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Abstract

Current GNSS systems rely on global reference frames which are fixed to the Earth (via
the ground stations) so their precision and stability in time are limited by our knowledge
of the Earth dynamics. These drawbacks could be avoided by giving to the constellation
of satellites the possibility of constituting by itself a primary and autonomous position-
ing system, without any a priori realization of a terrestrial reference frame. Our work
continues the two Ariadna studies, which showed that it is possible to construct such a
system, an Autonomous Basis of Coordinates, via emission coordinates, and modelled
it in the idealized case of Schwarzschild metric. Here we implement the idea of the Au-
tonomous Basis of Coordinates in the perturbed space-time of Earth, where the motion
of satellites, light propagation, and gravitational perturbations (due to Earth’s multi-
poles, solid and ocean tides, rotation and celestial bodies) are treated in the formalism
of general relativity. We also study a possibility to use such a system of satellites as
probes of gravitational field and refine current knowledge of gravitational parameters.
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Chapter 1

Introduction

1.1 Newtonian concept of a Positioning System

Current Global Navigation Satellites Systems (GNSS), such as the Global Positioning
System and the European Galileo system, are based on Newtonian concept of absolute
space and time. The signals from four satellites are needed for a receiver to determine
its position and time via the time difference between the emission and the reception of
the signal:

e First, let us assume that we have three clocks onboard three satellites S;(i = 1,2, 3)
and that a user-receiver has his own clock. Each satellite sends an electromagnetic
signal, in which the time of emission ¢; is encoded. The user-receiver, receives the
signal from the satellite, and having his own clock, knows the time of reception
tr of the signal. From this he can deduce his distance with respect to the three
satellites: ¢(tg—t;), where c is the speed of light /electromagnetic waves in vacuum.
Therefore he knows that he lies on a sphere of radius ¢(tg — ¢;) centered on the
satellite S;. The three spheres centered on the three satellites intersect usually in
two points, and using the method of trilateration, the position of the receiver can
be determined - it is usually taken that the receiver’s position is the point being the
closest to the surface of the Earth. In mathematical language this means solving
the system of three equations:

(:C - xi)Q + (y - yl)2 + (Z - Zi)2 = 02(tR - tl)z) 1= ]-a 2737 (11)

where the three unknowns z,y, z are the Cartesian coordinates of the receiver in
the Euclidean space, and (x;,¥;, 2;) are the coordinates of the satellite S; at the
time of emission ¢;. In general, such system of equations has 0, 1 or 2 solutions.

e However, the receiver’s clock is usually not very accurate and would limit the
precision of the positioning. Therefore, the poorly known time of reception of the
signal is treated as an unknown, and we need to add one more satellite to obtain
a fourth equation. Thus, our problem consists of a system of four equations:

(x—2)*+ (y— i)+ (z— ) = At —t;)% i =1,2,3,4, (1.2)



for four unknowns: the position of the receiver and the time of reception of the
signal, i.e. the receiver’s position in the space-time (¢, z,y, 2).

This concept of absolute space and time would work ideally if all satellites and the
receiver were at rest in an inertial reference frame. It is also a good approximation for
a slowly moving receiver with velocity v « ¢, and in a very weak gravitational field
|¢/c?| « 1, where ¢ = —GM /r is the gravitational potential of a central mass M (G is
the gravitational constant and r the radial distance to the central mass).

1.2 The concept of a Relativistic Positioning System

However, at the level of precision needed by a GNSS, space and time around Earth can
not be considered as absolute and we have to take into account the effects of inertial
reference frames and curvature of the space-time in the vicinity of Earth. In fact, general
relativistic effects are far from being negligible Ashby (2003), Pascual-Sanchez (2007).
The most important ones are the gravitational frequency shift between clocks and the
Doppler shift of the second order. As it was estimated in Cadez et al. (2010), they
amount for Galileo GNSS to around 12 km error after one day of integration. Since this
is much more than the required precision, it is clear that relativistic effects have to be
included in the description of the GNSS.

There are two ways of including relativity in the description of GNSS: one way
is to keep the Newtonian concept of absolute time and space, and add a number of
relativistic corrections to the level of the accuracy desired. An alternative, and more
consistent, approach is to abandon the concept of absolute space and time and describe
a GNSS directly in general relativity, i.e. to define a Relativistic Positioning Sys-
tem (RPS) with the so-called emission coordinates Coll and Morales (1991); Rovelli
(2002); Blagojevié et al. (2002); Coll (2003); Tarantola et al. (2009). Let us have four
particles a = 1,2, 3,4. Their worldlines C, are parametrized by their proper time 7,. Let
P be an arbitrary event. The past null cone of P crosses each of the four worldlines C, in
7 (see Fig.1.1). Having four particles with four wordlines Cy, Ca, C3, C4, the past cone
of P crosses them at 7{, 78, 7 7F. Then (', 7,7 7]) are the emission coordinates
of the event P.

These coordinates define the event P. We can see this by looking at it in a different
way. The worldline C, of the particle a defines a one-parameter family of future null
cones, which can be parametrized by proper time 74 (see Fig.1.2). The intersection of
four future null cones from four worldlines C, at 7, defines an event with coordinates
T1,T9, T3, T4. Position of event P is therefore defined in this particular coordinate system.

Four particles can be chosen as four satellites broadcasting their proper time. A
user of an RPS (event P) receives, at a given moment, four signals from four different
satellites and is able to determine the proper time 7; of each satellite at the moment
of emission of these signals. These four proper times (71, 72,73, 74) therefore constitute
its emission coordinates. By receiving them at subsequent times, the receiver knows its
trajectory in the emission coordinates.
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Figure 1.1: C, is the worldline of a particle a parametrized by its proper time 7,; its
origin O is in 7, = 0. Past null cone of the event P crosses the worldline C, of the
particle a at its proper time 7. Figure from Cadez et al. (2010).
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Figure 1.2: The worldine C, defines a one-parameter family of future null cones. These
null cones are hypersurfaces of 7, =const. Figure from Cadez et al. (2010).



Emission coordinates are not "usual” coordinates with three space and one time
coordinates. This is a complete change of paradigm and leads to amelioration and sim-
plification of GNSS. There are several advantages of an RPS. Firstly, no relativistic
corrections are necessary, as relativity is already included in the definition of the po-
sitioning system. Secondly, the emission coordinates are covariant quantities; they are
independent of the observer (although dependent on the set of satellites chosen and their
trajectories).

1.3 Previous work in the Ariadna studies

To demonstrate feasibility, stability and accuracy of an RPS, ESA Advanced Concepts
Team started a collaboration with the University of Ljubljana. Two ESA Ariadna
projects were carried out in 2010 and 2011 Cadez et al. (2010, 2011); Delva et al. (2011),
in which the authors modelled an RPS in the idealized case of Schwarzschild geometry.

e In the first study Mapping the Spacetime Metric with a Global Navigation Satellite
System Cadez et al. (2010) modeled the satellites’ orbits, emission and reception
of their signal by a receiver. They showed that it is possible to highly accurately
determine the receiver’s position in emission coordinates and transform them to
Schwarzshild coordinates.

e In the second study, Mapping the Spacetime Metric with a Global Navigation Satel-
lite System - extension of study, Cadez et al. (2011) and Delva et al. (2011) studied
the concept of Autonomous Basis of Coordinates (ABC). Namely, in addi-
tion to emitting its proper time, each satellite can also receive other satellites’
signals with their proper times encoded. Thus, the satellite can use its emission
coordinates to determine its own position with respect to other satellites. By using
inter-satellite communication, satellites can therefore determine their orbits and,
as it was shown in this study, their orbital parameters and constants of motion.
Such a system of satellites would be independent from terrestrial reference frames
and would constitute an ABC. Results of this study show that the concept of emis-
sion coordinates and ABC, i.e. relativistic description of a satellite constellation
with inter-satellite links in Schwarzschild geometry, provides numerically accurate,
stable and autonomous system. They found that by communicating their proper
times solely, two satellites can determine their orbits (i.e., their constants of mo-
tion) to a high accuracy. Any additional satellites could serve to increase the
system’s accuracy.

Further advantage of an RPS is thus, that if each satellite broadcasts its own and also
receives proper times of other satellites, the system of satellites is autonomous and
constitutes a primary reference system, with no need to define a terrestrial reference
frame. Therefore tracking of satellites with ground stations is necessary only to link an
RPS to a terrestrial frame, although this link can also be obtained by placing several
receivers at the known terrestrial positions. There is no need to synchronize satellite
clocks to a time-scale realized on the ground.



The work in the Ariadna studies was performed in Schwarzschild geometry, i.e. tak-
ing into account only the gravitational influence of Earth and describing it as spherically
symmetric. The aim of this PECS project is to model the Galileo GNSS as an RPS with
inter-satellite links defining an ABC, including in the description all relevant gravita-
tional perturbations due to Solar System bodies and Earth’s multipoles and tides, and
to test and discuss the level of accuracy and stability of the system’s reference frame.



Chapter 2
Activities

Abstract In this ESA PECS project Relativistic Global Navigation System we con-
tinue the work done in the Ariadna studies. We aim to demonstrate that an RPS and
the ABC concept are highly accurate and stable also if the space-time is not purely
spherically symmetric, but contains small gravitational perturbations due to the Earth’s
multipoles, tides and rotation and gravitational influences of the Moon, the Sun, Jupiter
and Venus. We use a framework, which is similar to the one used in Ariadna projects
(i.e. emission coordinates, inter-satellite communication, description of satellites’ orbit
in the ABC, and recovery of their orbits) and add to a Hamiltonian/space-time metric
also gravitational perturbations.

In order to deliver a high accuracy GNSS, several gravitational perturbations need
to be taken into account. Before starting detailed calculations it is useful to get an
estimation of the order of magnitude of various perturbations on a satellite orbit. From
Fig. 2.1, we can see that at Galileo GNSS altitude of about 20.000 km above Earth, the
most important gravitational perturbations are due to Earth’s multipoles, followed by
the gravitational field of the Moon and the Sun. Several orders of magnitude smaller are
perturbations due to Solar radiation pressure and the Earth’s albedo (not considered
in our project) and due to Earth’s tides. About one order of magnitude smaller are
relativistic effects and the gravitational influence of Jupiter and Venus. Relativistic
effects due to Earth’s rotation are about an order of magnitude smaller again. We
therefore consider an RPS of satellites, such as the Galileo system, in a space-time
described by a background Schwarzschild metric and small gravitational perturbations
due to the Earth’s rotation, multipoles and tides, and the gravity of the Moon, the Sun,
Jupiter, and Venus.

We would like to note, that Earth tides were originally not part of this project as it
was proposed and accepted by ESA. But because we subsequently discovered that their
effects are comparable or even larger than effects of some other gravitational perturba-
tions included in the project, we decided that it is necessary to include also perturbations
due to Earth tides in our study.
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Figure 2.1: Order of magnitude of various perturbations of a satellite orbit (Montenbruck
and Gill 2005). Red line indicates position of Galileo satellites.



Outline of the PECS Relativistic GNSS project and its goals

The main goal of this project is to model a relativistic GNSS in a space-time, which
includes all relevant gravitational perturbations and investigate GNSS’s accuracy and
stability. In brief, we start by modelling an RPS by writing the perturbed space-time
metric and Hamiltonian, corresponding equations of motion, calculating orbits of satel-
lites and time-of-flight of signals between a user-receiver and satellites. Then we model
the ABC, by simulating inter-satellite communication and use the emission/reception
of their proper times to highly accurately determine satellites’ orbital parameters. In
the last stage, we investigate if and to which accuracy such a system of satellites could
be used as a probe of gravitational perturbations and for refinement of gravitational
parameters.
Our work is divided in four Work Packages (WP):

1 Work Package 1: Metric around Earth

We include all relevant gravitational perturbations to the background of the Schwarz-
schild metric in the weak-field limit with the linear perturbation theory. We use
the Regge-Wheeler-Zerilli formalism, i.e., expand perturbations in terms of tensor
spherical harmonics. We find perturbation coefficients and connection between
them and Newtonian multipole coefficients. Resulting explicit expressions for the
perturbed Schwarzschild metric incorporate effects due to Earth’s multipoles, tides,
and rotation; and weak gravitational influences of celestial bodies: the Sun, the
Moon, Jupiter, Venus (could be expanded to other celestial bodies as well).

2 Work Package 2: Dynamics of satellites

We use Hamiltonian formalism and perturbation theory to solve the perturbed
geodesic equations for satellite orbits. We derive expressions for time evolution
of 0" order constants of motion (i.e. quantities which are constants of motion in
unperturbed Schwarzschild metric). We simulate satellite orbits by using analytic
geodesic solutions for the unperturbed Schwarzschild metric, however with slowly
evolving 0" order constants of motion. We investigate the influence of different
gravitational perturbations on the orbital parameters evolution, satellite’s position
and time, and on the user-satellite and inter-satellite light signal propagation.

3 Work Package 3: Determination of orbital parameters

We use perturbed satellite orbits from Work Package 2 and test the accuracy of
positioning by such an RPS in gravitationally perturbed space-time. We simulate
a constellation of GNSS satellites as an RPS with inter-satellite links. Satellite
orbits can be described by their initial values of 0" order constants of motion. In
the following, we assume that their values are known with only limited accuracy
and by using solely inter-satellite links and information on emission coordinates
over several orbital periods we refine them. In this way satellites can themselves
highly accurately determine the initial values of their 0** order constants of motion
and therefore their own orbital parameters, i.e. they constitute an ABC system.
We study possible degeneracies among orbital parameters.



4 Work Package 4: Determination of gravitational parameters

In a similar way as in Work Package 3, we simulate a constellation of GNSS
satellites with inter-satellite links and assume that in addition to initial values
of 0 order constants of motion also gravitational perturbation coefficients are
known only with limited accuracy. We investigate if and to which level of accuracy
we can refine their values by using residual errors between orbit prediction and
orbit determination through inter-satellite communication. We discuss prospects
and limitations of using GNSS constellation of satellites to probe the space-time
around Earth.



2.1 Work Package 1 - Metric around Earth

Abstract of WP1: In WP1 we include gravitational perturbations to the background
of the Schwarzschild metric in the weak-field limit with the linear perturbation theory.
We use the Regge-Wheeler-Zerilli formalism, i.e., expand perturbations in terms of tensor
spherical harmonics, and find connection between our solutions and Newtonian multi-
pole coefficients. Resulting explicit expressions for the perturbed Schwarzschild metric
incorporate effects due to Earth’s multipoles, tides, and rotation, and weak gravitational
influences of celestial bodies: the Sun, the Moon, Jupiter, Venus (could be expanded to
other celestial bodies as well).

2.1.1 Introduction

Perturbations of the Schwarzschild metric have been studied by several authors, most of
them focused on radiative solutions which are useful for studies of gravitational waves
(Nollert 1999; Nagar and Rezzolla 2005; Berti et al. 2009). However, gravitational per-
turbations of the Schwarzschild metric can also be relevant in the weak-field limit. An
example of this is the space-time around Earth, which is populated by artificial satellites,
for which we need to know their orbits with ever increasing accuracy, namely the RPS
system. We will describe the space-time around Earth as a Schwarzschild background
metric with addition of smaller perturbative parts. We fully and explicitly determine
the leading order approximation of the metric perturbations using multipole expansion
in the Regge-Wheeler and Zerilli (RWZ) formalism (Regge and Wheeler 1957; Zerilli
1970), where we use the Newtonian multipoles to approximate the metric elements by
comparing the first order perturbations in this formalism to the solution of the linear
theory and by taking appropriate Newtonian limits (see e.g. Geroch (1970); Hansen
(1974)).

2.1.2 Regge-Wheeler-Zerilli formalism

We describe the spherically symmetric and time independent background with the

Schwarzschild metric gg,)j): we take coordinate variables (ct,r,0,¢) € R x Ry x [0, 7] x
[0,27] and write the Schwarzschild metric tensor:

[9{0] = diag(—X, X%, 72, r%sin” 0) (2.1)
with X = 1 — ry/r, where ry is the Schwarzschild radius: 7y = 2GMg/c? (Mg is the
Earth’s mass, G gravitational constant and ¢ speed of light in vacuum).

We denote metric perturbations with h,,. Because gravitational perturbations are
several orders of magnitude smaller than Earth’s gravitational GMg term (h,, < gg,)j)),
we use linear perturbation theory and write the perturbed metric as

Guw = 9\ + hyw + O(H?) . (2.2)

10



Because we are interested in the space-time outside Earth, the perturbed metric must
satisfy the Einstein equation for vacuum:

1
Rul/ - §g,ul/R =0 (23)
where
Ry, = RY) + 6R,, (2.4)

is the Ricci tensor (symbol () denotes unperturbed quantities and & perturbations). The
Einstein equation becomes:
haa;/w o hua;va - hva;ua + hw/;aa

+ g% (B =y ) = by RO (2.5)
+ gfg)h,\aR(O)M =0

where a semi-colon (;) denotes covariant derivative, calculated with respect to the un-
perturbed metric g,a(,l).

To find solutions of these equations for vacuum we use the RWZ formalism (Regge
and Wheeler 1957; Zerilli 1970). In the RWZ formalism, the metric perturbation h,,
is expanded into a series of independent tensor harmonics, a tensor analog to spherical
harmonic functions, labeled by indices n (degree) and m (order). The tensor harmonics
contributions with similar properties, i.e. same parity and indices (n, m), are joined to-
gether to form independent metric functions, called in Vishveshwara (1970) the normal
modes. The full set of these functions represents a complete functional basis for decom-
position of metric perturbations, and as such, it is appropriate for solving the linearized
Einstein equation.

In general, the metric perturbation h,, can be expanded in a functionally indepen-
dent set of tensor harmonics. By adopting the notation from Nagar and Rezzolla (2005),
the general expansion of the metric perturbation h,, can be written as

n

DYDY ()@ + (@) (2.6)

m=—n

where the expansion terms (hZT)(e) and (hZL")(O) are the even-parity and the odd-parity

metric functions (or modes), respectively. The parity inversion operator P —7,
written in spherical coordinates as (6, ) — (m—60, ¢ +7), applied to the metric functions
yields:
P(hip) = (=)™ ()@,
P(hip) ) = (=1)" (A ©)

(2.7)

11



The gauge transformations in Regge-Wheeler-Zerrilli solutions

We find it most convenient to work in the gauge from Regge and Wheeler (1957), where
a coordinate transformation ¥ = z¥ + £¥ is proposed, which conserves the background
metric and transforms the metric perturbation in such a way that the resulting metric
functions are reduced in complexity. The transformation Regge and Wheeler (1957) also
preserves the degree, the order, and the parity, if defined by the metric perturbation.

