For the non-trivial solution of the set of Galerkin equations,
then the determinant of the coefficient matrix must vanish. An example of the shape of the
matrix involved in this study is given by assuming L,.qr = 3, Nipaz = 1 where Lj,q, and
Npaz represent the truncation level of the Legendre polynomials and the highest degree of

the spherical harmonics. Then, for the above choice, a 9 x 9 matrix is shown below for even

values of q.
uip w2 w3 vin vz vz 0 0 0 Er
u1 Uy U2z w21 w2 w23 0 0 O Es
ugy ugz uzz vy vy wyz 0 0 0 Es
wil wi2 w13 w1 U2 W13 Uil V12 V13 Ey
Wo1 Woy W3 Uzl Uz Uz Va1 vy vaz | X | By | =0
w3] W32 W33 U3l U2 U3 V3l U2 V33 Es
0 0 0 wnn w2 wiz uil U2 U3 Er
0 0 0 wa wyp ws u2 Uz U3 Ex
I 0 0 0 w31 w32 w3z uzr u32 uss| | Ey |
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4.2. INERTTAL MODES OF A ROTATING FLUID CORE

Here w;j, uij, vij are the coefficients attached to the unknowns E[L(q — 2) +1], E[L(q) +1]
and F[L(g+2)+1] in the Galerkin formulation of the 3PD respectively. The inner product of
trial functions and the terms in the Galerkin formulation of the 3PD gives these coefficients
for different values of [ = 1...L, and I’ = 1...L and different values of ¢ = 1...N. The matrix
above is given by first choosing Ly, = 3. Since we are dealing with 3 equations, then for
each incrementation of I, 3 rows are formed. The incremenation of [ contributes in forming

the columns of the matrix, after full incrementation a 9 x 9 matrix is finally obtained.

4.2 Inertial Modes of a Rotating Fluid Core

To compute the desired frequencies, we first fixed the value of N, and then
increase Lj,q; until the computed frequency shows convergence, then we will increase Np,qz
and repeat the process until the computed frequency converges for any Ny,qz O Lipgs. Here
we compute some of the low order modes for m = 0, and m = 1 for the inertials modes of
a spherical, and neutrally stratified and compressible PREM model. Then later the same
techniques are applied for the computation of the Slichter modes for m = 0,1, —1.

We search for the zeros of the determinant of the coefficient matrix in the frequency
range |o| < 1form =1, and 0 < o <1 for m = 0. This is because the modes are symmetric
for m = 0, and the dimensionless frequencies of the inertial modes satisfy |o] < 1. We
adopt Greenspan’s (1968) notation (n,k, m ) for mode labelling [65], where for each n and
m, there corresponds k modes, (n, k, m) refers to the degree of the spherical harmonics, the
order of the mode and the azimuthal wavenumber, respectively. The orders of the modes

are according to the size of their frequencies. For the same azimuthal number m, and n
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4.2. INERTTAL MODES OF A ROTATING FLUID CORE

the smallest modal frequency is labelled (n,1,m). To avoid repetition, we will only select
positive modes for m = 0. This is because the only difference is that one is prograde and
the other retrograde but the frequencies are the same. However, for m = 1 there is no

symmetry, therefore, every possible frequency will be reported.

Table 4.1: Test of convergence of some of the low order modes for a neutrally stratified
PREM Earth model

Mode | N=6, L=12 | N=8, L=16 | N=10, L=16 | N=12, L=18 | N=12, L=20
(4,1,0) |  0.6648 0.6639 0.6643 0.6644 0.6644
(2,1,1) | 0.5000 0.5000 0.5000 0.5000 0.5000
(4,3,1) | 08527 None 0.8537 0.8530 0.8530
(6,4,1) | 0.6576 0.6572 0.6573 0.6574 0.6574

In table 4.1, we show the trend of convergence for some low order modes for different
truncations levels. It is shown that for a higher level of truncation L = 16 of the Legendre
polynomial, the modes converge and are stable without fluctuating for the mode (4, 1, 0).
However, the mode (2, 1, 1) converges so fast and shows no fluctuation starting for low
level of truncation L = 3, N = 1. Furthermore, for the modes (4, 3, 1) and (6, 4, 1) the
trend of convergence is up to 3 decimal points from the level of truncation (16, 10), (18,12),
and (20, 12) respectively. The results shown in table 4.2 represent the frequencies of more
modes of a shell. Columns 2, and 3 represent both the dimensionless frequencies o = 5& for
a compressible shell studied for a neutrally stratified fluid core by Seyed-Mahmoud et al.,

2007 [35], and studied in this thesis respectively. We should note that the values in column
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Table 4.2: Frequencies of some of the low order modes of a rotating, compressible and
neutrally stratified fluid core (column 1), opgar (Seyed-Mahmoud et. al., 2007) in column
2, in column 3 those computed in this work, and the truncation level in column 4.

Mode OBSM g Nmaxa Lyax
(4, 1, 0) 0.664 0.664 12, 18
6,1,0) | 0473 | 0472 | 14,23

(6,2,0) | 0.833 | 0.834 12, 25

(2,1,1) | 0.500 | 0.500 3,5

(4,2, 1) | 0.304 | 0.304 10, 16

(4,3,1) | 0.852 | 0.853 12,18

(5,4,1) | 0.932 | 0.933 12, 25

(6,1, 1) | -0.703 | -0.702 12, 18

(6,4,1) | 0.657 | 0.657 12, 18

(7,2,1) | -0.434 | -0.434 10, 23

(7,5,1) | 0.740 | 0.740 8, 16

3 were recorded and rounded off to 3 significant figures. The level of truncation is shown in
column 4 for the modes studied in this thesis. It is shown a high agreement between our

results in column 3 and column 4 are taken from Seyed-Mahmoud et al. (2007) [35].
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4.3 Eigenfunctions of Some of the Inertial Modes of the Fluid

Core

Here we present some of the eigenfunctions corresponding to the frequencies shown
in table 4.2. The eigenfunctions were plotted, as previously mentioned, by the help of the
engineering software package TecPlot 10 (re: software company AMTEC ENGINEERING,

INC.). In figure 4.1 (a-g), we show the displacement eigenfunctions for the (2, 1, 1),

Figure 4.1: Displacement patterns for (a): the (2, 1, 1), (b): (4, 1, 0), (¢): (4,2, 1), (d): (4,
3, 1), (e): (6,1, 1), (f): (6,4, 1) and (g): (7, 5, 1) modes of PREM in a meridional plane,
¢ = 0, for a compressible shell.

(a)

(4, 1, 0), (4, 2, 1), (4, 3, 1), (6, 1, 1), (6, 4, 1) and (7, 5, 1) inertial modes of a modified
PREM. In most figures the displacement is parallel to the boundaries. It is clear that the
overall displacement patterns are regular, but there are some discrepancies in a few spots

on some plots mostly originating from truncation. For some of the modes, the displacement
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4.4. THE SLICHTER MODES

patterns are forced to be parallel to the boundaries, especially at the ICB. Therefore, the
mathematical treatment may not be adequate for these modes. Most of the patterns shown
in these figures are very similar to those studied by Poincaré [65]. For the (2, 1, 1) mode,
the displacement patterns are parallel to the boundary. This may be the reason why the

convergence is so fast.

4.4 The Slichter Modes

To solve for the frequencies of the Slichter triplets, we will first highlight how to
implement the matrix generated from the expansion of the 3PD and the inner core equations
of motion previously discussed. Next we will present and discuss the results of the Earth’s
Slichter frequencies for a spherically and neutrally stratified fluid core, with a rigid inner
core, for both non-rotating and rotating cases.

In this section we are dealing with a (3NL + 3) x (3NL + 3) square matrix, in
which 3N L x 3N L coefficients arise from the implementation of the 3PD as previously shown
during the study of the inertial modes. However, for a complete set, the inner core equations
of motion must also be added. The boundary conditions provide three extra unknowns Xy,
X1, and Z,,4, from the momentum and Poisson equations, via the implementation of the
surface integral in the Galerkin formulation of the 3PD.

