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Abstract

‘We present a theoretical foundation for relativistic astronomical measurements in curved
space-time. In particular, we discuss a new iterative approach for describing the dynamics of
an isolated astronomical N-body system in metric theories of gravity. To do this, we generalize
the Fock-Chandrasekhar method of the weak-field and slow-motion approximation (WFSMA)
and develop a theory of relativistic reference frames (RFs) for a gravitationally bounded
many-extended-body problem. In any proper RF constructed in the immediate vicinity of
an arbitrary body, the N-body solutions of the gravitational field equations are formally
presented as a sum of the Riemann-flat inertial space-time, the gravitational field generated
by the body itself, the unperturbed solutions for each body in the system transformed to the
coordinates of this proper RF, and the gravitational interaction term. We develop the basic
concept of a general WFSMA theory of the celestial RFs applicable to a wide class of metric
theories of gravity and an arbitrary model of matter distribution.

We apply the proposed method to general relativity. Celestial bodies are described us-
ing a perfect fluid model; as such, they possess any number of internal mass and current
multipole moments that explicitly characterize their internal structures. The obtained rel-
ativistic corrections to the geodetic equations of motion arise because of a coupling of the
bodies’ multiple moments to the surrounding gravitational field. The resulting relativistic
transformations between the different RFs extend the Poincaré group to the motion of de-
formable self-gravitating bodies. Within the present accuracy of astronomical measurements
we discuss the properties of the Fermi-normal-like proper RF that is defined in the immediate
vicinity of the extended compact bodies. We further generalize the proposed approximation
method and include two Eddington parameters (v, 3). This generalized approach was used
to derive the relativistic equations of satellite motion in the vicinity of the extended bodies.
Anticipating improvements in radio and laser tracking technologies over the next few decades,
we apply this method to spacecraft orbit determination. We emphasize the number of feasi-
ble relativistic gravity tests that may be performed within the context of the parameterized
WFSMA. Based on the planeto-centric equations of motion of a spacecraft around the planet,
we suggested a new null test of the Strong Equivalence Principle (SEP). The experiment to
measure the corresponding SEP violation effect could be performed with the future Mercury
Orbiter mission. We discuss other relativistic effects, including the perihelion advance and
the redshift and geodetic precession of the orbiter’s orbital plane about Mercury, as well as
the possible future implementation of the proposed formalism in software codes developed for
solar-system orbit determination. All the important calculations are completely documented,
and the references contain an extensive list of cited literature.
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0 Notations and Definitions.

In this report, the notations are the same as in (Landau & Lifshitz, 1988). In particular, the
small latin letters n,m, k... run from 0 to 3 and the Greek letters o, 3,7,... run from 1 to
3; the italic capitals 4,B,C number the bodies and run from 1 to N; the comma denotes a
standard partial derivative and the semicolon denotes a covariant derivative; repeated indices
imply an Einstein rule of summation; round brackets surrounding indices denote symmetrization
and square brackets denote anti-symmetrization. The geometrical units ¢ = G = 1 are used
throughout the report, where G is the universal gravitational constant and c is the speed of
light. We designate €55 as the fully anti-symmetric Levi-Civita symbol (e123 = 1); the metric
convention is accepted to be (+ — ——); Ymn = diag(l,—-1,-1,-1) is the Minkowski metric in
Cartesian coordinates of the inertial RF; v/, (25) is the Minkowski metric in the coordinates
(24) of the RF4 that is constructed in the immediate vicinity of an arbitrary body (A); gmn
denotes the effective Riemann metric of the curved space-time; and g = det(gmn). To enable
one to deal conveniently with sequences of many spatial indices, we shall use an abbreviated
notation for ‘multi-indices’ where an upper-case letter in curly brackets denotes a multi-index,
while the corresponding lower-case letter denotes its number of indices, for example: {P} :=
Btz ... fp, S5} = Spipg..n;- When needed, we also use {L — 1}: pipz ... w1, so that the tensor
Tot1-1) = Topyps..m, has | indices. We also denote ALY = zhzk2 | 24 and 8L} /52LY =
8' /8219242 . .. Bz . The explicit expression for the symmetric and trace-free (STF) part of the
tensor T(p} is given in (Thorne, 1980; Blanchet and Damour, 1986, 1989). For any positive
integer | we shall denote !! =1(! —1)-...-2-L;!M=1I[{l—2)-...-(20r1) as usual. A dot over
any function means a differentiation with respect to time.

1 Introduction and Overview.

1.1 The Motivation and the Structure of the Report.

The principal objective of spacecraft navigation is to determine the present and future trajectory
of a craft. This is usually done by measuring the spacecraft’s coordinates and then by correcting
(fitting and adjusting) the predicted spacecraft trajectory using those measurements. There are
three different types of measurements that are used in spacecraft navigation: radiometric (range
and Doppler), very long baseline interferometry (VLBI), and optical (Standish, 1995). As well
as serving navigational needs, high precision Doppler and laser and radio range measurements
of the velocity of and the distance to celestial bodies and spacecraft are presently the best ways
to collect important information about relativistic gravity within the solar system. Combined
with the technique of ground- and space-based VLBI, these methods provide us with a unique
opportunity to explore the physical phenomena in our universe with very high precision. Most
remarkable is the increase in accuracy of the modern VLBI observations, especially in applications
to problems of modern geodesy (Soffel et al., 1991; Herring, 1995). Thus, the delay residuals
are presently of the order of 30-50 picoseconds (ps), which corresponds to an uncertainty in
length of ~ 1 cm. In the navigation of interplanetary spacecraft, the short arcs of spacecraft
range and Doppler measurements, reduced with Earth orientation information referred to the
International Earth Rotation Service’s (IERS) celestial system, lead to a position determination
in the extragalactic RF with an accuracy on the order of ~ 20 milliarcseconds (mas). At the
same time, the VLBI observations of the spacecraft with respect to an extragalactic radio source
enable one to measure directly one component of the spacecraft position in this extragalactic RF
to an accuracy of about ~ 5 mas (Border et al., 1982; Folkner et al, 1994). As a result, the




use of such precise methods enables one to study the dynamics of celestial bodies and spacecraft
with an unprecedented accuracy.

In addition to these line-of-sight methods, the computer revolution of the 1990’s has revived
interest in the classical approach for determining the gravity field based on the spherical har-
monics representation. It is now believed that the use of spherical harmonics to high degree
and order, where only high frequency noise is present in the raw Doppler residuals, is one of -
the best reduction approaches because it allows a fully three-dimensional analysis. Thus, the
gravitational spherical harmonics of the Earth gravity field are currently known up to the 70th
degree and order for the solutions based upon the spacecraft tracking data only, and to the 360th
degree and order with surface measurements included (Rapp et al., 1991; Nerem et al., 1995).
Let us mention that currently there exists the possibility of determining the Venus gravity field .
to 120th degree and order (Konopliv et al., 1995). It should be noted that the determination
of the multipolar structure of the Newtonian gravitational field of the Earth and planets with
such high resolution and accuracy enables one to take into account the relativistic corrections to.
the gravitational field of these bodies. Then, by using modern techniques of data reduction, one - .
may generate highly precise solutions that have applications beyond that of serving the geodetic
needs (Hellings, 1986; Herring, 1996). For example, these very important results are widely in
use as the necessary foundation for studies of many modern scientific problems, such as

(i). The problem of developing a more precise definition of the masses and the multipole struc-
ture of the Sun, Earth, other planets, their satellites, and asteroids (Standish, 1992; Stan-
dish, 1994; Schubert et al., 1994; Konopliv et al., 1995).

(ii). The establishment of better values for gravitational and other astronomical constants, as
well as the testing of the hypothesis of their dependence on time that was predicted by a
number of modern theories of gravity (Dirac, 1937; Anderson et al., 1986; Will, 1993).

(iii). The study of the dynamics and the evolution of the solar system, aimed at a better un-
derstanding of its metrological characteristics. This will help to solve some cosmogonical
‘problems, such as determining whether or not there is a second asteroid belt (the Kuiper
belt) behind the Saturnian orbit (Anderson et al., 1986), giving better numerical estimates
of the quantity of dark matter in the solar system (Braginsky, 1994; Anderson, et al., 1995),
and determining whether or not our Sun has a companion star.

(iv). Experimental tests of modern gravitational theories in the WFSMA (Damour, 1983; Will,
1993; Lebach, et al., 1995; Anderson et al, 1996), including the establishment of upper
limits on the amplitude and energy density of gravitational radiation (Anderson et al.,
1986). Also, the search for gravitational waves, their detection, and studies of mechanisms
of wave generation, as well as their propagation and interaction with matter. These studies
will increase our knowledge of the early age of the universe, its cosmological evolution, and
the behavior of stellar systems, as well as further confirming the hypothesis of the existence
of unseen matter in the universe (Anderson, et al., 1995).

The modern approach to conducting these different scientific studies should be based upon
the use of a well established common relativistic framework for both collecting and interpret-
ing astronomical observations. Until recently, this task had been done by taking into account
only the post-Newtonian corrections to the solar static spherically symmetric (Schwarzschild)
gravitational field. The basic relativistic effects, such as Mercury’s perihelion advance, gravita-
tional light deflection, redshift, and time delay (the Shapiro effect), have been calculated with
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post-Newtonian accuracy by a number of authors, and the corresponding results are well known
(Brumberg, 1972; Misner et al., 1973; Will, 1993). It should be noted that during the last 10 years
the precision of theoretical predictions of satellite motion has increased considerably. This has
happened because some of the leading static-field post-Newtonian perturbations in the dynamics
of the planets, the Moon and artificial satellites have been included in the equations of motion
(eqm.) and time and position transformation (Moyer, 1971; Moyer 1981; Dickey et al., 1989;
Huang et al., 1990; Dickey et al., 1994; Habib et al., 1994; Williams et al., 1996). However, due
to enormous progress in the accuracy of astronomical observations at the present time, we must
now take into account the much smaller relativistic effects caused by the post-post-Newtonian
corrections to the solar gravitational field as well as the post-Newtonian contributions from the
lunar and planets’ gravities. Moreover, it is also well understood that the effects due to the non-
stationary behavior of the solar system gravitational field as well as its deviation from spherical
symmetry should also be considered (Kopejkin, 1988). The successful solution of these problems
requires a detailed critical review of modern observational methods and the development of a
consistent and physically well-founded theory of relativistic celestial mechanics and relativistic
RFs. This theory should provide one with reliable physical grounds for theoretical studies of the
new relativistic gravitational phenomena as well as meet the needs of practical astronomy.

It has long been considered that such a theory already exists in the form of the parameterized
post-Newtonian formalism (PPN) (Nordevedt, 1968a,b; Will, 1971; Will & Nordtvedt, 1972; Will,
1993). However, based on the present understanding of the problem, this point of view is not
correct. Indeed, the foundation of the PPN formalism is based upon the existence of an exclusive
set of inertial RFs. Usually, the origin of such a frame either coincides with the solar system
barycenter or it may be transformed to one by the post-Galilean coordinate transformations
(Chandrasekhar & Contopulos, 1967; Kopejkin, 1988; Will, 1993). The resultant barycentric
inertial RF is perfectly suited for analyzing both light ray propagation in the proximity of the
Sun and the motion of the planets around the Sun. However, it does not address some very
practical needs of modern astronomy, such as providing a description of a satellite’s motion
around the Earth (or other planet), studying properties of the Earth’s rotation, or collecting
and interpreting data from satellite laser ranging (SLR), lunar laser ranging (LLR), or ground-
or space-based VLBI. These difficulties are caused by the fact that the planet’s center of mass,
in general, does not move along the geodesic line. The corresponding deviations are very small
(Misner et al., 1973; Brumberg, 1972; Will, 1993) and a product of the coupling of the planet’s
internal multipole moments to the external gravitational field. It is well-known that geodesic
motion in the general theory of relativity, for example, can be is viewed as free fall. Moreover,
in the immediate vicinity of the free-falling body, one may introduce a local quasi-inertial RF.
In this RF, an external gravitational field should manifest itself in the form of tidal forces only
(Synge, 1960; Bertotti & Grishchuk, 1990). However, the PPN coordinate system, with its origin
at the center of mass of the planet, does not satisfy this last condition, and therefore it may
not be treated as a quasi-inertial RF (Kopejkin, 1988). However, from the practical point of
view of collecting and interpreting experimental data, one needs to use a set of RFs with well-
defined geometrical and physical properties. Thus, it has been shown that a poor choice of
coordinate transformations for defining the proper RF may lead to unnecessary complications
in the equations of motion. These equations may appear to contain non-physical (or fictitious)
forces acting on the bodies in the system. Although these forces are simply a result of a ‘bad’
choice of RF, their appearance in the equations of motion may make the scientific interpretation of
the collected results much more difficult. For example, the term with an amplitude of about one
meter in the relativistic theory of motion of the moon (Brumberg, 1958; Baierlein, 1967) has no




real physical meaning when built on the basis of the proper coordinates. The appearance of this
term is an artifact of the choice of coordinates and, therefore, the one-meter term is not observable
(Soffel et al., 1986; Kopejkin, 1988). This example suggests that a clear understanding of the
dynamic properties of a chosen RF will help make the separation between physically measurable
quantities and coordinate-induced ones and, hence, will simplify the analysis of the data obtained.

From this standpoint, the detailed construction of a relativistic theory of astronomical RFs
is greatly needed. It is especially important because at present almost all the astronomical
observations (such as optical, radio, Doppler, laser, etc.) are performed and/or processed by
experimental equipment placed on the Earth’s surface. Moreover, there is great demand for
reliable relativistic navigation in outer space for near-future space missions, such as space-based
gravitational-wave astronomy. Let us also note that there are near-term plans for launching
several drag-free satellites with GPS receivers onboard: Gravity Probe B (GP-B) (Bardas et al.,
1989), LAGEOS 111, a satellite test of the equivalence principle (STEP), and the Mercury Orbiter
mission, which has been proposed by the European Space Agency as a cornerstone mission under
the Horizon 2000 Plus program (Anderson, Turyshev et al., 1996). There exist plans to include -
the post-post-Newtonian contributions to the light propagation effects coming from the solar
gravitational field and the post-Newtonian gravitational perturbations by the planets of the
solar system (Klioner & Kopejkin, 1992). In particular, one of the most promising projects is the
deployment into Earth orbit of a precision optical interferometer (POINTS). This satellite will be
designed to be able to measure the arcs between the pairs of stars separated on the sky by the
right angle with an anticipated accuracy on the order of a few microarcseconds (pas) (Chandler
& Reasenberg, 1990). These plans encourage the development of orbit determination algorithms
that would enable one to process the data with the required relativistic accuracy. This alone
will require substantial work to be done in development of a number of theoretical and practical
questions, such as

(i). The construction of a dynamic inertial RF and a more precise definition of the orbital
elements of the Sun, Earth, moon, planets, and their satellites (Standish et al.; 1992,
Chandler et al., 1994; Dickey et al., 1994; Williams et al., 1996; Standish, 1995).

(ii). The construction of a kinematic inertial RF, based on the observations of stars and quasars
from spaceborne astronomical observatories (Fukushima, 1991a; Standish et al., 1992).

(iii). The construction of a precise ephemeris for the motion of bodies in the solar system to sup-
port reliable navigation in the solar system (Denisov et al., 1989; Standish et al., 1995; Stan-
dish, 1995). The construction of precise radio-star catalogs for spacecraft astro-orientation
and navigation in outer space beyond the solar system.

(iv). The comparison of dynamic and kinematic inertial RFs, based on the observations of space-
craft on the background of quasars, pulsars, and radio stars, as well as the verification of
the zero points of the coordinates in the inertial RF (Jacobs et al, 1993; Folkner et al.,
1994; Fukushima, 1995).

Therefore, the motivation for this research is quite natural: In order to propose the neces-
sary recommendations for corrections to existing software codes, we will re-examine the basic
concepts of high-precision navigation in the solar system. The principal goal of this report is to
provide one with a solid theoretical foundation for the relativistic astronomical measurements
in the curved space-time. To reach this goal we, by using the methods of the WFSMA, will develop




a new approach to the relativistic treatment of the satellite orbit determination problem. This
approach will be based upon a new theory of coordinate transformations (i.e., the theory of
relativistic RFs) and measurement models in relativistic celestial mechanics. The outline of the
present report is as follows:

The next subsection contains a brief historical introduction to the problem of motion of
N weakly interacting self-gravitating extended bodies. To specify our theoretical studies, we
will present a qualitative description of the astronomical N-body systems of interest. In order
to provide a solid motivation for this research, we will analyze the different methods used to
approach this problem and will present their advantages and the encountered difficulties.

In Section 2, we discuss the conventional PPN barycentric approach, which is based on the
solution to the gravitational one-body problem. Recognizing that the generalization of the ob-
tained results into a general case of motion of an arbitrary N-body system is not straightforward,
we analyze the conditions necessary to derive the restricted solution for the motion of the general
N-body problem. We also discuss ways to obtain the complete multipolar solution to the problem
in the general case.

Section 3 is devoted to a general description of the new method proposed to overcome the
above mentioned problems. We discuss a new iterative approach to describing the dynamics of
an isolated astronomical N-extended-body system in the metric theories of gravity. The N-body
solution of the gravitational field equations in the proper RF 4 originated in an arbitrary body
(A) is formally presented as a sum of the four following terms: (i) ~f3, which is the Riemann-flat

inertial space-time: RA_ ., (vi) = 0; (ii) hg,%A, which is the gravitational field generated by the

body (A) itself; (iii) h,(gLB, the perturbations caused by other bodies in the system (B # A);
and, finally, (iv) the gravitational interaction term h¥,. This method is presented in its most
general form and, hence, it is valid for a number of metric theories of gravity. We discuss the
general properties of the post-Newtonian non-rotating coordinate transformations and present
the straight, inverse, and mutual coordinate transformations. As a possible way of generalizing
the results obtained, we discuss the use of the rotational coordinate transformations. In addition,
we discuss the necessary conditions for constructing a proper RF with well-defined dynamical
properties. Physically, these conditions should provide one with an additional inertial force acting
on the body in its proper RF such that the body will be in a state of equilibrium. Mathematically,
these conditions required that the total dipole moment of the system of the fields produced by
matter, the field of inertia, and the gravitational field taken jointly will vanish for all times.

In Section 4, we apply the proposed formalism to the case of general relativity. The celestial
bodies are assumed to consist of a perfect fluid and possess any number of the internal mass and
current multiple moments that characterize the internal structure of such bodies. We present
the physical and mathematical definitions of the proper RF in the WFSMA. We find the explicit
solution for the interaction term. This enables us to construct all the necessary expressions
for the metric tensor in both the barycentric inertial and the arbitrarily parameterized proper
quasi-inertial RF's.

In Section 5, we present the general solution for the global and local problems, as well as
show the general solution for the functions of the coordinate transformation in the case of bod-
ies with a weak external gravitational field. In particular, within the present accuracy of radio




measurements, we discuss the generalized Fermi-normal-like proper RF, which is defined in the
immediate vicinity of such extended bodies.

In Section 6, we generalized the results obtained on the case of a system of N arbitrarily
shaped and deformable extended bodies. To do this, we study the existence of the conservation
laws in the proper RF. It turns out that the existence of these laws in the WFSMA may be
shown explicitly in the case of well separated celestial bodies. This allows us to evaluate the
surface integrals on the boundaries of the domains occupied by the celestial bodies and present
the explicit coordinate transformations between the different RFs in the WFSMA of the general
relativity. These results are the extension of the post-Galilean transformations obtained by
Chandrasekhar and Contopulos (1967) on the case of a system of interacting celestial extended
bodies. We discuss the properties of the corresponding quasi-group of motion and its application-
to the study of the dynamics of an arbitrary N-body gravitational problem.

Section 7 is devoted to future relativity missions in the solar system. In order to provide
the framework to study relativistic gravity for a number of gravitational theories, our previous:
derivations will be generalized on the case of the tensor-scalar theories. As a result, we include:
in the analysis the two Eddington parameters (v, 3), which allows us to develop a parameterized
theory of astronomical RFs. By analyzing the equations of motion in the two-parameter Fermi-
normal-like RF, we have obtained an interesting result: that although some terms in the planeto-
centric eq.m. of the spacecraft around the planet are zero for the case of general relativity, they
may produce an observable effect in scalar-tensor theories. This allows us to propose a new null
test of the SEP. Also in this section, we discuss the other relativistic gravitational experiments
possible with the future Mercury Orbiter mission, which has been proposed by the European
Space Agency as a cornerstone mission under the Horizon 2000 Plus program. The motivation
for this research is to determine what scientific information may be obtained during this mission,
how accurate these measurements can be, and what will be the significance of the knowledge
obtained. We present there both quantitative and qualitative analyses of measurable effects such
as Mercury’s perihelion advance, the redshift experiment, and the precession phenomena of the
Hermean orbital plane.

In Section 8, we present the hierarchy of the celestial RFs, including the four frames that are
widely in use for the practical needs of modern relativistic astronomy. Thus, in a compact and
explicit form, we show the coordinate transformations between the barycentric and the geocentric
RFs, between the geocentric and the satellite RFs, and between the geocentric and the topocentric
RFs. This presentation contains the two Eddington parameters, (v, 8), which makes the obtained
results valid for a wide class of metric theories of gravity. In the discussion, we present a number
of possible areas for immediate practical application of the theory of astronomical RFs developed
in this report. We present our conclusions and recommendations for future research on relativistic
gravity in the solar system and beyond.

In order to avoid cumbersome calculations and to simplify the presentation of the main re-
sults in the text, some expressions and intermediate relations will be presented in appendices.
In Appendix A, we present the generalized gravitational potentials. Appendix B is devoted to a
discussion of the structure of the post-Newtonian power expansion of general geometrical quan-
tities such as the metric tensor, gnm,; the Christoffel symbols; and the Riemann tensor, Rnnki,
in coordinates of an arbitrary RF with respect to small parameters. Appendix C contains the
géneral theory of relativistic coordinate transformations. We discuss there the transformation
of the base vectors for different coordinate transitions. In Appendix D, we present the features




of the transformations of different equations and quantities, such as the covariant gauge con-
ditions, the Ricci tensor, the gravitational field solutions, and the energy-momentum tensor.
The transformation rules for the generalized gravitational potentials under the post-Newtonian
coordinate transformation are presented in Appendix E. The Christoffel symbols in the proper
RF are calculated in Appendix F. The calculation of the form of the inertial part of the metric
tensor in the proper RF and the form of the interaction term, as well as the components of the
Riemann tensor in this frame, are presented in Appendix G. In Appendix H, we present some
useful identities that are used in Section 6 to study the existence of the conservation laws in an
arbitrary proper RF. And, finally, in Appendix I, we have presented the astrophysical parameters
used for estimations of the magnitudes of the gravitational effects in Section 7.

1.2 The Problem of Relativistic Astronomical Measurements.

Classical Newtonian mechanics is based upon the principles of Euclidean geometry. The physical
experiments, within the accuracy available at that time, had confirmed the two basic postulates
of this geometry: that time is absolute and homogeneous and that space is also absolute and,
not only homogeneous, but also isentropic. These properties of time and space were discovered
because, for the then-known physical forces,! the corresponding eq.m. of Newton’s mechanics
preserved their form under the Galilean group of motion. These properties may be written for
two different RFs moving relative to each other with constant speed ¥ as '

' =t+a, F =7F—b-7t (1.1)

where parameters a and b are the constant time shift and the displacement of the origin of
the coordinate system, respectively. This form-invariancy suggested that, independent of the
state of motion of these RFs (they may be either at rest or uniformly moving along a straight
line relative to each other), all the mechanical phenomena will behave exactly the same way in
any such RF. This principle has become known as the principle of relativity (Poincaré, 1904).
Note that transformations (1.1) are given in Cartesian coordinates. One may choose another
coordinate system (CS) in the same RF without changing its state of motion (say £) by simply
rotating the coordinate axes: 7% = gxﬁ, where R7 is a constant orthogonal rotation matrix.