General additivity of coordinate transformations Under infinitesimal linear co-
ordinate transformation

A (2.8)
the metric tensor changes to
T = 90 + 1, (2.9)
Under the condition that the line element is invariant to coordinate transformations
gudatda” = g;“,dx’“dx'V , (2.10)
the new metric perturbation h;w is written as
h,/LLI/ = hwf - Sw[f] > (2-11)
where S5, is the symmetrized covariant derivative
SW[f] = fu;v + f'/;u : (2-12)

The relation (2.11) holds up to the first order in the metric perturbation.
Next, we write the metric perturbation as a sum

h;w = E(huu)(a) . (213)

where « can be, for example, odd and even parity.
We also write the coordinate shift (£#) as the sum:

g = (M@ (2.14)

«

Taking into account linearity of S, (S [>; fil = 22 Swlfi]), we can write:

S l€] =D €] (2.15)
Inserting (2.13) and (2.15) in (2.11) we see that we can write also hj,, as the sum:
R = > (R, ) (2.16)
where
(R @) = ()@ — S, [€)]. (2.17)

We can therefore choose different gauges, (£#)%, for different v (as it most suits us) and
still co-add (h/,,)(® in R,

12



Regge-Wheeler-Zerilli gauge If we expand metric prturbations as in (2.6) into odd
and even parity metric functions hﬁl’,’"‘)(o), hZ;")(e), these are totally decoupled from each
other (Cruciani, 2005). From Regge and Wheeler (1957) or Vishveshwara (1970) or
Zerilli (1970), the even-parity or electric contributions are written as

XHoY,”  HiY;" hodpY " hod,Y,™
() P) = HY," X 'HoY" h10gY," h10,Y;™
v - * * r(K + Gag)yrzn * )
* * r2GUY,™ r?[K sin? 0 + GV]Y,"

(2.18)
where » indicates symmetric part of the tensor, ¥,/ are spherical harmonics (Abramowitz
and Stegun 1964), and U = 0y, — cot 00, and V = 8% + sin @ cos #dy. The odd-parity or
magnetic contributions are:

0 0 —hgcsc0, Y, —hosinfopY,"

0 0 —hicsco,Y,” —hisinfopY,"

(nm,o) __ 1 Coln 1 0r,
(o) | * x hacescOUY * ’ (2.19)

x % LhWY™ —hysingUY"

with W = csc 063, +cos 00y —sin 003. In Egs. (2.18) and (2.19) indices (nm) on the r.h.s.
are omitted for clarity from H;, h;, K and G, which are functions of (¢,r), while Y,
are functions of (0, ). Although h; appear in both harmonics they are not the same
functions.

Next, we can introduce shifts of coordinates (£#)(™m-) | (¢1)(m-0) such that Sy, [¢™®)],
S, [€(™™°)] are tensor harmonics with indices (nm). Coordinate shifts corresponding to
even-parity tensor harmonics are

50 = MO(T’ T)ern(ea ()0) ) 51 = Ml (Ta T)ern(@a 90) s

2.20
& = M*(T,r) Y, (0,0) , & = M*(T,r)csc® 005V, (0, ) , (220)
and the ones corresponding to odd-parity tensors harmonics are
0 1
=¢h=0,
<=t (2.21)

¢ = NT, )y, for d=2,3,

where we omit indices (nm) in £#, M*, and A for clarity.
If the coordinate shift £ is given as a sum of shifts associated to different types of
tensor harmonics:

= 3 ((emme 4 gnmme)) (2:22)
n=0m=-—n

then the metric perturbation hj,, in (2.11) is in new coordinates written as:

o0 n
B = 2, 2 ((B) ™) + (g, ) me)) (2:23)
n=0m=—n

13



where

(h,/uz/)(nmﬁ) _ (hlﬂl)(nm,e) o Sﬂy[ﬁ(nm,e)] (2.24)
(hLV)(nm,o) _ (huy)(nm,o) - S'w/[g(nm,o)] (2.25)

where (hLV)(”m’e), (hﬁw)(”mp) are again harmonic tensors with the same indices.
It was shown by Regge and Wheeler (1957) that for each (nm,e), (nm,0) we can
choose functions M; (in €™ in 2.20) in such a way, that in (hiw)(”m’e) we have:

ho=h1=G=0. (2.26)
and choose the function A (in £°) in 2.21) so that in (h;w)("m’o) is
hy =0 . (2.27)

This is called the Reggeéd Wheeler choice of gauge and with using it, we get a simplified
decomposition of metric perturbation h;“, into functionally independent parts. In this
gauge the even parity metric functions are:

HoX H, 0 0
-1
nmy(e) _ * HQX 0 0 m
(hy') 0 0 TR 0 ym (2.28)
0 0 0 r?Ksin?0
and for odd parity, the metric functions are
0 0| —hocsclo, hosinfdg
0 0| —hicscO0, hysinfo
nmy(o) _ 1 ¥ 1 0 m
(R ) = — 0 0 Y. (2.29)
* ok 0 0

It is shown in Regge and Wheeler (1957) and Zerilli (1970) that in vacuum Hy = Ho,
therefore, both functions are marked with H in the following text.

Einstein equations The linearized Einstein equations for perturbations in the Schwarz-
schild background preserve pairs of indices (n,m) as well as the parity, and are homo-
geneous in the case of vacuum. Inserting hy, from (2.6) into (2.5), leads to a set of
homogeneous field equations for functions describing each normal mode independently.
From Zerilli (1970), we rewrite the field equations for the even parity metric functions:

1 1
XK+ (65X ~2)-K, - X_H,

1
1 T nn+1)
Kpr+ —(K = H)p+ 55 K = =5 5—"H =0 (2.31)



1 1+ X 2 1
x o g B X,
1 1
(XHi)y = (H+ K)r=0 (2.33)
Hir+ X(H-K),+ :—QH =0 (2.34)
1 1 1
—XK,TT + XKJ»T + (1 + X);KJ, — }H,TT-F
1+ X 2
2H ;7 — XHpp + Hyr—-H,=0, (2.35)
rX r

and for the odd parity metric functions:

2 2rs  n(n+1)] ho
rr rT — — — | = = 2.
hoyr — harr rhl,T + {Tg " ] X 0 (2.36)
2 hy
hi1r — hoyr + ;hQT +(n—1)(n+ 2)X72 =0 (2.37)
1 T
Xhi, — b —h1 = 2.
hl, h();f + 2 hi =0 ( 38)

where a comma (,) denotes derivative.

From various possible choices of coordinate transformations, we found the Regge-
Wheeler gauge the most convenient for the following reasons: (i) the gauge is completely
fixed, (ii) the angular and radial dependence are decoupled in the resulting field equa-
tions, and (iii) the solutions have a Newtonian limit, which is important when comparing
metric tensor elements with their weak-field limits.

2.1.3 Time-independent metric perturbations

We first consider a stationary space-time case: Schwarzschild background with time-
independent perturbations (e.g., non-rotating, slightly non-spherical Earth, presence
of (hypothetical) non-moving celestial objects). We find solutions of the differential
equations from the previous subsection. We treat even and odd parity modes separately.

Even parity contributions

In the case of time-independent perturbations of even parity H; = 0 (Regge and Wheeler
1957). It follows that the even metric mode (2.28) is diagonal:

(h)(© = diag(HX, HX ', r? K, r? K sin” )Y, . (2.39)
Inserting it in (2.5) gives differential equations for functions H and K. With substitution
S(z) = z(x — 1)H (z) (2.40)

these two functions are determined up to a constant prefactor (Zerilli 1970):

r(1—2)8" + 22 -1)5 +wS =0, (2.41)
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z(z—1)(H-K)+H=0, (2.42)
2z —1)H — (22 - 1)K —w(H - K) =0, (2.43)

where we use rescaled radius = r/rs, constant w = (n — 1)(n + 2), and derivative
() = d/dz. Because we are interested in solutions outside the Schwarzschild radius
(i.e., x > 1), we can in (2.41) use a substitution = 1/u and rewrite it on the domain
u e [0,1]:

(u—1)u?S + u(3u—4)S + wS = 0 (2.44)

with () = d/du. Because u = 0 is a regular singular point, we can solve this equation
with the Frobenius method (Arfken 1985) around u = 0 and obtain the solution as the
superposition of two independent terms:

S(u) = Anmun_lPéo) (u) + Bnmu_”_QR;O) (u) , (2.45)

where A, and By, are integration constants. The functions P7(10) and R,(ZO) are expressed
by Gaussian hypergeometric functions 9 F; (Abramowitz and Stegun 1964):

PO(u) = 9F1 (=1 +n,14n;2(n+ 1);u) (2.46)
RO (u) = o Fy (=2 — n, —n; —2n; u). (2.47)

The first few terms in the Taylor series of P,EO) and R7(10) around u = 0 are

(n+2)n(n— 1)u2

PO(u) =1+ 1(n —1u+

! 2 4(2n + 3)
(n+3)(n*—1)n 4 o) (2.48)
and
2
R;O)(u) 1 2+nu+ (n?—1)(n+2) ,
2 ten =y (2.49)

TL2— nin
- méligihﬁ+omﬂ'

Using the relation (2.40) and the equation (2.45), we can write the solution for H as

p (=) pnt1 R(0) ()
H(r)=Auymn———"~+ Bpm— "% 2.50
) = Amnr ), T (2.50)
By combining equations (2.42) and (2.43) we can express function K with H:
H' 2z —1)H
Kk-psd G- DHE (2.51)

w  wz(z—1)"
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and note that K is fully determined by H. Inserting in this expression the solution
(2.50) for H, we obtain the solution for K:

Ts

K(r) = At P (22) 4 B R (2 (2.52)

T T

where the functions P,Sl) and R,(Il) are connected to P7(LO) and R%O) . The first few terms

of their Taylor expansion around u = 0 are

(n—2)(n+1) (n—3)n(n + 1)u2

P =1~ 2n—1) T d@n-1)

(2.53)
(n—4)(n —2)n(n +1)
B 24(2n — 1) w06,
and
1y — n(n+3)u nn+1)(n+4) 5
RM(u) =1+ 2n+2) "t T a@n+3) (2.54)
L+ ;ignﬂgn 58 4 ot

Link to Newtonian coefficients To obtain the complete form of solutions for H and
K, we need to determine the integration constants A, and B, in (2.50) and (2.52).
Let us compare equation (2.50) with its Newtonian counterpart, i.e., the gravitational
potential ® of a non-rotating Earth expanded into a series of multipole contributions
(Arfken 1985):

b =

GM —n— n m
+ D (ME T+ MS, Y (2.55)

r

where M®  and MS), are time-independent spherical multipole momenta and notation
Y = 2 o> . is used (for more on multipoles see Appendix B.0.2). We choose
the sign of (2.55) so that the force is F = V®. The first term in the sum describes the
gravitational potential of the perturbing sources positioned within the radius r, while the
second term corresponds to those outside r. Comparing (2.50) with (2.55), we notice the
same behaviour for r » rg (i.e., the superposition of ="~ and r" functional dependence)
in the perturbative part of (2.55) and it is evident that the coefficients Ay, and By, are
related to the multipole momenta. The relation between both is found from the weak

field approximation
2

C
5 (1+g00) ~ @ (2.56)

By inserting

g0 = g5 + O ()@ = X (—1 +) Hnm> (2.57)
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into the above relation together with the Newtonian potential (2.55), we find that in
the weak field limit A,,, and B,,, are asymptotically related to Newtonian spherical
multipole momenta M® and MS, as

2 2
Apm ~ C?M,?m and By, ~ gM,?m : (2.58)
Note that for finite ¢, M® and M, only approximate A, and B,.!

Odd parity contributions

In case of time independent perturbations, the odd metric functions (hZT)(O) in (2.29)
have h; = 0 (Regge and Wheeler 1957) and can be written with a single function hg as

(R ©) = — hoesc O Y, (60,02, + 02,u00,0)

] (2.59)
+ ho SlIlHYJn’@((SOM(SgW + (53#(5()71,) .
The function hg is determined up to a pre-factor by equation
12 nn+1)

We are interested in hy only at > 1 and rewrite this equation using the variable u = 1/x
on the domain of interest u € [0, 1]:

(1 — w)u?ho + 2u(l — w)ho + [2u — n(n + 1)]ho = 0, (2.61)

The point u = 0 is a regular singular point, so it can be solved with Frobenius method
in a similar way as equation (2.44). The solutions for hg is

= -np2) (Ts n+lp(2) (s
ho(r) = apmr™ " Py (r) + Bamr" T R, (7“) , (2.62)
where functions P7§2) and Rg) are:
PP (u) = 9F1 (=1 + 1,2 4+ n;2(n + 1);u) (2.63)
RP(u) = o F1 (=2 —n,1 —n; —2n;u) . (2.64)

Their Taylor series around u = 0 are

(n—1)(n+ 2)u N (n—Dnn+2)(n+3) 4
2(n+1) 4n+1)(2n + 3)
(n—1n(n+3)(n+4)
24(2n + 3) w’ + 0.

PP w) =1+

(2.65)

'For axial-symmetric case it was shown in Quevedo (1990); Backdahl and Herberthson (2005) that
the leading order in the expansion of relativistic multipoles is identical to Newtonian multipoles.
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and

(=D+2), = 1) —4)
RP(u) =1— om ut 4n(2n — 1) 2 (2.66)
n—3)(n* —4)(n |

To determine the constants cu,, and By, in (2.62), we note that off-diagonal terms
in the metric tensor are associated with frame-dragging effects. Since we are working
in a weak field limit, we consider only the frame-dragging effect of Earth, and neglect
frame-dragging effects arising from other celestial objects. Consequently, we set 8, = 0,
because the second term in (2.62) is due to objects outside 7.

To determine «,,,, we notice that for n = 1 and m = 0 the corresponding hg matches
the weak field and slow rotation approximation of the Kerr metric: if r » ry and Earth’s
angular parameter is a « 1, then for ajg = arg /4m7/3 it follows

ho(r) = a’;ﬁ : (2.67)

where we keep only the terms linear in a.

For higher multipoles (n > 1), it turns out that their dependence on a is not linear
(Hartle and Sharp 1967). Therefore, the only multipole we include in the odd-parity
metric function is the monopole, i.e., the one belonging to the linear (in a) part of the
Kerr effect.

2.1.4 Time-dependent metric perturbations

Next we consider a slowly rotating Earth and weak gravitational influences of other
nearby moving celestial objects. Therefore, we study time dependent perturbations of
the Schwarzschild metric around the Earth, which is slowly rotating around z axis with
angular velocity Q2g. Due to Earth’s rotation its multipoles vary periodically. Earth’s
tides can introduce additional time dependency in its multipoles (additional variability
with different frequency, phase and varying amplitude, depending on the position of the
Moon and the Sun). In addition, the gravitational influence of other celestial objects
introduces time dependent perturbations to the space-time around the Earth, because
their positions relative to Earth change with time. These perturbations can be expanded
in a series of multipoles and treated with the same procedure as Earth’s multipoles.? We
consider time dependent metric perturbations for the case of perturbations oscillating
slowly with angular velocities, which are smaller or of the same order of magnitude as
Q@. Both angular velocities are defined with respect to the Schwarzschild time t.

2We considered also another approach, namely, to include perturbations due to the Moon, the Sun,
Venus, and Jupiter with PPN Lagrangian as described in Einstein et al. (1938). We decided to use
multipole expansion, because this approach is on our opinion more elegant and analogous to our treatment
of Earth’s multipoles.
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Even-parity contributions

Even-parity modes (hﬁ?)(e) in (2.28) are connected to the Newtonian gravitational po-
tential ®, which in the case of time dependent multipoles can be written as:

o M
r
2.68
+ Y (M3 (T)r "+ MO, (T)r™)Y," (2:05)
where T' = ct. Alternatively, it can be written in frequency domain as:
GM ®© -
b =—-—+ ZJ dk e*T x
" nm =0 (2.69)

[M?m(k)r_"_l + M,?m(k)r”] Yo",

where k is the wavenumber and M9 ]\77? are the Fourier transforms of time dependent

multipoles:
~ 1 (® .
M? (k) = f dT e *T 00 (T (2.70)
2 J_
where v = @, ©.

Each time dependent multipole generates a time-dependent even metric perturbation
(hﬁ;”)(e). Functions H, Hi, and K determining the modes can be expressed with their
Fourier transforms:

(H(Tvr)vﬂl(T7 T),K(T,T’)) =
© G~ ~ ~ 2.71
f dk ™ (H(k,r), Hy(k,7), K (k,7)) . 2.7)
-0
Using ansatz (2.71) in field equations (2.30) - (2.35) yields only three independent
differential equations (with ()’ = d/dr) (Regge and Wheeler 1957):

~, K-H 1 ~\ q=
. / S
ik (K - 2T2XK) ~ 5 =0 (2.72)
(XH,) —ik(K + H) =0 (2.73)
ikH, + X(K — H) — %ﬁ -0, (2.74)

and an algebraic relation (Zerilli 1970):

T's

2kr

F’:S—I—w}ﬁ—l—i[ri—q ]ﬁfl

2
- [“f‘;(@%z “?) | =0,
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where ¢ = n(n + 1). With variables = r/rs and k = krs, we can write this algebraic
relation in a dimensionless form

3 N N
2 fw H+i[2m~— q ]Hl
T 2kx?

e b2 ()| R =0

Because in our studies x « 1, we solve equations (2.72) - (2.75) perturbatively in .
We assume that H, H 1, and K are smooth functions of K, and write them as a power
series of k. We find that an appropriate expansion of these functions for k — 0 has the
form

(2.76)

(H,Hy,K) ~ N(r) Y 6% (@(r), irbi(r), &(r)) - (2.77)
=0

Inserting this ansatz in the equations (2.72)-(2.74) and neglecting all higher than
leading terms in the expansion (2.77), gives us two solutions for each function. The
leading orders of H and K are given in (2.50) and (2. 52), respectively, where instead of
Apm, Bpm from (2.58) we use another set of constants Anm, »m to describe a general
case:

(0) Ts n+1 () s
~ ¥ P (%) & Ry (%) 2
K ~ A —n—1p(1) (Ts 7 np) (Ts 2
K (k1) ~ A (k)" PO (22) + B (W) B () 4+ O(2) (2.79)

From the algebraic relation (2.75) we get the leading orders of Hi:

(k) ~ =% <r>2 [6’" +w(d +R) - 4KTS] L O . (2.80)

q Ts T r—T7Ts

Using the above solutions for H and K, (2.78) - (2.79), we can rewrite this in a more
explicit form:

P () R ()

Hy(k, 1) ~ Ap(k B (k , 2.81
1(k,7) (k) rs(r —7s) * (k) rs(r —1rs) ( )
where functions P,(Z?’) and R;S) are given as a series in u = ry/r for u — 0:
2
PO (1) = 2+ n®+3n+1 u+n +5n% +6n + 3 2
n  (n+1)(n+2) 2(n+2)(2n+3) (2.82)

n3+6n°+8n+6 3
O 4
D © oW,
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and

2 n?—-n-—1 nd—2n?—n-—1
R® () = — — 2
e e P | L T Frp Yo P N .53)
n3—3n?—n-—3 3 1 O .
u u) .
12(2n — 1)
By considering the weak field limit (2.56) we find that

- 2 N 9
Apm ~ gMﬁm and By, ~ ng?m : (2.84)

The metric perturbation expressed with these functions is accurate up to the linear
order in frequency. Since higher order perturbations naturally give rise to contributions
with higher orders of frequencies, our approximation of the perturbation is consistently
linear, i.e., it is linear in frequencies and in the order of perturbation.