On the search of the Slichter triplets, we show in chapters 2 and 3 that the Slichter
frequencies and displacements correspond to the azimuthal wavenumbers 1, -1, and 0. In
chapters 2 and 3 we also showed that the spherical harmonics of degree 1 (¢ =1 in chapter

2 in equations (2.79) and (2.89), also in chapter 3 in equations (3.18)-(3.20)) correspond
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4.4. THE SLICHTER MODES

to the Slichter triplets. Therefore, the chain in equations (2.44)-(2.45) which corresponds
to the odd values for the degree of the spherical harmonics describes the Slichter triplet.
However, we change the range of the dimensionless modal frequency o to 1.5 < o <6 for a
search of periods between 2 and 8 hours.

We use the computer language FORTRAN 95 and the IMSL library. There were
different internal routines from International Mathematics and Statistics Library (IMSL) [66]
used for the numerical computation of the frequencies and displacements involved for this
study. In this study, the desired absolute error in the numerical integration of radial functions
is ERRABS= 10~%. However, the chosen tolerance is Tol=10~7. This means that the non-
trivial roots of the determinant of (3 x N x L + 3) system are found accurate to 10~7. The
integrations with respect to r are evaluated using the IMSL internal double precision routine
DQ2AG [66] for the computation of all the integral terms in the mathematical equations of
this work. The routine DQ2AG integrates by subdividing the interval [a, b] using a globally
adaptive scheme to reduce the absolute error based on the Kronrod rule to estimate the
integral error over each subinterval [66].

We basically use a technique similar to the bisection method. Once the value of
the determinant changes sign for two consecutive values of o, there exists a root of the
determinant. Assuming that [a, b] is the interval in which the determinant changes sign, the
search of modal frequencies is conducted from b to a searching back and forth with a specific
value of step size which gets smaller in each iteration until the tolerance is satisfied.

We first present the convergence scheme of possible modes as discussed earlier, for

both a non-rotating and rotating case for a neutrally stratified and compressible PREM
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model, and discuss the procedure of mode selection. Once a frequency is converged, the
frequency and the associated degrees of convergence, L and N are reported. The same
procedure is used as in the study of the inertial modes. In tables 4.4, 4.5 and 4.6, we show
the convergence for the azimuthal number m = 0, m = 1, and m = —1 respectively. For

consistency with the literature, we report the period of the mode, rather than the frequency,

Table 4.3: Convergence of the periods of the Slichter central mode (m=0)(hr) for a neutrally
stratified PREM: non-rotating case.

N,L | N=3,L=5 | N=3,L=7 |N=3,L=10 | N=3,L=15
m=0 | NA 5.254 NA 5.254

N,L | N=4, L=7 | N=4,L=9 | N=4, L=11 | N=4, L=15
m=0 | 5.254 5.254 5.254 5.254

N,L | N=7,L=9 | N=7,L=10 | N=7,L=12 | N=7, L=15
m=0 | 5.254 5.254 5.254 5.254

N,L | N=8, L=14 | N=8,L=16 | N=8, L=18 | N=8, L—20
m=0 | 5.254 5.254 5.254 5.254

N,L | N=10, L=14 | N=10, L=16 | N=10, L=18 | N=10, L—20
m=0 | 5.254 5.254 5.254 5.254

N,L | N=12, L=14 | N=12, L=16 | N=12, L=18 | N=12, L—20
m=0 | 5.254 5.254 5.254 5.254

In table 4.3 we show the convergence of the central mode (m=0) for a neutrally
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stratified PREM for a non-rotating Earth. The highest level of truncation chosen N = 3
and L = 5. By increasing the complexity of the Legendre functions from L = 5...15, and
for a fixed value of N, the value 5.254 h shows the trend of a potential mode. Moreover, by
increasing from N = 4 to N = 12, and keeping in mind that L is increased for any fixed N in
the above range, the mode listed above does not show fluctuation computed up to 3 decimal
points in the table of convergence, for the central mode of a non-rotating, and spherically
stratified PREM model. However a close analysis of table 4.3, and looking at the highest
level truncations corresponding to N = 10 and N = 12, we can conclude that the period of

the central mode has converged up to 3 decimal places and will be reported as 5.254 h.

Table 4.4: Convergence of the periods of the Slichter modes (hr) for a neutrally stratified
PREM: rotating case.

N, L | N=3,L=5| N=3, L=8 | N=3, L=10 | N=3, L=12
5.254 5.254 5.254 5.254
m=0
3.651 3.651 3.651 3.651
3.455 3.455 NA 3.455
4.976 4.976 4.976 4.976
m=1 | 4.376 4.376 4.376 4.376
3.426 3.426 3.426 3.426
5.874 5.875 5.875 5.875
m=-1 | 4.376 4.376 4.376 4.376
3.870 3.870 3.870 3.870
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Table 4.5: Convergence of the periods of the Slichter modes (hr) for a neutrally stratified
PREM: rotating case (continued).

N,L | N=4, L=7 |N=4,L=9 | N=4,L=12 | N=4, L—14

5.254 5.254 5.254 5.254
m=0
3.651 3.651 3.651 3.651
3.455 NA 3.455 3.457
4.976 4.976 4.976 4.976
m=1 | 4.376 4.376 4.376 4.376
3.426 3.426 3.426 3.426
5.875 5.875 5.875 5.875
m=-1 | 4.376 4.376 4.376 4.376
3.870 3.870 3.870 3.870

N,L | N=7 L=10 | N=7, L=12 | N=7, L=14 | N=7, L=16

5.254 5.254 5.254 5.254
m=0
3.651 3.651 3.651 3.651
3.455 3.455 3.457 NA
4.976 4.976 4.976 4.976
m=1 | 4.376 4.376 4.376 4.376
3.426 3.426 3.426 3.426
5.875 5.875 5.875 5.875
m=-1 | 4.376 4.376 4.376 4.376
3.870 3.870 3.870 3.870
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Table 4.6: Convergence of the periods of the Slichter modes (hr) for a neutrally stratified
PREM: rotating case (continued).

N,L | N=8,L=14 | N=8, L=16 | N=8, L=18 | N=8, L=20
5.254 5.254 5.254 5.254
m=0
3.651 3.651 3.651 3.651
3.455 3.455 3.455 3.455
4.976 4.976 4.976 4.976
m=1 | 4.376 4.376 4.376 4.376
3.426 3.426 3.426 3.426
5.875 5.875 5.875 5.875
m=-1 | 4.376 4.376 4.376 4.376
3.870 3.870 3.870 3.870

Following the procedure described above for the central mode, we show in tables
4.4, 4.5, 4.6 and 4.7, the convergence of the periods of the Slichter modes of a rotating
spherical Earth for a neutrally stratified PREM. In column 1 are presented the azimuthal
number m = 0, 1, —1 which are associated with the central, retrograde, and prograde modes
respectively. In column 2, the roots of the displayed level of truncation are given. We
can see three possible modes listed for each truncations, starting from N = 3,L = 5 until
N =7, and L = 10, for the mode with period 5.254 h. However, increasing N = 8, and
choosing L = 14,16,18,20, the suspected eigenvalue 5.254 h shows stability. To ensure
for the convergence of this mode, we increase N = 10 and also increment L = 16, 18, 20.

As shown in table 4.6, the same mode does not fluctuate, therefore we consider that it is
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Table 4.7: Convergence of the periods of the Slichter modes (hr) for a neutrally stratified
PREM: rotating case (continued).

N, L | N=10, L=16 | N=10, L=18 | N=10, L=20
5.254 5.254 5.254
m=0
3.651 None None
3.455 None None
4.976 4.976 4.976
m=1 | 4.376 4.376 4.376
3.426 3.426 3.426
5.875 5.875 5.875
m=-1 | 4.376 4.376 4.376
3.870 3.870 3.870

converged. We then assigned it as the mode representing the central mode (m = 0).