Thus, Newton’s mechanics had introduced into physics notions both of an absolute distance
between two points in three-dimensional space and of absolute time. In other words, he asserted
that time and coordinates are directly measurable quantities. Because of this, the theory of
gravitational measurements in celestial mechanics long was based upon the three laws of Newton'’s
mechanics and coordinate transformations, (1.1). From the practical point of view, there were
two astronomical RFs of primary importance: the barycentric frame (BRF), which is related
to the barycenter of the solar system, and the geocentric frame (GRF), whose origin coincides
with the Earth’s center of mass. Because of the recent progress in the relativistic treatment of
an isolated N-body system, there is now clear and unambiguous agreement on an asymptotical
BRF (which is valid even through the post-Newtonian level of the WFSMA). By assuming that
the solar system as a whole is completely isolated, one may put its barycentric RF to be non-
accelerated (or to say ‘at rest’) and absolutely non-rotating. The latter condition implies (i) the
absence of the centripetal and Coriolis forces (dynamical inertiality) and (ii) that the coordinate
directions to the remote light sources (such as quasars) must be constant (kinematic inertiality).
In addition, the absence of any external sources of gravity enables one to consider only the proper

!There were only two known natural forces at this time: gravity and elasticity. The first one was described by
Newton’s gravitational law and the second by Hooke’s law.




(or ‘inertial’) gravitational field of the solar system. As a result, such an RF was used for a long
time as the basic tool for solving almost all the problems in practical astronomy (even relativistic
ones). '

As far as the GRF is concerned, the situation turns out to be more complicated. If one
attempts to describe the local gravitational environment of some extended body from an N-body
system (for example, the Earth in the solar system), first of all, based on the results of a study of
the existence of the energy-momentum conservation laws, one generally defines the barycentric
inertial RF: (¢/,7). Then, one may introduce a non-rotational accelerated GRF (¢, 7), which is
defined at the center of mass of the extended body under study by a coordinate transformation
similar to that of (1.1): ,

t'=t, 7 =7+t), (1.2)-

where 7g(t) is the Newtonian barycentric radius vector of the body.

To analyze the gravitational environment of the body under consideration, one presents the
effective potential in the body’s vicinity in the form

U = o) + U, (13a)

where Up is the body’s own gravitational potential. The influence of the external bodies in the
chosen frame manifests itself in the form of gravitational tidal forces only. The corresponding
tidal gravitational potential, U4, may be given by

Utd(7) = U (7 + 7) = U () — (7 YU (%) ) (1.36)
This potential is searched for as the solution of the usual Poisson equation in the form
AU = g7 p2¥t (1.4a)
with the boundary conditions
VUH () =0, U%(7R) =0, (1.4b)

where p&* is the mass density of the external gravity in the vicinity of the body under study.
As a result, the theory of astronomical observations becomes inseparable from the problem of
determining the motion of celestial bodies, because the Newtonian eq.m. for the body’s center
of mass is determined as follows: )

o = =VUY (7). (1.5)

One may also verify that, in the proper RF for an extended body constructed this way,
the body’s own center of mass will be at rest during the time of the experiment. Indeed, by
integrating the local eq.m. of the Newtonian hydrodynamics (Fock, 1955),

—

d e =
»Oo-(fti = —poVU + Vp, (1.6)

over the body’s compact volume, one obtains the desired result: m§ = 0, where m§ is the body’s
first (dipole) mass moment. In the body’s vicinity, the external gravity produces negligibly small
tidal perturbations of the local motion, which are presently well known (Standish et al., 1992).
This leads to so-called ‘quasi-inertial’ properties of GRF. The kinematic advantage of these local




coordinates, (¢,7), is that the RF, when obtained this way, moves with the considered body.
Their dynamic usefulness comes from the fact that coordinate transformations (1.2) allow one
(to some extent) to decouple the motion of the studied body from the global dynamics of the
system as a whole (Pars, 1965; Brumberg, 1972; Damour, Soffel & Xu (here and after, DSX),
1991). These are the reasons why this proper RF (or GRF) has become very useful for studying
local physics in a body’s vicinity.

The situation changed drastically when, by generalizing Faraday’s thoughts on electric and
magnetic phenomena, Maxwell discovered a set of equations describing electromagnetic fields.
These equations successfully described the two then-‘new’ forces corresponding to electromag-
netic and optical phenomena. However, it turned out that the famous Maxwell-Lorentz equa-
tions of electromagnetism were not form-invariant under the Galilean transformations, (1.1).
This was an indicator that either the laws of Newtonian mechanics were incomplete or these
transformations were wrong. From the other side, recall that transformations (1.1) were a sim-
ple consequence of the laws of Newton’s mechanics. It became clear that even if some other
set of equations were substituted for these laws, transformations (1.1) may not provide a form-
invariancy for this new set. Thus, it became obvious that the principle of relativity must have
a more fundamental character. In the Poincaré interpretation this principle was reformulated so
that the physical laws should be the same for two particular observers, one being at rest and
the other one being in the state of steady straight-line motion so that there is no means to find
out whether or not the second observer is moving. The significance of this principle was that
it stated that there are no such things as absolute space or time and, moreover, it implied the
impossibility of an absolute motion in the general law of nature.

As we know now, the understanding of this theory sparked a revolutionary change in the
course of theoretical physics in the beginning of the 20th century. The answer to this problem
was given in a series of works by Poincaré (1904) and Minkowski (1908) (see also Lorentz et
al., 1923): that space and time must be united together to form a four-dimensional pseudo-
Euclidean geometry. The coordinates of two points in this four-dimensional manifold are denoted
as (ct,7) — z" = (2% %), where n = 0,1,2,3 and c is the speed of light. The square of
the geodesic distance ds®> between the two infinitely close points of this space-time (interval)
is given by the four-dimensional analog of the Pythagorean theorem: ds? = ~yp,,(z)dz™dz™.
The function vmn(z) is the metric tensor, which has become the main object for defining the
structure of studied space-time (Eisenhart, 1926). These metric coefficients only (as referred to
a particular coordinate system), together with the coordinate differentials, will provide one with
physically measurable quantities. In Cartesian coordinates of the Galilean (inertial) RF, for all
the points of the pseudo-Euclidean space-time, this metric function may be chosen in the form of
the Minkowski metric: ’77(7?.21. = diag(1,—1,—-1,—1). As a result of such a change, the coordinates
lost their absolute meaning and could not be used for direct physical observations. Even the
differentials do not have a physical sense, because they are not directly connected with either
the distance between two points in three-dimensional space or with the temporal evolution of
the physical processes.

By analyzing the Maxwell-Lorentz equations of the electromagnetic field and the interval

in the form ds? = 'y,(,?,)ldxmdz", Poincaré was the first to point out that the set of these field




equations and the quantity ds® are form-invariant under Lorentz’ transformations, which form
the Poincaré group of motion:

t’=’y(t— (’U.F)), 'y=(1—v—)—%, (1.7a)

”(2’12' R (1.7b)

F=F+(y-1)

where 7 is the constant relative speed between the two RFs. Thus, the study of electromagnetic
phenomena led to the discovery of a new theory of the structure of space-time.

The form-invariancy of the metric tensor under transformations (1.7) has suggested a more
general physical property, namely: for all the possible coordinate transformations between the
two arbitrary RFs, which preserve the form of the metric tensor my,, the physical phenomena in
both obtained frames will behave in exactly the same way. As a result, the principle of relativity

becomes simply a consequence of the latter property. The next logical step was to generalize.

the equations of Newton’s mechanics based on this new four-dimensional relativistic treatment.
The resultant set of equations of motion has become known as the relativistic mechanics of
Poincaré (Sard, 1970). This theory was formulated in a covariant form which allows one to study
the physical processes in any physical RF. Note that, independently of Minkowski and Poincaré,
Einstein had also formulated a new theory of space-time—the special theory of relativity (Lorentz
et al., 1923; Landau & Lifshitz, 1988). However, this theory was formulated based only on the
Poincaré group of motion and was constrained to the class of inertial RFs only.

The discovery of the pseudo-Euclidean geometry had finally undermined any absolute meaning
of finite time or finite distance and had substituted instead a purely relative one. Now the interval
ds?>—the square of the infinitesimal distance in four-dimensional manifold—had become the only
absolute quantity. For example, based on the Lorentz transformations, the time in two different
RFs was no longer the same, but rather depended on the relative speed between the frames:

At = /tt1 dt(1- Gigt))%. (1.8a)

0

Moreover, the length of an object in two RFs was also no longer invariant. Thus, a rod, which
has a length dlp in a rest frame, will experience the length contraction in an inertially moving
frame in the direction 7 = /v, parallel to the speed of motion v:

17‘2

1
dl'= fidlo (1 - g) 2, (1.8b)
It should be stressed that formulas (1.8) are simply the consequence of the properties of pseudo-
Euclidean geometry. It should be noted that, together with the properties of this geometry,
the language of the ‘microscopic’ (or field) description has appeared in theoretical physics as the
necessary tool for theoretical studies of physical processes. This ‘field’ terminology deals with the
densities of physical quantities in a relativistic coordinate-independent way, rather than providing
a coordinate-dependent (or RF-dependent) regular ‘macroscopic’ treatment, and it has become
a very powerful substitution for the latter. As a result, for the special relativistic treatment of
gravitational observations, contrary to Newtonian mechanics, one should always appeal to the
notion of the ‘proper’ quasi-inertial RF of a body in order to correctly define the body’s mass,
its barycenter, and the intrinsic multipole moments.
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For a long time, it was thought that the special theory of relativity, and hence the relativistic
mechanics of Poincaré, were theories that described the physical processes solely in different
inertial RFs (which may be linked to each other by the Lorentzian transformations, (1.7)). From
the other side, real astronomical phenomena unavoidably involve descriptions based on non-
inertial RFs, which, by a misunderstanding (partially based on the Equivalence Principle), were
considered as a prerogative of the general theory of relativity only. However, this is not true.
Based on the discovery of the pseudo-Euclidean space-time made by Poincaré and Minkowski, one
may use an infinite class of admissible RFs, both inertial and non-inertial, in order to describe the
physical phenomena in the real world. Indeed, the Riemann curvature tensor, which defines the
intrinsic geometry of space-time, is zero in any of these frames. However, observing any physical
process enables one to confidently distinguish the situations when an experiment is performed
in an inertial or in a non-inertial frame. This means that the following generalized principle
of relativity (Logunov, 1987) is valid: Independent of the state of motion of the RF chosen for
the experiment (either inertial or non-inertial), one may define an infinite set of other RFs for
which the physical phenomena will behave in exactly the same way. Moreover, one may not
establish, by any means, in which RF from this equivalent set the experiment is performed. As a
result, by defining the admissible coordinate transformations that leave the metric tensor in the
chosen RF form-invariant, one defines the entire infinite set of physically equivalent RFs. Thus,
from Poincaré’s equations of relativistic mechanics and the requirement of the form-invariancy of
the metric tensor, one may find another fundamental group of motion in the pseudo-Euclidean
space-time, namely, the relativistic group of uniformly accelerated motion of a monopole particle.
Indeed, for a particle with mass mo moving under the influence of a constant force f = (f,0,0),
the law of motion is given by
2 2421

=t x’=x+%[(1+ac—2)2—1], (1.9)
where a = f/my is the corresponding constant acceleration. The interval of the two-dimensional
space-time in the co-moving RF takes the form

c2dt? 2at dtdx

ds? = -
T ETr a2t?/c? (

- —dz?. (1.10)

1+a22/c?)?

From this it is easy to show that the corresponding two-parametric group of motion for the
uniformly accelerated RFs may be presented as follows:

BEGTNS S (S SIS RIS Ol
x’='y(x+vt+-c;[(1+%)% -1])-
1
([t ar 202D )] ) em

where tp and zp are the group constants.

One can see that, in order to preserve the form-invariancy of the metric tensor for the time
translation (given by a parameter ¢p) contrary to the Poincaré group, (1.7), this nonlinear group
of motion requires the transformation of spatial coordinates as well. Thus, the non-inertiality of
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the RF makes the physical analysis more difficult than in the case of inertial RFs. The situation
becomes even more complicated if one decides to describe the motion of an extended object. This
is because the bodies in this case, besides the ‘usual’ Lorentzian relativistic contractions, will
experience other dynamic effects generated by the properties of the RF chosen for the analysis.
In practice, one is usually faced with the problem of extracting the RF-induced effects. As the
properties of the pseudo-Euclidean space-time are well established, this problem may be solved
in a satisfactory manner by constructing a quasi-inertial RF in the vicinity of the body under
consideration. The vanishing of a Riemann curvature leads to a maximum possible number of the
Killing vectors in this geometry (N=10), which enables us to separate physically observable and
coordinate-induced quantities in a satisfactory manner. Note that the corresponding theoretical
methods of the classical mechanics of Poincaré are presently well tested in different experimental
situations, and they are used extensively in many areas of modern relativistic physics, such as:
high-energy physics, theoretical astrophysics, and solid-state physics. Astronomers, however;,
previously had not fully accepted these methods into real astronomical practice, as there was
little observational data with relativistic accuracy.

This situation has changed dramatically during the last two decades, and now that the ac-
curacy of astronomical observations enables us to perform studies of the physical processes in
the universe with much higher precision, the problem of relativistic gravitational measurements
has become very important. This has led to numerous experiments testing different hypotheses
that have laid the foundations for a number of recent theories of gravity (Will, 1993). Grav-
ity, however, remains the last yet unexplored frontier of modern theoretical physics (Hawking
& Israel, 1987; Damour & Schifer, 1991; Damour & Taylor, 1992). This is mainly because
the weakness of the gravitational interaction in the solar system presents great difficulties when
planning and performing gravitational experiments. The other reason is that the discovery of
the field equations of the general theory of relativity has changed our physical conceptions once
again. According to this theory, not only are space and time united together by forming a
four-dimensional Riemann manifold with the general metric tensor gmn, but also it is matter
that is responsible for generating the properties of this space-time. In other words, space-time
tells matter how to move and matter tells space-time how to curve (Misner et al., 1973). There
are many other gravitational theories currently under consideration, but the metric theories of
gravity have taken a special position among all the possible theoretical models. The reason is
that, independent of the many different principles at their foundations, the gravitational field
in these theories affects matter directly through the metric tensor of Riemann space-time gmn,
which is determined from the field equations of a particular theory of gravity. In contrast to
Newtonian gravity, this tensor contains the properties of a particular gravitational theory and
also carries the information about the gravitational field of the bodies themselves. This property
of the metric tensor enables one to analyze the motion of matter in one or another metric theory
of gravity based only upon the underlying principles of modern theoretical physics.

The situation with relativistic measurements has become even more complicated. Because
it is well known that in the Riemann space-time one cannot have an explicit mathematical
definition for the proper RF, it is permissible to introduce any coordinate system. As a rule,
before solving these equations, four restrictions (coordinate or gauge conditions) must be imposed
on the components of the gm,. These conditions extract a particular subset from an infinite set
of space-time coordinates. Inside this subset, the coordinates are linked by smooth differentiable
transformations that do not change the coordinate conditions being chosen. In general relativity,
for example, there exists no absolute time or Euclidean space. Besides, one may not, in the
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general case, introduce some ‘privileged’ RF in space-time. Contrary to the Newtonian theory
of gravity, coordinates in curved space-time have no physical meaning and cannot be measured
directly by astronomical observations.

Nevertheless, there are some special cases in which one may speak about privileged coordi-
nates in general relativity. One such case is space-time having a weak gravitational field and
slowly moving matter. The density of the total non-linear Riemann metric tensor g™” of such
space-time may be linearized and presented as a sum of the density of the pseudo-Euclidean back-
ground metric v™" plus the small perturbations caused by the physical gravitational field A™":
V=99™" = /=yy™" +h™". Then, in the Galilean inertial RF, such a space-time may be covered
by coordinates that differ only slightly from the absolute time and Cartesian space coordinates
of the Newtonian theory of gravity. We shall call these space-time coordinates quasi-Cartesian.
These quasi-Cartesian coordinates are the most convenient coordinate system for developing a
relativistic theory of astronomical RFs inside the solar system. They are also used in the case of
an isolated astronomical system that consists of N well-separated and extended bodies possessing
a weak gravitational field and moving with slow orbital and rotational velocities (such as our
solar system).

The solution of the field equations of general relativity in the WFSMA for an isolated distri-
bution of matter is presently well known (Will, 1993). There have been a number of attempts
to describe the motion of different gravitationally bounded astronomical systems. This prob-
lem of describing the motion of a system consisting of N massive monopole particles was first
considered by Einstein et al. (1938); the rigid uniform rotation of the bodies was included by
Papapetrou (1948, 1951), Fock (1955), etc. It was shown that the post-Newtonian equations of
Einstein, Infeld, and Hoffmann (EIH) governing the motions of N mass points allow the same ten
classical integrals as the equations of Newtonian gravity, namely, those expressing conservation
of energy, linear momentum, and the uniform motion of the center mass of the body. Moreover,
Chandrasekhar & Contopulos (1967) had shown there exists a way to introduce the notion of the
‘center of mass’ of such a system, which enables one to construct the barycentric inertial RFg.
Thus, by studying the problem of the form-invariancy of the metric tensor and the corresponding
post-Newtonian EIH eq.m., they had shown that both of these expressions are invariant under
the following ‘post-Galilean’ coordinate transformations that establish a correspondence between
frames with uniform relative motion:

112 3t v,zH w2 1
— K _ — " -6
(1 T3z 8c4)t 2 (1 + 262) t oA ;mBn;ﬂ +0(c™), (1.12a)
o = zo v e Ut o B -4
2% = 2%+ (14 g5 ot = g + Sefprte? + 0(c™), (1.12b)

where v® is the constant velocity of the uniform motion, mp is the post-Newtonian rest mass of
the distribution of matter under study, and o is some arbitrary constant. One can see that both of
the equations in (1.12) contain additional terms beyond those obtained by expanding the Lorentz
transformation, (1.7). The last term in eq. (1.12a) is the contribution that is unique to general
relativity, and it is this term that gives transformation (1.12) its non-Lorentzian character. The
other additional term in eq. (1.12b) represents an arbitrary infinitesimal rotation that may be
satisfactorily explained in terms of the Poincaré group. As a result, the obtained post-Galilean
transformations are generalizations of the Lorentzian transformations, (1.7), in the gravitational
case.
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These post-Galilean transformations, (1.12), are of little use for astronomical observations
as they were obtained in order to demonstrate the existence of the barycentric inertial RFg
and they are not suited for the construction of an astronomical RF for even massive monopole
bodies. This is simply because such proper RFs generally will not be inertial, but rather quasi-
inertial. Moreover, expressions (1.12) do not account for the multipolar structure of the extended
bodies. However, we need some transformation that will work, since, in order to present all the
necessary expressions for the metric tensor and the equations of motion with the same post-
Newtonian accuracy, one must have a physically grounded definition of the transformation rules
between the RFs. To find this transformation, one must expand the Newtonian contributions in
terms of the intrinsic mass and current multipole moments of the bodies (Damour, 1983, 1986).
The greater the required accuracy, the larger the number of these terms that must be taken
into account. It is known that the fully relativistic definition of these moments may be given
in the proper quasi-inertial RF only. Such a definition replaces that which was given in the rest
frame of the one-body problem.? In presenting these transformations, one should also take into
account that, due to the non-linear character of the gravitational interaction, these moments
are expected to interact with external gravity, changing the state of motion of the body itself.
Fock (1955) was the first to notice that in order to find the solution of the global problem (the
motion of the N-body system as a whole), the solution for the local gravitational problem (in the
body’s vicinity) is required. In addition, one must establish their correspondence by presenting
the coordinate transformation by which the physical characteristics of motion and rotation are
transformed from the coordinates of one RF to another. Thus, one must find the solutions to
the three following problems (Damour, 1987; DSX, 1991):

(1). The global problem:

(i). We must construct the asymptotically inertial RF.

(ii). We must find the barycentric inertial RFg for the system under study. This is primarily

. a problem of describing the global translational motion of the bodies constituting the

N-extended-body system (i.e., finding the geodesic structure of the space-time occu-
pied by the whole system).

(2). The local problem:

(). We must establish the properties of the gravitational environment in the proximity of
each body in the system (i.e., finding the geodesic structure of the local region of the
space-time in the body’s gravitational domain).

(ii). We must construct the local effective rest frame of each body.
(iii). We must study the internal motion of matter inside the bodies as well as establish
their explicit multipolar structure and rotational motion.

(3). The theory of the RFs:

(). We must find a way to describe the mutual physical cross-interpretation of the results
obtained for the above two problems (i.e., the fine mapping of the space-time).

2Note that, due to the breaking of the symmetry of the total Riemannian space-time by realizing the 3 + 1
split (Thorne et al., 1988), these moments will not form tensor quantities with respect to general four-dimensional
coordinate transformations in the WFSMA. Instead, these quantities will behave as tensors under the sub-group
of this total group of motion only, namely, the three-dimensional rotation. This is similar to the situation in
classical electrodynamics, where electric E and magnetic H fields are not true vectors, but rather components of
the 4 x 4 tensor of the electromagnetic field Frn = (E ® H) (Landau & Lifshitz, 1988).
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Because the solutions to the first two problems will not be complete without presenting the rules
of the coordinate transformations between the global and the local (or planeto-centric) RFs chosen
for such an analysis, the theory of astronomical RFs becomes inseparable from the problem of
determining the motion of the celestial bodies. From the other side, if one attempts to describe
the global dynamics of the system of N arbitrarily shaped extended bodies, one will discover
that, even in the WFSMA, this solution will not be possible without appropriate description of
the gravitational environment in the immediate vicinity of the bodies.