Odd-parity contributions

For odd-parity contribution to the metric (hzl’,”)(o) (2.28) we use the same notation for
solutions hg, h; as in (2.71):

(ho(T,7), h (T, 7)) = f © R (ho(k, ), ha (K, 7)) . (2.85)

—00

Because we are interested only in persistent phenomena, we limit ourselves to real
wavenumbers, k € R. A more detailed discussion of all possible solutions is given in
e.g. Vishveshwara (1970). Using ansatz (2.85) in field equations (2.36)-(2.38) for odd
metric functions, we obtain only two independent equations

ikho — X(Xh1) =0, (2.86)
inL . 77 BO 7:2‘1 _

with ()) = d/dr. It was shown by Regge and Wheeler (1957) that we can use a substi-
tution for hq: 3
h

Q=x-"1 (2.88)
r

to eliminate hg from both equations. Thereby we obtain a wave equation for @) in the

form
d2
dr2

where 7, is modified radius defined as

Q+kxQ =0, (2.89)

dry = X7 'dr or 7* =7+ rglog(r — rs) + const. (2.90)
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and an effective wave number

n+ DX _rX
73y (2.91)

k2 _ k?_ n(
eff r

By knowing @, we can express h; from (2.88) and write hg using (2.86) as:

ho = —%X(TQ)’. (2.92)
From equation (2.89) we find that in the limit 7 — o0 its solution is Q(r) = sin(kr+¢).
This determines asymptotic behavior of hg and hy:

hi(r) =rsin(kr + ¢) and ho(r) = rcos(kr + ¢) . (2.93)

We see that the asymptotic behaviour of solutions ho and hy is not flat, and therefore,
these solutions are not relevant in our case. Because we neglect frame-dragging effects
arising from other objects, as mentioned in 2.1.3, we neglect time dependent odd-parity
contributions all together.

2.1.5 Metric around Earth

Finally, we can write the metric perturbation h,, around Earth, which in (2.6) was
expressed as a series of normal modes (hZf,”)(O) and (hﬁﬁ"”)(e). Based on the positions of
the sources of perturbations, these modes can be grouped into two terms:

huw = b, + B, . (2.94)

The term hial, represents Earth’s time dependent (exterior) multipoles (i.e., even-parity

modes given in 2.1.4 with énm = 0) and the Earth’s frame-dragging effect via the Kerr
contribution given in 2.1.3. This metric perturbation is asymptotically flat. In non-
relativistic description we could say that the former arise from the shape of the Earth,
which changes with time due to rotation and tidal forces. For the latter, Kerr effect,
there is no non-relativistic counterpart.

The term hgy represents the time dependent (interior) multipoles of other celestial
bodies (i.e. even-parity modes given in 2.1.4 with Ap = 0). Their frame-dragging effect
is neglected. The elements of this metric perturbation increase with radius, which means
that this perturbation is not asymptotically flat. In non-relativistic description we could
say that this term arises from the perturbative effects of other bodies, i.e. the Moon,
The Sun, Venus, Jupiter etc., whose positions relative to Earth change with time.

To simplify expressions, we introduce the normalized complex multipoles (v = @, Q)
defined as:

ey

2
Mo o= 5 M (2.95)
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Taking into account the results of previous subsections, we can write the metric
perturbations in a compact form. Metric perturbation due to Earth’s multipoles and
rotation can be written as:

e (P PO RV PMsin?g
1ag Tn-i—l ) T‘n_l(T‘ _ TS)2’ yn—1 ’ rn—l

(2.96)
P

e —ry)

+ Z M?m,Tern (5u,15V,0 + 5u,15u,0)
nm

- a% sin® 0(8,,.56,.0 + 0r,30,00) »
where Earth’s multipoles M?m are functions of time and include rotation and tides; and
Miamj are their time derivatives. Therefore, the first two terms in (2.96) describe the
metric perturbation due to oscillating/rotating? multipoles and tides, while the third
describes the Kerr frame-dragging effect.
Metric perturbations due to other celestial bodies are

(09, = Y M, Y,

nm
T‘n+2R(0)
diag [ 7" RO, o) /32 " 2RM 2 R ginZ g (2.97)
S
T‘n+2R(3)
+2, My Y (81000 + 8,100) -
nm r=Ts
7O . :
where M, are summed multipoles of other bodies.

We note again that multipole coefficients M, are expansion coefficients of the New-
tonian potential, which are only the leading order approximations in ¢ — o0 of exact
relativistic coefficients. The first order approximations of the metriigerturbations given
by (2.96) and (2.97) are fully determined by multipole momenta M MO Kerr pa-

rameter a, and functions P,gi) and R,(f ),

nm? nm?

Conclusions for WP1: In WP1 we built a scheme for including gravitational per-
turbations to the background of the Schwarzschild metric in the weak-field limit with
the linear perturbation theory. The solutions (beyond the dominant monopole) were
obtained using the RWZ formalism, i.e. the perturbations were expanded in terms of
tensor spherical harmonics or normal modes. We used the ¢ — o limit to find connec-
tion between our solutions and Newtonian multipole coefficients. The frame-dragging
effect of the central object is taken into account by the first order term in the expansion
of the Kerr metric for a « 1.

The result is a perturbed Schwarzschild metric, with perturbations incorporating
effects due to Earth’s multipoles, tides and rotation, and weak gravitational influences
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of other Solar System objects. It is written with explicit expressions (2.96) and (2.97)
for the perturbative metric. The first order approximations of the metric perturbations
given by (2.96) and (2.97) are fully determined by multipole momenta M M Kerr

nm? nm?

parameter a, and functions P,(Li) and Rg ),
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2.2 Work Package 2 - Dynamics of satellites

Abstract of WP2: In WP2 we calculate satellite dynamics in perturbed space-time.
We use perturbed metric derived in WP1 and perturbative Hamiltonian formalism to
obtain time derivatives of 0™ order constants of motion. With the derivatives known, we
are able to determine the time evolution of 0" order constants of motion and because
they are varying slowly, we apply them to analytic solutions for Schwarzschild geodesics
to obtain satellites’ orbits in perturbed space-time. We investigate the influence of
gravitational perturbations on the orbital parameter evolution and on the satellite’s
position and time. We estimate the influence of gravitational perturbations on the user-
satellite and inter-satellite light signal propagation.

We treat satellites as point like test-objects and neglect their effect on the space-time
metric. Their trajectories are described in space-time as a curve x*(7), where 7 is the
proper time. The dynamics is treated in the Lagrangian and Hamiltonian formalism.

The Lagrangian function of the satellite dynamics in a space-time metric can be
written as

1
Lia",i") = Sgu(a*)i"d" (2.98)

where () = %. The equations of motion are then given by the Lagrange equation

d (oL oL
dr <a¢v> T = (2:99)

which can be rewritten in a form of the geodesic equation

d2zH p dz® dzf
+ -
dr? B dr dr

-0, (2.100)

where I'¢, = %g“l(gda,b + gdba — Yab,a) are the Christoffel symbols of the second kind.
Note that the metric is approximated as in 2.2: g, = g,(g,) + hyw + O(h?).

The Hamiltonian formalism offers a more convenient way to write equations of mo-
tion. By introducing the momenta

oL .
Pv = @ = guul““, (2101)
we can define the Hamiltonian
. 1
H(", pu) = pui” — L = 5¢" (z*)pupy - (2.102)
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Taking into account that g, is exactly given only up to the linear order in perturbation
huu, we can express the inverse metric tensor g*” up to the same order as®

g™ = g™ O _p 4 O(h?) (2.103)
where the inverse metric perturbation h*" is
prv — gre©) grs Oy (2.104)

and g‘“’(o) is the inverse unperturbed metric tensor.
Using the expansion of the inverse of the metric (2.103) in the expression of the
Hamiltonian H (2.102), we get

1 1
H = igwj(o)p,upl/ - §hwjpupu (2.105)
2 R —
HO©) AH

with the unperturbed Hamiltonian H© and the perturbative part AH, where higher
than linear orders in metric perturbations are omitted.*
The satellite’s trajectory (z¥(7),p, (7)) is then given by the Hamilton equations

. 0H ) o0H
¥ = e and p, = Eer (2.106)
which is an alternative way of writing the geodesic equation (2.100).
2.2.1 Hamiltonian formalism in the Schwarzschild space-time
The Schwarzschild metric is:
—(1— 2M) 0 0 0
0 e 0 0
= 1-2M/r 2.107
Gy 0 o e 7 (2.107)
0 0 0 r2sin®6

where M = GMg/c? (Mg is the Earth mass). In Schwarzschild coordinates, the La-
grangian and the Hamiltonian are:

L= ;[— (1 - %)t‘? + _1%\4 72 4 g2 (9’2 1+ sin?f 4'52)] (2.108)

3Let us assume that we have invertible matrix A and its perturbation A, then if [A7'§A|2 < 1, the
inverse of A+ AA can be given as a series (A+0A4) ™" = (1+A7'64)'A™ =37 (-1)"(AT'SA) AT,
where we use (1+z)~" = Y% (—z)" for |z| < 1. In our case we use only the first two terms in the sum.
“When comparing dynamics obtained by Hamiltonians H and H® | it should be noted that the mo-
menta p, and pg)) associated to the two Hamiltonians differ in interpretation; inserting the approximation

of the metric g, (2.2) into (2.101), it follows that p, = g0 " —h,,a" .
—

»y”
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Figure 2.2: The orbital plane: 7 is a unit vector normal to the orbital plane, ¢ orbital
inclination, €2 the longitude of the ascending node, w the longitude of the apoapsis, and
A the true anomaly.

1 1 2M 1 1
w2 L L)) 2100
2[ 1—¥pt P )P E Pt Gy P ( )
wtih the conjugate momenta:
oL AM N\ .
Pe=r = (1 - > t = —E = const. (orbital energy) (2.110)
r
oL 1 .
Pr = == WT £ const. (2111)
or 1-— ==
oL .
Py = 5 260 # const. (2.112)
oL 229 ]
Py = % =7r“sin“ 60 ¢ =1, = const.  (z-component of the ang. mom.) .  (2.113)
Therefore, we have the coordinates ¢* and the momenta p,,
(qu7p,u) = (ta T, 97 ¢7pt>p7’>p91p¢) . (2114)

Next, we do a canonical transformation F5 : (¢, p,) — (Q*, P.), such that (Q", P,)
are constant for the above Hamiltonian:

Py=H (Hamiltonian) (2.115)
P, =—p,=FE (orbital energy) (2.116)

/ 2
b
Py = +A[p2 sin(ge =1 (magnitude of the ang. mom.) (2.117)
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P3 =py =1, (z-component of the ang. mom.) (2.118)

T dr
0 .
=—7— = —T roper time of the first apo. passage
Q P X(aR B a  (prop po. passage)
(2.119)
o ! d tq  (time of the first )
=—t— r=— ime of the first apo. passage
ra Xo/P2 = X(—2P, + P2/r?) ‘ po. prssag
(2.120)
T P2 0 1:)2
Q? = J dr — f d) = w (long. of the first apo. passage)
VP = X (2P0 + B3/r) - Jna [Pz p2ysin? 6
(2.121)
3 ’ Py
QR =¢+ J df = (longitude of the ascending node),

/2 gin? 9\/1322 — P2/sin? 0
(2.122)
where X =1 —2M/r and r, the radius at the apoapsis.”®

The above orbital parameters (Q, P,) are used to find the analytical solutions for
the orbits of the form

t= t()\‘QM, PM) r= T()‘|QM7PM) 0 = 0()“@“7 P,u) ¢ = (Z)()“qu PH) > (2123)

where A is the true anomaly (Kosti¢ 2012; Gomboc 2001). With a known relation
7 = 7(A), it is possible to calculate the coordinates and momenta (¢*,p,) at any given
proper time 7 of the satellite. For geometric representation of Q2 and Q3 see Fig. 2.2. For
detailed analysis of the canonical transformation and additional information on (Q*, P,),
as well as equation of orbit, see Appendices A, A.1, and A.2, respectively.

2.2.2 Perturbative Hamiltonian

If the metric is perturbed by h,,, we get additional AH to the Hamiltonian
Lo
AH = §h Pubv - (2.124)

Consequently, (Q*, P,) are no longer constants of motion - they are slowly changing
functions of time. Their evolution can be calculated from (Goldstein 1980):

o o | 0AHp Lo pupy) (2.125)
8P>\ Q>‘7P)\ 8P)\ QA,P)\ 2 6P,\ '
. oH OAH 1L (h* pupy)
Py — et SN L 20 2.12
YW @ 2 QY 20

°In Keplerian orbits it is customary to take the time of the periapsis passage. However, in Schwarz-
schild case it is better to work with the time of the apopasis passage, since this simplifies some equations.
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Expanding above equations into:

. 1 [ ohH* op op
A v 123 v 14
= ——= | =— v + Y —=p, + h* 2.127
@ 2 < op, PuP " onY " p“5PA>Qx,PA ( :
1 [/ oh* ap apl/
I N N /TEN N , 2.128
t 2 (a@p“p et p"@@O@,pA )

and taking into account that perturbative metric depends only on coordinates g*:

ohtr— on* ot ohM or  OhMY 00 OhM 0¢

= 2.129
0P, ot oPy | ar P, 00 oPy | 2 oPy (2:129)

oh*  OhM Ot oh* or oh* 00 oM 0¢
— 2.130
20> ~ ot aQx | ar o> a0 o | o aQr (2.130)

it becomes clear, that we have to calculate all possible derivatives of the form
I I

Opu 04" by 04 (2.131)

oQ* 0Q+’ 0P, 0P,

to obtain the final expressions for the derivatives (2.127)—(2.128). Detailed derivations
are given in App. A.3

The Egs. (2.127) and (2.128) can be numerically integrated to obtain the solutions for
Q" (t|Q*, P,) and P,(7|Q", P,), which are then used to replace (Q*, P,) in the analytical
expressions for unperturbed orbits (2.123). In this way, the perturbed orbit is described
as time-evolving unperturbed orbit:

t=t(r|Q"(7), Pu(7)) 1 =r(7|Q"(7), Pu(7))
0 = 0(7|Q (1), Pu(1)) & = o(7|Q"(7), Pu(7)) . (2.132)

2.2.3 Evolution of Orbits

To obtain satellite orbits, we need to calculate the evolution of orbital parameters (2.115)-
(2.122), i.e. numerically solve equations (2.125) and (2.126). In doing so, we first have
to calculate the metric perturbation h, .

In case of Kerr contribution metric perturbation is already well known: we use
(2.67) in (2.29). We verified that non-linear terms in Kerr contribution are much smaller
than linear contributions and we may neglect them. Only the rotation of the Earth’s
monopole is large enough for required accuracy (see also Hartle (1967), Hartle and Sharp
(1967)). In fact, the perturbation due to Earth’s rotation is the smallest perturbation,
which we take into account. We have also confirmed that spin-spin and spin-orbit cou-
plings between a satellite and Earth are negligible.

For all other perturbations, we use multipole expansion and the results from subsec-
tion 2.1.4 in the following way.
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Calculation of multipoles: The contributions of the Moon, the Sun, Venus, and
Jupiter to the metric are described by a multipole expansion, where the multipole mo-
menta are calculated from the positions of these objects, as shown in the Appendix B.0.2.
The tidal effects of the Sun and the Moon on the Earth crust and oceans were modelled
with time changing Earth multipoles. The dependence of the small multipole changes on
Sun’s and Moon’s positions is presented in the Appendix B.0.3. In both cases, the po-
sitions were obtained from the ephemerides NASA JPL’s Solar System Dynamics group
(2013).

The positions of celestial bodies were sampled with a time interval of 1 hour, from 1
January 2012 to 31 December 2012, however, since during the numerical integration of
(2.125) and (2.126) a much finer sampling is required, we used interpolation for interme-
diate points. To make sure that even the weakest contributions are not lost in numerical
noise, we used very accurate interpolation and integration scheme and did all the calcu-
lations in 128-bit floating point precision. Furthermore, because the calculations should
also be performed as fast as possible it is best to use a higher order integration method.
To meet both criteria, we used the 8-th order B-splines for interpolation and the 8-th
order Runge-Kutta for integration.

Results:

We set initial values of a satellite orbit: t, = 7 h, w = 0°, Q@ = 0°, a = 29600 km,
e = 0.007, « = 56°. We then calculated the evolution of orbital parameters for each
perturbation individually as well as for the sum of all perturbations. Results are shown
in Figs.2.3—-2.11, where we converted the conjugate momenta (E,[,[,) into the more
convenient set of parameters, i.e. major semi-axis a, eccentricity e, and inclination .
The graphs on the left and right side show the evolution for a period of one year and
one week, respectively.

Effects of individual perturbations on orbital parameters The results for each
individual perturbation show similar behavior, i.e. an oscillating and a secular contri-
bution. As expected, the effects due to multipoles and the Moon produce the biggest
changes in parameters, with the amplitudes of the oscillations of Aw ~ 0.15° — 0.35°,
AQ ~ 0.36" —3.6", Av~ 0.7 — 7", Aa ~ 400 — 3000 m, and Ae ~ 2 x 107° — 8 x 107°.
When it comes to secular changes, the multipoles induce the biggest changes in all pa-
rameters — except in inclination. After a year, the changes fir Earth multipoles and the
Moon are Aw ~ 2°—4°, AQ ~ 0.5°—9.5°, Aa =0, Av = 0 (Earth), A¢ ~ 0.06° (Moon),
and Ae ~ 2 x 107> —8 x 107°.

The smallest changes in parameters come from the Kerr effect, with the amplitudes
of the oscillations of Aw ~ 12 mas, Aw ~ 1073 mas, Aa ~ 0.37m, and Ae ~ 9 x 10719,
The changes in one year are Aw ~ —4.4 mas, and AQ) ~ 2.5 mas. The remaining
parameters have no secular changes.

SWe used Intel C+4 and Fortran compilers since these offer native support for 128-bit floating point
precision and are thus faster than any other software multiprecision library.
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Figure 2.3: Evolution of orbital parameters due to Earth multipoles. The graphs on the
left show the long-term changes of the orbital parameters in one year, while the graphs
on the left show the short time-scale changes within the first 7 days. The time on x-axis
counts days from 1 January 2012 at 7:00 a.m.

32



0.0001 T T T T T T 9x10°

8x10° |-

-5
8x10 7x10°5

-5
6x10°5 6x10 }

5x10° ‘

4x10° \
3x10°%
2x10°5

1x10°

Ae

4 4x10°

2x10°°

. . . . . . . 1x10° . . . . . .
0 50 100 150 200 250 300 350 0 1 2 3 4 5 6 7
T[day] T[day]

Figure 2.3: Continued.