From both the convergence for the central mode of a non-rotating case and those
for a rotating and neutrally stratified PREM model presented above, we recover all the
three modes corresponding to the Slichter triplets, for a rotating Earth model. We are
also presented with some false roots in the table of convergence. However, the false roots
either disappear or change considerably when N,,q; or L,,.; are increased, i.e. there is no
convergence. In table 4.7 we present the departure from the axial mode (m = 0) to the

prograde (m = —1) and the retrograde (m = 1) modes.
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Table 4.8: Possible Slichter eigenperiods corresponding to the prograde (m = —1) and
retrograde (m = 1) modes (column 2) and their departure from the central mode (column
3) for a rotating and neutrally stratified PREM model.

m | Slichter eigenvalues (hr) | % difference
1 4.976 0.28
1 4.376 0.88
1 3.426 1.83
-1 5.875 0.62
-1 4.376 0.88
-1 3.870 1.38

Table 4.9: Schliter’s eigenperiods (hr) for spherical and neutrally stratified PREM, for both
a non-rotating and rotating modes.

m Slichter eigenvalues (hr)
0 5.254
1 4.976
-1 5.875
Non rotating 5.254

Following the convergence scheme shown in tables 4.4, 4.5, and 4.6, based on
the restriction that the departure of the central mode is the smallest from possible modes
shown in table 4.7, we therefore present in table 4.8, a final selection of the Slichter triplet
corresponding to the central (m=0), prograde (m=-1), and retrograde (m=1) for a spherical
and neutrally stratified rotating (rows 2, 3, and 4), and for the non-rotating (in 5 row)

PREM. As a further check of the validity of our results, we compare them with those studied
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for a stratified fluid core of the PREM by Peng [25] using the two potential description
(TPD), and the subseismic approximation. They are presented in table 4.9. In column
1 the method used, from the second to fourth column, the value of m for a rotating and
spherical Earth model, and finally the fifth column, the mode of a non-rotating case is

presented.

Table 4.10: Slichter eigenperiods (hr) comparison for a spherically and neutrally stratified
liquid core, for a rotating and non-rotating Earth, using differents methods.

3PD: results of this thesis.

TPD: Two Potential Description by Peng (1995).

SSA: Subseismic approximation by Peng (1995).

Method m=0 | m=1 | m=-1 | non-rotating
3PD 5.254 | 4.976 | 5.875 5.254
TPD 5.303 | 4.759 | 5.972 5.413
SSA 5.301 | 4.759 | 5.969 5.411
% diff 3PD-TPD | 0.92 | 445 | 1.63 2.98
% diff 3PD-SSA | 0.89 | 445 | 1.58 2.94

Note that the percentage difference in rows 5 and 6 are evaluated using the formula
%diff=|3PD-TPD|/average (3PD, TPD), and in the second case TPD is replaced by SSA.
Generally speaking, the error between the computed modes for the 3PD and TPD for the
rotating PREM is about 5%, and the maximum difference appears in retrograde mode
(m=+1) and the minimun difference in the central mode (m=0), with respective values of
about 4.45% and 0.92%. The difference for the prograde mode is about 1.63%. Note that

the percentage difference between the 3PD and SSA is still less than 5% following the same
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trend for the prograde and retrograde mode with the discrepancy of about 4.45% and 0.89%
respectively. The difference in retrograde is about 1.58%. However, the percentage difference
between the SSA and TPD against our results for the central mode for a non-rotating PREM
is about 3%. The difference between the results from this work and those from Peng arises
from Peng’s use of an elastic inner core and mantle while we consider them to be rigid, and
also some of the differences may be from the use of the TPD rather than the 3PD.

We next compared the results of this study with the computed frequency in Wu
and Rochester [67]. They used PREM, as in this thesis, and solved the TPD using a Galerkin
formulation, but in their study the trial functions satisfy a priory the boundary conditions.
Note that the percentage differences were calculated as above. In table 4.11 we show our

results along with those of Wu and Rochester [67].

Table 4.11: Slichter eigenperiods (hr) comparison of different authors.

3PD: results of this thesis using the 3PD.

W-TPD: Wu and Rochester (1994) results, using TPD and Galerkin method with boundary
conditions satisfied a priori.

Authors and methods | m=0 | m=1 | m=-1 | non-rotating

3PD 5.254 | 4.976 | 5.875 5.254
W-TPD 5.310 | 4.766 | 5.979 5.420
% W-3PD 1.0 4.3 1.7 3.1

Table 4.11 shows a good agreement of about 1% between the eigenperiods calcu-
lated in this thesis and those studied by Wu and Rochester [67] for the central or polar mode

(m=0). However, the eigenperiods associated to the retrograde (m=-+1), and prograde (m=-
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1) are 1.7%, and 4.3% shorter than those of Wu and Rochester [67]. For the non-rotating
case a fair agreement of about 3% between the two methods. This small discrepancy may
be due to the way we handle the boundary conditions. We use the natural character of the
boundary conditions while in Wu and Rochester [67], the continuity of the scalar field was
set in a way that the trial functions satify a priori the boundary conditions exactly.

We next compared the results of this thesis with the results of Rieutord [57]. We
both use the same inner core equations of motion deduced using Newton’s Law. Moreover,
the Earth model adopted in his work is PREM with neutrally stratified and inviscid liquid
core. The difference in Rieutord’s model is that he used a viscous fluid core of PREM, and
also in his study the dynamics of the fluid core was treated using the SSA as compared to
the 3PD in this work. We show in table 4.12, the comparison of the results of this study and
those of Rieutord [57]. In column 1, the method used, and from columns 2-4, the frequencies
for different azimuthal numbers for both methods for a rotating case are given. However, in

column 5 is presented the mode for a non-rotating case.

Table 4.12: Slichter eigenperiods (hr) compared for different representation of the motion of
the fluid

3PD: results of this thesis using the 3PD.

MR-SSA: Michel Rieutord (2002) results, using SSA in the fluid side and IC equation of
motion.

Authors and methods | m=0 | m=1 | m=-1 | non-rotating

3PD 5.254 | 4.976 | 5.875 5.254
MR-SSA 4.240 | 3.833 | 4.614 4.240
% 3PD-MR 23.8 | 259 | 24.0 23.8
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From table 4.12, the axial, prograde and retrograde modes in this work are 23.8%,
25.9% and 24% respectively larger than those studied by Rieutord [57]. However, the results
for a non-rotating case is 23.8% larger (which is the same as for the central mode). The
lowest discrepancy is shown in the non rotating case, and the largest in the rotating case
for the retrograde mode. The larger discrepancy between the result of this work and those
of Rieutord maybe due to the consideration of the SSA at the fluid side, and also by the
treatment of the fluid as viscous. Moreover, the disagreement between Rieutord and our
work may arise by the choice of constant density of 12 g/cm? instead of 12.166 g/cm? for the
fluid core and 13 g/cm? instead of 12.763g/cm? for the inner core near the ICB. In addition,
this disagreement maybe partially due to the use of toroidal and spheroidal representations

of the displacement field.

4.5 Slichter’s Eigenfunctions

In this section we will present the displacement patterns of the Slichter modes for a
rotating and non-rotating spherical and neutrally stratified fluid core of PREM. The proce-
dure to compute the eigenfunctions is as follows. After the eigenperiods have been obtained,
we solve for the coeflicients of the trial functions using the IMSL internal subroutine DL-
SARG. Note that DLSARG is a double precision IMSL version of LSARG, which solves a
system of linear algebraic equations with real coefficients using iterative refinement via LU
factorization [66]. They are used to compute the displacement patterns, and by the help
of the engineering software package TecPlot 10 the modes associated to the Slichter triplets

are plotted.
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The linear and algebraic equation used to develop the algorithm of the displacement
vector is based on the formula for a neutrally stratified fluid core of the PREM as in Seyed-

Mahmoud et al. [35], namely

o?(c* —1u=Tp -V(x - W), (4.1)

where u, o, x and V; are the fluid motion during Slichter oscillations, the Slichter frequency
associated to the displacement u, the trial functions associated to pressure, and the gravi-

tational potential.