Concerning the problem of astronomical data reduction, first of all, one must find the connec-
tion between the coordinate quantities and the physically observable ones. Until quite recently,
relativistic reduction of astrometric observations was based on the use of the barycentric RF and
covariant definitions of observables (Zel’'manov, 1956; Synge, 1960; Misner et al., 1973; Ivanit-
skaja, 1979; Soffel, 1989; Brumberg, 1991a,b; Nordtvedt, 1995). Thus, interval ds? in terms of
observable coordinates dX™ = (cdr,dr®) is taken to be diagonal, and it is usually presented in
the form of pseudo-Euclidean Minkowski space-time in the Galilean RF as follows:

ds? = gmn(2)dz™dz" = YmpdX™dX™ = dr? — dr?, (1.13)

where the physical time d7 and the three-dimensional physically measurable distance dr? are
given by

goadz® 2 goagos a8
dt = /goodt + —/——, dre= | — + — )dz%dz". 1.14
go0 ¢v/goo ( o8 T g0 ) (1.14)

In this method, the directly measurable quantities by definition are the tetrad components (or
base vectors) ¢™ of the null wave vector of a photon projected onto a space-like hypersurface
" being orthogonal to the four-velocity of an observer v": o™ = Pl"kl, where P = 67 + u™uy, is
the projection operator that satisfies the conditions P = 2 and P*P¥ = P™. By definition,
the physically observable components of the vector ¢” in the locally orthonormalized tetrad
basis of an observer has only the spatial components ¢%, while the temporal one, ¢°, is equal
to zero. Contraction of the components ¢™ with the basis vectors AB, i.e., o = ABo", is a
covariant quantity that is independent of the choice of RF. This gives the procedure of relaying
the coordinate quantities dzP to the observable ones dX? = (cdr,dr®) as follows: dXP? = )Edz™.
From equation (1.13), we can find the following relation:

ds? = vrdXPdX™ = A5 Xyspda™dz™ = gmndz™dz™, (1.15)
which provides one with the necessary equation for finding the components of the tetrad:
Gmn = AEnA?fﬁﬁ' (1.16)

From this equation and with the help of relations (1.14), one, in principle, may find all the
necessary basis vectors AP (Logunov, 1987; Soffel, 1989). Using this technique as well as the
special methods of the Riemann geometry, one may establish the relationships between the
basis vectors and transform the measurable components ™ = (0,0%) to the coordinates of the
barycentric RF. However, the reduction formula obtained this way has been proven to contain
a non-observable coordinate-induced contribution in the relativistic terms (Klioner & Kopejkin,
1992). For example, the barycentric velocity of the astrometric spacecraft orbiting the Earth is
not directly observable and cannot be derived with the requisite accuracy with this barycentric
method. To solve this and some other problems unavoidably arising in the solely barycentric
approach, a consistent relativistic theory of astronomical RFs is needed.
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As we have mentioned earlier, a well-defined proper RF must be linked with the inertial RFq
by relativistic coordinate transformations that introduce no spurious terms into the metric or the
equations of motion of the relativistic local problem. However, the precise definition of the quasi-
inertial proper RF in a curved space-time (even in the WFSMA) is not quite straightforward.
We know that in freely falling inertial frames, the external gravitational field appears only in
the form of tidal interactions. Up to these tidal corrections, freely falling bodies behave as if
external gravity were absent (Synge, 1960; Bertotti & Grishchuk 1990). The general theoretical
consideration in this case is usually based on the geodesic equation

n

% = —I‘Zlukul. (1.17)1'
This equation may be interpreted as if on the left side we have the four-acceleration of the
particle, while on the right side is the force acting upon the particle. By careful choice of thé
coordinates, one may make the Christoffel symbols I'}; vanish in the immediate vicinity of the -
body’s world line, which will put this force equal to zero (Fermi, 1922a,b; Landau & Lifshitz,
1988). This allows one to use the analogy of inertial motion and, as a result, the four-velocity"
may be parameterized by the natural parameter s along the geodesic: u™ = a™s + b7, with a™
and b" being the arbitrary constant parameters. The analysis shows that in the vicinity of the
world line of the origin of this well-defined RF 4, the coordinate transformation from the inertial
RF; (z") = (29, 2*) to the physically justified RF4 (y%) = (v%,¥%) must have the structure of
a Taylor expansion with respect to the powers of a spatial coordinate v/, (Manasse & Misner,
1963; Manasse, 1963; Misner et al., 1973):
STA%s() - 438 + O, (118)

™ = 2, (ya) +ean(vl) v +

where the function z7 (v%) represents the world line’s description of the origin of the coordinates
(v%), and the functions eay and 434 are coefficients of expansion. This relativistic transfor-
mation should replace the post-Galilean transformations (1.12) as well as the special relativistic
group of motion of the uniformly accelerated RFs, (1.7), allowing them both to be generalized
in the case of a system of N arbitrary extended self-gravitating bodies.

It should be noted that the use of the approach described above was based upon the geodesic
equation (1.17), but, as we know, extended bodies do not move along the geodesic lines. Instead,
the interaction of their intrinsic mulipole moments with external gravity causes deviation of their
motion from the geodesic. This means that this geodesic method is valid only for the case of
monopole structureless test particles. In order to provide the dynamic definition for the proper
RF, one should obtain the eq.m. of the extended bodies and require that the acceleration of the
body will vanish in its proper RF. One way to do this is to generalize the Fock—-Chandrasekhar
approach in derivation of the eq.m. for the extended bodies, which is based upon the equation
of the conservation of the density of the energy-momentum tensor 7™" in the form V,,7™" = 0.
One may expect that the correct transformations will modify the structure of expressions (1.18)

in the higher-order terms of the spatial coordinates: ~ yl{“K}, where (k > 3).

We should mention here that in the scientific literature, in addition to the expression ‘ref-
erence frame,” the notion of a ‘coordinate system’ (CS) has recently come into use (Kopejkin,
1988; Brumberg & Kopejkin, 1988a,b; DSX, 1991-1994). This confusion in terminology partially
came from a misunderstanding of the basic principles of the theory of relativistic observables
in the curved space-time developed by Zel'manov (1956). In accord with his chronogeometric
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classification, one should distiriguish between these two physically different concepts. Thus, the
RF is an arbitrary set of four coordinates chosen to define the position of the body under study.
As we know, in order to properly describe the motion of the N-body system, one should have
at least N+1 of these RFs (DSX, 1991). The CS is the coordinates one may choose to describe
the physical processes in the vicinity of the body in its proper RF. A coordinate system is a
particular code for labeling points in an RF by some numbers. However, once the RF has been
chosen, one may not make the choice of the CS arbitrarily. In order to introduce the CS one
must fulfill the chronogeometric requirements, which basically state or say that, while introduc-
ing the CS, one shouldn’t change the state of motion of the RF already chosen for solution. In
other words, the choice of the CS should provide one with a new RF that should be physically
equivalent to the old one. In practice, one usually may introduce an infinite class of CSs without
violating this equivalency (Zel’'manov, 1956; Logunov, 1987; Denisov & Turyshev, 1989). From
the other side, it is well known that in curved space-time there are no inertial RFs even in the
WFSMA,; instead one may introduce only quasi-inertial ones. Moreover, a non-optimal choice
of the CS may change the dynamic properties of the RF and may significantly complicate the
eq.m. of the bodies, leading to the wrong conclusions (Kopejkin, 1988). This means that a clear
physical definition for the RF is very important. Such a definition should enable one to study the
form-invariancy of the corresponding metric tensor. As a result, one may reconstruct the group
of motion, which leaves this metric tensor form-invariant, and which will provide one with the
class of admissible physically equivalent coordinate transformations in the RF of interest. We
will keep this relativistic terminology, and in our further discussion, we will distinguish between
the CS and the RF.

As we noted before, the properties of the proper RF should be based primarily upon the
structure of the metric tensor and the equations of motion of the local problem. For practical
reasons, in order to establish the physical characteristics of the proper RF4 constructed for a
particular body (A) from the system, it is best to use the well-known properties of the freely
falling RFs as a first approximation when examining the interaction between the bodies. Thus,
the expected properties of a physically well-defined proper RF4 may be expressed as follows:

(i). The gravitational field solutions for both relativistic global and local problems should be
obtained with the same covariant gauge conditions. At least up to the terms describing the
motion of the mass monopoles, the metric tensor and the eq.m. of the local problem must
not depend on the ‘absolute’ velocity of the motion of the origin of the proper RF 4 relative
to the inertial RFy. Both the tensor and the eq.m. in this case may admit the dependence
on the relative velocities of the bodies only (Fock, 1955; Kopejkin, 1988). The body’s own
translational motion in its proper RF should vanish.

(ii). This field in the local region must be made up of four physically different contributions,
namely, the proper and external gravitational fields, the field of inertia, and the gravita-
tional interaction term. The proper gravitational field outside the body should be describ-
able by the set of mass and current intrinsic multipole moments including the monopole,
the dipole, etc. (Thorne & Hartle, 1985; Kopejkin, 1988). The gravitational field of the
external bodies must be presented in the proper RF4 solely in the form of tidal terms
generated by mass and current multipole moments of these bodies (Fermi, 1922a,b; Synge,
1960). The field of inertia is due to the specific properties of the coordinate transformations
chosen for the construction of this RF. The interaction term describes the mutual coupling
of the three above-named terms.

17




(iii). Coordinate transformations between the different RFs should be homogeneous functions
omitting the infinite number of non-singular partial derivatives. These functions should
not violate the gauge conditions chosen for the problem and must be completely defined
by means of the local gravitational field at the origin of the coordinates of a particular
quasi-inertial proper RF.

For a long time it was thought that the physically adequate local RF must physically resemble a
frame that falls freely in the background field created only by external bodies (Kopejkin, 1988).
However, this is not true. This effect is due to the presence of the gravitational interaction
term, which reflects the non-linear nature of gravity. When describing the motion of a monopole
particle, one may use this analogy and describe the motion of the body as if the external gravity -
were absent, but, in the general case of the extended self-gravitating body, one must take into
account the coupling of the body’s intrinsic multipoles to the external field. The existence of
this coupling should be reflected in the form of the transformation functions. As a result, one.
should not think that the ‘good’ proper RF may be realized as a locally inertial RF for a massless
test body (Manasse & Misner, 1963; Misner et al., 1973; Ni, 1977; Ni & Zimmerman, 1978).
Physically, we are looking for an RF where one may effectively separate the local physics from
the external gravitational environment. This is why we would like to apply such an elegant
and simple Newtonian tidal approach to the post-Newtonian physics of the WFSMA. From the
mathematical standpoint, we are looking for a solution to the local problem for which the resultant
space-time in the proper RF4 will be tangent to the total effective space-time generated by all
the bodies in the system, including the body (A). It was shown that the solution with these
properties could be found only at the immediate vicinity of the body and that the smaller the
Riemann curvature of the effective space-time, the further out would be the boundary of validity
of this solution (Brumberg & Kopejkin, 1988). Note that the existence of a well-defined proper
RF has been more or less explicitly assumed by many authors (see, for example, Misner et al.,
1973; Li & Ni, 1978, 1979a,b; Will, 1993; Nordtvedt, 1995).

1.3 The Qualitative Description of the Astronomical Systems of Interest.

In order to provide a quantitative description of the relativistic motion of an astronomical
N-body system, let us first qualitatively define the small parameters involved in the description
of such a system. It is known that there are several major methods for studying the dynamics
of such systems (Damour, 1983, 1986), depending on the relationships between the astrophysical
parameters characterizing the orbital motion; rotation; gravitational field inside and outside the
bodies; their sizes, shapes, and internal structures; and the distance between the bodies. We
shall investigate a structure of space-time for the case of a gravitationally bounded and isolated
distribution of matter. We will restrict our attention to only N-body systems, such as our solar
system, which have slowly moving matter and weak gravitational fields both outside and inside
the bodies. Let us assume that non-gravitational forces are absent and that the bodies are well
separated. Our assumptions then are that the velocities of the orbital motion of the bodies,
vg, are non-relativistical ones (i.e., considerably smaller than the speed of light ¢, vg < ¢)
and that any two arbitrary bodies in the system are at distances rpa, that are considerably
greater than their radii, L4 and Lp: rgs, > La,Lp. Note that the motion of the bodies at
distances TBa, ~ Tg4,Tggs, Where 14 is the gravitational radius of the body, has a highly unpre-
dictable character and will require very different mathematical techniques (Shapiro & Teukolsky,
1986a,b; Thorne, 1989). Furthermore, let us denote the following quantities for each body in
the system: mp is the mass of the body (B); rp, is the Newtonian barycentric radius vector of
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this body; Lp is its mean radius; Dp is the minimal distance between the body under question
and its nearest companion in the system; #p is the internal velocity (rotational 7., and plus
oscillatory 7,sc) of the element of the body’s matter in the proper RFg; wp is the frequency of
its rotation in this RFp; I}{3K} and SJ{BK} are its internal mass and current moments of the k"
order, respectively; and, finally, My and Ly denote the mass and maximal diameter of the entire
system.

Then, making use of the definitions above, we will concentrate our attention on a solution
of the problem of motion of such a gravitationally bounded astronomical system of N extended
bodies in the WFSMA. This approximation may be used successfully if the system of interest
admits the existence of the following four groups of small parameters induced by the local and
global of the bodies in the system (denoted with the () and (g) subscripts, respectively):

(1). The shape- and size-induced parameters. We presume that for each body in the system the
following parameters of a pure geometrical nature may be introduced:

(i). 8y ~ sup[&é,B = Lp/Dpg] < 1, which describes the quasi-point structure of each body
in the system;

(ii). & ~ sup[6? = II{BK} /mpL%] <« 1, which characterizes a dimensionless measure of
the deviation of the distribution of the body’s matter from a spherically symmetric
distribution.

(2). The special relativistic parameters. The orbital and rotational motions of the bodies in the
system generate the following dimensionless parameters:

i). €g ~ supleZ = vg/c] < 1, characterizing the speed of the orbital motion of the bodies;
g g

(ii). € ~ sup[ef = ug/c] ~ Sgl}/mBLBc ~ wpLp/c <« 1, describing the slowness of the
rotational motion of the bodies.

(3). The general relativistic parameters. The gravitational field produced by the bodies in the
system may be characterized as follows:

(). ng ~ sup[n;B = ¢ 2Gmp/Dg) = 145/Dp < 1, which describes the weakness of the
gravitational field outside the bodies;

(ii). m ~ sup[nf = ¢ 2Gmp/Lp] = ryy/Lp < 1, which describes the weakness of the
gravitational field inside the bodies.

(4). The background-induced parameters. For an isolated system, the absence of inttial inho-
mogeneity of space-time caused by in-fallen radiation, external gravitational sources, or
cosmological evolution may be characterized by the parameters

(1). 2~ Ig3%> — Ymall/(Mp/ L) < 1, which describes the smallness of the maximal de-
viation of the background metric g50> from the Minkowskian metric 4, everywhere

in the system.

(ii). ¢ ~ hjwp < 1, which describes the quasi-stationary behavior of the background
metric.
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We shall assume that any processes in the system may be considered to be adiabatic (~ 1 yr)
in comparison to the characteristic time scale of the cosmological evolution of this background
space-time (~ 10% yr) (as described by the Robertson-Walker solution). Moreover, asymptotic
regions of the isolated N-body system are presumed to be in a state of free fall. This means that
the influence of the rest of the matter in the universe on the local dynamics is of the order 1024,
while the relativistic gravitational perturbations in the system are expected to be in the range of
10-5-10-2 (Will, 1993). With these expected accuracies, the influence of the rest of the matter
in the universe on the local dynamics of the bodies in the system may safely be neglected. Let us
denote this background space-time as y,,. Although in the general case this background metric
may have arbitrary properties, for the case of an isolated system of astronomical bodies and for
the WFSMA, one may take this metric in the form of space-time with a constant curvature or-.
introduce flat Minkowski space-time in the vicinity of the system under consideration. These:
assumptions are necessary in order to justify the existence of a barycentric asymptotically inertial
RF. ‘

With these assumptions and consequences, the dependence on the background-induced pa- .
rameters h and o in the corresponding eq.m. of the extended bodies may be neglected. The
equations in this case may be schematically presented as follows (Damour, 1987):

d’zg
dt?

This expression may be formally expanded with respect to powers of the remaining small pa-
rameters, which may be given by

= FB(8,,61; €, €131, 1) (1.19)

d2:1: B B
—5 = 2 Flimnpg Sg8leg ] (1.20)
k.l,mn,p,q>0

Depending on the relations between the parameters in any particular problem, there exist several
basic approximation methods. Our approach uses an assumption of a weak gravitational field
inside and outside the bodies as well as an assumption about the slowness of the dynamic
processes in the system. For this case, some of the parameters introduced above are linked
by equalities or inequalities. Thus, the first relation may be written as nf = (55"1713 , which
automatically gives nf < 651,3 < 1 or, for the entire system, 1y, < §; < 1. Since we are considering
a gravitationally bounded N-body system in the WFSMA, there should exist relations linked by
the virial theorem v%/c? ~ 14, /Dp and v /c* ~ ry, /L (Fock, 1955; Chandrasekhar, 1965),
such that the parameters ¢; and 7, are equivalent and connected by the following relation:
eg ~ ng. The parameters elB and nlB are different and vary from body to body in the system.
One may also limit the behavior of matter forming the bodies such that ‘arbitrary bodies’ must
have slowly changing internal mulipole moments: I'g{} /IJ{BK} ~ elB - kwpg, S'}{BK} ~ nlBIEK}. By
assuming this, we exclude from this analysis such systems where the bodies are rapidly changing
their multipole structure with time. Fortunately, all the celestial bodies in our solar system

satisfy these conditions.

Moreover, each body studied in this report will be supposed to be isolated, i.e., the immediate
vicinity of the body is devoid of matter and non-gravitational fields, and the distance, Dp (the
scale of homogeneity of the space-time), is large compared with the body’s size, Lg. For such
an isolated body, one may split space-time up into three regions as measured in the body’s
‘instantaneous’ proper RFp (Misner et al., 1973; Thorne & Hartle, 1985; Kopejkin, 1988): the
local region, which contains a world-tube surrounding the body and extending out to some radius
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r; > Lp; the buffer region, extending from radius 7; to some large radius 79 < Dp; and the
external region, located outside the distance . In the local region, the body’s own gravitational
field dominates, but in the external region, gravitational fields of other bodies become important.
The buffer region is placed in the vicinity of the distance r* ~ Dg(mp/Mp)'/? from the body,
which is defined from the condition that the body’s gravitational influence is approximately
equal to the gravitational influence of the external masses. The buffer region plays the role of
an asymptotically.flat space-time region for the gravitational field of the body in question. In
other words, the total three-dimensional volume Vj, which is occupied by the N-body system
under study, may be split into N non-intersecting domains defined around each body in the
system plus the buffer domain dy. The situation is similar to that in the problem of the study
of stellar stability of the solar system (Gladman & Duncan, 1990; Holman & Wisdom, 1993).
Within each domain dp where the gravitational influence of a particular body (B) is dominant
over external gravity, the orbits of massless test particles will be stable and remain well inside
this domain. In the buffer domain, the trajectories of particles are unstable. As a result, the
set of small parameters defined above, in the case of the local problem, should be supplemented
by another parameter, namely the parameter of geodesic separation, Ag = |yp|/Dp < 1, where
Lp < yp < 7* is the distance from the world line of the body (B) to the current point of interest
inside the domain dg. This interpretation enables us to evaluate the surface integrals at the
boundaries of these interacting domains as well as to define the boundary of validity of the
expansions with respect to the small parameter Ag.

1.4 Different Methods of Constructing the Proper RF.

The metric approach in the theories of gravity permits one to choose any RF to describe the
~ gravitational environment around the body under question. As we know, a poor choice of the
new coordinates may cause unreasonable complications in the physical interpretations of the
data obtained (see the related discussion in Kopejkin, 1988; Soffel & Brumberg, 1991). Recently,
several different attempts were made to remove these complications and consequently improve
the present solution to the N-body problem in the WFSMA (see, for example, Ashby & Bertotti,
1984, 1986; Brumberg & Kopejkin, 1988a,b; Kopejkin, 1988; Klioner, 1993; DSX, 1991-94).
Although these methods represent a significant improvement in our understanding of the general
problem, not one of them gives a complete ‘recipe’ to overcome the difficulties stated above.

The methods differ in their physical and mathematical treatment of the three problems,
which constitute the general problem of motion of a gravitationally bounded astronomical N-
body system (the global and the local problems and the theory of the RFs). One such method
was proposed by Bertotti (1954) and has been further developed in a number of publications by
Ashby and Bertotti (1984, 1986), Bertotti (1986), Ashby and Shahid-Saless (1990), Shahid-Saless,
Hellings, and Ashby (1991), and Shahid-Saless (1992). An equivalent method was proposed and
developed to the extent of practical applications by Fukushima (1988, 1991a,b, 1995a,b). In
these works, the ‘good’ proper RF is constructed within the first post-Newtonian approximation
(1PNA) of general relativity for a specific form of the EIH metric (Einstein et al., 1938). The
EIH metric was obtained in the inertial RFo and describes the gravitational field only outside
the bodies, which may be regarded as massive point particles or spherically symmetric and
non-rotating extended bodies (Fock, 1955).

In the Bertotti-Fukushima method, the construction of the local RF is based upon finding the
background external metric for the body under consideration. The external metric is obtained
from the complete EIH metric by dropping all of the divergent or undefined terms on the body’s
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center of inertia world line. Then, a local Fermi-normal-like frame (Fermi, 1922; Manasse & Mis-
ner, 1963; Misner et al., 1973) is defined in the body’s vicinity using the background metric with
respect to which the body moves along the geodesic. After that, the coordinate transformation
between the Fermi frame and background metric is obtained. The transformation is applied to
the complete EIH metric and, thus, the ‘good’ proper RF is obtained. The body’s gravitational
field in this proper RF is spherically symmetric (Schwarzchild) and the gravitational field of dis-
tant bodies appears only through the curvature tensor of the background metric, i.e., through
the tidal effects.

The Bertotti-Fukushima method is conceptually simple. It confirms our expectations that the
physically adequate proper RF exists and gives an insight into the structure of transformations
(1.18). However, this method of construction of the Fermi normal coordinates for massive bodies-
has some drawbacks (Kopejkin, 1988), namely:

(i). The background external metric was not derived by solving the gravitational field equations. -.

(ii). There are physical and mathematical ambiguities in the way of constructing the external
metric. These ambiguities are caused by the terms describing the back action of the grav-
itational field of the body under consideration on the external gravity produced by other
bodies (Thorne & Hartle, 1985).

(iii). The method under review cannot be used for derivations of the eq.m. of bodies, i.e., their
world lines. A choice of the body’s center of inertia world line as a geodesic is justified only
a posteriori and with the help of quite a different technique (EIH, 1938; Papapetrou, 1948,
1951; Brumberg, 1972; Damour, 1983; Thorne & Hartle, 1985; Kopejkin, 1985, 1987).

(iv). The method has been elaborated only for the special case of spherically symmetric and
non-rotating bodies. It is completely unclear how one might construct the Fermi normal
coordinates in real astronomical situations that are considerably more complicated. This
method is inapplicable even to the Earth itself, which has oblateness and rotation that may
not be ignored (Kopejkin, 1988).

(v). The proposed coordinate transformations between the RFs are incomplete, which signifi-
cantly limits the applicability of the results obtained in real astronomical practice.

An important method of construction of the ‘good’ proper RF was proposed by Thorne and
Hartle (1985) (see also Fujimoto & Grafarend (1986)) and developed to some extent by Zhang
(1985, 1986) and Suen (1986). The Thorne-Hartle method is conceptually elegant and has
produced the largest corrections to the geodesic law of motion and the Fermi-Walker law of
transport (Misner et al., 1973). The method consists of determining the metric tensor from the
Hilbert—Einstein equations under the condition that one satisfies the properties of the well-defined
proper RF that were mentioned above. Thus, the metric in this method is derived entirely in the
‘good’ proper RF. The solutions of the gravitational field equations are searched for in a vacuum
region of space-time under de Donder (harmonic) gauge conditions in the body’s neighborhood
where the gravitational field is weak. The metric tensor is represented in the form of an expansion
in powers of the small parameters mp/7,7/R, etc., where mp is the body’s mass, r is a distance
from the body, and R is an inhomogeneity scale (distance between the bodies). The coefficients of
the expansion are the internal and external multipole moments of the gravitational fields created
both by the body under consideration and the external gravity, respectively. In this method, the
information about the properties of the chosen RF is completely contained in the set of these
multipole moments.
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Although the Thorne-Hartle method represents an important progression in our understand-
ing of the motion of unisolated bodies and their interaction with the external universe and
provides an important insight into the physical structure of a multipole expansion of the metric
tensor in different RFs, it cannot be used immediately in ephemeris astronomy. The main reasons
for this are as follows:

(i). The finding of the solutions of the Hilbert-Einstein field equations and the matching of
the asymptotic expansions were done formally. Since the goal of the paper was to find the
largest corrections to the laws of motion and precession only, the method does not provide
a complete multipole treatment of extended bodies. As a result, the internal multipole
moments are not presented as integrals over the volumes of the sources and therefore have
no clear physical meaning (Kopejkin, 1988).