Effects of all perturbations on orbital parameters As can be seen, there are
two components, a short-term oscillating and a secular term. On average, the major
semi-axis only oscillates and has no secular term, while the angles w, €2, and ¢ also have
a small secular term, so the orbit can still be described as planar, whose orientation
changes slowly with time.

Effects of perturbations on the position and time of the satellite Because all
these changes of the orbital parameters are very small, instead of plotting the perturbed
orbits (2.132), we rather plot in Figs.2.12 and 2.13 the differences between positions’
and Schwarzschild times (at the same proper times) of the satellite on the perturbed and
unperturbed orbit. We show the differences in position and time for each perturbation,
where all orbital parameters are changed at once as dictated by the solutions to (2.125)
and (2.126).

The largest differences in positions AL and times AT are ~ 10* km and ~ 10710 —
107 s in one year, and come from the multipoles, while the smallest are ~ 20 cm and
~ 10717 s in one year, and come from the Kerr perturbation.

From these two figures it can be easily estimated which perturbations to include for
a given accuracy of a positioning system — for a system with accuracy better than meter
in one year, all perturbations down to Kerr should be included. Taking into account that
the satellites are at r ~ 30.000 km and that the effect of Kerr perturbation is 0.5 mm
per day, it would be in principle sufficient to do all the calculations in double precision.
However, it turns out that some precision loss occurs when using the equations from
Kosti¢ (2012) to calculate the derivatives (2.125) - (2.131). Namely, these equations
suffer from cancellation effects in case of quasi-circular orbits (which is the case for
GNSS). Although we managed to get rid of the most crucial ones by replacing the
energy F/ with £ =1 — 1, where n < 1, the remaining ones reduce the precision by 8-10
digits. Consequently, all the calculations have to be done with 128-bit floating point
numbers, to make sure that Kerr effect is not lost in numerical noise.

"We note that we do not measure the difference in position in length along the orbit, but by 3D
distance between both positions: AL = |Fperturbed — TSchwarzschild|
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Figure 2.4: Evolution of orbital parameters due to Earth solid tides. The graphs on the
left show the long-term changes of the orbital parameters in one year, while the graphs
on the left show the short time-scale changes within the first 7 days. The time on x-axis
counts days from 1 January 2012 at 7:00 a.m.
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Figure 2.4: Continued.

Effects of perturbations on a light signal time-of-flight

Using results of Zschocke and Klioner (2011), we estimated the effect of gravitational
perturbations on propagation of light signals (user-satellite and inter-satellite commu-
nication). The largest time delay due to Earth quadrupole perturbation is for satellites
on opposite sides of Earth and amounts to 5.4 x 1074 s. Therefore we find that effects
of gravitational perturbations on signal time-of-flight are negligible in case of Galileo
GNSS.

Conclusions for WP2: We calculated satellites’ orbits in perturbed space-time taking
into account all relevant gravitational perturbations and using Hamiltonian formalism.
We make use of the Schwarzschild geodesic solution and slowly time evolving 0" order
constants of motion. We investigated the influence of each gravitational perturbation on
the orbital parameters evolution and on the satellites position and time. We find that
the influence of gravitational perturbations on the user- satellite and inter-satellite light
signal propagation is negligible.
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Figure 2.6: Evolution of orbital parameters due to Moon. The graphs on the left show
the long-term changes of the orbital parameters in one year, while the graphs on the left
show the short time-scale changes within the first 7 days. The time on z-axis counts
days from 1 January 2012 at 7:00 a.m.

2.3 Work Package 3 - Determination of orbital parameters

Abstract of WP3: We use perturbed satellite orbits from Work Package 2 (including
all relevant gravitational perturbations, such as Earth multipoles (up to the 6th), Earth
solid and ocean tides, the Sun, the Moon, Jupiter, Venus, and the Kerr effect.) to
model the relativistic positioning in gravitationally perturbed space-time and test its
accuracy. We simulate a constellation of GNSS satellites as an RPS with inter-satellite
links. Satellite orbits are described by their initial values of 0 order constants of
motion, which are, in the following, assumed to be known with only limited accuracy.
By using only inter-satellite links and information on emission coordinates over several
orbital periods we refine initial values of 0"" order constants of motion. In this way
the satellites can themselves highly accurately determine and check internally in the
GNSS system the system’s dynamics, i.e. their own orbital parameters, and thus they
constitute an Autonomous Basis of Coordinates (ABC), which is independent of any
Earth based coordinate system. We study the stability of the solutions and possible
degeneracies among orbital parameters.

2.3.1 Positioning in Perturbed Space-time

We simulate a constellation of four satellites moving along their time-like geodesics. The
initial orbital parameters of the geodesics, i.e. initial values of 0" order constants of
motion, are known and their evolution due to gravitational perturbations is calculated
as shown in subsections 2.2.2 and 2.2.3.

At every time-step of the simulation, each satellite emits a signal and a user on Earth
receives signals from all satellites — the signals are the proper times of satellites at their
emission events and constitute the emission coordinates of the user (see section 1.2).
The emission coordinates determine the user’s position in this particular relativistic
reference frame defined by the four satellites and allow him to calculate his position
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Figure 2.7: Continued.

and time in the more customary Schwarzschild coordinates. Therefore, to simulate the
relativistic positioning system (RPS), we need two main algorithms: (1) determination
of the emission coordinates, and (2) calculation of the Schwarzschild coordinates.

Determination of the emission coordinates The satellites’ trajectories are para-
metrized by their true anomaly A. The event P, = (o, Zo, Yo, 2o) marks user’s Schwarz-
schild coordinates at the moment of reception of the signals from four satellites. Each
satellite emitted a signal at event P; = (¢;, z;, s, 2;), corresponding to \; (i = 1,...,4).
Emission coordinates of the user at P, are, therefore, the proper times 7;()\;) of the
satellites at P;. Taking into account that the events P, and P; are connected with a
light-like geodesic,® we calculate ); at the emission point P; using the equation

to — ti(Ni|Q"(73), Pu(mi)) =

g ) (2.133)
Tr(Ri(Nil Q" (7i), Pu(Ti)), Ro)

where R; = (4, Yi, z;) and R, = (%o, Yo, 20) are the spatial vectors of the satellites and the
user, respectively. The function T calculates the time-of-flight of light signals between
P, and P; as shown by Cadez and Kosti¢ (2005) and Cadez et al. (2010). The equation
(2.133) is actually a system of four equations for four unknown \; — once the values of
Ai are determined numerically, it is straightforward to calculate 7; from (A.38) for each
satellite and thus obtain user’s emission coordinates at P, = (71, 72,73, 74).

Calculation of the Schwarzschild coordinates Here we solve the inverse problem
of calculating Schwarzschild coordinates of the event P, from proper times (71, 72, 73, 74)
sent by the four satellites. We do this in the following way: For each satellite, we
numerically solve the equation

T(N|QH(73), Pu(mi)) = 70 (2.134)

8The light-like geodesics are calculated in Schwarzschild space-time (see Kostié¢ (2012)) without per-
turbations, because the effects of perturbations on light propagation are negligible as mentioned in
subsection 2.2.3.
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days from 1 January 2012 at 7:00 a.m.
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Figure 2.8: Continued.

to obtain A;, where 7(A|Q*(7), Py(7)) is a known function for proper time on time-
like geodesics (Kosti¢ 2012). The Schwarzschild coordinates of the satellites are then
calculated from \; using (2.132). With the satellites’ coordinates known, we can take
the geometrical approach presented by Cadez et al. (2010) to calculate the Schwarzschild
coordinates of the user. The final step in this method requires us again to solve (2.133),
however, this time it is treated as a system of 4 equations for 4 unknown user coordinates,
i.e., solving it, gives (to, Zo, Yo, Zo)-

Results: The accuracy of these algorithms has been tested for satellites on orbits with
initial parameters given in Table 2.1 and a user at coordinates r, = 6371 km, 6, = 43.97°,
¢o = 14.5°. The user’s coordinates remain constant during the simulation. The relative

errors, defined as
t, — t& R, — R
€6 =2 €ryr=—=2, (2.135)

lo R,

are of the order 10732 —1073° for coordinate ¢, and 1072 —10726 for x, y, and z;” here t¢
and R are user time and coordinates as calculated from the emission coordinates. Using

9Note that these numbers represent the accuracy of the numerical methods used. In a real system, the
accuracy would be much lower due to numerous effects, e.g. non-gravitational perturbations, atmospheric
effects, clock errors...
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Figure 2.9: Evolution of orbital parameters due to Venus. The graphs on the left show
the long-term changes of the orbital parameters in one year, while the graphs on the left
show the short time-scale changes within the first 7 days. The time on z-axis counts
days from 1 January 2012 at 7:00 a.m.
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Figure 2.9: Continued.
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Figure 2.10: Evolution of orbital parameters due to Kerr. The graphs on the left show
the long-term changes of the orbital parameters in one year, while the graphs on the left
show the short time-scale changes within the first 7 days. The time on z-axis counts
days from 1 January 2012 at 7:00 a.m.

Table 2.1: Orbital parameters for 4 satellites: longitude of ascending node (€2), longitude
of the first apogee passage (w), inclination (¢), major semi-axis (a), eccentricity (g), and
time of apogee passage (t4).

QF] wlf] ¢[F] afkm] e  t]s]
0 270 45 30000 0.007 0
0 315 45 30000 0.007 0
0 275 135 30000 0.007 0
0 0

320 135 30000 0.007

7+
1
2
3
4

a laptop!? for calculations, the user’s position (with such errors) was determined in 0.04 s,
where we assumed that (1) in real applications of the positioning the true values of orbital
parameters would be transmitted to the user together with the emission coordinates, so
to account for this in our simulations, we calculated the evolution of parameters from
their initial values before starting the positioning, and (2) the position of the user is
completely unknown, i.e., we do not start from the last known position. If we did, the
times for calculating the position would be even shorter.

2.3.2 Autonomous Basis of Coordinates - ABC

To construct an autonomous coordinate system, we apply the idea of the Autonomous
Basis of Coordinates (ABC) presented in Cadez et al. (2011) (see 2.2.3) to a perturbed
satellite system, i.e. we simulate the motion of a pair of satellites along their perturbed
orbits and their inter-satellite communication.

YOWith the following configuration: Intel(R) Core(TM) i7-3610QM CPU @ 2.30GHz, 8GB RAM, Intel
C/C++/Fortran compiler 13.0.1.
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Figure 2.11: Evolution of orbital parameters due to sum of all perturbations (Earth
multipoles, Earth solid tide, ocean tide, the Moon, the Sun, Venus, Jupiter, and Kerr
effect). The graphs on the left show the long-term changes of the orbital parameters in
one year, while the graphs on the left show the short time-scale changes within the first

7 days. The time on z-axis counts days from 1 January 2012 at 7:00 a.m.
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Figure 2.12: The differences in the position AL of the satellite due to each gravitational
perturbation. The time on z-axis counts days from 1 January 2012 at 7:00 a.m.. The
initial values of parameters are: t, = 7 h, w = 0°, Q = 0°, a = 29602 km, ¢ = 0.007,
L = 56°.
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Figure 2.13: The differences of the Schwarzschild times AT of the satellite due to each
gravitational perturbation. The time on z-axis counts days from 1 January 2012 at 7:00
a.m.. Axes on red and gray plots have the same units. The initial values of parameters
are: t, =7h, w=20° Q=0° a=29602 km, ¢ = 0.007, . = 56°.
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Figure 2.14: A pair of satellites exchanging their proper times. At every time-step k,
the satellite 1 sends the proper time of emission 7[k] to the satellite 2, which receives
it at the time of reception 7[k]. The emission and reception event pairs are connected
with a light-like geodesic.

At each time-step of the simulation, both satellites exchange emission coordinates as
shown in Fig. 2.14, where, for clarity, only communication from satellite 1 to satellite 2
is plotted. These events of emission at proper time 7 of the first satellite and reception
at 7 of the second satellite are connected with a light-like geodesic, i.e. the difference
between the coordinate times of emission ¢1(7) and reception t2(7) must be equal to the
time-of-flight of a light signal between the two satellites (cf. (2.133))

Ty = to(7) — t1(7) . (2.136)

However, this is only true if we know the exact values of the initial orbital parameters
of each satellite, as well as their evolution.

When constructing the relativistic positioning system, it is reasonable to assume
that the initial orbital parameters (Q*(0), P,(0)) are not known very precisely. In the
following we therefore assume that they are known only with limited accuracy and to
improve their values, we use the following method. We assume that the satellites have
some initial orbital parameters (Q*(0), P,(0)), we let them evolve with time according to
gravitational perturbations, and calculate satellite orbits, simulate their communication
and calculate the left hand side of (2.136) for all communication pairs. We then compare
these values to the right hand side values derived for ”true” initial orbital parameters,
and sum the differences between left hand side and right hand side for all communication
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events into an action
S(Q™(0), Pu(0)) = > (1 (r[k]|Q" ([k]), Pu(r[k])—
k
to(T[K]|Q" (T[K]), Pu(T[k]))—
Ty (B (r[K]|Q"(7[K]), Pu(r[k])).
2
Fo(7[R]IQ"(7IK]), Pu(FIRD)) )

(2.137)

which has a minimum value (close to zero) for the true initial values of orbital parameters.
By changing initial values of orbital parameters and finding the minimum of the action
S we can thus find or at least come very close to the true initial values.

For the 2 x 6 orbital parameters that we have (Q*(0), P,(0) for both satellites),
this becomes a problem of finding a minimum of a 12D function. Because the orbital
parameters depend on time, their time evolution has to be recalculated (as presented in
Sec.2.2.2 and Sec. 2.2.3) at every step of the minimization (for each set of initial values
of orbital parameters), which makes the minimization process very slow.

To speed up the process, the minimization was done in two stages. In the first stage,
we use the PRAXIS minimization method (Brent 1973) implemented in the NLOPT
library (Johnson 2013) to determine the parameters within double precision. The result-
ing values are then used as initial values for the second stage, where we use the simplex
method to “polish” the parameters within 128-bit quad precision.!' In Figs.2.15-2.16
we plot the values of the action and the orbital parameters during the first and the
second stage of the minimization process, respectively.

The number of time-steps along the orbits was sufficiently large (k = 1...433) to
cover approximately two orbits. The initial values of the orbital parameters used as
starting point in the minimization differ from the true values by an amount which induces
the error of ~ 2—3 km in the satellites’ positions. At the beginning of the minimization,
the value of the action is S ~ 10%4(rg/c)?, at the end of the first stage it is 2 x 101%(ry/c)?,
and at the end of the second stage it drops to 8 x 10724(r,/c)%. The relative errors of
the orbital parameters (Q*(0), P,(0)) after the minimization are of the order of 1072212

By repeating the minimization procedure for all possible pairs of satellites, we can
reconstruct the orbital parameters of every satellite in the system without tracking
the satellites from Earth and thus obtain an autonomous coordinate system.

2.3.3 Degeneracies

We investigated possible degeneracies between orbital parameters by scanning the action
S: We take two satellites on orbits with known initial orbital parameters. Then we

1 Quad precision is required if the resulting parameters are used in (2.132), where cancellation effects
become significant in case of quasi-circular orbits.

12Better safe than sorry... so, again, we note that these numbers represent the accuracy of the numerical
methods used. In a real system, the accuracy would be much lower due to numerous effects, e.g. non-
gravitational perturbations, atmospheric effects, clock errors...
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Figure 2.15: The action S(Q*(0), P,(0)) (top) and the orbital parameters (bottom)
during the first stage of the minimization process. The parameters are scaled in
the interval [0, 1], corresponding to the absolute errors {Aa, Ae, Aw, AQ, A, At,} =
{10 km, 2.815125 x 1075, 1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that
the action is symmetric in that interval. The true values are at 0.5.
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Figure 2.16: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the second stage of the minimization process. The parameters are scaled in
the interval [0, 1], corresponding to the absolute errors {Aa, Ae, Aw, AQ, A, At,} =
{10 km, 2.815125 x 1075, 1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that
the action is symmetric in that interval. The true values are at 0.5.
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change two of them (one for the first satellite and one for the second) and calculate
corresponding action S (2.137). We repeat this for different values of this pair of orbital
parameters in order to scan the action S in their parameter space in the surroundings of
their true values. In case there is no degeneracy between these two orbital parameters,
we expect to find one well defined minimum of S - a ”well”. In case of a degeneracy, we
will get more than one point in which S reaches minimum, i.e. more pairs of these two
orbital parameters give minimum in S, therefore the problem is degenerate.

We checked whether a certain point is a minimum by calculating the Hessian matrix.
Let f be a function of n variables

flay, o, @), fER . (2.138)

If all second order partial derivatives of the function f exist, we can define the Hessian
matrix:

H(f)ij(@) = DD, f() (2.139)
where ¥ = (21,22, -+ ,2,) and D; is the differential operator of variable i. Thus
G o2 f o2 f
@ dr10ry 0x10Tn
>f a2r ... _&f
H(f) _ 0x20x1 ox3 0x20%n (2 140)
2r P P
| OznlOx1  Ornlxo ozz |

For a function f of n > 2 variables we investigate eigenvalues of the Hessian matrix in
a critical point P = (p1,p2,- - ,pn) (local minimum, local maximum or saddle). If the
Hessian matrix is positive - all its eigenvalues are positive - then the function f has a
local minimum in point P.

Degeneracies in unperturbed, Schwarzschild metric First we considered unper-
turbed, Schwarzschild metric, which is spherically symmetric. True orbital parameters
of both satellites are:

o satellite 1: Q; = 20°,w; = 120°4 = 40°a; = 30025 km,e = 0.008,t, =
7.04 h, 7,1 =0,

e satellite 2: 29 = 20°, w9 = 120°, 190 = 80°, a9 = 30025 km,eo = 0.008,t,0 = t41 =
7.04 h, 7,0 = 0.

Action S is calculated for one orbit.

Scanning the action S we find that parameters: t1-t2, Q1-Q9, and t,1-t10 are degener-
ate. In the scanning region in the vicinity of their true values, the action S has a shape
of a 7valley” (Fig.2.17,2.18, 2.19). Degenerate points lie on a line 2z = y, which is under-
standable if we think of spherical symmetry of Schwarzschild metric. Changing ¢ and €2
of both satellites’ orbital planes by the same amount, i.e. keeping the same orientation

95



—17]

Action S in units [10

Scanning param. satl — ¢, sat2 — ¢

1012 — Direction: 1, —1
104 — Direction: 1, 1
/o5 A
I U
S
< 012
10720
~_ 10—28 ...................
02 04 -0.2 0.0 0.2 0.4
04 05 Area around true min. [1072]

Figure 2.17: Left: 2D scan of action S for ¢1-1o pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian matrix.
Right: Section of action S along the eigenvector directions for 11-to pairs. It is evident
that there is a degeneracy along the direction marked '1,1’. ’+0.5’ on horizontal axes
corresponds to +0.01 rad.

of one satellite with respect to the other, means moving along one of the Hessian matrix
eigenvector direction (see Fig.2.17,2.18, 2.19) and does not make a difference in action
S . No difference in action S is expected also if ¢, of both satellites are changed by the
same amount.