Figure 4.2: Displacement patterns of the the fluid motion during the Slichter oscillation
associated to (a): the central (o = 5.254028 h), (b): prograde (o = 5.875292 h) , and (c):
retrograde (o = 4.976512 h) modes for a neutrally stratified core, in a meridional plane,
¢ = 0, for a compressible shell. The axis of rotation is perpendicular to the horizontal plane

Central m=0
L=16,H=10

I e

=T
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Figure 4.8 (a-c) shows the displacement patterns for the motion of the fluid in the
fluid core during the Slichter oscillations, the so-called Slichter modes. The motion of the
inner core for the mode in figure 4.8 (a) is along the z-axis, perpendicular to the figure
4.8 (a), and the fluid motion shows similar patterns. A little disturbance of the boundary
conditions near the intersection of the flows, which we believe originates from the effect
of a solid body oscillating along z-axis. Therefore, we can report this type of flow to the
displacement associated of the inner core moving up and down along the axis of rotation, as
it is expected.

Figure 4.8(b) represents the prograde motion of the inner core oscillations associ-
ated with the azimuthal number m = —1. It shows the fluid flowing through the meridional
plane from the left to the right hand side. Figure 4.18(c) shows the flow of the fluid due to
the displacement of the inner core for the azimuthal number m = 1. As in figure 4.9(b), this
flow is directed from the right to the left hand side. For these two modes, the motion of the
inner core is horizontal. The displacement vectors in the fluid core clearly follow the motion
of the inne core. Moreover, the overall displacement patterns are different in direction and
structure, therefore supporting the non-symmetry of these modes.

To compute o for the Slichter modes, we have used a minimun of 3 x 10 x 16 = 480
terms. The error involved in adding the terms for the complexity of the Legendre polynomial
is the main cause of the small discrepancy in the plot of the eigenfunctions. It may appear
that near the inner core boundary, the boundary conditions are not satisfied. However,
recall that these are the displacement vectors for the translational motion of the inner core.

It is expected that the fluid motion is in the direction of the inner core motion.
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Chapter 5

CONCLUSIONS

A great effort to detect the Slichter and other core oscillations of the Earth has
been made in the past few decades. This is due to the development of a superconducting
gravimeter network distributed globally. In this study, the frequencies and displacement
eigenfunctions of some of the low order inertial modes and the Slichter modes are com-
puted numerically using a realistic Earth model. A Galerkin method is implemented for
the numerical integration of the dynamics of the fluid core, and the inner core equations of
motion. The boundary conditions were implemented in a convenient way. The periods of
the Slichter triplet were found to be 5.25403, 4.97651 and 5.87529 hours associated to the
central (m = 0), retrograde (m = 1) and prograde (m = 1) modes for a realistic spherical
Earth model. These results provide a theoretical reference for possible identification and
also for future observations.

The results of this work were achieved by following a number of steps which can

be summarized as:

73



-We solve the 3PD for the dynamics of the fluid core.

-We expand the equations using a spherical harmonic representation of the scalar fields V;
X, and (, and use the orthogonality relation and the linear independence of the functions
to remove the 8 and ¢ dependence, so that the final coupled equations are functions of the
radial components only.

-We use the natural character of the boundary conditions to reduce the second order deriva-
tives to first order ones.

-The results for the inertial modes of a spherical and neutrally stratified PREM are com-
puted and compared to those previously studied by Seyed-Mahmoud et al. [35], as a test of
our program.

-The inner core equations of motion were expanded and added to the 3PD for the final form
of the system of equations which needed to be solved numerically for the frequencies of the
Slichter modes.

-We made sure of the convergence of the results by increasing the number of terms in both
f and r components.

-We also compute the eigenfunctions for their modes and our results are different by as much
as 5%, from those given by Peng [25], and Wu and Rochester [67]. We can attribute the
difference to the fact that Peng [25] used an elastic Earth model whereas we use a rigid
inner core and mantle. Our results are, however, significantly different from those given by

Rieutord [57]. He used a viscous and an incompressible Earth model.
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One of the advantages of this method is that we were able to plot the inner core
oscillation patterns, which show an oscillating solid body moving up and down for the central
mode, and right to left or left to right for the associated prograde and retrograde modes
respectively. In future work, the ellipticity of the equipotential surfaces and the elasticity of

the solid parts of the Earth may be included.
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Appendix A

APPENDIX

A.1 Gradient Operations of the Basis Functions and Scalar

Fields

In a sperical coordinate system, and ignoring the ¢ dependence e*?, we write

mx\ __ dfl’(l‘) maos 1 qumA im m L
V(g™ = = =BT+ —fo(w)— -0 — — S fu P (A1)
Following the same scheme of expansion we write
N L .
dfi(z) . 1 dP"~  im ~
VVi = P'r + — g — pP" A2
i ZH;[ o D+ @)=t — S AP (A-2)
A.2  Gravity
The gravity at CMB is evaluated as
Jo pAV

g =G (A.3)

r2
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A.3. DENSITY DATA

We therefore rewrite

Mic + Mpc

90 =G 2

(A.4)

where G, Mo, and Mpeo = f:lc podV are the gravitational constant given in chapter 3,
the mass of the inner core reported in the code as xMjc, and the mass of the fluid core

respectively.

A.3 Density Data

As discussed in chapter 3, here we present the density of the fluid core and the

inner core from the PREM data

prc = 12.5815 — 1.2638z — 3.64262% — 5.52812° (A.5)

prc = 13.0885 — 8.8381z> (A.6)

A.4 Codes to Computes the Inertials and Slichter Modes

In this section, we present the codes used to numerically compute the frequencies
and amplitude displacement of both the inertials and Slichter modes of the model of the

Earth in this work.

A.4.1 Inertial modes for a rotating and neutrally stratified fluid core of

the PREM

The FORTRAN code below computes the (2, 1, 1) mode for the truncation level

L =5and N = 3. The flag for the choice of either odd or even modes is given by controlling

7



A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

If.

Program Inertial2 !!!! IC+beta=0
implicit real*8(a-h,o-z)
parameter(lm=>5,nm=3)
PARAMETER (lda=3*lm*nm,ldf=1da,N=1da,ntt=1000)
INTEGER IPVT(N), nout

external dlfdrg,dlftrg,umach

dimension Xmat(lda,lda),FACT(1df,1df)
call PREM (x,xrho,xdrho,xalpha,xgzero,xbeta,xGrav)
CALL UMACH (2, NOUT)

write(15,*) 'L=5N=3’

m—1

1f=2

if(m.eq.0) then

xlm=-0.83d0

else

xlm=0.51d0

endif

Lmax=Im

Nmax=nm

h=1.d0/ntt

dett2=1.0d0

sig=0.498d0

dsig=h

tol=1.d-8

TELLEIETEEE LT e nnm

do 321 i=1,10000000

sig=sig+dsig

write(*,*) sig

if(sig.gt.xlm) goto 322

call Pmatrix(Lmax,Nmax,lda,lda,sig, Xmat,If,m)
if(1f.eq.2.and.m.eq.0) Xmat(1,1)=1.d0