(ii). The authors have not presented the coordinate transformation between the RFs used for
the analysis. They have constructed only the ‘instantaneous’ proper RF, which coincides
with the body’s center of inertia at a particular moment of time. As time goes on, the origin
of the ‘instantaneous’ proper RF propagates along a geodesic, but, in the general case, the
body’s center of inertia world line does not. The deviation from the geodesic is caused by
the interaction of the body’s own intrinsic multipole moments with the external gravity.
This leads to a drifting of the ‘instantaneous’ proper RF from the body’s center of inertia,
which is not acceptable for astronomical practice (Soffel & Brumberg, 1991; Williams et
al., 1991).

Another method of constructing of the ‘good’ proper RF was proposed by D’Eath (1975a,b)
(see also papers by Kates (1980a,b) and Damour (1983)). These papers are devoted to the
derivation of the eq.m. of compact, strongly gravitating astrophysical objects such as black holes
and neutron stars. The authors have applied an interesting mathematical method of matched
asymptotic expansions, which was not developed to be used in practical astronomical applica-
tions for the more common case of weakly gravitating bodies. There have been many works in
which construction of the ‘good’ proper RF has been accomplished with the help of infinitesi-
mal transformations (Fukushima et al., 1986; Hellings, 1986; Vincent, 1986). Unfortunately, the
methods used in these works may not be considered to be satisfactory since they are based upon
heuristic principles rather than exact theory (Kopejkin, 1988).

The critical breakthrough in construction of a relativistic theory of RFs appropriate for as-
tronomical practice was achieved by Brumberg and Kopejkin (for a detailed description see
Kopejkin, 1985, 1987, 1988; Brumberg & Kopejkin, 1988a,b; Voinov, 1990; Brumberg, 1991a,b,
1992; Klioner & Kopejkin, 1992; Brumberg et al., 1993; Klioner, 1993; Klioner & Voinov, 1993).
The relativistic theory developed by Brumberg and Kopejkin combined the basic ideas of Fock
(1955) on the post-Newtonian approximation scheme; Thorne (1980) and Thorne & Hartle (1985)
on multipole formalism; and D’Eath (1975a,b), Kates (1980a,b), Kates & Madonna (1982), and
D’Eath & Payne (1992) on matched asymptotic expansions.

The Brumberg-Kopejkin method was the first to develop the three sub-problems of the grav-
itationally bounded astronomical N-body system. The authors identify the metric tensor of the
relativistic global problem with the solution of an isolated distribution of matter in the inertial
RF obtained in the 1PNA of general relativity (Fock, 1955; Brumberg, 1972; Will, 1993). The
solution of the local problem is formally presented as an isolated one-body solution corrected
by electric-type and magnetic-type external multipole moments (Thorne, 1980). The form of
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these moments reflects the properties of the proper RF chosen for the analysis of the gravita-
tional environment of the body under study. The structure of these moments as well as the
post-Newtonian coordinate transformations between the inertial and the quasi-inertial RFs are
derived by matching both solutions in the body’s neighborhood.

This method demonstrates a notable progression in the theory of astronomical relativistic
RFs developed to describe the motion of a system of N extended bodies in the WFSMA. However,
this method also has some drawbacks:

(i). The authors have made ad hoc assumptions about the various multipole expansions of the
metric tensor and coordinate transformations that are only partially justified by some later
consistency checks (DSX, 1991).

(i1). The method to derive the solution to the Hilbert-Einstein gravitational field equations of.
the general theory of relativity based on the Anderson-DeCanio approach (Anderson & .
DeCanio, 1975; Anderson, J. L. et al., 1982) is not covariant. In particular, based only on.
this method, it is not possible to derive the explicit solution to these field equations in an
accelerated proper RF linked to the body’s center of inertia. As a result, the introduced
‘external’ multipole moments do not have a clear physical meaning.

(iii). The obtained relativistic coordinate transformation between the different RF's is incomplete
as it contains only contributions from the leading intrinsic multipoles of the body (the mass
monopole and dipole and the current dipole). The contributions from the other intrinsic
multipoles are hopelessly mixed with the external moments in the structure metric tensor
of the local problem. Thus, the transformation does not take into account the non-linear
coupling of the body’s own gravitational field to external gravity even at the Newtonian
level. As a result, the origin of the proper RF coincides with the center of inertia of the
body at a particular moment in time only, and, as time goes on, they will drift apart.

(iv). The method under review does not provide us with the necessary microscopic description
of relativistic phenomena in terms of densities of the gravitational fields. Thus, the mass of
the bodies, the momentum, and the angular momentum were never explicitly defined. The
parameters introduced to substitute these quantities were never checked as to whether or
not they correspond to the integral conservation laws in the proper RFs of the bodies. In .
addition, the mass density of the gravitational field in the local region at the Newtonian level
is given solely by the body’s own mass density. But the local gravitational field contains
tidal terms due to the external bodies. As a result, the theory does not admit a special
relativistic treatment of the N-body problem in the sense of the mechanics of Poincaré.

Recently, a very powerful approach to this problem has been elaborated by Damour, Soffel,
and Xu (DSX, 1991-1994), Blanchet et al. (1995), and Damour & Vokrouhlicky (1995).
combines an elegant (‘Maxwell-like’) treatise of the space-time metric in both the global and local
RFs with the Blanchet—-Damour multipole formalism (Blanchet & Damour, 1986). This approach
allows one to relate the multipole expansions of the gravitational field to the structure of the
source of gravitation. This method, though very promising and attractive, still requires extensive
development to make it useful for practical astronomical applications. Besides this, the method
under review has some problems that should be worked out in a more physically grounded way.
These include the following:
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(i). The Blanchet-Damour ‘external’ multipole moments were defined in the rest frame of an
" idealized isolated distribution of matter, so they must be modified in order to take into
account the non-inertiality of the proper RF as well as the interaction of the body’s proper
gravitational field with external gravity.

(ii). The proposed relativistic coordinate transformation between the different RFs is incomplete
because it does not take into account the terms due to interaction of the body’s own
gravitational field with external gravity. Moreover, the suggested coordinate transformation
completely neglects the precession term and does not include the terms due to interaction
of the body’s intrinsic multipoles with the external gravity. This means that the proper RF
constructed with these transformations in the case of monopole structureless particles does
not end up with an RF defined on a geodesic line, which is guaranteed by the Principle of
Equivalence. It should be noted that the origin of the proper RF, in the general case of
extended bodies, coincides with the center of inertia of the local field in the initial moment
of time only, and it drifts away as time progresses. This leaves the quantities, calculated
with respect to such a proper RF, physically ill defined (Damour & Vokrouhlicky, 1995).

(iii). The solutions of the Hilbert-Einstein equations in the different RFs were obtained using
non-covariant gauge conditions. This does not provide one with a clear understanding
of what part of the solution of the local problem is due to the gravitational field, what
is caused by the contribution of the inertial sector of the space-time, and how these two
interact with each other.

(iv). At this time, the method under review may not be extended for analysis of the WFSMA of
other metric theories of gravity.

In light of this, the principle purpose of the present report is to develop a classic field approach
to the problems of astronomical measurements in the WFSMA of a number of modern metric
theories of gravity. This approach will combine the well-established methods of the relativistic
mechanics of Poincaré with the Fock-Chandrasekhar treatment of the relativistic many-extended-
body gravitational problem (Fock, 1955, 1957; Chandrasekhar, 1965). One of the main goals of
this research was to develop a foundation for extending the applicability of the PPN formalism,
which has become a very useful framework for testing the metric theories of gravity.
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2 Parametrized Post-Newtonian Metric Gravity.

In this section, we will discuss the status of the problem of constructing a solution to the grav-
itational field equations for a gravitationally bound astronomical N-body system. Within the
accuracy of modern experimental techniques, the WFSMA provides a useful starting point for
testing the predictions of different metric theories of gravity in the solar system. Following Fock
(1955, 1957), the perfect fluid is used most frequently as the model of matter distribution when
describing the gravitational behavior of celestial bodies in this approximation. The density of
the corresponding energy-momentum tensor T™" is as follows:

P = =5 ([pol1 + D) + pJu™u” — pg™), (1)

where pg is the mass density of the ideal fluid in coordinates of the co-moving RF, u* = dz¥/ds
are the components of invariant four-velocity of a fluid element, and p(p) is the isentropic pressure
connected with p by an equation of state. The quantity pII is the density of internal energy of an
ideal fluid. The definition of Il is given by the equation based on the first law of thermodynamics
(Fock, 1955; Chandrasekhar, 1965; Brumberg, 1972; Will, 1993):

1
u* (M + p(:p\) ;n) =0, (2.2)
where 5 = /=gpou’ is the conserved mass density. Given the energy-momentum tensor, one
may proceed to find the solutions of the gravitational field equations for a particular relativistic
theory of gravity. The solution for an astronomical N-body problem is the one of most practical
interest. In the following subsections, we will discuss the properties of the solution of an isolated
one-body problem as well as the features of construction of the general solution for the N-body
problem in both barycentric and planeto-centric RFs.

2.1 An Isolated One-Body Problem.

The solution for the isolated one-body problem in the WFSMA may be obtained from the lin-
earized gravitational field equations of a particular theory under study. As we mentioned above,
a perturbative gravitational field hiﬁ? in this case is characterized by the deviation of the density
of the general Riemmanian metric tensor /—gg™™ from the background pseudo-Euclidian space-
time -y, which is considered to be a zeroeth order® approximation for the series of successive

iterations: /—gg™" — /—yy™" = ?5;‘, or equivalently,

9mn = Ymn + hsr% (2'3)

The search for the solution of the field equations is performed within a barycentric inertial RFq
(zP) that is singled out by the Fock-Sommerfeld boundary conditions imposed on the h£,?2,(zp)
and 9xh{%(2P) (Fock, 1955; Damour, 1987; Will, 1993):

. 0 0
Jim [A(2); (Goohh(e®) + 5AEhE)] = 0, (24)
2% + r = const, r?= —'y‘(f,),)a:“:z".

3For most non-radiative problems in solar system dynamics, this tensor usually is taken to be a Minkowski
metric (Damour, 1983, 1987; Will, 1993).

27




In order to accumulate the features of many modern metric theories of gravity in one theoret-
ical scheme, to create a versatile mechanism to plan gravitational experiments, and to analyze
the data obtained, Nordtvedt and Will have proposed a parameterized post-Newtonian (PPN)
formalism (Nordtvedt, 1968a,b; Will, 1971; Will & Nordtvedt, 1972). This formalism allows one

to describe the motion of celestial bodies for a wide class of metric theories of gravity within a
common framework. The gravitational field in the PPN formalism is presumed to be generated
by some isolated distribution of matter that is taken to be an ideal fluid, (2.1). This field is rep-
resented by the sum of gravitational potentials with arbitrary coefficients: the PPN parameters.
The two-parameter form of this tensor in four dimensions may be written as follows:

p9 = o + 2(8 — T)U2 + 20 + 27(®2 — ®u) + (1 — 20)x,00 +O(c™9), (2.5a).
B = 2y 42— v —T)Va+ (v +1)Wa + O(c®), (2.56)
hffé = 2Yap(y — T)U — 27Uqp + O(c™?), (2.5¢) -

where vmn is the Minkowski metric. The generalized gravitational potentials are given in Ap—ar
pendix A.

Besides the two Eddington parameters (v, 8), eq.(2.5) contains two other parameters, v and
7. The parameter v reflects the specific choice of gauge conditions. For the standard PPN
gauge, it is given as v = %, but for harmonic gauge conditions, one should choose v = 0.
The parameter 7 describes a possible pre-existing anisotropy of space-time and corresponds to
different spatial coordinates that may be chosen for modelling the experimental situation. For
example, the case of 7 = 0 corresponds to harmonic coordinates, while 7 = 1 corresponds to the
standard (Schwarzschild) coordinates. A particular metric theory of gravity in this framework
with a specific coordinate gauge (v, 7) may then be characterized by means of two of the above-
mentioned PPN parameters (v, 3), which are uniquely prescribed for each particular theory under
study. In the standard PPN gauge (i.e., in the case when v = %,T = 0), these parameters
have clear physical meaning. The parameter 7 represents the measure of the curvature of the
space-time created by the unit rest mass; the parameter  is the measure of the non-linearity
of the law of superposition of the gravitational fields in the theory of gravity (or the measure
of .the metricity). Note that general relativity, when analyzed in standard PPN gauge, gives
4 = B = 1, whereas, for the Brans—Dicke theory, one has 8 = 1,7 = é—l%, where w is an
unspecified dimensionless parameter of the theory.

The properties of an isolated one-body solution are well known. It has been shown (Lee et
al., 1974; Ni & Zimmerman, 1978; Will, 1993) that for an isolated distribution of matter in
the WFSMA there exist a set of inertial RFs and ten integrals of motion corresponding to ten
conservation laws. Therefore, it is possible to consistently define the multipole moments char-
acterizing the body under study. For practical purposes, one chooses the inertial RF located in
the center of mass of an isolated distribution of matter. By performing a power expansion of the
potentials in terms of spherical harmonics, one may obtain the post-Newtonian set of ‘canonical’

4Do not mix the post-Newtonian parameter v and the Minkowski metric tensor 4mn». As necessary, we will
distinguish the determinant det||ymn|| with the special symbol.
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parameters (such as unperturbed irreducible mass IiLg and current S/{f(’g) multipole moments)

generated by the inertially moving extended self-gravitating body (A) under consideration:
L LY STF L STF
I = [/ 243 ()27 ] Sk = /dsZAZAtT’” DT (260)

where fﬁm is the components of the symmetric density of the energy-momentum tensor of matter
and gravitational field taken jointly. As a result, the corresponding gravitational field h{g;‘ may
be uniquely represented in the external domain as a functional of the set of these moments.
Schematically this may be expressed as

hioya = 7’"”[1{]“3), S{L})] (2.6b)

where the functional dependence, in general, includes a non-local time dependence on the ‘past’
history® of the moments (Blanchet et al., 1995). However, by assuming that the internal processes
in the body are adiabatic, one may neglect this non-local evolution. As a result, an external
observer may uniquely establish the gravitational field of this body through determination of
these multipole moments, for example, by studying the geodesic motion of the test particles in
orbit around this distribution of matter (Misner et al., 1973).

2.2 The Limitations of the Standard PPN Formalism.

It turns out that the generalization of the results obtained for the one-body problem into a .
solution of the problem of motion of an arbitrary N-body system is not quite straightforward.
Thus, the studies of post-Newtonian motion of extended bodies in PPN formalism begin by
expanding the generalized gravitational potentials in the metric tensor and the corresponding
eq.m of these bodies with respect to deviation from Newtonian motion. As a final result, one
needs to have the generalization of expression (2.6b) for the case of the N-body problem. However,
this generalization is usually done by using Galilean coordinate transformations similar to those
of (1.2) from the Newtonian mechanics (Fock, 1955; Will, 1993):

=93 +0(7?), *=yg (¥3) +yE+0(c7?), (2.7)

where y§  is the Newtonian barycentric radius vector of the body (B) under study. It was
noted that this accuracy is enough for the post-Newtonian terms in these eq.m. (Brumberg,
1972), but it is insufficient to account for the necessary special relativistic and gravitational
corrections. Thus, as we know, if the body is spherically symmetric in the proper RF, in the other
frame it will experience both the Lorentzian contraction (linked to the relative velocity between
these frames) in the direction of velocity between these RFs and gravitational compression (or
‘Einsteinian’ contraction, which is linked with the external gravity) (Kopejkin, 1987). However,
transformations (2.7) ignored completely these Lorentzian and gravitational contractions, as
well as the relativistic geodetic precession and effects of the curvature of space-time. All these
kinematic and dynamic effects appear in the expressions for the metric tensor and eq.m. of the
local problem, where they are shown as terms depending on both (i) the ‘absolute’ velocity of the
body’s center of inertia with respect to the barycentric inertial RFp and (ii) the absolute value
and first spatial derivative of the external gravitational potential U®*. As a result, the relativistic
eq.m. of the local problem differ essentially from the Newtonian eq.m., which do not depend on
the ‘absolute’ velocity and contain only the second spatial derivative of U®*t, i.e., the tidal terms.

SGravitational radiation problems are not within the scope of the present report and, hence, the set of multipole
moments, (2.6a), are used for both tensor and scalar-tensor theories.
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The correct way to describe these phenomena is to use the appropriate coordinate transformations
between the different RFs in the WFSMA. These transformations should generalize the expressions
of the Poincaré group of motion, (1.7), for the problem of motion of the gravitationally bounded
N-extended-body system. However, the standard PPN formalism was formulated once in the
inertial RF and there is no way to construct such a transformation for the quasi-inertial proper
frames of the bodies. This lack of transformation between the different RF's is a major limitation
of this otherwise very useful method.

Nevertheless, by putting some additional restrictions on the shape and internal structure of
the bodies, one may generalize the results presented above in the case of an N-body system.
The assumption that the bodies possess only the lowest multipole mass moments considerably
simplifies the problem. It has been shown (Fock, 1955; Lee, Lightmann & Ni, 1974; Ni &
Zimmerman, 1978) that for an isolated distribution of matter in the WFSMA it is possible to
consistently define the lowest conserved multipole moments, such as the total rest mass of the
system, Mo; its center of mass, z§; the momentum, p§; and the total angular momentum, Sg g -
of the system. The definitions for the mass My and coordinates of the center of mass of the: .
body z§ in any inertial RF are given by the following formulae (for a more detailed analysis see ..
Damour (1983) and Will (1993) and references therein): '

Mo = / Bz O@P), 88 = ML / Bz 90 (P)z, (2.80)
0
where the energy density £°°(z'P) of the matter and the gravitational field is given by
1 1
200/ 2y _ =~ -2 _trr_ = " -4
7 (z )—p[1+c (H 2U 5 kY )—i—(’)(c )], (2.8b)

with p being the conserved mass density. In particular, the center of mass 2§ moves in space with
a constant velocity along a straight line: 2§(t) = p§ - t + k®, where the constants p§ = dz§/dt
and k% are the body’s momentum and center of inertia, respectively. Moreover, it was shown by
Chandrasekhar & Contopulos (1967) that, in the case of point-like massive particles, the form
of metric tensor (2.5) and the corresponding EIH eq.m. are invariant under coordinate transfor-
mations (1.12). This form invariancy justifies the word ‘inertial’ for harmonic RFs constructed
under the Fock-Sommerfeld boundary conditions (2.3). One may choose from the set of inertial
RFs the barycentric inertial RFg for such a system. In this frame, the functions 2§ must equal
zero for any moment of time. This condition may be satisfied by applying the post-Galilean
transformations (1.12) to the metric (2.5), where the constant velocity and displacement of the
origin should be selected in a such a way that p§ and k® equal zero (for details, see Kopejkin,
1988; Will, 1993). The solar system barycentric RFg, constructed using general relativity for
the system of point-like massive particles, is widely in use in modern astronomical practice, for
example, in the construction of planet ephemerides (Moyer, 1971; Lestrade and Chapront-Touzé,
1982; Newhall et al., 1983; Akim et al., 1986; Standish, 1995). Moreover, the coordinate time of
the solar system barycentric (harmonic) RFy must be considered as the TDB time scale, which
is extensively used in modern astronomical practice (Fukushima, 1995a).

2.2.1 The Simplified Lagrangian Function of an Isolated N-Body System.

In order to extract the information about the gravitational field of an N-body system, one should
study the motion of light rays and test bodies in this gravitational environment. However, the
standard methods of the PPN formalism (Will, 1993) do not enable us to develop the correct
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theoretical model of the astrophysical measurements with the accuracy necessary to identify
the multipolar structure of the gravitational fields of the bodies. In particular, it was noted
that taking into account the presence of any non-vanishing internal multipole moments of an
extended body significantly changes its equations of motion due to the coupling of these intrinsic
multipole moments of the body to the surrounding gravitational field. For example, for a neutral
monopole test particle, the external gravitational field completely defines the feducial geodesic
world line that this test body follows (Fock, 1955; Will, 1993). On the other hand, the equations
of motion for spinning bodies contain additional terms due to the coupling of the body’s spin to
the external gravity through the Riemann curvature tensor (Papapertou, 1948, 1951; Barker &
O’Connel, 1975).

An ‘absolute’ limit of the PPN formalism takes into account the lowest multipole moments
of the bodies only, such as the rest mass m4 of the body (A), its intrinsic spin moment Sﬁﬁ ,
and the quadrupole moment Izﬂ . The general solution with such assumptions is also known (see
Damour, 1986, 1987 and references therein, and Turyshev, 1990). In order to analyze the motion
of bodies in the solar system barycentric RFp, one may obtain the restricted Lagrangian function
L describing the motion of N self-gravitating bodies, which may be presented as follows:

Ly = Z ——’UA#'UA (1 — —UA#’UA ) Z Z MATE (é + (3+v—4B8)Es—

A BZA 'AB

1 3 1
—(y—-71+ E)UA”'UA“ +(y—-7+ Z)’UA”_'UBu -(=+ T)nABAnABuvA)‘vB“ + T(nABﬂvA”)2+

4

1 2
+T:ili,\ [(’Y +5)vau - (v+ l)vsu] SHt+ MAB\MABu 5~ ) (BT ~) Z <B§A :Z:)

N N N AB 1 N
—73 Y Y mampmo[ZAEA (nho +nig,) - |+ ma0c®), 9
A

A B#AC#A,B TAB TABTAC

where m  is the isolated rest mass of a body (A), the vector r§ is the barycentric radius vector
of this body, the vector r4g = 7§ —r§ is the vector directed from body (A) to body (B), and the
vector n% g = r%g/TaB is the usual notation for the unit vector along this direction. It should be
noted that expression (2.9) does not depend on parameter v, which confirms that this parameter
is the gauge parameter only. The tensor I%” is the STF (Thorne, 1980) tensor of the reduced
quadrupole moment of body (A), defined as

I = / d32ypa(2%) BzZ‘zfX fy‘“’szzf) (2.10)
The tensor Sﬁ” is the body’s reduced intrinsic STF spin moment which is given as:
= _/ P Lppa(2})Wazs — vazh], (2.11)

where v/, is the velocity of the intrinsic motion of matter in the body (A). Finally, the quantity
E,4 is the body’s gravitational binding energy:

Ey = _// d3 ' d3 " ,DA(ZA)PA(ZA ) (2.12)

2mA l v __ IIUI
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Let us note that the Lagrangian function is obtained with the condition that, in the proper
RF of each body (A) in the system, the body’s dipole mass moments vanish:

I‘g =m /d3z' R 2e =0, (2.13a)
where tao is defined by the following expression:
~ - 1 1 _
£9(28) = pa [1 +c? (- 5Ua - 51)_#1)_“) +0(c 4)]. (2.13b)

Expression (2.13a), together with the condition m§ = 0, may be considered as an indirect
post-Newtonian definition of the proper RF 4 in the PPN formalism. :

2.2.2 The Simplified Barycentric Equations of Motion.

In this subsection, we will present the barycentric equations of motion that follow from the
Lagrangian function (2.9). The assumption that bodies in the system possess the lowest intrinsic
multipole moments enables us to obtain only the corresponding simplified equations of motion.
Thus, with the help of the expressions (2.9), for an arbitrary body (A), these equations will read
as follows:

.. MpB . m B Cq
Ti: E —BnAB+ E B B+ AB+ AB
2
B#A ' AB B#A AB TAB ab

«
_Dap ((Zﬂ +2y—21+1)ma+ (28+2y— ZT)mB)]+
TAB v

+Y, > mpmcDipc +0O(c™®), (2.14)
B£A C#A,B

where, in order to account for the influence of the gravitational binding energy Ep, we have
introduced the passive gravitational rest mass Mg (Nordtvedt, 1968b; Will, 1993) as follows

Mg =mp(1+(3+7-48)Ep +O(c™%)). (2.15)

The unit vector n4p must also be corrected using the gravitational binding energy and the tensor
of the quadrupole moment I A A of the body (A) under question:

Ap aff

Iy Iy,
N34 = NAB (1 + (34~ —4B)E4 + 5naBanaB, AB) + 2nABﬁ—— +0O(c™). (2.16)
TAB

The term Ai g in expression (2.14) is the orbital term, which is given as follows:

A%p = vipnana(vh — (2v - 2r + 1)vip )+

3
+n%3 (’UA,\U_,’}X —(v+1+ T)'UAB)\'U;\iB - 37'("1AB,\'UAB/\)2 - 5(”ABAUI)§)2)' (2.17)

The spin-orbital term Bz has the form
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3 1
Big = (5 +27)vaBA(S3* + SB) + EUAA(SX'\ - SEM+

3
+5(1+ 29)naprvass[nhp(ST + SBY) - nis(S5" + SB)]+

3
+'2"nAB,\ [nle (’UAﬁSg'\ - 'UB[;S%\) + TLABB’UABﬂSg’\] . (2.18)

The term CS g is caused by the oblateness of the bodies in the system:

C4p = 2naBply’ + 5ngpnassnas, iz’ (2.19)

And, finally, the contribution D%, to the equations of motion (2.14) of body (A) (caused by the
interaction of the other planets (B#A, C#A,B) with each other) is presented as

n$ 1 1
Disc = 2 (1= 28—~ 26+ )]+

Tac
PaA NABA Ao ngc AcA c®
+7HE (e + Neay) + T —4C + (1 27) = Aae 4901+ ’Y)T‘——, (2.20)
TAB TaB TAC TBc Tac TBcTA

where A%, = n#*¥ + nk sn% 5 and Phn = n*¥ + 3n% oY 5 are the projecting and the polarizing
AB =T ABTAB AB AB™AB
operators, respectively.