Other orbital parameters are not degenerate as can be seen in Figures: 2.20-2.23.
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Figure 2.18: Left: 2D scan of action S for €21-2 pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian matrix.
Right: Section of action S along the eigenvector directions for 21-Qy pairs. It is evi-

dent that there is a degeneracy along the direction marked ’Eigenvector 2’. '+0.5’ on
horizontal axes corresponds to +2 - 10~* rad.
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Figure 2.19: Left: 2D scan of action S for t,1-t.0 pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian matrix.
Right: Section of action S along the eigenvector directions for t,i-tao pairs. It is evi-

dent that there is a degeneracy along the direction marked ’'Eigenvector 2’. '+0.5’ on
horizontal axes corresponds to 5107 rg/c = 7.5 - 107 s.
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Figure 2.20: Left: 2D scan of action S for wi-we pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian matrix.
Right: Section of action S along the eigenvector directions for €21-{29 pairs. It is evident
that there is no degeneracy. '+0.5’ on horizontal axes corresponds to +1 - 10~ rad
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Figure 2.21: Left: 2D scan of action S for aj-as pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian matrix.
Right: Section of action S along the eigenvector directions for ai-ao pairs. It is evident

that there is no degeneracy. '+0.5” on horizontal axes corresponds to +2-10° rg = 1+8900
m.
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Figure 2.22: Left: 2D scan of action S for aj-e2 pairs in case of unperturbed, Schwarz-
schild metric. Blue arrows show the direction of eigenvectors of the Hessian ma-
trix. Right: Section of action S along the eigenvector directions for ai-go pairs. It
is evident that there is no degeneracy. ’£0.5’ on horizontal a; axis corresponds to
+2-10° rg = £8900 m, '+0.5’ on €3 axis corresponds to +0.07.
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Figure 2.23: Left: 2D scan of action S for t,;-7a2 pairs in case of unperturbed,
Schwarzschild metric. Blue arrows show the direction of eigenvectors of the Hessian
matrix. Right: Section of action S along the eigenvector directions for t,1-T,2 pairs.

It is evident that there is no degeneracy. ’+0.5" on horizontal axes corresponds to
+5-107 rg/c =7.5-107 s.
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Figure 2.24: Left: 2D scan of action .S for ¢1-t9 pairs in case of metric perturbed by Earth
multipoles, Earth tides and ocean tides. Blue arrows show the direction of eigenvectors
of the Hessian matrix. Right: Section of action S along the eigenvector directions for ¢;-
Lo pairs. It is evident that there is no degeneracy. '+0.5” on horizontal axes corresponds
to £0.01 rad.

Degeneracies in perturbed metric We then repeated our analysis for the case of
perturbed metric. First we include only Earth multipoles, Earth tides and ocean tides.
Since the metric is no longer spherically symmetric, above three degeneracies dissapear
as is evident in Fig. 2.24-Fig. 2.26.  We also repeated our analysis for the case of metric
including all gravitational perturbations. Results for ¢1-t0 and €21-{)s pairs are shown in
Fig. 2.28-Fig. 2.29.
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Figure 2.25: Left: 2D scan of action S for -9 pairs in case of metric perturbed
by Earth multipoles, Earth tides and ocean tides. Blue arrows show the direction of
eigenvectors of the Hessian matrix. Right: Section of action S along the eigenvector

directions for £21-Q pairs. It is evident that there is no degeneracy. ’+0.5’ on horizontal
axes corresponds to +2 - 1074 rad.
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Figure 2.26: Left: 2D scan of action S for t,1-t,o pairs in case of metric perturbed
by Earth multipoles, Earth tides and ocean tides. Blue arrows show the direction of
eigenvectors of the Hessian matrix. Right: Section of action S along the eigenvector

directions for t,1-t,40 pairs. It is evident that there is no degeneracy. ’+0.5’ on horizontal
axes corresponds to £5-107rg/c = 7.5-107% s.
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Action S in units [107'1]
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Figure 2.27: Left: 2D scan of action S for aj-ws pairs in case of metric perturbed
by Earth multipoles, Earth tides and ocean tides. Blue arrows show the direction of
eigenvectors of the Hessian matrix. Right: Section of action S along the eigenvector
directions for ai-ws pairs. It is evident that there is no degeneracy. '+0.5” on horizontal
a1 axis corresponds to +2 - 10* rg = £89 m, '+0.5” on wp axis corresponds to +1 - 1074
rad.
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Figure 2.28: Left: 2D scan of action S for ¢1-19 pairs in case of metric including all
gravitational perturbations. Blue arrows show the direction of eigenvectors of the Hessian
matrix. Right: Section of action S along the eigenvector directions for ¢1-19 pairs. It is
evident that there is no degeneracy. '+0.5’ on horizontal axes corresponds to +1 rad.
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Action S in units [107'9]
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Figure 2.29: Left: 2D scan of action S for w;-Q2 pairs in case of metric including
all gravitational perturbations. Blue arrows show the direction of eigenvectors of the
Hessian matrix. Right: Section of action S along the eigenvector directions for wi-$o
pairs. It is evident that there is no degeneracy. '+0.5’ on horizontal w; axis corresponds
to +0.01 rad, ’+0.5’ on €y axis corresponds to +2 - 1072 rad.
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To summarize: there are degeneracies in the case of spherically symmetric Earth in
pairs of orbital parameters which preserve relative orientation of two satellites. As soon
as perturbations are present (Earth multipoles etc.) degeneracies disappear.

Conclusions for WP3: In WP3 we have shown how to construct a relativistic GNSS
in a perturbed Schwarzschild space-time including all relevant gravitational perturba-
tions. We find that a user, which receives proper times of four satellites, can determine
its position in such RPS with accuracy of the order of 10732 —1073Y for coordinate ¢, and
10728 — 10725 for coordinates z, y, and z. We simulated inter-satellite links and built
a model of the ABC system, independent of terrestrial reference frames. We showed
that using only inter-satellite links and minimizing action S (2.137) for 2x6 orbital pa-
rameters, such a system can determine orbital parameters of satellites with accuracy of
10722, We investigated possible degeneracies in action S and found that in perturbed
metric there is no degeneracy between orbital parameters present.
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Figure 2.30: Mapping the space-time with three satellites.

2.4 Work Package 4 - Determination of gravitational pa-
rameters

Abstract of WP4: When the satellites exchange communication, they actually scan
the space-time around Earth (see Fig.2.30). In this work package we try to determine
whether such mapping could be used to find/measure the properties of the sources re-
sponsible for the space-time curvature. In a similar way as in Work Package 3, we
simulate a constellation of GNSS satellites with inter-satellite links and assume that in
addition to initial values of orbital parameters also gravitational perturbation coefficients
are known only with limited accuracy. We investigate if action S (2.137) has a well de-
fined minimum also in this case. We vary 2 x 6 orbital parameters + 14 gravitational
parameters and use several numerical methods to find the minimum of action. We in-
vestigate to which level of accuracy it would be possible to refine values of gravitational
parameters by this method. We discuss prospects and limitations of using GNSS constel-
lation of satellites to probe the space-time around Earth, i.e. to measure gravitational
perturbations, and how this influences possible scientific applications.

As in subsection 2.3.2, we construct a model of the RPS with inter-satellite links, and
assume that the initial orbital parameters (Q*(0), P,(0)) and gravitational parameters
(e.g. mass of the Moon) are not known very precisely. Giving the satellites some initial
orbital parameters (Q*(0), P,(0)) we let them evolve with time according to gravitational
perturbations. We calculate satellite orbits, simulate their communication, and calculate
the action S according to (2.137). We repeat this for various values of orbital and
gravitational parameters to scan the parameter space and investigate whether the action
S has a well defined minimum.

2.4.1 Minimum of the action S and refinement of gravitational param-
eters

We take two satellites on orbits with the following initial orbital parameters:
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Figure 2.31: Action S as a function of relative offset of Earth’s angular velocity Qg from
its true value. Value 1 on x axis corresponds to AQg/Qg = 0.000014. Knee in S is at
~ 10716, which corresponds to AQg/Qg ~ 10721,

10°

ds

-

5]
G

10 10"20 10‘-15 1c;-1° 11;-5 100

Figure 2.32: Action S as a function of relative offset of Earth’s multipole My from its
true value. Value 1 on z axis corresponds to AMasy/Msy = 0.00007. Knee in S is at
~ 107!, which corresponds to AMag/Mag ~ 7 - 10723,

e satellite 1: 2 = 0° w; =0°, ¢; =60° a3 = 30025 km, € = 0.007, t,; = 7.04 h,

o satellite 2: Qy = 120°, wy = 20°, 13 = 60°, agz = 30025 km, e3 = 0.008, {52 =
tq1 = 7.04 h.

First, we vary each of 14 gravitational parameters individually and calculate action
S. We find that in all cases the minimum of the action S is well defined and deep'?.

To investigate how accurately one could determine gravitational parameters by this
method, we calculate action S as a function of a relative offset of the gravitational
parameter from its true value. Results are shown in Figs. 2.31 —2.44.

In all cases, the action stays more or less constant to some relative offset, and after
it, it starts increasing. Position of this “knee” determines how accurately it is possible
to determine a given gravitational parameter with this method, namely, for offsets below

13Depth of the minimum depends on the numerical precision, e.g. if we do all calculations in double
precision, then the minimum is displaced from the true value, and is not as deep as in case of quad
precision.
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Figure 2.33: Action S as a function of relative offset of Earth’s multipole Re{Ma;} from
its true value. Value 1 on x axis corresponds to ARe{Ma1}/Re{Ms1} = 5-107'. Knee
in S lies above that value, therefore it is not possible to refine this parameter using the
method of action minimization.

10-30

ds

10-31 1
1025 1020 1015 1010 10 100

Figure 2.34: Action S as a function of relative offset of Earth’s multipole Im{Ma;} from
its true value. Value 1 on x axis corresponds to AIm{Ma1}/Im{Mas} = 8-1071. Knee
in S lies above that value, therefore it is not possible to refine this parameter using the
method of action minimization.
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Figure 2.35: Action S as a function of relative offset of Earth’s multipole Re{Ms3} from
its true value. Value 1 on z axis corresponds to ARe{Ma2}/Re{ M2} = 0.02. Knee in S
is at ~ 1078 which corresponds to ARe{Mas}/Re{ Mo} ~ 2-10720,
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Figure 2.36: Action S as a function of relative offset of Earth’s multipole Im{Ms3} from
its true value. Value 1 on z axis corresponds to AIm{Maa}/Im{ M} = 0.04. Knee in
S is at ~ 10718, which corresponds to AIm{Mao}/Im{Mas} ~ 41072,
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Figure 2.37: Action S as a function of relative offset of the Moon’s mass M¢ from its
true value. Value 1 on x axis corresponds to AM¢/M¢ = 1. Knee in S is at ~ 1072,
which corresponds to AM¢/M¢ ~ 10721,
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Figure 2.38: Action S as a function of relative offset of the Moon’s distance r¢ from its
true value. Value 1 on z axis corresponds to Arg/r¢ = 1. Knee in S is at ~ 10721,
which corresponds to Arc/r¢ ~ 10721
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Figure 2.39: Action S as a function of relative offset of the Sun’s mass Mg from its true
value. Value 1 on z axis corresponds to AMe/Me = 1. Knee in S is at ~ 10721, which

corresponds to AMe /Mg ~ 10721,
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Figure 2.40: Action S as a function of relative offset of the Sun’s distance re from its
true value. Value 1 on z axis corresponds to Arg/ro = 1. Knee in S is at ~ 1072,
which corresponds to Arg/re ~ 10721,
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Figure 2.41: Action S as a function of relative offset of Venus’ mass Mo from its true
value. Value 1 on z axis corresponds to AMo/Mo = 1. Knee in S is at ~ 1074, which

corresponds to AMo/Mo ~ 10714,
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Figure 2.42: Action S as a function of relative offset of the Venus’ distance ro from its
true value. Value 1 on z axis corresponds to Are/ro = 1. Knee in S is at ~ 10715,
which corresponds to Arg/ro ~ 10~15,

10-10

ds

1015
1020

1025

1030

10-35 1
1025 1020 1015 1010 10 100

Figure 2.43: Action S as a function of relative offset of Jupiter’s mass My from its true
value. Value 1 on z axis corresponds to AMy /My = 1. Knee in S is at ~ 107, which
corresponds to AMy /My ~ 10714

10°
100
10
10-10

1015

ds

10720
1025

10-30

35 | | | |
1025 1020 1015 10710 10 100
X

Figure 2.44: Action S as a function of relative offset of the Jupiter’s distance ry from
its true value. Value 1 on z axis corresponds to Ary/ry = 1. Knee in S is at ~ 10716,
which corresponds to Ary /ry ~ 10716,
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the knee value, this method is not sensitive. These limiting (knee) values for different
gravitational perturbations are given in Table 2.2. Table 2.2 also gives values of action S
and change in position AL for some representative offsets in gravitational parameters.™

Based on these results (Figs.2.31-2.44 and Table2.2) we can conclude that, in
principle, it is possible to refine the gravitational parameters to a very high degree!®
just by finding the minimum of the action.'®

Table 2.2: Influence of gravitational parameter variation on the action S and satellite’s
position. Columns are: gravitational parameter, its relative change, corresponding value
of action S and change in satellite’s position AL, knee value order of magnitude.

parameter P % S [(%’)2] AL [m] (%)knee
Qo 1.4-107% 1.1-107% 0.00048 10~2!

Ms g 7-1078 15 0.1 7-107%
Re My, 5-10721 1.107% 8.107%* >5.10718
Im Ms, 8§-1072  1-10731  4.107% >8-.107%
Re M?22 0.00002 10 0.38 2.10720
Im M22 0.00004 12 0.002 4.10720
Mc¢ 0.001 4.6-10% 140 10~2

re 0.001 2.107 261 10721

Mo 0.001 71000 113 10-2

re 0.001 2.8-10 220 10721

Mo 0.001 4.2-1077 0.00008 10~

ro 0.001 1.5-107% 0.00016 1071°

My 0.001 0.000086  0.00046 104

Ty 0.001 0.0003 0.00084 10716

2.4.2 Finding the minimum

We used different minimization methods. When working in double precision, we used
the following algorithms from NLopt library (Johnson 2013): gradient-based (LBFGS,
NEWTON, MMA, SLSQP), gradient-free (COBYLA, BOBYQA, NEWUOA, PRAXIS,
Nelder-Mead Simplex, Sbplx), and global (DIRECT, DIRECT-L, CRS, MLSL, StoGO,
ISRES, ESCH). For global minimization, we also used Multinest (Feroz and Hobson
2008; Feroz et al. 2009, 2013) and Pswarm (Vaz and Vicente 2007, 2009; Le Thi et al.
2012). For quad precision, we implemented the following methods, which we found most
promising based on their performance in double precision: gradient-based BFGS, and

1AL has been calculated in the same way as in Sec. 2.2.3, Fig. 2.12.

15 At this point, we have to note again, that these numbers represent the accuracy of the numerical
methods used. In a real system, the accuracy would be much lower due to numerous effects, e.g. non-
gravitational perturbations, atmospheric effects, clock errors...

8Except for the M» 1 multipole, which is already known with great accuracy.
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gradient-free simplex, powell, and praxis. In Figs. 2.45—2.51 we show only a tiny fraction
of all the countless combinations and tests which we performed.

Minimization approaches From the analysis of action in Figs. 2.31—2.42 it follows
that it is reasonable to do minimization only with those parameters, which are relevant at
current value of action; i.e. we start with the fewest possible parameters, which produce
the largest errors in the action, and as the minimization progresses and the action is
lowered, we include more and more parameters. In this way it is possible to speed up
the whole process. (Basically, it is best to have dimensions of equal size.) Note, however,
that gradient-based methods are unaffected by dimension sizes, so we may just include
all the parameters at the very beginning of the minimization.

This behaviour can be observed in Figs. 2.50—2.51, where we added 5 gravitational
parameters (Earth rotation frequency and 4 quadrupoles) to the orbital ones, and used
gradient-based method BFGS for minimization. In both plots we can see the horizon-
tal lines, which correspond to the gravitational parameters — the method never modi-
fies these parameters while searching for the minimum. Nevertheless, even though the
method correctly ignores the small parameters and the final action is much lower than
the initial one, the method did not reach the minimum.

In Figs.2.45-2.49 we added only one gravitational parameter (Earth rotation fre-
quency) to the orbital parameters in minimization. In this case, gradient-free methods
approach the true minimum, and the most successful ones manage to minimize all but
two parameters (both times of apoapsis passage). The still high values of the final action
clearly show, that the true minimum has not been reached yet.

We performed numerous other tests with different initial points, and have found out
that the final values of parameters can be different. Although we did many scans of
action and did not find any other local minima,'” we also used global minimizers just to
be sure that this is not an issue. An example of global minimization is in Fig. 2.49.

We also found out that the results are independent of number of orbits or number
of communication pairs per orbit.®

Finally, we have confirmed that it is not possible to decouple minimization of the
orbital parameters from minimization of the gravitational parameters, i.e. it is not
possible to first minimize wrt. orbital parameters and afterwards wrt. gravitational
parameters. As soon as a gravitational parameter is changed from its true value, also
the minimum in the orbital parameters shifts from its correct position.

Speed of calculations vs. accuracy In previous sections it was shown that we have
to work with 128-bit precision (quad precision) floating point numbers in order to not
lose any significant digits for the weakest perturbations. However, doing calculations in
quad precision is extremely slow. For example, just by replacing double precision with
quad precision variables, the calculations slow down by a factor of 30. Furthermore, if

"Except if we extend the interval for w and Q so that the periodic nature of these angles starts to
show.
811 the previous Ariadna studies this was not the case!
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Figure 2.45: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)

during the minimization process.