CALL dlftrg (Ida,Xmat,lda, FACT, 1df,IPVT)
CALL dlfdrg (1da,FACT 1df, IPVT, DET1, DET2)
det= DET1*10**DET2

dett=det1*dett2

dett2=det1

if (i.eq.l.or.i.eq.iloop) goto 21

if (dett.1t.0.0d0) then

if (dabs(dsig).le.tol) then

write(*,90) detl, sig

dsig=h

sig=sig-h/2

iloop=i+1

78



A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

goto 321

endif

dsig=-dsig/10

goto 321

endif

321 continue

322 continue

90 format(2f14.8)

end

Subroutine Pmatrix(Lmax,Nmax,nll,nl2,ysig, Xmat,If,im)
implicit real*8(a-h,o-z)

dimension Xmat(nll,nl2)

parameter (maxsub=500000)

parameter (ri=1221.5d3,rm=3480.d3,rt=6371.d3)
parameter(xa=ri/rt,xb=rm/rt,x0=-1.d0,x1=1.d0)
external Sq,Sqp2,5qm2,S2Nq,S2Nqp2,52Nqm2,DQDAG,UMACH,dq2ag
external SPq,SPPq,SPqp2,SPqm2,SP2Nq,SP2Nqp2,SP2Ngqm2,SPoq,SPoNq,SPo2Nq
common /xd/llp,iq,sig,m

common /Xxx,/xxa,xxb

call umach (2, NOUT)

'x0 and x1 are integration boundaries

m=im

XxXa=xa
xxb=xb
sig=ysig

do i=1,nll

do j=1,nl2
Xmat(i,j)=0.d0
enddo

enddo

ml=Lmax*Nmax
Trrm

errrel=0.d0

errabs=1.d-8

irule=6

! start forming the matrix
do 100 k=1, Nmax

If.eq.2.and.m.eq.0) iq

) 2*(k-1) leven modes
If.eq.1.and.m.eq.0) iq k-1

)

)

2*(k-1)+1 'odd modes
2*(k) leven modes
2*(k-1)41 lodd modes

If.eq.2.and.m.eq.1) iq
If.eq.1.and.m.eq.1) iq
do 101 Ip=1,Lmax

lmp=Lmax*(k-1)+1Ip !Equation 1 row Momentum equation

|

if (
if (
if (
if (
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A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

llmp=Lmax*(Nmax+k-1)+Ip !Equation 2 row Poisson equation
Immp=Lmax*(2*Nmax+k-1)+lp !Equation 3 row Entropy equation
do 102 1=1, Lmax

| 3k 3k 3k >k koo sk ok sk sk sk skosk sk sk sk skosk sk skoskosk sk skokosk sk sk skosk sk skokoskosk sk okosk sk skokosk sk skok sk sk skoskosk sk skokosk sk sk ok sk sk skokosk sk kokoskoskoskoksk sk ok

MMatrix formation of E[L*(q)-+]]

lq=Lmax*(k-1)+1

if ( (lq.ge.1.d0) .and. (lg.le.ml)) then

call dq2ag(Sq,x0,x1,errabs,errrelirule,result1,errest,maxsub,neval nsubin,alist, blist,
rlist,elist,iord)

Xmat(lmp,lq)=-resultl

endif
T A AR

lqp2=Lmax*(k)-+1

if ( (lgp2.ge.1.d0) .and. (lgp2.le.ml)) then

call dq2ag(Sqp2,x0,x1,errabs,errrel,irule,result2,errest,maxsub,neval nsubin,alist,blist,
rlist,elist,iord)

Xmat(lmp,lqp2)=result2

endif
S A i

lgm2=Lmax*(k-2)+1

if ((lgm2.ge.1.d0) .and. (lgm2.le.ml)) then

call dq2ag(Sqm2,x0,x1,errabs,errrel,irule,result3,errest,maxsub,neval,nsubin,alist,
blist, rlist,elist,iord)

Xmat(lmp,lqm2)=result3

endif

MEnd forming elements E[L*(q)-+]]

Ptk kR kR kR R R R R R R R R R R R R R R R R ok
MMatrix formation of E|L*(N-+q)+1]

lqg=Lmax*(Nmax+k-1)-+1

if ( (lqq.gt.ml) .and. (lqq.le.2*ml)) then

call dq2ag(Sq,x0,x1,errabs,errrel,irule,resultl,errest,maxsub,neval,nsubin,alist,blist,
rlist,elist,iord)

Xmat(lmp,lqq)=resultl

endif
P L T T

lgpp2=Lmax*(Nmax+k)-+1

if ( (lqpp2.gt.ml) .and. (Igpp2.le.2*ml)) then

call dq2ag(Sqp2,x0,x1,errabs,errrel,irule,result2,errest,maxsub,neval,nsubin,alist,blist,
rlist,elist,iord)

Xmat(lmp,lqpp2)=-result2

endif

TEELEEEEIENE L e e e e e
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lgmm2=Lmax*(Nmax-+k-2)+1

if ( (lgmm2.gt.ml) .and. (lgmm2.le.2*ml)) then

call dq2ag(Sqm2,x0,x1,errabs,errrel,irule,result3, errest,maxsub,neval, nsubin,alist,blist,
rlist,elist,iord)

Xmat(lmp,lgmm2)=-result3

endif

MEnd forming elements E[L*(N+q)-+]

koo stk ko sk ok stokokok ok stk stk sk sk ok kR ok sk stk ko ok sk sk ok ok o
NMatrix formation of E[L*(2N+q)+1]

lgqqq=Lmax*(2*Nmax-+k-1)+1

if ( (lqqq.gt.2*ml) .and. (lqqq.le.3*ml)) then

call dq2ag(S2Nq,x0,x1,errabs errrel,irule,result11,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmp,lqqq)=result11

endif

write(*,*) result11l

MEnd forming elements E[L*(2N-+q)+1]

[ ok ok sk sk st ok ok sk sk sk ok ok sk sk stk ok sk sk sk sk ok ok sk skt ook sk skt ok sk sk stk sk sk sk ook sk skt ksk sk stk kok sk sk ook sk sk ok ok okok

MMatrix formation of E[L*(q)-+]]

lg=Lmax*(k-1)+1

if ( (lq.ge.1.d0) .and. (lg.le.ml)) then

call dq2ag(SPq,x0,x1,errabs,errrel,irule,result111,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lq)=result111

endif
LA AR AR AR RN

lqp2=Lmax*(k)+1

if ( (lgp2.ge.1.d0) .and. (lgp2.le.ml)) then

call dq2ag(SPqp2,x0,x1,errabs,errrel,irule,result222,errest,maxsub,neval,nsubin,alist,
blist, rlist,elist,iord)

Xmat(lmmp,lqp2)=result222

endif
TELLLRRETEEE e e e e e e e e e e e e e e e e e e e e e e ey

lqm2=Lmax*(k-2)+1

if ( (lgqm2.ge.1.d0) .and. (lqgm2.le.ml)) then

call dq2ag(SPqm2,x0,x1,errabs,errrel,irule,result333,errest,maxsub,neval,nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lqm2)=result333

endif

MEnd forming elements E[L*(q)-+]]
kS RS AR KRR ARSI R AR FRS AR R R AR R o
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MMatrix formation of E[L*(N-+q)+1]

lgqg=Lmax*(Nmax+k-1)-+1

if ( (lqq.gt.ml) .and. (lqq.le.2*ml)) then

call dq2ag(SPPq,x0,x1,errabs,errrel,irule,result101,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lqq)=result101

endif
TEVRRRENRRTEE et e e e e e e e e e e e

lgpp2=Lmax*(Nmax-+k)-+1

if ( (lgpp2.gt.ml) .and. (Igpp2.le.2*ml)) then

call dq2ag(SPqp2,x0,x1,errabs,errrel,irule,result222,errest,maxsub,neval,nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lqpp2)=-result222

endif
AR AR AR A AR AR RN RN

lgmm2=Lmax*(Nmax-+k-2)+1

if ( (lgmm2.gt.ml) .and. (lgmm?2.le.2*ml)) then

call dq2ag(SPqm2,x0,x1,errabs,errrel,irule,result333,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lqmm?2)=-result333

endif

MEnd forming elements E[L*(N+q)-+]]