The metric tensor (2.5), the Lagrangian function (2.9), and the equations of motion (2.14)-
(2.20) define the behavior of the celestial bodies in the post-Newtonian approximation in the
PPN formalism. These equations may be simplified considerably by taking into account that
the leading contribution to these equations is the solar gravitational field. With such an ap-
proximation, they are used to produce the numerical codes in relativistic orbit determination
formalisms for planets and satellites (Moyer, 1981; Huang et al., 1990; Ries et al., 1991; Standish
et al., 1992) as well as to analyze the gravitational experiments in the solar system (Will, 1993;
Pitjeva, 1993; Anderson et al., 1996). It should be noted here that in the present numerical
algorithms for celestial mechanics problems (Moyer, 1971; Moyer, 1981; Brumberg, .1991; Stan-
dish et al., 1992; Will, 1993), the bodies in the solar system are assumed to possess the lowest
post-Newtonian mass moments only, namely, the rest masses and the quadrupole moments. The
corresponding barycentric inertial RFg defined in the harmonic coordinates for general relativity
(y = 8 =1;v =7 = 0) has been adopted for the fundamental planetary and lunar ephemerides
(Newhall et al., 1983; Standish et al., 1992).

However, if one attempts to describe the global dynamics of the system of N arbitrarily shaped
extended bodies, one will discover that even in the WFSMA this solution will not be possible with-
out an appropriate description of the gravitational environment in the immediate vicinity of the
bodies (Kopejkin, 1988; DSX, 1991). Thus, one needs to present the post-Newtonian definition
for the proper intrinsic multipole moments for the bodies in order to describe their interaction
with the surrounding gravitational field as well as to obtain the corresponding corrections to
the laws of motion and precession of the extended bodies in this system. This could be done
correctly only by using the theory of the quasi-inertial proper RF with well-defined dynamic and
kinematic properties. In the next section, we will discuss a new perturbative method for finding
the solution for the relativistic N-extended body problem and will formulate the corresponding
theory of relativistic astronomical RFs in curved space-time.
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3 WEFSMA for an Isolated Astronomical N-Body System.

In this section, we will discuss the principles of a new iterative method for generating the solutions
to an arbitrary N-body gravitational problem in the WFSMA. This formalism will be based upon
the construction of proper RFs in the vicinities of each body in the system. Such frames are
defined in the gravitational domain, dg, occupied by a particular body (B). One may expect
that, in the immediate vicinity of this body, its proper gravitational field will dominate, while
the existence of the external gravity will manifest itself in the form of the tidal interaction only.
Therefore, in the case of the WFSMA in the closest proximity to the body under study, this
proper RF should resemble the properties of an inertial frame, and the solution for an isolated
one-body problem h$22,3 should adequately represent the physical situation. However, if one
decides to perform a physical experiment at some distance from the world tube of the body,
one should consider the existence of the external gravity as well. This is true because external
gravity plays a more significant role at large distances from the body, and this should be taken
into account. As we noticed earlier in Section 1, the physically adequate description of this
nature of gravity could be made in the well-justified proper RF only. Let us mention that the
dynamical properties of the inertial frames presently are well justified and correctly modelled
both physically and mathematically. In particular, the properties of the barycentric inertial RFg
are based upon the properties of an N-body generalization of an unperturbed isolated one-body
solution of the gravitational field equations in an inertial RF given by (2.5). These properties
are well established and widely in use in modern astronomical practice (Moyer, 1971; Moyer,
1981; Brumberg, 1991; Will, 1993). However, as we discussed earlier, this N-body generalization
is based on the assumption that the bodies in the system possess the lowest intrinsic mass
and current multipoles only. In order to account for the influence of higher-order multipoles,
the coordinate transformations to the proper RF are necessary. This proper RF should take
into account both Lorentzian and Einsteinian features of the motion of extended bodies in the
external gravitational field. In the next subsection, we will concentrate on formulating the basic
principles of a new method for constructing such transformations for a wide class of metric
theories of gravity.

3.1 The General Form of the N-Body Solution.

In order to construct a general solution for the N-body problem in a metric theory of gravity,
let us make a few assumptions. First of all, let us assume that there exists a background space-
time 7my with the dynamic and cosmological properties discussed in the Section 1. Note that
these properties do not forbid the existence of incoming and outgoing gravitational radiation.
We will discuss this case further. We shall assume that the solution of the gravitational field
equations h&% for an isolated unperturbed distribution of matter is known and is given by
relations (2.5). We further assume that for each body (B) in the system, one may establish a
unique correspondence to each such solution: (B) <« hg,%B.

With these assumptions, we may construct the total solution of the global problem gmy, in an
arbitrary RF as a formal tensorial sum of the background space-time metric 4y, the unperturbed
solutions hﬁ,?Z,B plus the gravitational interaction term A%,. Thus, in the coordinates z? = (20, z¥)
of the barycentric inertial RFo, one may search for the desired total solution in the following form:

35




gmn (Z.p) = Ymn(2?) + honn(2F) =

oy oyt
= tna?) + Z b Qs 198 (43 (07)) + Hik o), 1)

where the coordinate transformation functions y§ = y%(zP) are yet to be determined. The
interaction term h¥* will be discussed below.

In order to describe the matter distribution, let us assume that the corresponding Lagrangian
function LY may be given as

Lgvfot ZL(O)B + Li"t,
B

where LT is the Lagrangian describing interaction between the bodies. Then, the total energy-
momentum tensor of matter in the system may be presented as follows:

5 Ltot

5 gmn

dyk By , SLint |
Zaiﬁaiﬁ TH (yn(a")) + 25 2L (32)

Trn(2®) =2
For the case of compact and well separated bodies, we may take into account that the mutual
gravitational interaction between the bodies affects their distribution of matter through the met-
ric tensor only. Therefore we can neglect the second term in the expression above®. Then without
any loss of accuracy, we obtain the total energy-momentum tensor of the matter distribution in
the system in the following form:

Ton(a*) = Z g ny;fru (vs()(1+ (™)) = 2 Db NarBunier), (33

where T,ﬁ is the energy-momentum tensor’ of a body (B) as seen by a co-moving observer.

The unperturbed solution h(o) for the field equations in the WFSMA is presented in the
form of the double power series with respect to two small scalar parameters: the gravitational
coupling constant G and the orders of ¢!. It is clear that a similar set of small parameters
may be used in order to construct an iterative N-body solution at least at the post-Newtonian
level in the WFSMA. This means that all the functions and fields involved in the perturbation
scheme (such as the interaction term k¥, the coordinate transformation functions y% = y%(z?),
the energy-momentum tensor T2, , etc.) are also power expanded with respect to these small

81t is also true, if one recalls the result, that the interaction between the gravitational fields in the 1.5 post-
Newtonian physics will appear in the goo component of the metric tensor only and will have an O(c™*) order of
magnitude.

7 As a partial result of representation (3.3), one can see that the Newtonian mass density pg of a particular body
(B) is defined in the sense of a three-dimensional Dirac delta function. Thus, in the body’s proper compact-support
volume, one will have pp = mpd(y3), so that

/d Yapre(y}) = meéas,
where §4p is the three-dimensional Kronekker symbol (64 = 6a5; 645 = 1 for A= B and 0 for A # B). Then in
any RF 4, the total density 7 of the whole N body system will be given by the expression p(y%) = Zg pB(Y5).
This representation allows one to distinguish between the local and integral descriptions of the physical processes
and, hence, provides correct relativistic treatment of the problem of motion of an astronomical N-body system.

36




scalar parameters. At this point, the actual form of the energy-momentum tensor Tpn, is not
" of great importance. We prefer to keep this arbitrariness in our further calculations. The only
restriction we will apply to the possible form of this tensor is based on the physical expectations;
we will limit ourselves to such tensors which have the components of the following orders: Ty ~
O(l),TOOI ~ 0(6_1)7Taﬂ ~ 0(6_2)'

One may establish the properties of solution (3.1) with respect to an arbitrary coordinate
transformation simply by applying the basic rules of tensorial coordinate transformations. In
particular, in the coordinates 3, (z9) = (¥%, %) of an arbitrary proper RF 4, this tensor will take
the following form:

(V) = BB g0 (12 = V0B + W) =
azk 62: znt s
= 3T o (e (R)) + R (2 05)) ) +
+hQAGR) + 3 2B OB 08 e (), (3.4

B+#A 3yT ayA

The expression for Tra (%) could be obtained analogously to that given by equations (3.3). To
complete the formulation of the perturbative scheme, we need to introduce the procedure for:
constructing the solutions for the various unknown functions entering expressions (3.1)-(3.4),.
including the four functions of the coordinate transformations y% = y%(v%) and the interaction.
term hint.

We will construct the four functions of the coordinate transformations by applying the rela-
tivistic theory of celestial RFs in a curved space-time. To do this, we will use the most general
form of the post-Newtonian non-rotating coordinate transformation between the barycentrical
(inertial) coordinates (zP) and the bodycentrical (quasi-inertial) coordinates (y%):

20 = 4% + ¢ 2KA(W%, ve) + ¢ La(yh, vh) + O™yl (3.5a)

* =95+ 3%, %) + c2Q% %, v4) + O(c™)y5, (3.5b)

where y§ (v9) is the Newtonian radius vector of body (A). Transformations (3.5) should com-
plement the post-Galilean coordinate transformations (1.12) in the case of the curved space-time
generated by an arbitrary N-body system. Note that transformations (3.5) are presented as be-
ing parametrized by the set of three unknown functions, K4, L4, and Q%. This is an example
of that which will be referred to as the KLQ parameterization for the WFSMA. The functions
Ka,La, and Q% are expected to contain the information about the specific properties of the
quasi-inertial RF 4 associated with the body (A). The form of these functions will be determined
by the iterative procedure for constructing the quasi-inertial proper RF4.

The way to construct the solution for the interaction term A ‘is quite straightforward: It
is sufficient to require that the metric tensor in the form of eq. (3 1) or (3.4) will be the explicit
solution of the gravitational field equations in the corresponding RF. Note that the second term
in eq.(3.1) is linear with respect to the unperturbed solutions h(O)B and that the transformation
functions between the different RFs are determined by means of the external gravitational field in
their origins. Only the interaction term should contain the information about the dynamic non-
linearity of the gravitational interaction. The form of this term should depend on the physical
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features of the RFs chosen for the analysis. It should be noted that the search for the solution in
the barycentric RFy is physically and mathematically more appropriate then in the bodycentric
one. Moreover, to date no analysis has been made to propose a covariant boundary condition for
the case of the non-inertial RF rather then the ‘classical’ Fock-Sommerfeld one. It is known that
these conditions are applied asymptotically to the entire gravitational field from the system at
the infinitive distance from the latter and are valid for the isolated distribution of matter. This
means that making use of the Fock-Sommerfeld boundary conditions (Brumberg & Kopejkin,
1988a; DSX, 1991-1994) in a proper RF is mathematically weakly founded in order to find the
general solution of the field equations in this frame. Based on this conclusion, we will perform
the search for the A in the coordinates of the barycentric inertial RF,.

By taking into account that all the functions and fields in expressions (3.1)~(3.5) are pre-
sented in the form of a power expansion with respect to the set of small parameters, one may
organize an iterative procedure in order to obtain the general solution for the problem. The two
principle steps of this procedure are the supplementary conditions necessary for the solution of ~
the gravitational field equations, which may be expressed by both the covariant gauge conditions ;
and the boundary conditions. '

In the proposed formalism, these conditions are taken to be as follows:

The covariant gauge conditions. The solutions of the field equations are assumed to satisfy; - «-..

the covariant harmonical de Donder gauge, which, for an arbitrary RFp, may be written as

follows:
DF(V=9595"(43)) =0, (36)

where DZ is the covariant derivative with respect to the metric 72, (y%) of the inertial Riemann-
flat (RE,.;(v5.(¥%)) = 0) space-time in these coordinates.® For most of the interesting practical
problems in the WFSMA, this metric may be represented in quasi-Cartesian coordinates as the
sum of two tensors, the Minkowski metric 'y,(,?,)@ and the field of inertia ¢mn:

k a !
VB = %ﬁ,’;w (2°(58)) = 19, + ¢B(4). (3.7)

Note that the term ¢, appears to be parameterized by the coordinate transformation functions
Ka,La, and QF defined in eqgs.(3.5); thus, we have ¢mn(1%) = dmn[Ka, L4, Q%), a formulation
that will be referred to as the KLQ parameterization in the WFSMA.

The advantage of using these gauge conditions is that they allow us to construct the solutions
to the field equations in a unique way without applying the technique of the, so-called, ‘external
multipole moments’ (Brumberg & Kopejkin, 1988a; DSX, 1991). The conditions of eqgs.(3.6) do
not fix the harmonic RF in a unique way and, in definition of coordinates of this frame, some
arbitrariness may still exist. Indeed, the coordinate transformation y} = y% + (& (yg) with
the function (3 satisfies the equation g™ (y%)DEDE (B (yL) = 0 does not violate the chosen
conditions (3.6). In all the particular cases, the remaining freedom of the harmonic RF might be

8In Cartesian coordinates of the inertial Galilean RFy, the flat metric ¥2, can be chosen as 7% =
diag(1, —1,—1,-1), so that the Christoffel symbols 'Y = 0 all vanish and conditions (3.6) take the more familiar

form of the harmonic conditions
o (x/—gsgg"(yﬁ)) =0,

which are equivalent to setting ¥ = 7 = 0 in egs.(2.5).
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fixed by choosing the specific CS associated with the proper RFs for describing the dynamics of
the N bodies in the system.®

The boundary conditions. The search for the general solution for A% (zP) is performed in

a barycentric inertial RFg, which is singled out by the Fock-Sommerfeld boundary conditions
imposed on the Apy, and Ochmn:

tim_ (hymn(2?); r[g%hmn(xf’wra%hmn(zp)]) - 0,

=00

t+ —Z— = const, (3.8a)
where 2 = — ,(,?,) z#z”. Note that conditions (3.8) must be satisfied along all past Minkowski
light cones. Thus, these conditions define the asymptotically Minkowskian space-time in a weak
sense, consistent with the absence of any flux of gravitational radiation falling on the system
from an external universe (Damour, 1983, 1986). Moreover, one assumes that there exists such
a quantity A% = const (for the solar system, this constant is of the order of &~ 1075) for which
the condition
Rmn(zP) < hJo® (3.8b)

should be satisfied for each point (Z) inside the system: |Z| < Lp. Note that any distribution
of matter is considered isolated if conditions (3.8) are fulfilled in any inertial RF (Damour, 1983;‘
Kopejkin, 1987, 1988).

By making use of conditions (3.8), we have an opportunity to determine the interaction term
hi™ (zP) in a unique way while solving the gravitational field equations of a metric theory of

gravity.

3.2 The Post-Newtonian KLQ Parameterization.

It is well known that for practical description of the translational and rotational motions of
the N-body system, one should introduce at least (N + 1) different RFs (Brumberg & Kopejkin,
1988; DSX, 1991). It is desirable that one of these frames be the inertial barycentric (RF)
with coordinates denoted as (z?) = (z° z#). The origin of these coordinates is located at the
center of the field of the entire N-body system. This particular RF will be used to describe
the global dynamics of the whole system. The other N frames should be convenient for the
description of the local gravitational environment in the immediate vicinity of the particular
body (B) under consideration. The origins of corresponding coordinate grids, (yg) = (y%,yg),
should be associated with the centers of the local fields of the interacting bodies of interest.

In this subsection, we will establish the general relationships describing the straight, inverse,
and mutual coordinate transformations between the different quasi-inertial RFs. We will show
that, in the WFSMA, all these different types of coordinate transformations may be parametrized
by the same set of functions, K 4, L4, and Q4. As a result, we will reconstruct in the general form
of the post-Newtonian non-linear group of motion the background pseudo-Euclidean space-time
for the WFSMA.

®0Or equivalently, by choosing some specific form of gm» (Thorne, 1980; Hellings, 1986; Fukushima, 1988) and
the internal and ‘external’ moments in a vacuum power expansion of the metric tensor gm, in a set of multipoles
(Kopejkin, 1988; DSX, 1991).
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3.2.1 The Properties of the Coordinate Transformations in the WFSMA.

As we mentioned above, in order to construct the relativistic theory of the RFs in celestial me-
chanics, one should not only solve the global and local problems, but also one should establish the
rules of the coordinate transformations between these solutions that belong to the different RFs.
To do this, let us discuss the expected physical and mathematical properties of the coordinate
transformations given by expressions (3.5) in the form

20 =49 + 2K A(y%,¥%) + ¢ La(¥G, v4) + O(c®)yY,

* = y% +y%, (W) + c2Q% (¥, v4) + O(c™ 5.

These coordinates are expected to cover space-time in the immediate vicinity of the body
under consideration. It is clear that such a mapping of the space-time may be performed by both
the barycentric and bodycentric coordinates. This suggests that these coordinate transformations:
should be reversible. The functions K4, L4, and Q% should contain the information about the-

specific physical properties of the RF chosen for analysis. It is generally believed that, in ordér ~

to produce the transformations to the physically justified proper RF, the following properties of‘ :
these functions should be satisfied:

(i). The functions K4, L4, and Q% should be completely defined by means of the external
gravitational field at the origin of the coordinate system of the proper RF4 of body (A)
for which the physically adequate proper RF is constructed. These functions should not
contain any terms caused by the pure gravitational field of body (A) besides those with the
coupling of the internal multipole moments of body (A) to the external gravitation.

(ii). In order to obtain reversible transformations, the transformation functions should be ho-
mogeneous and infinitely differentiable. Then, based on assumptions about the properties
of a well-justified proper RF (given in the Section 1), the functions K4, L4, and Q% should
admit an additional Taylor expansion in power series of the spatial coordinate yfi. For
convenience, these series may originate on the world line of the center of the local field in
the vicinity of body (A), so that these functions could be expressed as follows:

o0
1
AW o) = X G famy ) - v, (3.9)
2

where function fA(y%,y;) is any function from Ky, La, or Q%. As a result, the second
derivatives taken from these functions will not depend on the order of the derivative’s
application, namely,

3

where the brackets are the usual notation for the commutator: [a,b] = ab — ba.

(iii). At the limit when gravitation is absent (G — 0), the theory becomes Poincaré-invariant
and transformations (3.5) should coincide with those of Poincaré (between two frames in
uniform relative motion with a velocity ¥ plus transition of origin and arbitrary rotation),
which are given by egs.(1.7).
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(iv). At the other limit, when N — 1, and the problem may be described by the one-body gravita-
tional field solution (2.5), the transformations should coincide with that of Chandrasekhar—
Contopulos, (1.12), for the uniform motion between the two RFs in the isolated one-body
problem.

(v). For the gravitational theories, whose foundations are based upon the Equivalence Principle,
the physical properties of constructed RFs should be generic for all the bodies in the system.
Otherwise, the possible violation of this principle (which may be induced by the possible
dependence of the gravitational coupling on the shape/size/composition of the bodies)
should be taken into account while the proper RF is constructed.

3.2.2 The Inverse Transformations.

The transformations given by eq.(3.5) transform space and time coordinates from the barycentric
space-time RF (zP) to space and time coordinates in the proper RF 4 (3,). However, in practice
one needs to make the comparison between the proper time and position in different RFs and,
hence, it is necessary to have the inverse transformations to those of eq.(3.5) and the mutual
transformations between the two proper quasi-inertial frames as well. The existence of the
small parameters and the assumptions in (3.9) and (3.10) make it possible to generate these
transformations in a general form as well as to construct the group of motion for the problems in
the WFSMA. Thus, the general condition of the inreversibility of transformations (3.5) is given
as usual: 5

Xr
sl 70 (3.11a)

det ||

Expressions (B5) from Appendix B enable us to present this condition in an arbitrary RF obtained
with the WFSMA as follows:

m

n

oz 5]
det ||—|| = 1 + —= Ka(¥%, v%)+
| ayA” 5 A(ya,y4)

8
+0)o (Y20, (W) + @Qi(yﬁ, y4) +O(c™) # 0(c™). (3.110)

Note that this condition is satisfied for most of the problems in modern celestial mechanics. A
similar analysis has been made by Brumberg & Kopejkin (1989) for the dynamics of the planets
in the solar system. It was shown that the determinant vanishes at the distance 7* ~ ¢?/|ag| ~
7.5-10% cm from the center of mass of the Earth. From this it follows that, in spite of an
initial construction of a geocentric RF in the region lying inside the lunar orbit, it is possible to
smoothly (without intersecting) prolongate the spatial coordinate axes of the geocentric RF for
much larger distances beyond the orbit of Pluto.

We will search for the post-Newtonian transformations that will be inversed to those of eq.(3.5)
in the following form:

v% =20 + 2K 4 (2%, ) + ¢ La(20, 2°) + O(c )2, (3.12q)
yg = 2% — 35, (z%) + c2Q5 (2%, z°) + O(c™H)z®, - (3.12b)

where the functions K A,f/A, and Q‘j‘l are unknown at the moment. One can show that in
~ the WFSMA, these functions may be expressed in terms of functions K4, L4, and Q4 written in
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coordinates (zP) of the barycentric RFg. In order to find the expressions for K4, L 4, and Qi, let
us substitute relations (3.5) into egs.(3.12) and then expand the obtained relations with respect
to the small parameters: G ~ ¢~2. Thus, for the spatial components we will obtain

2% = 2% — y5,(c) + ¢ 2Q (", 7) + %, (43(=% ) +

+¢72Q5 (¥4.(2%, %), 45 (2%, 2%)) + O(c™)w§- (3.13)

This equation enables us to find the expression for Q%(z% z¢) in terms of functions Q%
and K,4. By expressing the arguments of the transformation functions Yo (yg(mo,x"‘)) and

Q% (yg (2%, z2), y5 (=%, :z:“)) in terms of coordinates (zP) and expanding the obtained relations in

1

the power series of the small parameter ¢™*, we will get

Q% (43(2% 2%), 35(=% 2%)) = Q5 (2" 2% - 45, (=%)) + O(c™*)z*, (3.14a). |

4% (¥3.(2% %)) = 1%, (2° + ¢ 2K a (2%, 2) + O(c™H)a?) =

= 4%,(2%) +v3,(2%) - K (2%, ) + O(c ™)z, (3.14b) ™

where
d 0/.0 _
27 Vo (32G°2%)) = v§, (=% + O(c™)z=.