The parameters are scaled in the interval [0, 1],

corresponding to the absolute errors {Aa, Ae, Aw, AQ, Av, At,} = {10 km, 2.815125 x
1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-

metric in that interval. The true values are at 0.5.
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Figure 2.46: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the minimization process. The parameters are scaled in the interval [0,1],
corresponding to the absolute errors {Aa, Ae, Aw, AQ, Av, At,} = {10 km, 2.815125 x
1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-
metric in that interval. The true values are at 0.5.
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Figure 2.47: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the minimization process. The parameters are scaled in the interval [0,1],
corresponding to the absolute errors {Aa, Ae, Aw, AQ, Av, At,} = {10 km, 2.815125 x
1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-
metric in that interval. The true values are at 0.5.
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Figure 2.48: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the minimization process. The parameters are scaled in the interval [0,1],
corresponding to the absolute errors {Aa, Ae, Aw, AQ, Av, At,} = {10 km, 2.815125 x
1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-
metric in that interval. The true values are at 0.5.
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Figure 2.49: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the minimization process. The parameters are scaled in the interval [0, 1],
corresponding to the absolute errors {Aa, Ae, Aw, AQ, Ai, At,} = {10 km, 2.815125 x

1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-
metric in that interval. The true values are at 0.5.
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nlopt BFGS
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Figure 2.51: The action S(Q*(0),P,(0)) (top) and the orbital parameters (bottom)
during the minimization process. The parameters are scaled in the interval [0,1],
corresponding to the absolute errors {Aa, Ae, Aw, AQ, Av, At,} = {10 km, 2.815125 x
1075,1.689075 x 1072,1.12605 x 1072,3.37815 x 1073,0.2 s}, so that the action is sym-
metric in that interval. The true values are at 0.5.
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we reduce the step-size in the numerical integrator to get the output in quad precision,
the time of calculation increases by an additional factor of 30. In the end, it takes
140 seconds to calculate only one action (one step) for a duration of 10 orbits, if the
Earth rotation and quadrupoles are the only gravitational parameters included in the
minimization. But to do minimization, thousands of action calculations are required,
which would take tens of days. And because the number of calculations quickly increases
with number of dimensions, it could take months to do only one single minimization test!
This is why we put a lot of effort into reducing the calculation times. Here are a few
things that we tried:

Since we found out that the number of orbits and communication pairs per orbit
does not affect the end result, we decided to mostly work with only 2 orbits and
used only 36 communication pairs per orbit, i.e. we simulated the satellites for 2
periods and let them communicate only every 10°.

Calculation of planetary perturbations requires data from ephemerides, which we
have to interpolate. This is a very slow process, especially if the number of in-
terpolations required is very large — which it is, if we want the results in quad
precision. Minimizing the action wrt. planetary parameters (their mass and dis-
tance) slows down the calculations by an order of magnitude (or more!), therefore
we only include the Earth multipoles in the minimization.

To speed up calculation of an action, the orbits of the satellites and the summation
of the communication pairs are calculated in parallel.

We tried 2 parallel minimization methods (Multinest and Pswarm), however they
are global minimization methods, which are always slower than local methods (even
if parallel). Furthermore, they are implemented only for double precision.

Working with double precision variables. Although this is very fast (and this is
why we did many tests with it), the precision loss is too severe, so at some point
we had to abandon double precision.

Use gradient-based minimizers. These require much less steps to find the minimum.
The problem is, though, that we do not have an analytic expression for gradient
of the action, so we have to calculate it numerically, which takes a very long time.
Consequently, calculations of the action are very slow, and in the end, the benefits
of the fewer minimization steps are gone. Furthermore, since we calculate the
gradient numerically, the minimizer typically stops after a small number of steps
due to cancellation errors in gradient computations.

We used quad precision variables, but increased the integrator step-size so that its
output is accurate only to double precision. In this way we were able to maintain
all the 16-17 digits of double precision in all the internal computations. This is
how Figs. 2.45—2.51 were obtained.
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e Finally, as it turned out that the equations used in the Hamiltonian formalism
(Sec. 2.2 and App. A) are prone to cancellation errors (e.g. some derivatives lose 10
digits!), we decided not to use it for the WP4 minimization, but rather implemented
an integrator of the geodesic equation (2.100). The equations involved in this
integrator are very meek compared to the Hamiltonian ones and the mere number
of them is much lower, so in the end we not only got rid of the cancellation errors,
but also gained some speed-up in calculations.

For all the reasons mentioned above, we never performed minimization on all 30 — 40
parameters. It is simply impossible, at least with the hardware that we have at our
disposal.

Although none of the tested methods were able to find the minimum when the
gravitational parameters were included, the results of all the analysis done clearly show
that the action has one minimum for the true values of the gravitational parameters, and
if we find a way to get to the minimum, the gravitational parameters can be determined
with unprecedented accuracy. But to get there, we would most likely need some non-
generic minimizers written especially for this minimization problem, as well as use much
better equipment for numerical computations.

2.4.3 Degeneracies

In a similar way as in subsection 2.3.3, we studied possible degeneracies between differ-
ent gravitational parameters. Some results for the case of metric perturbed by Earth
multipoles, Earth tides and ocean tides are presented in Figures 2.52-2.55. We find no
degeneracy in action S between gravitational parameters.
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Figure 2.52: Left: 2D scan of action S for Re M3 and Im M5 ¢ pairs in case of metric
perturbed by Earth multipoles, Earth tides and ocean tides. Blue arrows show the
direction of eigenvectors of the Hessian matrix. Right: Section of action S along the
eigenvector directions for Re M and Im My pairs. It is evident that there is no
degeneracy. '+0.5’ on horizontal Re Ms; axis corresponds to +3.79 - 1017 m®s=2, '+0.5’
on Im My axis corresponds to +2.42 - 1018 mP%s—2.
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Figure 2.53: Left: 2D scan of action S for Re Ms 2 and Im M> 5 pairs in case of metric
perturbed by Earth multipoles, Earth tides and ocean tides. Blue arrows show the
direction of eigenvectors of the Hessian matrix. Right: Section of action S along the
eigenvector directions for Re Mso and Im Mo pairs. It is evident that there is no
degeneracy. '+0.5” on horizontal Re M> o axis corresponds to +1.98 - 102! m®s~2, '+0.5’
on Im My 5 axis corresponds to £2.27 - 102! m5s=2.
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Figure 2.54: Left: 2D scan of action S for {2¢ and Ms o pairs in case of metric perturbed
by Earth multipoles, Earth tides and ocean tides. Blue arrows show the direction of
eigenvectors of the Hessian matrix. Right: Section of action S along the eigenvector
directions for {d¢ and Mj o pairs. It is evident that there is no degeneracy. ’+0.5" on
horizontal Qg axis corresponds to +1.02- 1072 s~1, ’+0.5’ on Ms o axis corresponds to
+1.94 - 10?" mSs~2,
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Figure 2.55: Left: 2D scan of action S for Q¢ and Im Mo pairs in case of metric
perturbed by Earth multipoles, Earth tides and ocean tides. Blue arrows show the
direction of eigenvectors of the Hessian matrix. Right: Section of action S along the
eigenvector directions for {d¢ and Im Ms 5 pairs. It is evident that there is no degeneracy.
’4+0.5’ on horizontal Qg axis corresponds to +1.02 - 102 s~!, ’+0.5’ on Im My o axis
corresponds to +2.27 - 102! mds2
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Conclusions for WP4: In WP4 we simulated a constellation of GNSS satellites with
inter-satellite links and assumed that in addition to initial values of orbital parameters
also gravitational perturbation coefficients are known only with limited accuracy. We
used action S (2.137) and found that it has a well defined minimum also in these cases.
By varying each gravitational parameter individually we found that the minimum in
action S is pronounced and narrow enough to theoretically allow the refinement of grav-
itational parameters (e.g. Earth multipoles, mass of the Moon) to very high accuracies
(see Table 2.2). We then varied orbital and gravitational parameters, and used several
numerical methods to find the minimum of action. Although none of the tested methods
were able to find the minimum when the gravitational parameters were included, the
results of all the analysis done in WP4 clearly show that the action has one minimum
for the true values of the gravitational parameters, and if we find a way to get to the
minimum, the gravitational parameters can be determined with unprecedented accu-
racy. Their accuracy is therefore not limited by this method, but rather by other effects
(e.g. non-gravitational perturbations, clock noise, atmospheric effects). We investigated
possible degeneracies between gravitational parameters and found none.
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Chapter 3

Summary

In this project we continued work done under two ESA Ariadna projects carried out in
2010 and 2011 (Cadez et al. 2010, 2011; Delva et al. 2011). It was shown there that GNSS
could be modelled in general relativity, and that RPS and ABC concepts are feasible,
stable and highly accurate in the case that space-time around Earth is described with
Schwarzschild metric, i.e. idealized, spherically symmetric Earth and no other celestial
objects.

For a high accuracy GNSS, several gravitational perturbations have to be taken into
account in order to get a more realistic model. From Fig. 2.1 we can see that at the GNSS
(Galileo, GPS) altitudes relevant gravitational perturbations are (in approximative order
of decreasing magnitude) due to: Earth multipoles, the Moon, the Sun, Earth solid tide',
Venus, Jupiter, Earth ocean tide, and Kerr effect due to Earth’s rotation.

Our work and results can be divided in the following Work Packages:

e In WP1 we built a scheme for including all relevant gravitational perturbations
(Earth multipoles up to the 6, Earth solid and ocean tides, the Sun, the Moon,
Jupiter, Venus, and the Kerr effect) to the background of the Schwarzschild metric
in the weak-field limit with the linear perturbation theory. We used the Regge-
Wheeler-Zerilli formalism, i.e., expand perturbations in terms of tensor spherical
harmonics, and found connection between our solutions and Newtonian multipole
coeflicients in the ¢ — oo limit. We took into account also the frame-dragging effect
of the Earth by the first order term in the expansion of the Kerr metric for a « 1.
The result is a perturbed Schwarzschild metric, with perturbations incorporating
effects due to Earth’s multipoles, tides and rotation, and weak gravitational influ-
ences of other Solar System objects. It is written to the first order with explicit
expressions (2.96) and (2.97) and fully determined by multipole momenta Mfm,

M n:m, Kerr parameter a, and functions Péi) and Rg ).

"We note that effects of Earth tides were not part of the original proposal of this project. Since their
effects are comparable or even larger than effects of some other gravitational perturbations included in
the project, we decided to include also tides to have a complete description of gravitational perturbations.
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e In WP2 we calculated satellite dynamics in perturbed space-time. We use per-
turbed metric derived in WP1 and perturbative Hamiltonian formalism to obtain
time derivatives of 0" order constants of motion. With the derivatives known,
we were able to determine the time evolution of 0™ order constants of motion
and because they are varying slowly, we applied them to analytic solutions for
Schwarzschild geodesics to calculate orbits of satellites in perturbed space-time.
We investigated the influence of individual gravitational perturbations on the or-
bital parameters evolution (Fig. 2.3 - 2.10) and on the satellite’s position and time
(Fig.2.12 - 2.13). We also calculated orbital parameter evolution due to all grav-
itational perturbations together (Fig.2.11). We estimated the influence of gravi-
tational perturbations on the user-satellite and inter-satellite light signal time-of-
flight and found it to be negligible.

e In WP3 we used perturbed satellite orbits from WP2 to model the relativistic
positioning in gravitationally perturbed space-time and test its accuracy. We found
that a user, which receives proper times of four satellites, can determine its position
in an RPS with accuracy of the order of 10732 — 1073% for coordinate ¢, and
10728 — 10726 for coordinates z, y, and z. We then simulated inter-satellite links
and built a model of an ABC system. We assumed that the initial values of 0"
order constants of motion are known with limited accuracy and showed that a
system of two satellites, using only inter-satellite links and minimizing action S
(2.137) for 2x6 orbital parameters, can determine their orbital parameters with
accuracy of 10722, We also investigated possible degeneracies between orbital
parameters. We found that degeneracies between t1-10, 21-{29, and t,1-ta0 exist
in unperturbed, Schwarzschild metric (Fig.2.17-2.19), but they disappear in the
perturbed, non-spherically symmetric metric (Fig. 2.24-Fig. 2.26).

e In WP 4 we used a similar procedure as in WP3 to simulate a constellation of
GNSS satellites with inter-satellite links and assumed that in addition to initial
values of 0" order constants of motion also gravitational perturbation coefficients
are known only with limited accuracy. We investigated the behaviour of the action
S (2.137) and found that it has a well defined minimum also in these cases. By
varying each gravitational parameter individually we found that the minimum in
action S is pronounced and narrow enough to theoretically allow the refinement of
gravitational parameters to very high accuracies (see Table 2.2). We then varied
orbital and gravitational parameters, and used several numerical methods to find
the minimum of action. Although none of the tested methods were able to find
the minimum when the gravitational parameters were included, the results of all
the analysis done in WP4 clearly show that the action has one minimum for the
true values of the gravitational parameters, and if we find a way to get to the
minimum, the gravitational parameters can be determined with unprecedented ac-
curacy. But to get there, we would most likely need some non-generic minimizers
written especially for this minimization problem, as well as use much better equip-
ment for numerical computations. We investigated possible degeneracies between
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gravitational parameters and found none.

e We presented our work and results of this project at two international meetings.
The first one was the ESA - Faculty of Mathematics and Physics (University of
Ljubljana) workshop Relativistic Positioning Systems and Their Scientific Appli-
cations, which we organized from 19" to 21%% Sep 2012 at Brdo near Kranj in
Slovenia (http://rgnss.fmf.uni-1j.si/workshop). We co-edited the workshop
proceedings, which were published as a special issue of the ESA Advanced Con-
cepts Team publication Acta Futura, Issue 7 (http://www.esa.int/gsp/ACT/doc/
ACTAFUTURA/AF07/ACT-BOK-AF07.pdf). The second meeting was the 4" Interna-
tional Colloquium Scientific and Fundamental Aspects of the Galileo Programme,
held from 4™ to 6'" Dec 2013 in Prague, Czech Republic, where we co-chaired the
session on Relativistic Positioning.

Results of our work are very promising. We find that positioning in an RPS with
gravitational perturbations is feasible, highly accurate and stable. Our results show that
it is also possible to use RPS with inter-satellite links as an ABC and that a system of
satellites can determine their own dynamics, and any additional satellite can be used to
increase accuracy of the system and to probe gravitational field. Namely, we find that if
we individually vary gravitational parameters, action S has a very well defined minimum
and theoretically allows refinement of most gravitational parameters to highly accurate
values. This indicates that RPS with inter-satellite links may have big scientific potential
in various areas of gravimetry, geology, astronomy etc. Namely, as quoted in Table2.2, it
would be theoretically possible with the action minimization to determine gravitational
parameters, such as Earth multipoles, celestial objects’ masses and distances. We note
however, that in practice there are several difficulties:

e Theoretically possible highly accurate values of gravitational parameters may not
be achievable due to effects not considered in this project, e.g. non-gravitational
perturbations, clock-noise, atmospheric effects etc.

e Existence and efficiency of numerical multi-dimensional minimization methods
which would allow fast and highly precise convergence to the action minimum.

e Minimization problems are expected to be even more severe in cases, where we
would like to minimize action in all orbital and gravitational parameters at the
same time.

Nevertheless, a system with inter-satellite links and action minimization offers a
new, independent way of probing space-time in the vicinity of Earth and measuring
the gravitational influence of not only Earth and its multipoles and tides, but also
gravitational parameters (e.g. mass and distance) of other celestial bodies. The concept
of RPS GNSS has the potential to measure gravitational perturbations to unprecedented
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accuracies, which could bring yet unforeseen and various scientific applications, and
therefore deserves further studies.

The main reason to further develop a concept of RPS with inter-satellite links is in
the accuracy and lower costs of such a system. Namely, although we are not experts on
this, we expect that the cost of on-board transmitters and receivers is much lower than
the cost of building, running and maintaining ground-based stations to track satellites in
order to determine their positions in some terrestrial reference frame. The link between
terrestrial reference frames and ABC can be obtained by placing several receivers at
the known terrestrial positions, the cost of which is again expected to be low compared
to cost of ground-based tracking. All the heavy computations would be preformed in
ground-based computing facility. In addition, there would be no need to synchronize
satellite clocks to a time-scale realized on the ground.

Next steps should, in our opinion, include:

e Study of more suitable numerical methods for highly accurate and faster minimiza-
tion of action S.

e Study of the influence of non-gravitational perturbations (e.g. Solar radiation
pressure, Earth albedo) on an RPS performance and orbital and gravitational
parameters determination.

e Tests on real satellite data: use data of real satellites’ orbits, compare them with
predictions by a model, and from residuals 'measure’ perturbing effects (gravita-
tional and non-gravitational).

e Feasibility study focused on ground-based infrastructure and on-board hardware

required for implementing the ABC system.

List of all software and relevant papers is given in App. C.
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Appendix A

Canonical transformation

For the transformation Fy : (¢*,p,) — (Q", P,), it is best to take the characteristic
function F; such that Fy = Fy(¢*, P,,7) = W(¢", P,) — HT, so that p, and Q" following
from this F3 are (Goldstein 1980):

O oW

_ - Al
oF:
E 2
== A2
=3 (42)
The Hamiltonian is therefore
1 oW oW
H=—-|(g¢g"—o . A.
2 (g ogh 661”) (4.3)

Because H satisfies the Staeckel conditions, the Hamilton-Jacobi equations are com-
pletely separable, so the function W is simply

W =Wy(t) + W.(r) + We(0) + We(o) . (A4)

Since coordinates t and ¢ are cyclic and therefore the momenta p; and py are constant,
it is reasonable to keep them also after the canonical transformation:

P, = —p;, = E = const. (A.5
Py = py = 1, = const. (A.6)

Also due to the cyclic nature of the coordinates, the corresponding functions W, are
very simple (Goldstein 1980):

Wt = ptt = —Plt (A7)
Wy = Dot = Paé . (A8)

With these, it is possible to write the Hamiltonian as
) . (A9)

1 1 ) oMY\ (OWN? 1| /eWw\® 1,
H_2<_1—2M/rpl+<l_r> (a> +7~2[(ae> Tz’
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The expression in the square parenthesis depends only on 6, and is therefore constant
(Goldstein 1980). If we label this constant as P», we get an expression for oW /00:

2 2
(aW) i (A.10)

00 sin?@ -

Having in mind equations (A.1), (A.6), and (A.10), it is easy to see that P, is the
magnitude of the angular momentum:

p
P} =pi+ " ®_ — 12 = const. (A.11)

If we use all the constants to write H

1 1 ) oM\ [(dW\? P2
H_2<_1—2]\/[/rpl+<1_r> (a) ) (4.12)

and take into account that H itself is constant

—%,  time-lik
Py=H=1{ 2 MU (A.13)
0, light-like
we get the expression for oW /or:
aWwN: 1 P? P2
— | =pr= ——= +2F| . A.14
<ar> Pr 1—2M/r[1—2M/7" 2 0] (A-14)
Now we can write the function W from (A.4)
el o ow
W =—-Pit+P —d ——db Al
1t + 3¢+La ar T+L/2 20 Y (A.15)

and finally

"1 Py N O
W = —Plt-i-qub—L Y Pl - X (102 —2P0>d7’— L/Z P2 — sin20d0 , (A16)

where X = 1 —2M/r and r, the apoapsis.
The new coordinates Q" after the canonical transformation F5 are obtained from
(A.2) and (A.16):

0Fy T 1

0

= _+_ dr = const. A7
@ =%R ra /P2 — X(P2/r® — 2P) (317

!The signs of the square roots are chosen so that if the satellite starts at apoapsis, it approaches
Earth.
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oW P,
1 _ 2T ! dr = const. A.18
@ 0P, J X+/P}— X (P}/r? —2P,) (8.18)
r 0
Q? = cl/V = f > L — dr — J s df = const.
0Py Jp, r2/P} — X(P}/r? — 2R) w2\ [P} — P3/sin’
(A.19)
0
Q3 = ?;/ =¢+ f s df = const. . (A.20)
3

/2 sin? 9\/P22 — P2/sin? 0

A.1 Physical meaning of Q"

The integral in (A.18) measures time since apoapsis, so the difference between time and
this integral equals the time of the first apoapsis passage, i.e. Q' = —t,. Similarly,
Q" = —7, marks the proper time of the first apoapsis passage.