[tttk sk ok kst stk kst kst ks o skt
NMatrix formation of E|[L*(2N+q)+1]

lgqqq=Lmax*(2*Nmax-+k-1)+1

if ( (lqqq.gt.2*ml) .and. (lqqq.le.3*ml)) then

call dq2ag(SP2Nq,x0,x1,errabs,errrel,irule,result110,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(lmmp,lqqq)=result110

endif
[tttk ok ok kst kst sk kst kst o kst

Pttt sttt stk sk sk sk sk o ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk stk st sttt stststttototfok ok ok kol ok sk sk sk sk sk sk sk sk sk sk sk sksk sk sk sk sk sk ok ok ok

MMatrix formation of E[L*(q)-+]]

lqg=Lmax*(k-1)+1

if ( (lq.ge.1.d0) .and. (lg.le.ml)) then

call dq2ag(SPoq,x0,x1,errabs,errrelirule,result1110,errest,maxsub,neval nsubin,alist,
blist,rlist,elist,iord)

Xmat(llmp,lq)=result1110

endif

MEnd forming elements E[L*(q)+]]

[tttk ok ok stk ok okt kst kst sk o ok ok

Matrix formation of E[L*(N+q)-+1]
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A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

lqg=Lmax*(Nmax+k-1)-+1

if( (lqq.gt.ml) .and. (lqq.le.2*ml)) then

call dq2ag(SPoNq,x0,x1,errabs,errrel,irule,result 1010,errest,maxsub,neval,nsubin,alist,
blist,rlist,elist,iord)

Xmat(llmp,lqq)=result1010

endif

MEnd forming elements E[L*(N+q)-+]

| >k >k >k >k kK sk sk sk kK Kok kR sk sk sk sk sk sk sk Sk ok ok sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk skosk sk ko skoskokoskokokokokokoskokok sk skoskoskoskokoskoskoskoskoskoskoskoskoskoskoskosksk

102 continue
101 continue
100 continue
end

function f(1,x)

implicit real*8(a-h,o-z)
external xgender
f=xgender(1,0,x)
return

end

function df(1,x)

implicit real*8(a-h,o-z)

common /xxx/xa,xb

external dxgender
df=2.d0/(xb-xa)*dxgender(1,0,x)
return

end

function Sq(xp)

implicit real*8(a-h,o-z)

common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb+xa)/2

bmq= dfloat( (iq*(iq+1)-3*m*m) )/( (2*ig+3)*(2*ig-1) )

f=f(1-1,xp)

fp=f(lp-1,xp)

dfl=df(l-1,xp)

dfp=df(lp-1,xp)

Sq=(sig**2)* (x*x*dfi*dfp+iq* (iq+1)*A*fp) +m*sig* (A *fp+x*fp*dfl+x**dfp)-
(2.d0*ig*(iq+1) /3-m™*m) *fp*il-x*x*dfi*dfp/3-(2.d0* i *fp-x*fp*dfl-+x**dfp) *bmq-

(2.d0*x*x*dfl*dfp /3+2.d0*x*fp*dfi-2.d0*iq* (iq+1) **fp/3) *bmq

83



A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

return

end
N

function Sqp2(xp)

implicit real*8(a-h,o-z)

common /xd/lp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb+xa)/2
amq2=dfloat((3*(iqg+m+2)*(iqg+m+1)) )/( 2*(2*iq+5)*(2*iq+3) )
f=f(1-1,xp)

fp=f(lp-1,xp)

dfl=df(l-1,xp)

dfp=df(lp-1,xp)
Sqp2=amq2*(2.d0*x*x*dfi*dfp/3+2.d0*x*fp*dfl-2.d0* (iq+2)* (iq+3) *A*fp /3+
2.d0*(ig+3)*(2.d0*f*fp/3-x*fp*dfl /3+x**dfp/3))

return

end
AR AR AR AR AR AR RN

function Sqm2(xp)

implicit real*8(a-h,o-z)

common /xd/llp,iq,sig,m

common /Xxx/xa,xb

external f,df

x=(xb-xa)*xp/2 +(xb+xa)/2

cmq2=dfloat( (3*(ig-m)*(iq-m-1)) )/( 2*(2*ig-3)*(2*iq-1) )
f=f(1-1,xp)

fp=f(Ip-1,xp)

dfl=df(l-1,xp)

dfp=df(lp-1,xp)
Sqm2=cmq2*(2.d0*x*x*dfl*dfp/3+2.d0*x*fp*dfl-2.d0*(iq-2)*(iq-1) *f1*fp/3-
2.d0* (iq-2)* (2.d0**fp /3-x*p*dfl /3 + x**dfp /3))

return

end

function S2Nq(xp)

implicit real*8(a-h,o-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)
common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb+xa)/2
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f=f(1-1,xp)

fp=f(lp-1,xp)
S2Nq=sig**2*(sig*sig-1.d0)*x*x**fp
return

end

function SPq(xp) !function of E[L(q)-+]]

implicit real*8(a-h,o0-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)

common /xd/llp,iq,sig,m

common/xXxx/xa,xb

external f,df

x=(xb-xa)*xp/2 +(xb+xa)/2

bmg= dfloat( (iq*(iq+1)-3*m*m) )/( (2*ig+3)*(2*ig-1) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)
f=f(1-1,xp)

fp=f(lp-1,xp)

dfl=df(l-1,xp)

dfp=df(lp-1,xp)

g0=gzero/(4.d0*rt*Rotrate*Rotrate) !dimensionless gravity
SPq=-g0*( (sig**2-1.d0/3)*x*x*fp*dfl + m*sig*x*f*fp-
2.d0*x*x*fp*dfi*bmq/3-x**fp*bmq)

return

end
AR AR AR AR R AR AR A

function SPPq(xp) !function of E|L(N-+q)-+]]
implicit real*8(a-h,o-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)
common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f,df

x=(xb-xa)*xp/2 +(xb+xa)/2

bmq= dfloat( (iq*(ig+1)-3*m*m) )/( (2*iq+3)*(2*iq-1) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)
f=f(1-1,xp)

fp=f(lp-1,xp)

dfi=df(l-1,xp)

dfp=df(lp-1,xp)
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g0=gzero/(4.d0*rt*Rotrate*Rotrate) !dimensionless gravity

SPPq= g0*( (sig**2-1.d0/3)*x*x*fp*dfl+ m*sig*x*fI*fp-
2.d0*x*x*fp*dfi*bmq /3-x**fp*bmq)-sig**2* (sig**2-1.d0) *x*x*fp*fl
return

end
IR AR AR AR AR A AR AN A

function SPqp2(xp) !function of E[L(N+q+2)+]]

implicit real*8(a-h,o-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)

common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb+xa)/2
amq2=dfloat((3*(iqg+m+2)*(ig+m+1)) )/( 2*(2*iq+5)*(2*iq+3) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)

f=f(1-1,xp)

fp=f(lp-1,xp)

dfl=df(l-1,xp)

dfp=df(lp-1,xp)

g0=gzero/(4.d0*rt*Rotrate*Rotrate) !dimensionless gravity
SPqp2=g0*amq2*(2.d0*x*x*fp*dfl /3+2.d0* (iq+3) *x*f1*fp/3)
return

end
AR AR AR AR AR RN

function SPqm2(xp) !function of E|L(N+q-2)-+]]

implicit real*8(a-h,o-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)

common /xd/1lp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb-+xa)/2

cmq2=dfloat( (3*(ig-m)*(iq-m-1)) )/( 2*(2*ig-3)*(2*iq-1) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)

f=f(1-1,xp)

fp=f(lp-1,xp)

dfl=df(1-1,xp)

dfp=df(lp-1,xp)

g0=gzero/(4.d0*rt*Rotrate*Rotrate) !dimensionless gravity
SPqm2=g0*cmq2*(2.d0*x*x*fp*dfl /3-2.d0* (iq-2) *x*f1*fp /3)
return

end

86



A.4. CODES TO COMPUTES THE INERTIALS AND SLICHTER MODES

function SP2Nq(xp)

implicit real*8(a-h,o-z)

parameter (rt=6371.d3,Rotrate=7.292115d-5)