Then, by substituting egs.(3.14) into eqs.(3.13), we will obtain the expression for the function
Q4 (%, %):

Q5" 2%) = ~Q% (2% 2 ~ 15,(2%)) ~ 15, (=) - Ka(=", 29 + O(c™)z=. (3.15)

By repeating this procedure for the temporal components of transformations (3.12), we may
obtain the expressions for functions Ka(z% z¢) and L 4(z°, z¢) as well:

~

Ra(a®,2%) = —Ka(2° 2 - v, (%)) + O(c™)a®, (3.16)

~

La(a® 2% = —La(2% 2¢ - 95,(«%) -

(s + e g5) - (a5 = 48 59 Kte? 29

_ 0
oz?
Making use of the resulting expressions for functions Ka,Lu, and Qi, which are given by relations

(3.15)-(3.17), from equation (3.12) we finally obtain the inverse transformations between proper
and barycentric kinematically non-rotating RFs in the most general form:

Ka (225 ~ 13, (2%)) - Q4 (a% 2) + O(c™)a. (3.17)
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4 =20 —c2K, (xo, z€ - yfqo(a:o)) +ct [ — L4 (-’CO, z€ -~ yjo(xo))+

+%KA (zo’ z° — yixo(zo)) Ka (”’0’ ==Y (‘”0)) t

6 € € v € € —
tooKa(2% 7~ 45, () - Q4 (2% 2% ~ 44, (2%) | + ()’ (3.180)
yg = 2% — 95, (2")+
+c72[05,(2°) - Ka (2%, 2 - 44,(2%)) — Q4 (2%, 2° — 13, (=) | + O(c ™)z, (3.18b)

Note that the method used to derive expressions (3.18) corresponds to finding such coordinate
transformations 3, = v% (z9) which transform the space-time ~7,, of the proper RF4 to that of
the barycentric inertial RFy with the Minkowski metric '71(7?2; in Cartesian coordinates. The latter

may be presented as follows: ds® = ¥4, (v4)dyTdy% = 2dt? — di2.

3.2.3 The Coordinate Transformations Between the Two Proper RFs.

The ability to make the power expansion with respect to the small parameters allows us to
organize the iterative procedure for constructing the mutual coordinate transformation between
the two different proper RFs, namely RF4 and RFp. The definition of the proper RF, (3.5), was
given based on the clearly defined physical properties of the barycentric inertial RFy for the entire
N-body system. The transformation functions connecting the two proper RFs are easy to find by
applying the same procedure that was used for the construction of the inverse transformation,
(3.18). Thus, by making use of expressions (3.5) and (3.18), we may find the following relations
for the mutual coordinate transformation:

y2 = y% + ¢ Kpa(y%, v5) + < Lea(yh, v5) + O(c )y, (3.19a)

y% = y5 + y8a, ¥2) + ¢ 2QFAW% ¥a) + Oy, (3.19b)

where functions Kpa,Lpa, and Q%4 are given as follows:

Kpa(vh,v4) = Ka@hv%) — Ko (v3 vi + v54,0%)) (3.20a)

Q540 v%) = Q3W,v%) — @3 (4%, v5 + ¥5a002)) — 8, (0%) - Kpa(d,v%),  (3:208)

Lea(v5,5) = La%,v%) — Le (v v + 4, (u2)) -

a 9
~[(557 ~ B4 ggz) - Ko (v v+ vac )] - Koa(Who v
_ 0 K 0 € € 0 e 4 (O 3.20
KB Ya Ya + Y54, (Wa) ) - @Balya, va)- (3.20c)
9v4
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Relations (3.5) and (3.18)—(3.20) represent the necessary expressions for developing the per-
turbation theory in the WFSMA for the problems of the dynamics of an astronomical gravita-
tionally bounded system of N self-gravitating arbitrarily shaped extended bodies. The transfor-
mations are presented in a functionally parameterized form by the two scalar functions, K4 and
L4, and one three-vector function, Q4. Assuming all the bodies in the system are described by
the same model of matter, one may conclude that the form of all these functions should be the
same for any RF. This property of the transformations reflects the fact that a proper RF may
be defined in a general way for each body in the system. Moreover, one can see that expressions
(3.19)-(3.20) represent the group of motion that preserves the form-invariancy of the metric ten-
sor 74, of the background pseudo-Euclidean space-time for any proper RF. This means that the
RFs, constructed this way, should be equivalent and, hence, the physical phenomena will behave
exactly the same way in all of them.

3.2.4 Notes on an Arbitrary Rotation of the Spatial Axes.

In this subsection, we will show how one may generalize the results obtained on the case of the-
transformations between dynamically rotational coordinate RFs. The need for such a coordinate
system may appear, for example, in the case when one will relate the VLBI, LLR, and the plane-
tary ephemeris RFs as well as in the case of relating the celestial and terrestrial frames (Folkner -.
et al., 1994; Sovers & Jacobs, 1994). The most general form of post-Newtonian transformations
between the coordinates (2P) of the barycentric inertial RFg to those (%) of the proper RF 4,
which are undergoing the rotational motion of the spatial axes with an arbitrary time-dependent
rotational matrix R%”(y%), may be presented in the following form:

2° = % + ¢ 2Ka (3% R, (02)  v4) + < La(v2, R (02) - 94) + O W), (3:210)
2% = y5, (u%) + Rau(d) - 4 + ¢ 2Q% (13, R (82) - v4) + O(c™)v§- (3.218)

The matrix R%’(y%) represents both the rotation and the time-dependent deformation of the
spatial axes:

RE (43) = % (%) + w5 (4%), (3.22)

where the first term is symmetric, o/’ = o'}, and it represent the rescaling of the coordinates
with respect to time. The second term is anti-symmetric, w)” = —wi, and it describes the
rotation of the spatial axes of the coordinate grid in the proper RF 4. Besides this, the tensor w’”
contains the information about the precession and nutation of the spatial coordinates (Kopejkin,
1988; Fukushima, 1991; Folkner et al., 1994; Sovers & Jacobs, 1994).

In the case when det ||RY’|| # 0, one may find the inverse transformations to those given
by expressions (3.21). To do this, we may repeat the same iterative procedure discussed above.
Making use of this method, one may easily obtain these inverse transformations in the following
form:

y% = 2° — Ka(2%,2° — 45,(=%)) + L4(2°, 2) + O(c™°)a", (3.23a)
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yg = (RZDEGE) - [2 — i, (2)+
+0(a°) - Ka (22, 2° - 45, (2%)) — Q4 (2%, 2" - 94, (=) | -

d . _ y -
~ 5 (RASE) - (2 =~ ¥ (2%)) Ka (2°,0° = 45, (2%)) + O(c ™)z, (3-23b)
where the function L is given as

(a0 2%) = ~La (% 2 - 45,(=%) ) +

v a €
+RY(2%) - 55 Ka (2", 2" — 4 (2%) - @A (2% 2° — v, (%) +

+%u(z°, 29) - K5 (2,2 - y,(a%)) + O(c™)a (3.23¢)

with the differential operator u(z°, x€) taking the form

o 0 Ll y
w(a,2%) = 55 + [, (=) - (6 - RY) -

d ,__ y d 5 B |
—5 (R RE - (2 = 44, (=9)] - 5 + O 55 (3.24a)

Note that if we neglect the rotation (i.e., will take the rotation matrix in the form of the Kro-
nekker symbol, RY,(z°) = 6% ), the differential operator eq.(3.24a) becomes

0
0 _ -2
p(z®,zf) = (1+0(c ))5;6 (3.24b)
and the coordinate transformations (3.23) coincide with those of eq.(3.18) for the dynamically
non-rotating case.

For most practical applications in modern astronomy, one may neglect the effects due to the

time-dependent deformation of the axes and assume that the body is undergoing rigid three-
dimensional rotation with the rotational matrix taken in the form R4’ (y%) = w4”(¥%). In the
proper RF 4 of an isolated rotating body, the following equation describes the dynamic properties
of the tensor R (y9): ; '
@Rﬁy(yg) = PV, (¥3) - Ras” (¥2), (3.25)
where Vg = eguwf‘" is the vector of the angular velocity of rotation of the body (A). Usually, for
most of the problems in relativistic celestial mechanics, one assumes that the angular velocity
of the rotation of the celestial bodies is of the following order of magnitude: V§ ~ 0(0'2)'020,
where v is the barycentric velocity of the translational motion of the body (A) moving along
its world line (DSX, 1991). Then, taking this condition into account, one may neglect the time
derivative terms from the transformation matrix in relations (3.23) and make use of the standard
theory of coordinate transformations with rigid spatial rotation of the proper RF4. Otherwise,
for a general case with an arbitrary rotation, one should keep these terms in the post-Newtonian
parts of transformations (3.23).
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Following the procedure depicted above, we may obtain the mutual transformations between
the coordinates of two rotating RFs. Furthermore, one may extend the results obtained above to
the case of the non-uniform rotation of an elastic body (B) with the rotational matrix taken in
a general form, R (y%,y%). However, for the problems of celestial mechanics in the WFSMA,
this generality is not necessary. Moreover, in 1991 the TAU made the recommendation that, in
order to avoid the appearance of the fictitious forces (Coriolis-like) acting on a observer in the
proper RF, all coordinate transformations for astronomical applications should not introduce any
rotation of the spatial axes at all (Fukushima, 1991; Brumberg, 1991; Klioner, 1993). For this
reason, we will limit ourselves in our further discussion solely to the case of the non-rotational
coordinate transformations, leaving the problem of rotation for other publications.

3.3 The Definition of the Proper RF.

In this subsection, we will finally present a way to find the transformation functions necessary for .
constructing a proper RF with well-defined physical properties. As one can see from expressions =
(3.4), in the WFSMA the main contribution to the geometrical properties of the proper RF;
in the body’s immediate vicinity comes from its own gravitational field, hﬁ,‘il{‘. Then, based on
the Principle of Equivalence, the external gravitational influence should vanish at least to the
first order in the spatial coordinates (Synge, 1960; Manasse & Misner, 1963). The proper RFy, . .
constructed this way, should resemble the properties of a quasi-inertial (or Lorentzian) reference
frame and, as such, will be well suited for discussing the physical experiments. Note that the
tensors hﬁ,%B and A¥™ represent the real gravitational field that no coordinate transformation
can eliminate everywhere in the system. In the case of a massive monopole body, one can
eliminate the influence of external field on the body’s world line only. However, for an arbitrarily
shaped extended body, the coupling of the body’s intrinsic multipole moments to the surrounding
gravitational field changes the physical picture significantly. This means that the definition of the
proper RF for the extended body must take into account this non-linear gravitational coupling.

In order to suggest the procedure for the choice of the coordinate transformations to the
physically adequate proper RF4, let us discuss the general structure of the solution g7, (y%)
given by expression (3.4). Thus, in the expressions for g/, one may easily separate the four
physically different terms. These terms are:

(i). The Riemann-flat contribution of the field of inertia 47, given by expression (3.7).

(ii). The contribution of the body’s own gravitational field o
(iii). - The term due to the non-linear interaction of the proper gravitational field with an external
field.1°

(iv). The term describing the field of the external sources of gravity. This term comes from the

transformed solutions A{%F and the interaction term hint .

The first contribution depends on the external field in the gravitational domain occupied by
the body (A) and appears to be ‘parametrized’ by transformation functions (3.5). Note that
for any choice of these functions, by the way they were constructed, the obtained metric g/,

10This contribution is due to the Newtonian potential and the potential ®2 in expressions (2.5). These interaction
terms show up as the coupling of the body’s intrinsic multipole moments with the external field.
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satisfies the gravitational field equations of the specific metric theory of gravity under study.
Furthermore, based on the properties of the proper RF 4 discussed above, one may expect that
the functions K4, L4, and Q% should form a background Riemann-flat inertial space-time 'y,’}m
in this RF that will be tangent to the total gravitational field in the vicinity of the body (A4)’s
world line, 4. Moreover, the difference of these fields should vanish to first order with respect to
the spatial coordinates (i.e., the ‘external’ dipole moment equals zero (Thorne & Hartle, 1985)).
These conditions, applied to moving test particles, are known as Fermi conditions (Fermi, 1922;
Manasse & Misner, 1963; Misner et al., 1973). We have extended the applicability of these
conditions to the case of a system composed of N arbitrarily shaped extended celestial bodies.

In order to obtain the functions K4, L4, and Q9 for coordinate transformation eq.(3.5), we
will introduce an iterative procedure that will be based on a multipole power expansion with
respect to the unperturbed spherical harmonics. To demonstrate the use of these conditions, let
us denote HZ,, (v%) as the local gravitational field, i.e., the field that is formed from contributions
(ii) and (iii) above. The metric tensor in the local region in this case can be represented by the
expression g1(r31c> (¥%) = Ymn+ HA,(4%). Then the generalized Fermi conditions in the local region
of body (A) (or in the immediate vicinity of its world line, 74) may be imposed on this local
metric tensor by the following equations:

Jim gmn(h) = oS0GH)| (3.260)
Jim T3 (vh) = pggloa(yf,)lm, (3.26b)'

where - is the world line of the point of interest and the quantities I‘mf1 oc) (yﬂ) are the Christoffel

symbols calculated with respect to the local gravitational field, gm loc) (v4)- Application of these
conditions will determine the functions K4, La,andQ%, which are as yet unknown. Moreover,
this procedure will enable us to derive the second-order ordinary differential equations for the
functions y§,(y%) and Q% (3, 0), or, in other words, to determine the equations of the perturbed
motion of the center of the local field in the vicinity of body (A).

Relations (3.26) summarize our expectations based on the Equivalence Principle about the
local gravitational environment of the self-gravitating bodies. By making use of these equations,
we will be able to separate the local gravitational field from the external field in the immediate
vicinity of the bodies. However, these conditions only allow us to determine the transformation
functions for the free-falling massive monopoles-(i.e. only up to the second order with respect
to the spatial coordinates). Transformation functions (3.5) in this case will depend only on the
leading contributions of the external gravitational potentials Ug and V§ and their first derivatives
taken on the world line of body (A). The results obtained will not account for the contribution
of the multipolar interaction of the proper gravity with the external field in the volume of the
extended body. This accuracy is sufficient for taking into account the terms describing the
interaction of the intrinsic quadrupole moments of the bodies with the surrounding gravitational
field, but some more general condition, in addition to eq.(3.26), must be applied in order to
account for the higher multipole structure of the bodies.

Thus, as we shall see later, conditions (3.26) enable one to obtain the complete solution
for the Newtonian function K4. Functions L4 and Q% may be defined up to the second or-
der with respect to the spatial point separation, namely La, Q% ~ O(Jy%|®), so the arbitrariness
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of higher orders (k > 3) in the spatial point separation will remain in the transformation. In
order to get the corrections to these functions up to the k™ order (k > 3) with respect to the
powers of the spatial coordinate y7, one should use conditions that contain the spatial derivatives
of the metric tensor to the order (k — 1). The mathematical methods of modern theoretical
physics generally consider local geometrical quantities only and involve second-order differential
equations. These equations alone may not be very helpful for constructing the remaining terms
in functions L4 and Q% up to the order k > 2. However, following Synge (1960), one may apply
additional geometrical constructions, such as properties of the Riemann tensor and the Fermi-
Walker transport law (Misner & Manasse, 1963; Ni, 1977; Ni & Zimmermann, 1978; Li & Ni,
1978, 1979a,b). Another possibility is to postulate the existence of so-called ‘external multipole
moments’ (Thorne, 1980; Blanchet & Damour 1986; Brumberg & Kopejkin, 1988a; DSX, 1991-
1994). However, those moments are defined through vacuum solutions of the Hilbert-Einstein
field equations of general relativity in an inertial RF, while the influence of external sources of
gravity are ignored. Defining the moments in this way is essentially equivalent to defining the

structure of the proper RF for the body under question. oo

The most natural approach for defining the desirable properties of the proper quasi-inertial
RFs for the system of extended and deformable bodies is to study the motion of this system in .
an arbitrary KLQ-parametrized frame. There are two different ways to do that, namely: (i) to

study the infinitesimal motion of each element of the body, or (ii) to study the motion of a whole . .+ -

body with respect to an accelerated frame attached, for example, to the center of inertia of the
local fields of matter, inertia, and gravity. In our method, we will use the second way and will
study the dynamics of the body in its own RF. Our analysis will be directed toward finding the
functions K 4, L4, and Q% with the condition that the Riemann-flat inertial space-time VA (va)
corresponding to these functions will be tangent to the total Riemann metric gma(y%) of the
entire system in the body’s vicinity. Physically, one expects that this inertial space-time will
produce a ‘fictitious’ (or inertial) force with density fKLQ acting on the body in its proper RF.
At the same time, the body is under the influence of the overall real force due to the local fields of
matter and gravity with density fo Thus, the condition for finding the transformatlon functlons
K4, L4 and QS is conceptually simple; the difference between these two densities, F= fo f KLQ»
should vanish after integration (or averaging) over the body’s compact volume:

5o 3,1 & _ 31 (F _F _ )
6F = [ upF = [ us(fo— Ficro) =0 (3.27)

Note that the notion of ‘the center of mass’ in this case loses its practical value, and one should
substitute instead ‘the local center of inertia.” Thus, the force fKLQ should provide the overall
static equilibrium for the body under consideration in the local center of inertia, which is defined
for all three fields present in the immediate vicinity of the body, namely: matter, inertia and
gravity. Let us mention here that in practice it is not possible to separate these two forces, f{)
and f KLQ, from each other. Fortunately, we will be able to obtain the difference between them,
F. This will considerably simplify the further analysis.

In order to construct the necessary solution for functions K4, L4, and Q% in a way that will
be valid for a wide class of metric theories of gravity, one must first analyze the conservation
laws in an arbitrary KLQ-parameterized RF. This could be done based on the conservation law
for the density of the total energy-momentum tensor ™" of the whole isolated N-body system:

VAT™(4}) =0, (3.28)

48




where V7 is the covariant derivative with respect to the total Riemannian metric g/3,(%) in
these coordinates. Then, by using a standard technique for integration with the Killing vectors,
one will have to integrate this equation over the compact volume of the body (A) and one can
obtain the equations of motion of the extended body (Fock, 1957; Chandrasekhar, 1965; Will,
1993). Then the necessary conditions, equivalent to those of (3.27), may be formulated as the
requirement that the translational motion of the extended bodies vanishes in their own RFs.

. . - . . — {1
This corresponds to the following conditions applied to the dipole mass moment m$ = If‘ b

dPmg _ dmg _
a9 dyy

m =0, (3.29a)

where the quantity m% is calculated based on the total energy-momentum tensor matter, inertia,
and gravitational field taken jointly (similar to the condition of eq.(2.12)). These conditions may
also be presented in a different form. Indeed, if we require that the total momentum P§ of the
local fields of matter, inertia, and gravity in the vicinity of the extended body vanish, we will
have the following physically equivalent condition:

dP%

—4 = pe -, .29b
These conditions finalize the formulation of the basic principles of construction of the relativistic
theory of celestial RFs in the WFSMA.

This method is demonstrated to be a useful tool in practical analytical and numerical calcu-
lations for a number of metric theories of gravity (Turyshev et al., 1996). Thus, the properties
in the derivation of the unperturbed solutions for a number of metric theories of gravity'! may
be used in order to produce the general solution for the problem of motion of an N-body system.
In each particular case, for a specific theory of gravity there exists the common strategy for
constructing the iterative procedure, which may be expressed as follows:

1. One should first choose the particular model of matter distribution, T™", and define the
small parameters relevant to the particular problem under consideration. The next step
is to perform the power expansion with respect to these parameters for all the functions
and fields entering the gravitational field equations of a particular metric theory of gravity
and, by using the standard methods of the WFSMA (Fock, 1955; Will, 1993), to find the

unperturbed solution for an isolated distribution of matter, hSSL

2. Then, by using the obtained unperturbed solutions and the WFSMA theory of the co-
ordinate transformations (developed in Appendix B), construct the general form of the
solution for the total metric tensor from the anzatz egs.(3.1)-(3.4). Then, by using the
generalized de-Donder harmonical gauge and the Fock-Sommerfeld boundary conditions,
(3.8), construct the interaction term, A%, and present the solution in coordinates of inertial
barycentric RFg and in an arbitrary, KLQ-parameterized quasi-inertial RF.

3. In order to find the functions K4, L4, and Q9 of the coordinate transformation to the -
coordinates of the proper RF 4 and fix the remaining coordinate freedom, one should apply
the procedure for constructing the proper RF. First of all, find the solution for these func-
tions by implementing the conditions of eqs.(3.26) in a local region of the body. Then by

1 The solutions for an isolated distribution of matter (the global problem) are well known, and one may find
their general properties in Will (1993).
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generalizing the obtained result on the case of an arbitrary extended body, integrate the
local conservation law (3.28) over the body’s volume, in order to obtain the general form
of the coordinate transformations from conditions (3.29).

4. In order to obtain the final multipolar solution for the astronomical N-body problem, one
should substitute the obtained transformations into the generalized gravitational potentials.
Then, by making the expansion of these quantities in the triple power series with respect
to small parameters (gravitational constant G, the inverse powers of the speed of light ¢!,
and the parameter of the geodesic separation Agq ~ y%/|yBA,|), one will have obtained the
desired representation for the metric tensor and the corresponding equations of motion.

In the following sections, we will discuss the application of the proposed perturbation formal-:

ism for the solution of the problem of motion of an arbitrary astronomical N-body system in the
general theory of relativity. s
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4 General Relativity: Solutions for the Field Equations.

In this section, we will apply the iterative formalism discussed in the previous section to construc-
tion of solutions for the problem of motion of the system of N extended bodies in the theory of
general relativity with a perfect fluid as a model for matter distribution. In this section, we will
obtain the solution for the Hilbert-Einstein field equations and a perfect fluid model of matter
distribution in its application for solving the problem of motion of N extended self-gravitating
bodies in the WFSMA. We will present these solutions in both barycentric inertial and proper
quasi-inertial RFs. To do this, we must obtain all the necessary transformation rules under the
general coordinate transformations discussed in the previous section. In order to simplify the
discussion in this section, all these rules were obtained in a general form and are presented in
the appendices, which will be referred to as necessary.

The gravitational field equations of the general theory of relativity were discovered in 1915
and presented by Einstein (1915a,b) (for more details see Misner et al. (1973)) as follows:

\/__g Ry = —¥ (Tmn - %gmnT)- (4.1)

Let us mention that these equations were independently obtained and studied also by Hilbert
(1915). At the present time, there exists confidence that a relativistic theory of astronomical RFs
must be founded on the equations of the general theory of relativity, (4.1). The mathematical
elegance of the field equations as well as the simplicity of the physical foundations of this theory
made it particularly easy to perform and analyze the relativistic gravitational experiments. Thus,
general relativity has passed many serious tests both in the weak gravitational field of the solar
system (Will, 1993) and the strong-gravitational-field test based on the data obtained from the
continuous observations of the double pulsar PSR 1913+16 (Damour, 1987; Damour & Taylor,
1992). It should be noted that presently the analysis of high-precision measurements of the
light deflection and the delay of propagation time of radio signals in the solar gravitational field
confirms the WFSMA of the general theory of relativity with an accuracy on the order of 1.5%
and 0.5%, respectively. Concerning the practical applications, we must mention that most of
the modern methods for relativistic data reduction as well as the solar system ephemerides are
based upon the predictions of equations (4.1) with the perfect fluid model of matter (2.2). This
is why we begin the application of the new method for construction of the relativistic theory of
the RFs in the WFSMA from the general theory of relativity.