To obtain the physical meaning of the remaining two coordinates, it is best to consider
geometric relations which follow from the sine and cosine laws for spherical triangles (see
Fig.2.2).

First, there is a relation between P3 in Ps:

P3 = Pycost (A.21)

where ¢ is the inclination of the orbital plane. This is, essentially, a relation between z-
component of the angular momentum (/,) and the magnitude of the angular momentum
(1). So, instead of (I,1,), we can use (I,¢) (or, instead of (P, P3), use (P»,)).

Because the orbit is planar, it is better to introduce the true anomaly A (see Fig. 2.2)
than to use two angles (6, ¢) or proper time 7 to describe the orbit. The true anomaly
can be calculated from:

A1) =1 (A.22)

l

A=[\H] = = (A.23)

and/or from the geometric relations between the angles (6, ¢) and (w,2):

cosf

A24
sin(A +w) = o ( )
cos(A + w) = cos(¢ — ) sin b (A.25)
cos ¢
Q) = A A.26
sin(¢p — Q) = sin(\ + w)sine ( )
o —Q sin(A + w) cos ¢
t = : A.27
Ty sin 6 + cos(A + w) ( )
These relations give:
2 .
2 Py P sin ¢ cos(A + w) (A.28)

- = = I :
sin? 6 sin
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cos(h +w)ir = 200 (A.29)
sine
which simplifies equations (A.19) and (A.20) for Q? and Q3:
T 0 . r A "
Q° = J (.)dr — J L J (...)dr +J d\ = J (.)dr + (A + w)

/2 Sinccos(A + w)

(A.30)
P;cot 0 t 0
Q3 = ¢ — arctan 30 = ¢ — arctan (;()S(;Ciz)) (A.31)

\/P22 — P2/sin? 6

The remaining integral in the above equation for Q2 gives the angle from the apoapsis,
but since the true anomaly A is already measured from the apoapsis, it follows that
Q? = w, i.e. the longitude of the apoapsis. If we invert equation (A.31) and take into
account the geometric relations, we find

3, cotecos)  coticotf B
tan(¢ — Q%) = cos(A + w) N cos(¢p — Q) = tan(¢—0) , (A.32)

so, obviously, @3 = .

A.2 Radial integrals

The r integrals in equations (A.17) - (A.19) can be calculated after introducing a new
variable u

2M
and two dimensionless parameters a and b
2ME 2MP; 8M?P,
“T P P2 (A.34)
With these, the variables QV, Q' and Q? are rewritten as:
2Ma (" du
0
- Ty =T+ A.35
@ E LS u?y/a? —u2(1 —u) + b(1 — u) ( )
“ du
1
= —t, = —t+ 2Maf A.36
? us U2(1 —u)r/a? —u2(1 —u) + b(1 — u) ( )
U d
Q% = w=—— l FAtw, (A.37)

us AV/@% — u2(1 —u) + b(1 — u)

which are the well known equations of orbit and time, with the already known solutions
(Cadez et al. 2010; Delva et al. 2011; Kosti¢ 2012; Gomboc 2001):

t 2n u
QO 3
7 - 7 + - = I I N +

II(n; xlm)> (A.38)
3
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2na nZ —m 2

Pe e =t (1 . (n; 5 (n;
Q + 2 [( +u3+2(m—n1)(n1—1)> (n1;x[m) + T (ng; x|m)

/2 m n sin2xy/1— msin? x

E —(1—-—=)F _
: (m =m)(m —1) ( ) ( ”1) (xlm) 2(1 — nqsin? )

(A.39)
Q*=w= —nF(x|m)+ A+ w, (A40)

where F', F/, and II are the elliptic integrals of the first, the second, and the third kind,
respectively, (definitions are from Wolfram (1996)) and x is such that

u(x) = ug — (ug — us) cos® x , (A.41)

while the parameters ui,uo, and us are the roots of the polynomial under the square
root in equations (A.35), (A.36) and (A.37):

1 (
ur =g <1 + 2|D| cos g) (A.42a)
1 P — 27
up = §<1 + 2|D| cos 3 ) (A.42b)
1 2
us = §<1 + 2|D| cos id 2 W) . (A.42¢)
All the parameters depend only on E and [ (i.e. on P, and P»):
2
a= 1—9b—?7a2 B=-1-3b (A.43a)
D=a*+p3° D] =/ (A.43Db)
v—D
1 = 2arctan | ——— (A.43c)
a+4/—F3
Uz — U3 2
m=——- n = — A.43d
Ul — us 4/ U1 — us ( )
np=1-— el ng = Y2745 (A.43e)
us 1—wus
For completness, using the inverse of (A.40)
A
x() = am( |m) | (A1)
we also provide a direct relation between u and A
A
u(A) = ug — (ug — U3)Cn2(ﬁ\m) (A.45)

However, it turns out, that the form of (A.42a)— (A.43c) is not the most suitable for
GNSS, because due to “weak relativity” precision loss will occur. For this reason, it is
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necessary to use the following set of parameters (Cadez et al. 2010):

3vﬁmﬂ+4—&m4—3zm3—3%m2—uwn+3)%2+2mp—mf4
- 32
21(1 —-3l*2)

Yo = —arcsin(gq) (A.46b)

p=1/1-3/P (A.46¢)

112 4
/ _ p SiH2 %

q= (A.46a)

= — A4
A T (4.46d)
13/ . Ya .9 Ya
uz =g <1+ — pV/3sin 3 + 2psin 5 (A.46e)
3/1° Ya 2 Ya
us =g (1 s + pV/3sin 3 + 2psin? c | (A.46f)

where n = E — 1 and [ = [/2M.
The major semi-axis a and the eccentricity € of the orbit are trivially calculated from
the periapsis r, = 2M /us and the apoapsis rq = 2M /us:

a=M (1 + 1> (A.47)
ug U3
e=2"% (A.48)
U + U3

A.3 Derivatives of canonical variables

First, we define a number of auxilliary functions and their derivatives (we use definitions
from App. A.2 and App. A.3.1):

T P
J = f 2 dr (A.49)
PR X (P = 2R
0J n? 2
a5 = T 5| (1= u3)Noca — na(— 2 + Bug + njus + na(3us — 1)) Neg+
P u3n3 \ \ (A.50)
A _ _ A2 _ 2
+ - (nAU3 +m(—1+ (3+ TZA)US))Nd m n] P,
oJ Pln
— N, A.51
6P1 P2 % sed ( ) )
a7J——3[(1—U)N — nguzNeq] (A.52)
(3P0 = P2 (’LL2 — ’LL3)2 3 scd AUI LN ed .
r P,

e X\/P? - X(P2)r? - 2P))
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ol oJ

o2 A.54
oP, oP, (A.54)
ol 4AP?n3 [ 1 1 1 }
A - 3.2 9 NQQscd + NQscd + N 'scd
0P Pin’ud | u3 1— Q (A55)
2L Nog + —Ng + ——N, |
P2 u% QQ us @ 1-— us @
ol 4P%n3
— = Ngose A.56
0Py Pju3(uy —us)? QQscd ( )
0
P,
K = J 2 do (A.57)
w2\ [P} — P3/sin®
oK cot ¢t tan(A + w)
or; Pysine (A.58)
oK 1
o Db cot” ttan(\ + w) (A.59)
0
P.
L= J 5 do (A.60)
/2 sin? 9\/P22 — P?/sin? 9
oL tan(A + w)
i S ') A.61
0P Pysin? . ( )
oL 0K
— = A.62
oP, 0Py (A.62)
M = \/P22 — P2/sin%0 (A.63)
oM P3cotfcote
i A.64
00 sinfcos(A + w) (A.64)
oM cot ¢
0P sinfcos(A + w) (A.65)
oM sin 0
—_ = A.66
0Py  sintcos(A + w) ( )
~ du  2(ug—ug) A A A
=~ =——"sn(—- — — A.
R ) - Sn(n|m)cn(n|m)dn(n\m) (A.67)
1 [P, P2
N=— (5 -=-%+2R A.68
X <X - 0) (A.68)
P ~
N=-—= A.
VN e (A.69)
N 2 (BB (A70)
or Pyr2R r2 X2 ’
N 2
VN =—— (A.71)
0P, 2R
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NN

2P

0P

0P
G =
oG

0P
oG

0P
oG

R

which we use to rewrite the equations (2.115) -

where QO
simply Q° (note, that the following derivatives are unaffected by this change).

T PXR
oWN

2
PR
T 1
Ta \/P2 P2/T2—2P0)

8P0
ol

dr

P

4n3

1
TLAU3P3 [ NQQscd NQscdj|

— Q' +t+I(Py,P,Ps,1) =0
Fy=Q*— J(Py,P1,Ps,7) + K(Py,P3,0) =0
F3=Q3—¢— L(P,P3,0) =0
Fr=p+P=0
Fs = pg + M(Ps, Ps,0) =0
Fo=ps—P3=0
Fr =pr ++/N(Py, P, Py,r) =0
Fs=Q"+ G(Py, Py, Py,7) =0,

(2.122) in the following form:

(A.72)
(A.73)
(A.74)

(A.75)

(A.76)

Q" + 7, however, for simplicity, hereafter we omit the tilde sign and write

Now we have a system of 8 equations, which defines implicit relations between (¢*, p,,)
and (Q", P,). Using the rules for derivatives of implicit functions, the following expres-

Opy  0g" Opu  Og

sions for derivatives 20i 2R 3P, ap, Are obtained:

ﬁ:_l or _ 00 :8¢:8pt:6pr:8p9:0p¢:0
oQ! Rl ol ot o' o' o' ot

ot or 20 1 o0 Fyg 20
0>~ o~ 02~ Ry 02T Ry Q2
%:apr:() @:FS,GZ_ ﬁ %:O

0Q? @ 02 Ry Q2 aQ?

o0 or 00  dpr  Opr  Opg  Opy 0 87¢ _
0Q3  0Q3 0Q3 0Q% 0Q3 0Q3 0Q3 0Q3

;;1 = —Fip + %Fs,fﬁ =—Fp + F1,raa;;l

)
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ﬁ B F&p1 —F or

0Py~ Fs, oo

00 [ Fy,Fsp, 1 or 1

27 ([ =sh p R (N NG 1) _—

op; < Fs, 2,P1 Fog 2,7 P + 2 p1 Fog

0

G

oP; T oP; 0P,

Opr Fr . Fy Py or

- _F EU. 5 R © S S

P 7.p + Fa.r 7Py 7 op;

Jpy Fs 00 Opg

B0 5 (R, Fap + FapiFy,) = —Fsg—— Do _
P, Fz,an,r( v Fs.p + FopiFy,) 503D, P,

(% F1 TFg P 87”

. _F LTS R o — Fy

oP, 1,p, + Fer 1,P; 1r o,

ﬁ _ _F87p2 . or

oP,  Fs, oPoqQo

00 1 F2 T»Fg P 1 or

= T8 pp )= (P + F

oP,  Fhy < Fg > Fyg 2T oP, >

oo 20 Ip

28 Fyp, + Fypar P

0P 3,P2 3,0 0P 0P

opr F7,F3 p, or

= _F LR L —— ) — F, .

on, 7.P + For 7.0, 7 on,

Ope Fs5 p, Fy.p, 00

e _ b (g 28 B )~ Fyp, = —F5,0—— — F
2P, Fog 27 2 2,P, 5,P, Y5h, 5,P,
o _, A _or_ @ _ P

0P, 0P;  0P; oPs  Ihy

o) F> p,F3g o0 opt  Opr

— =Fyp — 2 =[F3p + F39g— . -
0P; 3,5 Fgﬂ 3.Fs 3.0 0P; 0P; 0P3

Opg F5 p,Fs g 00 Opg

P _ _p P78 _ B p — Fy g P

oPy 5:Fs Fog s T80 o p, oPy

015 . Fl,r . 57“ 57’ . L 89 . FQ,T
Q0 Fs, o@D Q" Fy, QY FagFy,
(9(1) _ F277»F3’9 06 I (9pt 0 apr F7,f,~ or
Q0 FypoFs, 00" Qo Q" ~ F, oo
opy _  ForF5 20 Ps _
0QY ~  FagFs, Q0 QP

ot Fy . Fy Po or or Fy Py
A T8 _ R By o _ 28
0P, LT TR, LT ELToR, 0P, Fy,
(9(9 F277«F87p0 F27P0 1 a’l“ 0(;5 69
=5 = - = - Fyr=7 + Fap, 5 = 13055
0Py ThoFs, Fag Fay oF, oF, oP,
Ipt opr F7,F3 p or
P = —Fop 8 g R

0P, 0P, TR, ) )
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9
500R,

Py
0P,

dpo

= —0
0P,

where F; gu = 0F;/0Q" and F; p, = 0F;/0P,. The functions F; gu and F; p, in (A.86) — (A.111)
are replaced with derivatives in (A.49)—

(A.111)

(A.77) to obtain the final expressions for the

derivatives (here we list only the derivatives with values # {—1,0,1}):

00 sinccos(\ +w) dp  cost dps  Pycosfcos?e (A112)
0Q? sin 0 0Q?  sin?6 0Q? sin® 6 '

ot ol 4P2n3

= Noose A113
0P, 0Py Pju3(ug —u3)?X @Qecd ( )
or 4P2n? A A A

— = ——5—5————sn(— —|m)dn(=|m)Nggse A.114
oP; P2U3(U2 — ug) n(n|m)cn(n|m) n(n|m) QQsed ( )
00 sintcos(\ + w) Pn? 9

— = Nsca — Q°Noose A.115
oP sin 6 P3(uy —U3)2[ 1= Q" NQQsed] ( )
0 cost Pin3

o9 _ . Noose A.116
oP; sin? 0 P2 (ug — ug)? [Nica = Q*Nogsea] ( )
opr 2P, Pin? ( P2 Pf) 5

= ~ + N+—=-= NoQse A.117
0P, PXE | Piuz — uz)? x2 ) @ Nagscd (A.117)
Opy cos? ¢ cos Pin
o _ _ . Noose A.118
8P1 Sin3 0 PQ(UQ — U3)2[ d Q Q@ d] ( )

ot Pn? 1—ug nAu3
= 1-— Ns.. N, A119
oP; PQ(uQ—U3)2[( X ) dF T Ned ( )
or n? A A A
o _ A 2m)dn( 2 m)[(1 = us) Newg — nausN, A.120
S = B = ey G mlen( (L m) (1~ ) Nt — mauaNo]  (A120)
00 sin¢cos(A +w
0P, sin(e | <4P n% Q*[(L — 3)Nsca = stz Neal+

? 2 (A.121)

+a—J 1 cot? v tan(\ + w)
P, P

0¢ cot ¢ tan(A + w) cot e 00
0P, Pysine ~ sinfcos(A + w) 0P, (A-122)
opr 2 n3Q? P} P}

_ 2 N+ 22— ZL ) (1 = ug)Nawg — nausN, A123
0P, 2R APn? * r X2 [(1 = u3) Nsca = nauzNed] ( )
O0py sin 6 P5cos®tcot@ 06
= = — — A.124
P, sin ¢ cos(A + w) < sin? 6 0P2> ( )
00 cotesin(\ + w) 0p  cos(A+ w)sin(A + w)

o AT d) 90 _ = (A.125)
0P3 Psinf 0P; P5sin® 0

Opg  coticos(A + w) ot Py or PR

A — =1 = 2= A.126
0P; sin® 6 oY X 0Q° 2 ( )
00 Py sinecos(A + w) 0p Py cost

— A -z A127
oQ0 2 sin 0 0Q%  r2sin%6 ( )
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opr 1 P} P? Opy  P%cos®icosd
— (N2 oL Po_ 73 €05 LCOST ,
oY r? ( * r X2 0Q° r?2  sin36 (A.128)
ot 4Pn3 u U3
As N scd — — N, sc A12
0Py Pjul(ug — ug)? {l—u Q@sed ™ 7 Q d} (A.129)
or 4n? A A A 1
S L— 2m)dn(2m) | = Noosed — Nose Al
S GG man2m) |- Nogus - Nows| (4130
00 sinccos(A +w) (P, 0G  0J
o BRIERATR) (2207 90 A.131
0P0 sin 0 <7“2 6P0 8P0 ( 3 )
0 cost (P, 0G  0J
— = 5= - == A.132
aP() Sin29 <T2 (9P0 8P0> ( 3 )
opr 2 1 P} P2\ 0G
-y (-N+2 L) Al
0P, PR * 72 ( * r X?2) 0P, (A.133)
opg  Parcos@cos’t [ Py 0G oJ
9Py _ 206 o A134
0P, sin® @ r2 0Py R ( )
A.3.1 Special Functions
We use the following parameters: m from (A.43d), m; = 1—m, x = am(x|m), ng = —nq,
n;‘ = —ng, where n; and ng are defined in (A.43e). To facilitate the comparison with
Allison (1989), we use their notation.
dx cn?(zjm)dn?(x|m)
N=| -2 —E Al
anz(x|m) v sn2(x|m) (xm) (A.135)
dx 1 (sn(x|m)dn(z|m)
No=| 2 - _E Al
Jcnz(x]m) my ( en(z|m) e (xm) (A.136)
dx 1 [ —msn(xz|m)en(z|m) >
Nyg=|—F——"7—=— +E A.137
dx 1
Ny — — — (N.—mN, A138
4 JCHQ(x]m)an(ﬂm) mi ( mNa) ( )
dx 1
Nse = Ny + — (N. — m*N, A.139
¢ JSHQ(x|m)cn2(x\m)dn2(xm) mi ( m*Na) ( )
Q = 1+ nasn?(z|m) (A.140)
Q' =1+ n/ysn?(z|m) (A.141)
dx
No=]3~ II(—nalx|m) (A.142)
dx
Ny o (—n'4]x|m) (A.143)
dx
Nos N, — nuN, A.144
o] Qsn2(w[m) e (A1)
dx 1
Noe = N, .
@ J Qcn?(x|m) 1+n (Ne +naNg) (A.145)



1
= = Ng+naN, A.146
Qd JanQ(x|m) m—l—nA(m d nA Q) ( )
dz
Ngs = J T2 Ny —n/yNgy (A.147)
1
Nor = — N, + n/yNoy .
@ J Q'cn?(xlm) 1+ n’A( +naNgy) (A.148)
1
Norg = = N, "“No» .
v J Q'dn’*(zjm) m+n, (mNa +naNor) (A.149)
dx 1
NQsed = = Ngs + —(Nge — m*N, A.150
@sed Qsn2(x|m)en?(z|m)dn®(z|m) ? ml( Qe =™ Nou) ( )
dx 1
Novse = Nois + — (Ngre — m? Ny A.151
Qrsed = JQ’SDQ (z|m)en(z|m)dn? (z|m) Q ml( e~ m Nga) ( )
N — dr 1 nAsn(ac|m)cn(x|m)dn(x|m)+
QLT ) Q2 T 2(1 + na)(m + na) Q (A.152)
+naE(x|m) — (m + na)z + (n% + 2na(1l +m) + 3m)Ng|
dz