common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f.df

x=(xb-xa)*xp/2 +(xb-+xa)/2

bmq= dfloat( (iq*(iq+1)-3*m*m) )/( (2*iq+3)*(2*iq-1) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)
f=f(1-1,xp)

fp=f(lp-1,xp)

alf=alpha/(2.d0*rt*Rotrate) !alf is the dimensionless p-wave
SP2Nq= -(alf**2)*sig*sig*(sig*sig-1.d0)*x*x*{I*fp

return

end

function SPoq(xp)

implicit real*8(a-h,o-z)

common /xd/llp,iq,sig,m

common /xxx/xa,xb

external f df

x=(xb-xa)*xp/2 +(xb+xa)/2
bmqg= dfloat( (iq*(iq+1)-3*m*m) )/( (2*ig+3)*(2*iq-1) )
f=f(1-1,xp)

fp=f(lp-1,xp)

dfi=df(l-1,xp)

dfp=df(lp-1,xp)
SPoq=x*x*dfp*dfi+iq*(iq+1)*f1*fp
return

end

function SPoNq(xp)

implicit real*8(a-h,o-z)
parameter(pi=3.14159265d0)

parameter (rt=6371.d3,Rotrate=7.292115d-5)
common /xd/llp,iq,sig,m

common /Xxx/xa,xb

external f,df
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x=(xb-xa)*xp/2 +(xb+xa)/2
amq2=dfloat((3*(ig+m+2)*(ig+m-+1)) )/( 2*(2*iq+5)*(2*iq+3) )
call PREM(x,rho,drho,alpha,gzero,beta,Grav)

f=f(1-1,xp)

fp=f(lp-1,xp)

alf=alpha/(2.d0*rt*Rotrate) !alf is the dimensionless p-wave
SPoNq=-4.d0*pi*Grav*x*x*fl*fp /alf**2

return

end

Subroutine PREM(x,xrho,xdrho,xalpha,xgzero,xbeta,xGrav) | PREM with solid
inner core

implicit real*8(a-h,o-z)

parameter (ri=1221.5d3,rm=3480.d3,rt=6371.d3,xa=ri/rt,xb=rm/rt)
parameter(cl1=11.0487d3,c2=-4.0362d3,c3=4.8023d3,c4=-13.5732d3)!PREM con-
stant
parameter(al=12.5815d3,a2=-1.2638d3,a3=-3.6426d3,a4=-5.5281d3,xMic=2425084894.30688d0)
parameter(pi=3.14159265d0,Rotrate=7.292115d-5,GC=6.6690941d-11)
xalpha=cl+c2*x+c3*x*x-+cd*x**3

xrho=al+a2*x+ad3*x*x+ad*x*x*x | density

xdrho=a2+2*a3*x+3*ad*x**2 | derivative of density

xgzero= GC*(xMic + 4*pi*rt*( (al/3.d0)*(x**3- xa**3) + (a2/4.d0)*(x**4-
xa**4) +

(a3/5.d0)*(x**5- xa**5)+ (ad/6.d0)*(x**6- xa*™*6)) )/(x*x) gravity
xbeta=0.d0

Ixbeta= 1.d0+xalpha*xalpha/xrho/xgzero*xdrho/rt
xGrav—=(GC*xrho)/(4*Rotrate**2) | evaluate the dmensionless G in poisson
equation

end subroutine

T

function xgender(l,m,x)

implicit real*8(a-h,o0-z)

if (m.1t.0.or.m.gt.l.or.dabs(x).gt.1.d0) pause bad argument’
pmm=1.d0

if (m.gt.0) then

somx2=dsqrt((1.d0-x)*(1.d0+x))

fact=1.d0

do 11 i=1,m

pmm=-pmm*fact*somx2

fact—fact+2.d0
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11 continue

endif

if (Leq.m) then
plgndr=pmm

else
pmmpl=x*(2*m+1)*pmm
if(l.eq.m+1) then
plgndr=pmmpl

else

do 12 lI=m+2,1
pll=(x*(2*1l-1)*pmmp1-(ll+m-1)*pmm) /(1l-m)
pmm=pmmpl

pmmpl=pll

12 continue
plgndr=pll
endif

endif
xgender=plgndr
return

end

function dxgender(l,m,x)

implicit real*8(a-h,o0-z)

if (m.1t.0.or.m.gt.l.or.dabs(x).gt.1.) pause ’bad argument’
pmm=1.d0

dpmm=0.d0

if (m.gt.0) then
somx2=dsqrt(1.d0-x*x)
dsomx2=-x/dsqrt(1.-d0x*x)

fact=1.d0

do 11 i=1,m
dpmm=-fact*(dpmm*somx2-+pmm*dsomx2)
pmm=-pmm*fact*somx2
fact=fact+2.d0

11 continue

endif

if (l.eq.m) then

pgender=pmm

dxgender=dpmm

else

pmmpl=x*(2*m+1)*pmm
dpmmpl=(2*m-+1)*(pmm-+x*dpmm)
if (l.eq.m+1) then

pgender=pmmp1
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dxgender=dpmmpl

else

do 12 ll=m+2,1
dpll=((2*1-1)*(pmmpl+x*dpmmp1)-(114+m-1)*dpmm) /(1l-m)
pll=(x*(2*1l-1)*pmmp1-(ll+m-1)*pmm) /(1l-m)
pmm=pmmpl

dpmm=dpmmpl

pmmpl=pll

dpmmpl=dpll

12 continue

pgender=pll

dxgender=dpll

endif

endif

return

end

A.4.2 Slichter modes for a rotating and neutrally stratified fluid core of

the PREM

To compute the Slichter modes, the code above is considered as a subroutine to
generate the coefficients of the matrix of size 3 x N x L by 3 x N x L discussed in the
matrix generation section in chapter 4. However, for the complete set of the matrix of size
3XNXL+3by 3x N x L+ 3, we will add the subroutine involved for the boundary
conditions and inner core equation of motion. Note that in case one wants to test this code,

they will have to add the subroutine above for the call of Pmatrix.

Program Mode,,; ! Slichter mode for m=1

implicit real*8(a-h,o-z)

parameter (lm=20,nm=10) !

PARAMETER ( lda=3*Im*nm-+3, ldf=lda,N=Ilda,ntt=40)
parameter(pi=3.14159265d0,Rotrate=7.292115d-5)
INTEGER IPVT(N), nout

external dlfdrg,dlftrg,umach
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common /Xxx/xxa,xxb

dimension Smat(lda,lda),FACT (1df,1df),BCmat(lda,lda),sICmat(lda,lda),Xmat(lda,lda)
character*50 fln

CALL

UMACH (2, NOUT)

write(15,%) 'm=1,L=15 and N=10’
m=1

If=1

sb=6.d0

Lmax=Im

Nmax=nm

h=1.d0/ntt

do ii=1,lda

do ji=1,lda

Smat(ii,ji)=0.d0

enddo

enddo
T

dett2=1.0d0

sig=1.5d0

dsig=h

tol=1.d-7

TUEEEEELE IR T e e e e e e

do 321 i=1,20000000

sig=sig+dsig

write(*,*) sig

if(sig.ge.sb) goto 322

call Pmatrix(Lmax,Nmax,lda,lda,sig, Xmat,If,m)
call Bondcond(Lmax,Nmax,lda,sig,BCmat,1f m)
call xICmatrix(Lmax,Nmax,lda,sig,sICmat,lf,m)
do ip=1,lda

do ir=1,lda
Smat(ip,ir)=Xmat (ip,ir) +BCmat (ip,ir)+sICmat(ip,ir)
enddo

enddo

CALL dlftrg (1da,Smat,lda, FACT, 1df,IPVT)
CALL dlfdrg (1da,FACT 1df, IPVT, DET1, DET2)
det= DET1*10**DET2