4.1 The Solution for the Interaction Term.

Let us assume that the non-gravitational forces are absent, the bodies are well separated, and
the bodies’ matter may be described by the model of a perfect fluid with the density of energy-
momentum tensor ™", given by expressions (2.1)—(2.2). As we have previously discussed, all
the field equations and the boundary and initial conditions for this problem are much better
defined mathematically in the coordinates of the inertial RFy, so it is quite natural to begin the
discussion within this reference frame. In Section 2, we assumed that the general solution for
the gravitational field equations gmn in coordinates (zP) of the barycentric inertial RFy may be
written as follows:

N

ok, .
gmn(2F) = Yma(zP) + 5:—,%5%5 KO8 (y% (7)) + hint (z7). (4.2)
B=1
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At this point, we already have all the necessary ‘tools’ to construct the metric tensor gmn(z?).
Let us recollect all the gained knowledge, which is necessary to obtain this tensor, namely:

(i). The unperturbed solution for the Hilbert-Einstein gravitational field equations, hgg)B, for

an isolated distribution of matter with the perfect fluid model of matter distribution pre-
sented by the energy-momentum tensor, T7™", eq.(2.1), in coordinates of inertial RFg has
a simple form and in terms of the tensor, hsgle, it is given by expressions (2.5) with the
conditions y=0F=1,v=71=0.

(ii). The general transformation rules of these solutions under the coordinate transformations

(3.5) with the transformation matrix as in egs.(C9) are established in the form of relations
(D7).

(iii). The transformation properties of the gravitational potentials, which are defined in Ap-
pendix A, are given by expressions (E9a), (E14a), (E15a), and (E16a).

By substituting all these expressions into formula (4.2), we will obtain the following expressions
for the metric tensor gmy, in the coordinates (zP) of the barycentric inertial RFy:

32
goo(z%,z¥) =1 - 2ZUB(xp) + Z <2Ug(x”) + 2¥g(2P) 5:;:—0—2—)(3(:1:”)+
B B

A 0 v _ Vv N _ A0 v _ v 0
o [ o ) TR )

32
2050, (2")uy (27) - Un(a?) + v, (%00, (=°) - 55m5xm (a?)+

(9 a v v in -
+a3, (%) - 52xB(@P) + 455 Ka (2, 2% — v, (=) - UB(x”)> + BRI (2P) + O(c™), (4.30)
90a(2%,2") =4 1aaV3(a?) + O(c™%), (4.3b)
B
905(z% 7") = vap(1+ 23" Us(a?)) + O(c™), (4.3¢)
B

where interaction term A%3<*> is the only term that hasn’t yet been specified. In order to find
this term, one should use the Hilbert-Einstein field equations, eq.(4.1), written in the coordinates

of inertial RFg and expanded with respect to the small parameter, ¢~}

The necessary expansions for the Ricci tensor, Ry, €q.(B9), and for the modified energy-
momentum tensor, Smn, Which is defined by eqs.(B12-B13), are given correspondingly by the
expressions (D3) and (D11) in this CS. By making use of these expressions, one may obtain
the linearized Hilbert-Einstein field equations for an N-body system. Finally, by equating the
expressions with the same orders of magnitude, with respect to powers of the small parameter,

¢!, we will obtain the following equations:
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32
YA a0 (27) = =87 > pa(yh(aP)) + O(c™), (4.4a)
ozvor 5

wm P _
Y /\axyax,\ g§§>(xp) = 871"7&'3 ZpB(qu(-'Ep)) + O(C 4)’ (44b)
B
vA 32 <3> q(.p _5 ’
Y ax”aa:’\goa (zP) = —167 fya#ZpB(yB(z )) - v*(zP) + O(c ), (4.4¢)
B

62 N 5 82
PR g (@) = PPN (5F) s S (2P +

, 0 8
ngob(xp )= %9&)2>($P )ﬁg&b(xp )=
=—87 Y pB (yg(xp))(n - 2) Up — 20*(aP)uu(2”) + %) +0O(c™5). (4.4d)
B B’

By substituting into these equations the expressions for the metric tensor gmn(zP) given by

relations (4.3), one may see that the first three equations from (4.4) are automatically satisfied

for the components gg2~ (zP), g§g>(wp), and g52>(2P) of the metric tensor. However, the last

equation from this system, eq.(4.4d), written for the component 90<04>’ produces the necessary

equation for the determination of the interaction term AZ<?> as follows:

v 82 in
7 Stz [hoot<4> (=P) - ; (21130,\(:1:0)1);;0(3;0) -Up(zP)—

8? 0
~v3, ()05, (2%) - 5mxgmpxB(E®) = aby(2¥) - 5 xxn(a)+

+2/Bd3.'z:’p3 (mo,x“’ —y%o(xo))x

8 @(2% 2 — y5,(s9) — @3 (% 2" — 5, (%) I-

ax/A |:L‘" - x/ul
a v t7
—4@KA(x°,x — Y, (z?)) - UB(w”))] =
= 4yH Z —a—UB (2P) Z —a—UB/(xP). (4.5)
5 Ozt 5 0z¥

The general solution to this equation is easy to obtain and it may be written as follows:
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RO (29, ) = [sz“w)vgo (&%) - Up(a)—
B .

32
_vgo(xo)vgo(xo) : WXB(-’EP)—

03, (=%) - s () ~ 4 K (2,2 — (%)) - Up(a)+

[Qg(x & = 5, (2° ))—Qg(z°,z'”—ygo(x°>)]+

3 0
+2/ d :va 20, 7’ —31130(31c )) Bz |z¥ — x|

+2§: (UB(:cp)UB/ zP) — / \x" m‘ pB( x' ~y§’30(:c0))UB/(:z:0,x'”)+

BI

+op (2,2 = 45, (%) Us =", z'”)])] Wi (2, 2) + 0(c™®), (46)

where summations over both (B) and (B') are from 1 to N. The only requirement on the arbitrary
function W<4> is that it should satisfy the ordinary Laplace equation:
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v 32:36:5" Wt (2%, 2%) = O(c™9). (4.7)
The solution to equation (4.7) has terms with both possible asymptotics: one falling off at infinity
~ 1/r* and the other divergent, i.e., ~ 7¥. The choice of the solution should be made in order
to account for cosmological, galactic, or gravitational wave contributions to the behavior of the
metric tensor gmn at large distances from the system. If there is no incoming radiation falling on
the system from outer space and the background metric is accepted as having been satisfied for
the cosmological conditions of the PPN gauge,'? then the Fock-Sommerfeld boundary conditions
of eq.(3.8) enable us to choose the past-stationary and asymptotically Minkowskian solution to
the field equations of general relativity (Damour, 1983). However, for further calculations we
will retain the function W*> as unspecified.

By substituting the obtained result for the interaction term A%f<*> in the expression for the
temporal component of the metric tensor, eq.(4.3a), we could write the final solution for the
Hilbert-Einstein field equations in coordinates (zP) of the inertial barycentric RFg as follows:

goo(2®,2¥) = 1 -2 Us(a”) +2( T Us(a")) +
B B

82
+ Z (— 49, 5(zP) — 2®3p(zP) — 6@4p(z®) + 5207 xB(zP)—
B

d3z’ -
4 | " (2%,2" = y5,(=%)) YU (°, z’”)) W5t (2%,2") + 0(c™®),  (4.8a)
BI

12The main requirement is that the cosmological evolution of the background metric be described by the
Robertson-Walker cosmological solution at large distances from the system of the bodies under consideration
(Will, 1993).
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90a(2%2") = 43 _1aaV3() + O(c7%), (4.8b)
B

90p(2°,3") = 7ap(1+ 2 Un(z?)) + O(c™). (4.8¢)
B

The obtained expressions, (4.8), are the usual form of the general solution for the global prob-
lem in general relativity of the isolated distribution of matter, which was first obtained by Fock
(1957) (see also Fock, 1955; Damour, 1986; Kopejkin, 1989; Will, 1993). It is easy to see that the
general solution for the N-body problem in the barycentric inertial RFy, egs.(4.8), demonstrates
the property of linear superposition of unperturbed fields h( )8 boosted by transformations (3.18)
in components g5z~ (zP), g5 2> (zP), and g3 (2P) of the metric tensor. The non-linear contribu-
tion due to the motion of the bodies and their gravitational interaction with each other appears
beginning in component g5 (zP) through the interaction term hZ<*>, which is given by rela-
tion (4.6). One may note that the interaction term contains three groups of terms with physically
different origins, namely:

(i). The first seven terms are due to the boost of the isolated unperturbed solutions thZ;B by
transformations (3.18).

(ii). The eighth term is due to the mutual gravitational interaction between the bodies in the
system.

(iii). The last term, W<4> is caused by the possible inhomogeneity of the background space-
time.

It is clear that the terms of the first group are frame dependent (or coordinate dependent).
Hence, these terms are responsible for the coordinate dependence of the quantity h"‘t<4> in
general. This implies that this term depends on the properties of the proper coordmate system
chosen for description of the internal problem in the vicinity of a body (B) in the system. We
can continue the analysis of these terms in the barycentric inertial RFy. However, for further
calculations, it will be more convenient to shift the discussion to the proper RF 4.

The transformation properties of the interaction term are given by the relations (D9). These
relations suggest that, in the first post-Newtonian approximation, the form of the interaction
term in the coordinates (y%) of the proper RF4 could be obtained by taking into account the
transformation properties of the gravitational potentials only. Thus, by making use of the direct
transformations (3.5) with the transformation matrix (C1), one may write the interaction term
hE<4> in the coordinates of the proper RF4 as follows:

hg(z)t<4> (yOA, yz) 'mt<4> (yi + hmt<4> (yi)+

FRIIA> (B ) ¢ RS> (1P ) L WS> (1P ) 4 O(c7F), (4.9a)

where the following notations have been accepted:

95




9 [Q;‘;(yﬂ,yﬁa)—Qﬁ(y%,yh” ]_
I\

hZLt<4>(yp) = 2/ d3y;1pA(y° ) yw
A ; Va5 v — y4

32
~ 2040, (¥2)VA, (V) - Ua (W) — v, (Wa)V5, (8%) - 5 XA (W)~
_ Y40y s /

k(82 gy Xa) 45y Kl ) -Uah) + O ™), (495)
znt<4> yﬁ _4 Z (UA yﬁ)UB yi)_
B#A
3
- [ o (oA U6, + a0 U UA G, )}) +O(E™®),  (4%)
A8 |y4 — vyl

hj;”<4>(yﬁ) = ( / dayApB (yA’yA + yBAo(yA))
B#A

[Q)é (5% ¥4 + V5.4, 0%)) — @ (8% VX + ¥4, 6%)) I+

x
oy'y lyla — v

+2050, (43) (vB, (4%) — 205, (u%)) - U (¥5)—

2 0
~Bo (WA, (UA) - 5o xa(vh) — abo(Wh) - 5 xs ()~
A

0
Byr0Y,
a v v -
—4 K (43,94 - Va,(W)) - Us(¥h) | + O(c™), (4.9d)
oya

RITESA> (4P) = ¢ z Z (UB(yﬁ)UB'(?Jﬁ)_

B#AB'#B

d*ys 0
._/; |y’;,—yff{ [pB(yAayA yBAO(yA))UB,(yA,y )+

+05: (Y% VX — ¥ a0 (82) ) Un(4%, 4 ]) +0(c™%). (4.9¢)

The physical meaning of these new functions is quite clear. The functions h%?*<4> and h%*<4> are

the post-Newtonian contributions of the unperturbed solutions hﬁS)L for body (A) and all the rest
of the bodies (B#A) in the system, boosted by transformations (3.5) and (3.20). The function
h"‘K4> is the contribution describing the gravitational interaction of the body (A) with the rest
of the bodies in the system. And the last term, hg‘g§4>, is the function, physically analogous to
the previous one, but describing the gravitational field generated by the gravitational interaction
of the rest of the bodies in the system (B, B’ #A) with each other in the vicinity of the body (A).

The advantage of using conditions (3.8) is that they provide an opportunity to determine the
interaction term A% (zP) in a unique way. It should be stressed that the corresponding solution
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gmn(zP) in the barycentric irertial RFy resembles the form of the solution for an isolated one-
body problem, (2.5). The only change that should be made is to take into account the number
of bodies in the system: p — 3 g pB, where pp is the compact-support mass density of a body
(B) from the system. However, both the interaction term A (y2) and the total solution for the
metric tensor gmn in the coordinates (y%,) appear to be ‘parameterized’ by the arbitrary functions
K4,La, and QF. This result reflects the covariancy of the gravitational field equations as well
as the well defined transformation properties of the gauge conditions, (3.6), used to derive the
total solution. This arbitrariness suggests that one could choose any form of these functions in
order to describe the dynamics of the extended bodies in the system. However, as we noticed
earlier, the unsuccessful choice of the proper RF4 (or, equivalently, the functions K4, L4, and

%) may cause an unreasonable complication in the future physical interpretations of the results
obtained.

4.2 The Solution of the Field Equations in the Proper RF.

Once the interaction term hZ¥<> has been defined, one may easily obtain the form of the
general solution to the Hilbert-Einstein field equations gma(y) in the coordinates of the proper
RF4. This solution may be obtained directly from the tensor gmn(zP) by the regular tensorial
transformation law as follows:

ark oz ark as
gmn (V) = 3T By g(z°(¥5)) = 29T oyl (2 (VR))+
oys O 6:0
+hOAR) + 3 ayﬁ 6”5 he P whh) + 3—m- Gy @ (0R): (4.10)

B#A

In order to obtain the final result for the metric tensor gmn in the coordinates of the proper
RF 4, we should establish and then make use of the transformation properties of all the quantities
presented in expression (4.10). These quantities were obtained in the appendices as follows:

(i). The transformation properties of the background Riemann-flat metric v, in the coordi-
nates (y%,) are given by relations (C5).

(ii). The transformations of the unperturbed solutions h9P from the coordinates (v%) of the
proper RF g to those of the RF 4 are presented by relations (D8).

(iii). The transformation properties of the interaction term h{?* were established and discussed
in the previous subsection, where they were given by relatlons (4.6) and (4.9).

(iv). The transformation properties of all the potentials, which enter the above-named formulae,
are given by eqs.(E9b), (£14b), (E15b), and (E16b).

By substituting all these quantities into relations (4.10), we will obtain the components of
the metric tensor gmn(%4) in the coordinates of the proper RF4 as follows:

d
goo(yi =1+ 23 0 KA(yA’yA) + 'UAOB(yA)vAO -2 Z UB Zfi

0 Y F)
+2m‘LA(y94)yA) (8 0 (yA, yA)> -+ 2vA°ﬁ(yA)a i) QA(yA’yA)+

+Hg (v, v4) + O(c™®), (4.11a)
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= 3_y§L NORAE vAOa(yA)a s Kalyd, va)+
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+vA0u(yA)’87iQA(yA’ ya) t+ 'Yau@QA(yAa ya) +4) 1 V3(h) + 0(c™9), (4.11b)
B
gaﬂ(yi) = Yep + vAOa(y%)vAOﬁ(y.(‘)l)+

8 v v a v v -—
+vw537@,4(y91, v4) + 'yau@wy% ¥4) +2> 7asUsWh) + O(c™), (4.11c)
A B

where the post-Newtonian term Hgg™ in the component goo(y) of equation (4.11a) denotes thie
following expression:

H<4>(3/A, ya) = o?))A<4> (yfx + hmt(b@f&) + hmt<4> yf&)'*‘

+3 [Zyé? ?’B RPPaA)] T + AR O + REEC (A) + W (). (4120)
B#A

The latter expressmn may be presented in terms of the generalized gravitational potentials as
follows:

Hi> (0% v) =2( X Us08) + 3 <— 4915(v}) — 2235(v}) — 6%aB(vh) -
B B

d3yA 32
-4 A WPB(yAayA +yBA0(yA)) ZUB/(yA,y )+ 9% —52xB(Vh)+

Q , Q% ¥
+2/ dByAPB(yA:yA +yBAo(yA)) 5y [ A(yA IIJ;; yf( Arod ]—
A

62
~ 2040, (0303 (V%) - Un (1) — 03 W)V (03) - =5 XB(¥5)~
Oya0y

—a%,(¥%) - %XB@Z) - 4%1@1(1/%, y4) - UB(y’,;)> WS> (%) + 0(c™®).  (4.12b)

The first three terms in expression (4.12a) describe both the unperturbed gravitational field of
the body (A), boosted by the coordinate transformations (the terms h(()%):4> and A*<*>), and the
gravitational field produced by the interaction of this field with one produced by the rest of the
bodies in the system (the term A%t<4>). These are the terms that govern the local gravitational
environment in the immediate vicinity of the body (A), producing the major contribution to the
equations of motion of the test particles orbiting this body. The next three terms in expression
(4.12a) are the terms that are due to the boosted unperturbed gravitational fields produced by
the rest of the bodies in the system and the gravitational field caused by their interaction with
each other, presented in the coordinates of the proper RF 4. This external gravitational field
should appear in the equations of motion of the test particles around the body (A), written in
the coordinates of the proper RF 4, in the form of a tidal interaction only (Synge, 1960). Note
that the approach discussed here is the generalization of the concept of the neutral test particle
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freely falling in the external gravitational field. It is known that, up to these tidal corrections,
a freely falling test particle will behave as if external gravity is absent (Bertotti & Grishchuk,
1990). In our case, the extended body (A) is not moving freely; instead, as we will see later,
its internal multipole moments are couples to the external gravitational field through the terms
hf;‘t<4> and hfﬁf“). This coupling produces a force that results in the deviation of the center of
mass of this body from the support geodetic line along which it would move if it were a neutral
test particle (Denisov & Turyshev, 1989). The presence of this term and its significance for
solving the local problem has been pointed out by a number of authors (see, for instance, Thorne
& Hartle (1985); Kopejkin (1987)); however, to our knowledge, the interaction term has never
been previously presented in a closed relativistic form.

By straightforward calculation, one may check that the obtained metric tensor gmn (y%) sat-
isfies the Hilbert-Einstein field equations written in the coordinates of the proper RF4. To do
this, let us note that the covariant de Donder gauge is singling out these coordinates according to
conditions (C2). This gives the expressions for the Ricci tensor Rpyy, in the form of egs.(C4). The
modified energy-momentum tensor Spyn in this coordinate system is given by expressions (C12).
By collecting all these expressions together, one may obtain the linearized Hilbert-Einstein field
equations, eq.(4.1), presented in the coordinates of the proper RF4. Finally, the substitution
of the relations of egs.(4.11) in the obtained linearized equations will complete the proof of the
correspondence between the metric tensor gms(y%) and the field equations.

Thus, metric (4.11) is the KLQ parameterized solution of the Hilbert-Einstein gravitational
field equations in the coordinates of the proper RF 4. The nature of this result is basically the
post-Newtonian boost of solution (4.8) (obtained in the inertial RFp) to the new non-inertial
coordinate system defined in the vicinity of an arbitrary body (A). It is well known that the
Riemann metric tensor gmns(y%) contains ten degrees of freedom and could not be transformed
to the Minkowski tensor for the entire space-time by any choice of a coordinate transformation
that has only four degrees of freedom. This transformation could be done at one point of the
space-time only (Eisenhart, 1926) or along the geodesic line (Manasse & Misner, 1963; Misner et
al., 1973; Landau & Lifshitz, 1988). Such an RF is called a quasi-inertial or ‘locally Lorentzian
frame.” Our future discussion will be based on the form of the metric tensor in the proper RF4
given by relations (4.11). In the next section, we will implement the conditions for construction
of a ‘good’ quasi-Lorentzian proper RF as discussed in Section 2, which will enable us to find the
unknown transformation functions K4, L4, and Q.

4.3 Decomposition of the Fields in the Proper RF.

Concluding this section, we would like to emphasize that the solution to the Hilbert—Einstein
field equations gms, in the vicinity of the body’s (A) world line in the coordinates (%) of its
proper RF4 in the first WFSMA may be decomposed into the following three major groups:

gmn(V4) = Ymn (W) + Honn (42) + Hn (W), (4.13)

where the notations for these groups and their meaning are as presented below.

(i). The first term, v4,,, is the local inertial (or Riemann-flat) field that is presented by eqs.(B4).
This term is also convenient to split into two parts as shown by the relation

k 4
A (R) = %g;@wm» = /O R) +7SEV> (3), (4.14)
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where 71(7?,)1 is the usual Minkowski metric in the coordinates of the proper RF4. The

second term here, vSPV> is the KLQ-parameterized post-Newtonian contribution to this

local inertial field at the vicinity of the body’s (A) world line.

(ii). The second term in eq.(4.13), HZ,, is the local gravitational field, which is given as follows:

HE () = hag™ + W™ + hight> + 0(c™®),
HA () = hiO% + 0(c™5) ¥ = o) 4.15
$a () (c™), Hip(4h) ;3 A+ 0(cY, (4.15a)

where the terms h( )4 are the components of the unperturbed proper gravitational field of
the body (A), the term hgéff‘b (given by eq.(4.9b)) is the contribution due to the boost of
this unperturbed field to the accelerated coordinates of the proper quasi-inertial RF 4, and
the last term, h%55<*> (which is presented by eq.(4.9¢)), is caused by the interaction of the
proper unperturbed gravitational field with the external gravitation. Thus, the component
H{<*> has the form

82
A<4> yi = 2UA yﬁ + 204 yﬂ 5 OQXA(yf;)'*‘

Ya
o Q,\(yo yZ)—Q’\ (yo y/u)
+2/d3ypAy,y) ASAI Al SASATAl
A Aroa ayjq[ |3/A_yf4 ]

62
— 2040, (¥3)0 ko (V2) - Ua(Wh) — v (v2)V, (4%) - —S5xaWh)-
0y, 0ya

9 3 ,
—aj,(v%) - @xmﬁ) - 4a—ngA(y%,yA) Ualyl)+

3
+4 ) <UA(Z/£)UB(3!,€;) A%PA(?JAJ/A)UB(@/Aa ))"‘O( %),  (4.15b)

B#A

where the subscript (A) for the integral sign means that the integration is performed over
the volume of that body for which mass density is integrated, namely: [, dsyhpB = 64B.

(iii). The last term in eq. (4.13), HZ,, is the external gravitational field, presented as follows:

H£<yi>=B§A[§y€ o L)

+hEE Y (Wh) + hiassr (W) + Woo™ () + O(c™®),

oy’ Oy} _
HWh) = 3 ga a8 - 0BWa) + 0™,
B#A “7A

HEGR) = Y h0P (s () + O(c™), (4.160)
B#A

where the first two terms in the component H& are the result of the boost (see eq. (4.9d))
to the coordinates (y}) of the RF4 of the unperturbed solutions hgl))B for the bodies (B)
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in the system (besides (A)); the third term, hé’étgg? (given by eq.(4.9¢)), is due to the
mutual gravitational interactions of these external bodies with each other; and, finally,
the last term is due to existing inhomogeneity of the background space-time in which the
considered system is embedded. The component HE<*>(y,) may be given as follows:

B<4> yi) — Z <2UB y-z Z UB/(yi +2‘I’B yi)-i—a 02XB(y,€l)+

B£A BI#A

o Q'\ 0, vy _ DA 0, v
+2/ yapn (Y2 ¥X + 540 (83)) 55 | alyarVa) = FAlwa v ]-

dy'y [y — %
0y, A (.0 A (,0\,B (0 8
—200, (Y4 )V4,(¥a) - UB(vh) — vy (ya)va, (va) - PRV ﬁXB(yi
8 8 ) }
—aj,(y%) - @XB(#;) - 4@&4@/2,%) : Us(yﬁ)) +0(c™®), (4.16b)

where the potential ®25(y%) entering the term ¥p(y) is defined as
P _ dsyA v O -6
28(vhy) = 5 |y——,g‘PB (?/A,yA + Y84, %) ) Z Uc(y%, v4) + O(c™®). (4.16¢)

The decomposition presented by egs.(4.13)—(4.16) may be successfully continued to the next
‘post-post-Newtonian’ order; however, the obtained accuracy is quite sufficient for most modern
astronomical applications. The results obtained in this section will become a useful tool in the
next section for constructing a proper RF with well-defined physical properties.
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5 General Relativity: Transformations to the Proper RF.