1
Nage :JQQCHQ(:dm) " (na+1)2

N, = J dx ! ( (nga +m)Ngg + No + m?N, )
= = na(n m nAM
QQd Qang(x|m) (A +m)? A(na QQ AmNg +m*Ny

(na(na + 1)Ngg + naNg + Nc) (A.154)

(A.155)
dx
Q2sn2(z|m)cen?(z|m)dn®(z|m)

1
= —— (ni(l + nA)NQQd + (2 + nA)niNQd + nA(Q + nA)ch) + Nged

(14+n4)?
(A.156)

1
NoQsed = = Nogs + - (Noge — m*Noqa)

Some additional useful integrals:

sn?(x|m)dx
jcn2(x\7(n)‘dn);(lx‘m) = Nea = Na (A.157)

sn?(z|m)dx 1 1
— Ny — Nj— —Ny+ — A.158
Jch(x|m)dn2(:c\m) 4T T T ( )

Q?%dx
J 2 2 = Ngeg + (2TLA + ni)ch - 71124Nd (A159)
sn2(z|m)cn2(z|m)dn?(x|m)

f Q%dx _ J Q*dx N
sn2(z|m)en2(z|m)dn®(z|m) B sn2(z|m)cn? (z|m)dn®(z|m) (A.160)

n n
na(14+n4)*Neg —n%(2 +na + HA)NC[ + EAx
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dex 2 na TLE‘
=(1+ Neg — 24+n4+—)Ng+ =2 (A.161
JCHQ(x|m)dn2(x|m) (14 n4a)"Nea =na(2+na+ —5)Na+ o )

0 2 —-1/2
P. Atw
P} ——3 d = — A.162
L/z ( > sin? 0) P, ( )
0 P2\ 2 cot? Ltan(\ +w) A+ w
J <P22 -3 > df = — 73 - 53 (A.163)
/2 sin“ 6 " 5
6 2 —3/2
P, de tan(A + w)
Py ——3 e A.164
L /2 < 2 sin? 9) sin? 0 Py sin? ( )
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Appendix B

Multipole momenta

B.0.2 Planets, the Moon, the Sun

We consider the Newtonian gravitational potential of celestial bodies ®© in a point
of space around the Earth r and far away from celestial bodies in the Earth-centered
inertial (ECI) system, such as International Celestial Reference System (ICRS)/J2000.0
Ma et al. (1997); Souchay (2006); Petit and Luzum (2010), written as

O(t,r) = ). GM; (B.1)

where M; are the masses of celestial bodies and r; are vectors pointing to the celestial
body. The latter are functions of time and are supplied by JPL’s Horizons System NASA
JPL’s Solar System Dynamics group (2013) in ICRS/J2000.0.

We associate to vectors r; and r spherical coordinates (4, ;, p;) and (r, 8, ), respec-
tively. The spherical coordinates (7,6, ¢) € Ry x [0, 7] x [0, 27] are related to Cartesian
coordinates (z,y, z) as

(x,y,z) = r(sinf cos ¢, sin O sin ¢, cos ) . (B.2)

Because r; » r, we can write the reciprocal distance in ®° (B.1) as a series of Legendre
polynomials (Abramowitz and Stegun 1964):

11 1
lri —x|  7in/T =20 vi/r; + (r/7;)?
= - Z <> Pn(COS%')
Ti = \Ti
where cos~; is a scalar product of unit vectors r;/|r;| and r/|r|:
cosy; = cosB; cos @ + sin 6, sin 6 cos(p; — @) . (B.4)
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According to the addition theorem of Legendre polynomials (Arfken 1985), we can fur-
ther expand Legendre polynomials in (B.3) as
Pa(cos i) =

47 =
—_ Y (0;, 0,)Y (0, ) , B.
T 2 Y ey (B.5)

with ()* denoting the complex conjugate and Y, representing the spherical harmon-
ics (Arfken 1985). By substituting P,(cos~;) in (B.3) with (B.5), we can expand the
potential ®© (B.1) in terms of spherical harmonics

Z Z r"MS ()Y, (0, 0), (B.6)

n=0m=—n

where we identify the interior multipole moments associated to the celestial bodies given
by

ArG Mi e
%H¢§¢H@n<mmwwm (B.7)

which are time dependent if position of celestial bodies relative to our reference system
is changing with time. Note that MS, are complex with the symmetry

Mnem(t) =

which makes the potential ®© a real valued function.

B.0.3 Earth tides

The Earth’s Newtonian gravitational potential ®®, called geopotential, is time varying,
because the deformed Earth is rotating and the gravitational influence of other, external
celestial bodies deforms the Earth. The external bodies change Earth’s shape, and these
changes are called the solid Farth tides, while the shape of the fluid on the surface of
the Earth is called the ocean tides. Here we take into account only the most important
external bodies, i.e. the Moon and the Sun.

We start by discussing the Newtonian gravitational potential ® in the Earth centered
Earth fixed (ECEF) system, such as the International Terrestrial Reference Systems
(ITRS) Petit and Luzum (2010), and then transform it into the Earth-centered inertial
(ECI) system, such as International Celestial Reference System (ICRS)/J2000.0 Ma et al.
(1997); Souchay (2006); Petit and Luzum (2010).

In the spherical coordinates defined in subsection B.0.2 and based on ITRS, the
geopotential can be written in terms of the spherical harmonics Y, as

Z 2 Tnﬂ Jyimo.). (B.9)

n=0m=—n

where M,,,,,(t) € C are called the complex multipole moments depending on time ¢ and
possessing the symmetry M, _, = (—1)™M, . In the chosen coordinate system, which
is attached to Earth’s mass centre, there is no dipole contribution: Mi,, = 0.
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In geodesy and related fields, see e.g. Torge (2001), the geopotential is expressed
using the time dependent normalized geopotential coefficients Cl,, (t) and Sy, (t) and
normalized Legendre polynomial P, as

3% (t,1) = GM@{ i(%)

Z ) cos(mp) + Spm(t) sin(m)] Ppm (cos 9)} ;

m=0

(B.10)

where Mg and rg are the mass and the mean radius of Earth, respectively. The nor-
malized Legendre polynomial are defined as

Ppm = (=1)"Npm P, (B.11)

where the normalization factor is

N \/(2 — Omo) (20 + 1)(n—m)! (B.12)

(n+m)!

and P/" are standard Legendre polynomials (Abramowitz and Stegun 1964).

Note that the sum over n in (B.10) runs only from the quadrupole term due to choice
of coordinate system, and by definition, S,,o = 0 for all n.

The normalized geopotential coefficients are connected to the complex multipoles in
(B.9) for positive orders m > 0 via formula

47

My = (=1)™ 2= omo

GMGBTGBTnm s (B.13)

where we introduce a complex normalized geopotential coefficient

Trm = Crm —1Snum (B.14)

which is used in tide calculations as it allows us to work with both real geopotential
coefficients in the same expression.

The complex normalized geopotential coefficients T,,,, can be decomposed into a sum
of constant (time average) coefficients T, and its perturbation, i.e., time dependent
coefficients T2, (t) and T, (t) corresponding to Earth and ocean tides, respectively:

T (t) = Ty + T () + T (2) - (B.15)

The constant contributions T\, are up to degree 360 available from Earth Gravitational
Model 1996 (EGM96) (Lemoine and Center 1998). In the following subsections, we
separately discuss each of the perturbations to 7},,.
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Solid Earth tides

The solid Earth tides represent deformations of the Earth due to gravitational forces of
other celestial bodies. Following the International Earth rotation and reference systems
service (IERS) Conventions (Petit and Luzum 2010, Ch. 6) and Montenbruck and Gill
(2005, Sec. 3.7.2), we write the complex geopotential coefficients of solid Earth as a sum
of contributions due to presence of the Moon € (j = 1) and the Sun © (5 = 2):

2

k M; (re\"t_ . e

where M, r;, 0; and ¢; are the mass, the distance from the Earth center, the latitude
and the east longitude from Greenwich, respectively, of the jth body in ITRS. The
position (75,65, ;) as a function of time is provided by Astronomical Almanac (U.S.
Nautical Almanac Office 2012) together with The Explanatory Supplement (Seidelmann
et al. 1992).
The ky,, are the nominal Love numbers describing Earth’s response to (n, m)-multipoles

of the external potential and depend on the considered Earth model. Here we assume
that the Earth is elastic and use the numbers reported in Table B.1.

Table B.1: Nominal values of the Love numbers for the solid tides of elastic Earth model
(Petit and Luzum 2010).

(n,om) | 20 | 21 | 22) [G0) ] G132 |33
knm | 0.29525 | 0.29470 | 0.29801 | 0.093 | 0.093 | 0.093 | 0.094

With such description, we capture only the main body deformations, whereby the
motion of the poles is left out of discussion. These can be included as perturbations
of the moments, but their dynamical model is fundamentally different. The position of
poles is affected by Chandler wobble of period 435 days, see e.g. Stacey and Davis (2008),
annual oscillation forced by seasonal displacement of air and water masses and diurnal
and semi-diurnal variations forced by oceanic tides. The model describing perturbations
of multipole coefficients is given in Moyer (2005, Sec. 5.2.8.) and concrete data can be
found in Petit and Luzum (2010, Sec 6.4.).

Ocean tides

Gravitational forces of celestial bodies cause the displacement of the ocean water on the
surface of the Earth. The surface of the ocean follows an equipotential surface of the
gravitational potential. The ocean tides are influenced mainly by presence of the Moon
and the Sun and only these are taken into account in present ocean tide models. For
further reading see e.g. Petit and Luzum (2010, Sec 6.5.).

The ocean tide can be broken down into its independent constituents representing
perpetual dynamics of ocean surface of incommensurable frequency. A. T. Doodson in
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Doodson (1921) introduced an efficient practical labeling system of labeling constituents
based on non-negative numbers m;. Each tide constituent, which is practically relevant,
can be labeled by a Doodson number as

mM1mMams, Mamsme , (B.17)

which is constructed as a concatenation of m; with comma ”,” serving as a separator.

There exists an alternative labeling of tide constituents 1ntroduced by G. H. Darwin
(1845-1912) and labels are called the Darwin symbols, which are useful for textual ref-
erencing of tides. Few of the most influential tide constituents used in our analysis are
listed in Table B.2. K is Lunisolar diurnal constituent, which with O1, expresses the
effect of the Moon’s declination. They account for diurnal inequality and, at extremes,
diurnal tides. For a given constituent f labeled by the Doodson number m,; we introduce

Table B.2: The few first most significant tidal constituents in decreasing order of signif-
icance.

Description Darwin | Doodson

symbol | number

Principal lunar semidiurnal Mo 255,555
Principal solar semidiurnal So 273,555
Larger lunar elliptic semidiurnal Ny 245,655
Lunar diurnal K 165,555

Lunar diurnal O, 145,555

Doodson coefficients n; € Z,
mi =ni, m;=n;+5 for i=2,...,6. (B.18)

We are interested in the perturbations of the geopotenial due to ocean tides. According
to Montenbruck and Gill (2005, Sec. 3.7.2) and the IERS Conventions (Petit and Luzum
2010), the geopotential coefficients due to ocean tides can be represented as a sum over

constituents f .
=3 > [Ch i — i8S} ple” D) (B.19)
f S€{+7_}
where 6¢(t) is the Doodson argument 6 defined as a linear combination of six Doodson
fundamental arguments 3; given by

6
t) = Z nifi(t) (B.20)
im1

and C% ~ and S m are geopotential harmonic amplitudes corresponding to constituent
f and 7mult1poles 1ndlces (n,m). For details on the tidal dynamics see McCarthy and
Seidelmann (2009). The amplitudes C},, and S, based on Finite element solutions
of global tides for year 2004 (FESZOO4) (Lyard et al 2006) are provided by R. Biancale
(Biancale 2012).
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Transforming multipoles from ITRS to ICRS

Here we outline the transformation of multipoles while transforming coordinates of geo-
potential from ITRS into ICRS. The transformation of coordinates from ICRS into ITRS
is given as a time dependent rotation

ritrs = R(t)ricrs (B.21)

where rirrs and ricrs are vectors of Cartesian coordinates in ITRS and in ICRS, re-
spectively, and time ¢ variable. For details see Montenbruck and Gill (2005, Sec. 5.2)
with references to the IERS Conventions Petit and Luzum (2010, Ch. 5). The rotation
matrix R(t) is defined as a product of rotation matrices P(t), N(t), ©(t) and II(t)
corresponding to coordinate transformation due to precession, nutation, Earth rotation
around its own axis, and polar motions, respectively:

R(t) = I()O(H)NH)P(1) . (B.22)

Each of the rotation matrices P(¢) (Montenbruck and Gill 2005, Eq. 5.46), N(¢) (Mon-
tenbruck and Gill 2005, Eq. 5.62), ©(t) (Montenbruck and Gill 2005, Eq. 5.67), and
IT(t) (Montenbruck and Gill 2005, Eq. 5.75) can be expressed as products of elementary
rotations Ry, Ry and R, around z, y and z axis, respectively:

(B.23)

where angles of rotation z, 0, ¢, €, Ae, Ay, GAST, z, and y, depend in time only. The
elementary rotations using notation ¢ = cos ¢ and s = sin ¢ are defined as

1 0 0

Re(p)=| 0 ¢ s |, (B.24)
0 —s
c —s

Ry(o)=( 0 1 0 |, (B.25)
s 0 ¢
c s 0

R,(¢)=1] —s ¢ 0 |. (B.26)
0 01

The angles of rotation are given as power series in the time argument — Julian date
since J2000 using terrestrial time (TT) for precession and nutation and using universal
time (UT1) for Earth’s rotation and polar motion. For details see Montenbruck and
Gill (2005, p. 167, 175, 181). It is clear from the definition of the rotation matrix R(t)
(B.22) that it can be written as a product of p(= 9) elementary rotations

R(t) = Ry, (1) ... Ry (1) | (B.27)
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where x; denotes the axis ith rotation and ¢; is the corresponding angle of rotation
depending on time t.

Lets introduce a direction vector r := r/|r| in Cartesian coordinate system written
in spherical coordinates (r,0, ) € Ry x [0, 7] x [0, 27] as

r = (sin 6 cos p, sin O sin p, cos 0) , (B.28)

and define a spherical harmonics in that direction Y,*(f) := Y,"(0, ¢).
Finally, the geopotential in ICRS coordinates ®CRS can be compactly expressed with
the geopotential in I'TRS coordinates as

@@7ICRS(t7 I‘) _ @@(t’ R(t)r) :
=Y M, () Y (R(E) - (B.29)

We can expand the spherical harmonics with rotating argument Y, (R(¢)r) into spherical
harmonics

YPROP) = D) Up Y () (B.30)
by taking into account the orthogonality of spherical harmonics
f AQE) Y (B)Y™(£) = 6O (B.31)
Q

and introducing a time dependent transition matrix for spherical harmonics given by

*

U, (f) = f A0(E) Y™ (@)Y (R(D)F) (B.32)

Q
with a differential of the solid angle dQ(r) = sin#dfdy on domain Q = {(0,¢) € [0, 7] x
[0,27]}. Matrix
U(t) = [Uny m (D)]5 (B.33)

m/ ,m=—n

is unitary. The spherical harmonics with an argument rotating around specific axis can
be expanded into spherical harmonics as

n

YiRiF) = D Y @[UF ] m » (B.34)

m/=—n

by introducing the rotation matrices U}(¢) in the basis of spherical harmonics defined
via the Wigner D-matrix D), — (Varshalovich et al. 1988):

T T
. m’m:Dn’ (*a 7_*> )
[Ux(t)] 3 m',m 2 t 2

(U7 (6)]imrsm = Dy 1 (0,£,0) (B.35)



where [-],5 denotes the matrix element of indices (a,b). By using the expression for
Y (R;(t)r) (B.34) for each elementary rotation R;(t) in the product forming R(¢) (B.27)

we can write
n

YaROE) = Y, Y (@®)[UF (&) UL, ()] - (B.36)

m/'=—n

By plugging this expression in equation (B.32) we obtain the transition matrix expressed
as product rotation matrices in basis of spherical harmonics:

U"(t) = UL (t,) ... UL (1) (B.37)

By using the expansion (B.30) in formula (B.29) and exchanging the order summation,
we obtain potential in geopotential in ICRS:

QOIS (¢ p) = 3 M TS ()Y (i) (B.38)

nm

which is expressed using the multipole moments in ICRS MSB#SRS given by
ICRS -
MERTS @) = Y Ul () My (1) (B.39)

m=—-n
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Appendix C

Contents of ESA SVN

RPS-PECS

— Literature.article Organized collection of articles.

— WP1 Work Package 1

— ABC Testing the concept of the ABC reference frame via toy models.
— Earth Perturbations Discussion of multipoles of the Earth.

— Earth Rotation Discussing Farth rotation: Kerr metric, Spin-spin coupling.

Discussing linear gravity equations and solutions of the RWZ

— Linear gravity formalism

— Multipole Combinations Multipoles for the Earth with tides (named AllEarth).

Multipoles for celestial bodies (named Moon, Sun, Venus,
Jupiter) and all together (named Planets).

Multipoles for tidal deformations (named Earth, Ocean) of the
Earth.

— Planets Perturbations

L— Tidal Perturbations

Figure C.1: Directory structure of ESA’s SVN.
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— WP2 Work Package 2

Time tables of ephemerides for celestial bodies (named Moon,

— Ephemerides Sun, Venus, Jupiter) in ECL

— Lielntegrator Discussion of Lie integrator application

— SchwCanonical Deriving Hamiltonian formalism for the Schwarzschild metric.

— TestKerr Discussion of the perturbation to Schwarzschild due to rotation.

— WP3 Work Package 3

Collection of final versions of C/C++ and Fortran source

— c++
codes.

— data Collection of data and results used in reports.

Development C/C++ files for numerical routines: quad sup-
— 1lib port, integrator, interpolation, minimization, spherical har-

monics, RWZ solutions.
Discussion of non-relativistic dynamics of satellites under in-

fluence of celestial objects.
— WP4 Work Package 4

L— non_rel

Collection of final versions of C/C++ and Fortran source

— ISRy
codes.

— data Collection of data and results used in reports.

Construction of Gallileo satellites (Giove 1 and 2) trajectories

— giove |
i ICTRS.

— ictr_itrs Transformation between ICTRS and ITRS.

b Development C/C++ files for numerical routines: integrator,
minimization, multipole models of perturbations.
Discussion of non-relativistic dynamics of satellites and forces

— 1 . . .
BORLEE o them under influence of different perturbations.

Discussion of relativistic dynamics of satellites for different per-
turbations using RWZ formalism with geodesic equations.

Figure C.2: Continuing. ..
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