dett=det1*dett2

dett2=det1

if (i.eq.l.or.i.eq.illoop) goto 321

if (dett.1t.0.0d0) then

if (dabs(dsig).le.tol) then
t=pi/(Rotrate*sig) /3600
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write(*,90) sig, t

dsig=h

sig=sig-h/2

iloop=i+1

goto 321

endif

dsig=-dsig/10

goto 321

endif

321 continue

322 continue

90 format(2f14.6)

end

Subroutine xICmatrix(Lmax,Nmax,nlysig,sICmat,lf,im)
implicit real*8(a-h,o-z)

dimension (nl,nl)

parameter (ri=1221.5d3,rm=3480.d3,rt=6371.d3)
parameter(xa=ri/rt,xb=rm/rt,x0=-1.d0,x1=1.d0)
parameter (pi=3.14159265d0,Rotrate=7.292115d-5,GC=6.6690941d-11)
external UMACH,f

common /xd/llp,iq,sig,m

common /Xxx/xxa,xxb

call umach (2, NOUT)

m=im

XXa=Xa

xxb=xb

sig=ysig

do i=1,nl

do j=1,nl

sICmat(i,j)=0.d0

enddo

enddo

call Evar(ro,rolC,xk,eta,xIbd)

ml=Lmax*Nmax

k=1

do 300 il1=1,201

xp=-1.d0-+(il-1)*del

x=(xb-xa)*xp/2 +(xb+xa)/2

do 301 1=1, Lmax

MMatrix formation of E[L*(q)+]]
lg=Lmax*(k-1)+1
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if ( (lq.ge.1.d0) .and. (lg.le.ml)) then
f=f(1-1,xp)

resl= 4.d0*fl /xa !

sICmat(3*ml+2,1q)=resl

endif

MEnd formation E[L*(q)+l]

Ptk ks Rk Rk Rk R R R R R R R R ook
MMatrix formation of E[L*(Nmax-+q)+l]
lqg=Lmax*(Nmax+k-1)-+1

if ( (lqq.ge.ml) .and. (lgq.le.2*ml)) then
f=f(1-1,xp)

res2=-4.d0*xk*fl /xa

sICmat(3*ml+2,lqq)=res2

endif
sICmat(3*ml+1,3*ml+1)=xlbd-eta-sig-sig**2
sICmat(3*ml+1,3*ml+2)=xlbd-eta+sig-sig**2
sICmat(3*ml+2,3*ml+1)=sig-xlbd+eta+sig**2
sICmat(3*ml+2,3*ml+2)=sig-+xlbd-eta-sig**2
sICmat(3*ml+3,3*ml+3)=xlbd-sig**2

MEnd INNER CORE EQUATION

kot ok ok ok Rk SRR SRR SRR SRR SRR KRR KRR
301 continue

300 continue

end
TRPRTITIDID 3k sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskoskokoskoskoskoskoskoskoskoskokoskoskoskoskokoskoskokosk

Subroutine Bondcond(Lmax,Nmax,nl,ysig,BCmat,lf,im)

implicit real*8(a-h,o-z)

dimension BCmat(nl,nl)

parameter (ri=1221.5d3,rm=3480.d3,rt=6371.d3)
parameter(xa=ri/rt,xb=rm/rt,x0=-1.d0,x1=1.d0)

parameter (pi=3.14159265d0,Rotrate=7.292115d-5,GC=6.6690941d-11)
external UMACH f

common /xd/llp,iq,sig,m

common /Xxx/xxa,xxb

call umach ( NOUT)

m=im
XxXa=xa

xxb=xb

sig=ysig

do i=1,nl

do j=1,nl
BCmat(i,j)=0.d0
enddo
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enddo

ml=Lmax*Nmax
TEECELLERE e e eeeeeeeeeeeeenm

errrel=0.d0

errabs=1.d-6

irule=6

del=0.01d0

k=1

do 200 il=1,201

xp=-1.d0+(il-1)*del

x=(xb-xa)*xp/2 +(xb+xa)/2

do 201 Ip=1,Lmax
Imp=Lmax*(k-1)+1lp Momentum BC
IImp=Lmax*(Nmax+k-1)+Ip !Poisson BC
do 202 1=1,Lmax

fp=f(lp-1,xp)
BCmat(lmp,3*ml+1)=-0.5d0*sig*(sig**2-1.d0)*x*x*fp
BCmat(lmp,3*ml+2)=0.5d0*sig*(sig**2-1.d0)*x*x*fp

GCp=GC/(4.d0*Rotrate™*2)

fp=f(lp-1,xp)

call Evar(ro,rolC,xk,eta,xlbd)
BCmat(llmp,3*ml+1)=-2.d0*pi*GCp*(ro-rolC)*x*x*fp
BCmat(llmp,3*ml+2)=2.d0*pi*GCp*(ro-rolC)*x*x*fp
202 continue

201 continue

200 continue

Subroutine Evar(ro,rolC,yk,eta,xlbd) !

implicit real*8(a-h,o-z)

parameter (ri=1221.5d3,rm=3480.d3,rt=6371.d3,xa=ri/rt,xb=rm/rt)
parameter(al=12.5815d3,a2=-1.2638d3,a3=-3.6426d3,a4=-5.5281d3)
parameter(h1=13.0885d3,h2--8.8381d3)

parameter (pi=3.14159265d0,Rotrate=7.292115d-5,GC=6.6690941d-11)
ro—al+a2*xa+a3*xa**2+ad*xa**3 | FC density near ICB

rolC= h1+h2*xa**2 ! IC density at ICB

yvk=ro/rolC

eta= (1.d0-yk)/4

xlbd =(pi*GC*(1.d0-yk)*ro)/(3.d0*Rotrate**2)

end subroutine
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A.5 Recurrence Chain

The recurrence chains given below are useful for the expansion of the 3PD when

the effect of the ellipticity is added. Assuming that we have

P P'E[L(n) + 1) = (AP o + B P + C) o) E[L(n) + 1] (A7)

since the summation is all over n, we can therefore write
PyP"E[L(n) +1] = (A o E[L(n +2) + 1| + B)'E[L(n) + 1] + C}' s E[L(n — 2) +1]) (A.8)

in which A7", B and C]" are the parameters defined in chapter 2. Following the same

procedure, we can write

(Po)? Pt = (AR 4 ARy + AT (B + B)Y) + [ATCR o + (B + AT City] - (A9)

+Cto(By' + Bylo) + Cpl O P

Pm
PQPQCT’; = (2(n+B)AD AT o+ AT 5 (3B o + 2(n+ 3)B) + [2(n+ 1) A Cl 5(A.10)

+3(B)')? = 2n AT 5O o] + Oy (3B — 2(n = 2) BYY) — 2(n — 4)C) O P

n

A.6 Integrations of the Associated Legendre Polynomial

Below are the necessary integrations for the study of the inertial and also the

Slichter modes by adding the effect of the ellipticity.

_,,dPpmdP™ 2 m
/Sln2 6 70 d; sinfdf = [ < gq(q +1)(1 = Py) —m? > P’ (A.11)
2 dPm

§P2 do

| P, sin 0do
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0, dpPm P
/;Onse[Pgn AP ]sin@d@z/P[L”qusinQdG (A.12)

dpPm dP;" 2 dP™
102 n q : _ ‘1 1 n
/sm 0[Py 0 0 | sin 0do = /[3(1 2P) Py 70

(A.13)

2
—Py < §q(q +1)(1 = Py) —m? > PP sin 0df

m m

1 mqu : 2 m ldPn m
PP, P} 70 sinfdf = — [ [2P2 — 10(P)” + 2P + P, Py W]Pq sinfdf (A.14)

cosf _  dP" AP mom
/P2sin9[P" =0 + P, p7; ]sm@d@-/(SPg—i—l)Pn P, sin 0df (A.15)

1dP
2 do

pm dpPm™ 2
/PQ[ n Zg 4 T Pmpy]sinede):/[q(qﬂgpﬁ—

7 a0 Sjn20 q ]Pms1n0d9 (A16)

q
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