In this section, we will present the construction of a ‘good’ proper RF for an arbitrary body (A).
This procedure should enable one to obtain the yet unknown transformation functions K4, L 4,
and Q%. It is clear that one may choose any form of these functions for the description of
the gravitational environment around the body under question. The analysis presented in the
previous section shows by the results in eqs.(4.12) that, in order to solve the local problem, it is
permissible to separate the contributions in the metric tensor gmn (%) into several terms. The
first contribution is due to the inertial sector of the local space-time, the second is produced
by the body itself, the third term is caused by the external sources of the gravitational field,
and the last one is due to the interaction of the body’s multipole moments with this external
gravitational field. It is well known that if the body (A) is a neutral monopole test particle, this
external gravitational field will define the parameters of the geodesic line that this test body
will follow (Einstein et al., 1938; Fock, 1957; Will, 1993). The equations of motion for spinning
bodies are different from the latter by additional terms due to coupling of the body’s spin to
the external gravitational field (Papapetrou, 1948, 1951). It was noted that the presence of non-
vanishing internal multipole moments of extended bodies significantly changes their equations of
motion, and several attempts have made to account for these effects (see, for example, Ashby &
Bertotti, 1986; Shahid-Salees et al., 1991; Brumberg & Kopejkin, 1988a; DSX, 1991-94). In this
report, we will introduce a new approach based on the KLQ parameterization discussed in the
previous section.

The general idea for constructing the ‘good’ RF 4 in terms of the functions K4, L4, and Q¢ is
to choose these functions in such a way that the corresponding Riemann-flat inertial space-time
'y;‘,‘m (which is the background space-time for the proper RF 4) will be tangent to the total metric
tensor gmn in the vicinity of the world line of the body (A). These conditions, when applied to
inertially moving test particles, are known as the Fermi conditions (Misner et al., 1973). We
would like to extend the applicability of these conditions to the case of a system of extended
self-gravitating and arbitrarily shaped celestial bodies. To do this, let us recall that the relation
for the local gravitational field gnlf;,c (v%), which is based on the decomposition egs.(4.13), may

be given as follows:
) (W) = YA W) + Han(yh). (5.1)

Then the generalized Fermi conditions in the local region of body (A) (or in the immediate vicinity
of its world-line «v4) may be introduced by equations (3.26) as follows:

omn(B)|, = d500R)| +O(saP), (5.2a)
Cha®h)| = THeOGR)| +OvaD, (5:20)

where the quantities I'mn k{loc) (v%) are the Christoffel symbols calculated with respect to the local

gravitational field g(loc) (v4) given by eq.(5.1). These relations summarize our expectations based
on the Equivalence Principle about the local gravitational environment of self-gravitating and
arbitrarily shaped extended bodies. These conditions enable us to separate the local gravitational
field from the ezternal gravitation in the immediate vicinity of the body (A). This separation
is possibly due to the remaining arbitrariness of the transformation functions K4, L4, and Q9.
The conditions of egs.(5.2) will give the differential equations for these functions, the solutions of
which will correspond to the specific choice of the background inertial space-time in the proper
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RF 4. To obtain these equations, one should substitute the relations for the metric tensor in the
form (4.11) in the expressions for the Christoffel symbols (F'2) and then make use of conditions
(5.1).

5.1 Finding the Functions K4 and Q5.
5.1.1 Equations for the Functions K4 and Q.

To obtain the equation for the function K4, one should substitute into conditions (5.1) the
relation for the component I'd;(y%) of the connection coefficients given by eq.(F2a). This will -
give the following result:

[io (%KA('U%’?!Z) + %UAerf«xo - 3 Us(wh.v4)]

=0(c5). (5.3)
Oya “0yy B#A '

YA

The components I'J,(v5) and T, (%), which are given by egs.(F2b)and(F2d), correspondingly,
will provide us with the following equation:

2400+ 3 3—QUB<yA,yA>] =0(c™). (5.4)

B#A

YA

From the components I'g (1) of the connection coefficients that are given by eq.(F2f), one may
obtain the first equation for the function Q9%:

2

0
———Q%(Wa, v4) + 65 Us(y%, v4)+
[By b0y Bz;m( 7oy

=0(c™). ' (5.5)

0 0
+o55Us (4% ¥4) — 187 55 Us (5%, ¥2)) ]
YA

Ya 3?/

The components ', (yf'ﬁ1 ) of eq.(F2e) will give the second and last equation for the second
unknown transformatlon function:

62
———— Q4 (W%, v4) + v3,0405+
[6yf’48yﬁ A(A A) Ao“Aop

= 0.  (56)

YA

0 0 0
+ E: Q—VB(yAayA) VBﬁ(yA:yA)+6ﬁ Us(ya, v4)
B;éA( ayA 3 Mo oy ])

5.1.2 The Solution for the Function K4.

In order to find the solutions to the differential equations above, let us first denote the limiting
operation from expressions (5.2) for any non-singular function f(y%) as follows:

(5.7)

<f>0‘|_| o fWa va) = F(v2, ¥4

It is important to note that operation (5.7) commutes with the time derivative but not with the
spatial derivative.
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Then, using this new notation, we may formally integrate eq.(5.3) over time yg as follows:

= C1a4(y4), (5.8)
YA

Is} 1
[WKA(yf’q,yZ) + 5")/10“7),‘;0 -> UB(y%,yZ)]
YA B#A

where (14 is an arbitrary function of the spatial coordinates y4. To continue the solution, let us
recall the relation for the function K 4 given by eq.(C5b) in the following form:

KA[O] (y.?h y,lijl) = PA(y?l) - 'UA[O]H(y.(‘)l) : yi + 0(0—4)?!91» (59)

where the subscript ([g) denotes that the operation (5.7) was used to derive the result (5.9) for
the functions K4 and VA One may notice that the dependence on the spatial coordinate in
this relation for K4 disappears completely on a world line of the body, so the function {14(y%)
is a true constant, i.e., (14(y4) = (14 = const. Then, from these two relations, (5.8) and (5.9),
one may obtain the differential equation for the function P4(y9) as follows:

0

1 s
a—y% bt §UA[0]5UA[0] + C]_A. (510)

Pa(y) = d—Z—PA(y%) =Y (Us)

0
A B#A 0

If we formally integrate this last equation over time y% and for the function K 4, we will obtain
the following final solution:

iy 1
Koy @hovi) = [ ¢ > (UB),, - 30a0. g + C11] -
—vap, ¥4+ O(c)yh- (5.11)

Equation (5.4) provides us with the usual relation for the Newtonian acceleration ai[ol of the
center of inertia of a body (A) as follows:

Uz ), + 0. (5.12)

0y _ av

B#A

Thus, we have obtained the form of the first transformation function K4, eq.(5.11), which
describes the Newtonian corrections to the proper time y%. These corrections should be made in
order to take into account the external gravitational field and the Lorentzian time contraction
caused by the motion of the origin of the proper RF4 with the velocity v:l[o] relative to the

inertial barycentric RFg. This correction was first obtained by D’Eath (1975a,b) by the method
of matched asymptotic expansions while studying the motion of black holes. In astronomical
applications for the relativistic VLBI measurements, this effect was independently obtained and
studied by Hellings (1986). The only new term in the expression in eq.(5.11) is the constant
¢{, which is the free parameter entering the post-Poincaré group of motion. This parameter
represents the possibility of the time shift in proper RF4 and is responsible for the energy
conservation in the immediate vicinity of the massive test particle moving along the geodesic.
The acceleration, eq.(5.12), is the contribution of the monopole into the equation of motion of
the extended body. The contributions of the other multipoles to the results in (5.11) and (5.12)
will be obtained and discussed further.
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5.1.3 The Solution for the Function QF.

The solution for the function 4 requires slightly more sophisticated calculations. One may
expect that the function Q9 behaves at least quadratically while approaching to the origin of
the body’s world line (i.e., Q% ~ y*y” - f(3%), where f(y%) is some time-dependent function).
Let us look at the solution to the equation (5.5) for the function Q% in the following form:

U oU
a0 vy _ _ - B ao Lo B or, 0 v
Qa(ya,ya) 324 [Cl YaYa <—3yﬁ >0 + 7% - yau v <3y§ >o] +Q%(va,va), (5.13)

where c; and c; are the constants, unknown for the moment. The function Q%(y%,y%) behaves
linearly in the vicinity of the body’s world line: Q%(y%,v%) ~ v* - f(¥3). By substituting the ,
expression of eq.(5.13) into equation (5.5), we will find that these constants are ¢; = 1 and
¢ = —1/2 and that the function 2§ should satisfy the equation

62
—— 2%y, ¥4) = 0. (5.14)
By40yx

By making use of these results, we may write the solution to eq.(5.5) as follows:

QA YD) = — 3 [Uva (S5 )~ 37" vasva (30 ),) + 2GR ys)  (5.15)
%[ <3yﬁ>0 2 B <8yi>o]

Further calculations require somewhat more sophisticated approach. After some algebra, eq.(5.6)

might be rewritten as follows:

9 9 v, 0 v 0 vi,0 v
[ay% ('YauayﬁQA(y 'Y )+7ﬁu6ngA(y YY)+

+VA0aVhop + 2% 2 Uy yd))]| = O(®). (5.16)

B#A

YA

By integrating equation (5.16) over time 3%, we obtain

945 Whvs)| = [va0aVaos +2%as O Un(yd ua)+
Y4 B#A
Yoo @45, 9) + g @a(8%9)]| = ods = 1
Qo
+ B 3 F) QA(y 'Y ) af const. (5 7)
Oy'a Ya YA

Then the function 9 from eq.(5.15) may be represented in the following form:

v 1
Q%% va) = = X i - (Us), — 59%av40, ¥4 + FEWAVA), (5.18)
B#A

where F'§ is some unknown function. By substituting the expression of eq.(5.18) into eq.(5.17),
we will define the function Q9 as follows:
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oUg 1 3 ,0UB
Qa(va,va) = - ¥50h (=2) = 57°%yaps (2) +y5-(Us) |-
A\YA, YA 3424[,4,4 <6yﬁ>0 57 YApYa <6y§>0 A <B>0]
N S L+ P35, v%) (5.19)
2 Ajg) Ajo) 8 Ya A\Ya,Ya), .

with the condition on the function F$(y%,v%):
6 8 FI/ 0 vy __ A 20
'Yuﬂa (yAa Ya) + Yva—s ayﬁ a(ya,va) = OaB: (5.20)

A

From the expressions of egs.(5.6),(5.18), and (5.20), one may write the equation for the function
" in the vicinity of the body’s (A) world line as '

2 |
'a;fé;;ﬁfmyg’ym = & [o5 P00 ~ Vi @15] 2 T [(orvas), = (oavs) ). 520

This last equation, eq.(5.21), may be solved together with eq.(5.20) as follows:

FA(yAa yA = yAg/c?t aA[o]vA[o] +2 Z <a[aVﬂ]> ]

+13p- ¥a + wiy B%), (5.22)

where the constants aéﬁ and f&“ﬁ are connected as f4 apt fﬁa = 0 . The time-dependent function
wf{[o] (v%) is unknown at the moment.

Finally, by collecting the obtained relations from eqs.(5.19) and (5.22), we will obtain the
final solution for the second transformation function, Q9, as follows:

Q% (W, va) = - };A [v305 - <_88yi§>0 - %v"”ymyﬁ : <%g§>o +y3-(Us) |+

15 B
+y,4g/jt aEZ‘IO]vA]Io] +2 Z < alev, ]> ]
1 -
U VAg YA+ fa ¥+ 0%y () + O g + O(85R). (5.23)

Thus, we have obtained the second transformation function, Q%, which is the first func-
tion to describe the post-Newtonian coordinate transformation to the proper RF of a moving
massive monopole body. The only function that is still unknown in expression (5. 23) is the
function wim], which defines the post-Newtonian correction to the radius vector y% . This
time-dependent function will be obtained later. Besides the usual Lorentzian terms of the
length contraction (caused by the velocity of motion of the coordinate origin), the expression
above contains terms caused purely by gravity. The first two terms are due to the acceleration
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of the proper RF 4 caused by the external gravitational field. The third term is the length con-
traction caused by the external gravitational field. The fourth term with the integral sign is the
generalization of the expression for geodesic and Thomas precession of the coordinate axis (see
Thomas, 1927). A similar expression was obtained by D’Eath (1975a,b). In astronomical prac-
tice, this result was introduced by Brumberg & Kopejkin (1988) (see also Ries et al., 1991; DSX,
1991). The obtained relation is different from the previous results in that it contains a general-
ized representation of the term containing the precessions. In particular, the obtained relation is
defined explicitly and does not contain an arbitrary multiplier ¢ as in the Brumberg-Kopejkin
method. This suggests that the precession term should always be present in the expressions
for the coordinate transformations and neglecting this term will correspond to the RF, which
is deviating from the geodesic world line even for the massless test particles, and will lead to
the SEP violation. In addition to this, expression (5.23) has an arbitrary group parameter f§ 5 '
This parameter represents the angular momentum conservation law at the immediate vicinity of
the world line of the body (A) in its proper RF 4. Besides this, we have studied separately the
post-Newtonian part of the radius vector of the body (A), wf{[o], which was never done before.
The contributions of the other multipoles to the result in (5.23) will be obtained and discussed
in the next section in a manner similar to the case of the function K4, (5.11), and the Newtonian
eq.m., (5.12),.

5.2 Finding the Function L,4.

In this subsection, we will consider the problem of finding the function L4, which is the last
unknown function for transformations (3.5). This function corresponds to the post-Newtonian
correction to the transformation of barycentric time to time in the proper RF. As we shall see,
this function will depend on the model of matter distribution taken to describe the internal
structure of the bodies in the system. In contrast to the functions K4 and Q%, the analog of
the function L4 has never previously been obtained, which makes the results here particularly
interesting.

5.2.1 Equations for the Function Lj4.

The relations in (F'2) and conditions in egs.(5.1) enable us to obtain the equations for the function
L,4. Thus, from the components Fgﬂ(yﬁ), which are given by eq.(F2c), we will have the first
equation for this function as follows:

2

La(¥% v4) + van,@i% v4) )+
aygayg( RAREINATRAY

5 ) P
+ > (27ﬁ)\6_av§(y2by,4) + 29ar 5 V5 (42, ¥4)—
B#A yA ayA

= O(c™%). (5.24)

YA

—%a%Us(yi,yﬁ))]

The second necessary equation may be obtained from the expression for the components I3, (v5),
eq.(F2b), by simply making use of the solution for the function K4 given by eq.(5.11) and the
result of the acceleration of the center of mass eq.(5.12). This equation has the following form:
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[aiA(aa" Lalva) + 5 (380 (yA,yA))2+

+vA0ea 0 QA(yA7yA +35 5 Z HB<4>(?JA,?/A)
B#A

= 0(c™9), (5.25)

YA

+2¢f UA(y%,yi)>]

where the function HE<*> is given by eq.(4.16b). From the relations for the components I'§ (v,
eq.(F2d), and with the help of the expressions in egs.(5.11), (5.12), (5.17), and eq.(5.24), one

may obtain

0 0
[@ ('Ya By <LA(3/A, ya)+ UAOVQA(yAa yA))
G a5 14) + g Q5 (6% vA)+
an% ArJA ay% )

= (o5 = 29 - <%>0 +0(c™9). (5.26)

+4Y V§<y2,y2))]

B#A

VA
This last equation may be formally integrated over time as follows:

8 0 v
[70‘/\8 by (LA(yAa yA) Na UAOUQA(yA’ yA)) - Uioa 0 KA(y%,yA)+
Ya

0 Qalwhva) +4 ) VB( yA,yA)] =
B#A YA

) U4 _
= (aj“ - 27"”({‘) / dt’ - <a - > + 0%+ 0(c®), (5.27)
where we have separated the integrating constant ¢%. Using the relations for the components

30(¥%), eq.(F2a), and the solutions (5.11),(5.12), and (5.27), one may obtain the last equation
for the function L4 as given below: :

[ 0 0

3 1 0 v 2
B9 (WL (¥4 v4) + Q(EKA(yA’yA)) +

+'UAoea ) Qalv%,va) + = 2 Z Hj <4>(y?4,yff;)>] =
B#A 74

0]
= (o2 - 2%*({*)(%%}0 [ (%% +

#05 (G )y~ % 3 (Ua), + 0




Thus, we have obtained four equations necessary to determine the last unknown transforma-
tion function L 4, namely, eqgs.(5.24)—(5.26) and (5.28).

5.2.2 The Solution for the Function L4.

The determination of functions K4 and Q% helps us find the solution for the function L4 as
well. In order to do this, let us look for the function L4 in the following form:

La(ya,va) =Y, [kl'yAﬁyﬁ : <ZZ§> +ky - yhvh - <3,\VB,3>
B#A

8UB>

+k3'vA[olﬁ(yﬁyﬁ-<a—y§ —%7""yAAyA <ng>0)]+Bf‘(y2,yZ)- (5.29)

Then from eq.(5.24), one may easily obtain the unknown constants k1, k2, andks and the condition
on the function B{* as follows:

1
kl = 5§ k2 = _2a k3 = 11

2 .
——B{(y%,v4) = 0. (5.30)
8y0y}

The unknown function B{* may be determined from eq.(5.27) by making use of the expressions
of eqs.(5.11),(5.23), and (5.24). Thus, the intermediate solution for the function L4 may be
presented as follows:

La(yd,v4) = Bé:A [%yAﬁyﬁ : <?9%§> - 2yAyA <3,\VB;3>

Foaag (i (58)s~ 37 vawh - (g2 )]+

+vAi°lﬁyA*/ Qt aE‘*MUA[o] +2 Z <6[/\Vﬁ]> ]+

Y4, [2”1[;[01 BZ;e:A <UB>0 -4 BZ¢:A <Vﬁ> - wA(o] (va) + vA[o] CGiat

i, /10U
+(of{\_27ﬂ/\q‘l)/dt’.<———6y:\4>0,+aﬁ VA, F2)] + BAGY), (5.31)
A

where o4 is a constant, and the unknown time-dependent function B4 may be obtained from
eq.(5.28). In order to do this, let us first integrate eq.(5.28) over time y%:
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YA
= (o8 -2t) [ (G, [ (G +
+oh / at’ <gg’*> ~ 2P <UA>o + 8+ 0. (5.32)

Then, the function B4 may be determined from equation (5.32) with the help of eqgs.(5.11),
(5.23), and (5.31) in the following form:

2

Baathy =[]} <H£<4>>o,—é< > (U}, ~ o + )
B

;éA B#A
ou " ) OU
+(o% —2v¢) [ at'( A>O,, / dt”’(—ayf1 >0 +
A
0Ua .
+at / dt”< .~ % <UA>0, + (8 = vag, W ()] (5.33)

Finally, by collecting the results in obtained egs.(5.31) and (5.33) together, we get the following
expression for the transformation function L4 in the coordinates (%) of quasi-inertial RF 4:

La(ya,va) = B%:A [%ywyﬁ'<%’i> 230 - (9aVag) +

+”A[01ﬁ(yAyA <8UB 0 ;7&7“'\“ <gz§>°)]

+UAl°lByA*/ ét’ aE“lclvAn +2 Z <8[A > ]

YA [2UA[0] <UB> -4 <Vﬁ>o = Wiy + Vag " Clat
B#4

+05 —vag, 2+ (75 — 2%t / dt’ - <ZZA> ]+
+/ jt 2 2 pza H%<4>>0' - %(%‘;‘ <UB>0' B %vA["lﬂvﬁ[o} + qx)2_

OU4 ouU
UAIO]#wA[o] (t ) + ( 27;‘/\< /dt” >0/// ,”< A 0///

rf ot (Ua), +oh- [ (GR) T+ OOgrOmgP. (639
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Thus, we have obtained the last function, L4, for the post-Newtonian transformation in the
WFSMA. Notice that this function is the only one that depends on the model of matter chosen
for description of the bodies in the system through the term HZ<*>. This function contains
two new parameters of the group of motion, namely: the parameter (jé‘l, which is the extension
of the Newtonian parameter (f on the post-Newtonian order, and the parameter 0%, which
represents the time-dependent Poincaré rotation. The function L4 demonstrates the non-linear
character of the obtained group of motion. This non-linearity is due to the interaction of the
proper gravitational field of the body (A) with the external gravitation. Thus, the Newtonian
potential U4 and its gradients influence the dynamic of the proper RF4 in the case when some
of the parameters from the ten parametric group (({, Cé‘l; % ff{ﬁ ) are not zero.

It is worth noting that some parts of the expression (5.34) were obtained by D’Eath (1975a,b), *
whose method has been used in the Brumberg-Kopejkin formalism (Brumberg & Kopejkin,
1988a,b). However, this is the first time the function L4 has been obtained in the form of the
expression above. This function describes the post-Newtonian corrections to the proper time and,
besides the usual Lorentzian contributions, it contains the purely gravitational terms caused by
the external gravitational field. The only unknown function in this expression is the function
wﬁml, which will be discussed in the following subsection. Let us mention that knowledge of the
function L4 will be required for analyzing the results of the proposed post-Newtonian redshift
experiment planned for the Solar Probe mission (Anderson, 1989). This effect on the necessary
accuracy was studied by Krisher (1993), who had formulated the frequency shift of the spacecraft
clock to the order of c™4. However, his formulation appears to be very simplified and does not
include the dynamical effects due to proper accelerated motion of the spacecraft in close proximity
to the Sun, which is the crucial phase of the experiment. We believe that the correct derivation
of the corresponding effect should be based upon the relativistic theory of the astronomical RFs,
so that the function L4, (5.34), will provide one with all the required corrections, including both
kinematical and dynamical effects. Moreover, in Section 7, we will obtain the parameterized form
of this function which will enable one to include in the analysis alternative tensor-scalar theories
of gravity.

5.3 Equations of Motion for the Massive Bodies.

By finding the form of the function L 4, we determined almost all of the functions for the coordi-
nate transformation between RFs. However, one quantity still remains unspecified: the function
wj[ol in expressions (5.23) and (5.34). This function might be obtained from the last unused
equation, namely eq.(5.25). By substituting the relations obtained for functions K 4andQ¢ given
by egs.(5.11) and (5.23) into eq.(5.25), and making use of the expression for the function L4
given by eqs.(5.34), one obtains the following ordinary differential equation for the last unknown
function 'wj{o]:

o 1 ./ 0HE U aveg
Wap (v2) = BgA (570 <——805i_>0 + vf;[o] <W§>o - 4< ayj >0)—

14 B a
~3V4q VAR %4 T G4 t;i <UB >0+

o

va,rl A A A -
+aag, / ay [§aE2(o]”A][o] + 2;;4 <6[°VB]>0,] ~ GAg, - & +o9t- <8ny >0 + O(c 6). (5.35)
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We may check that this equation is the post-Newtonian part of the acceleration A?‘i[o of the center
of the field of the body (A) with respect to the barycenter written in its proper coordinate system.
If we perform the coordinate transformation from the coordinates (3 ) of the proper RF 4 to those
(zP) of the inertial barycentric RFg of all the functions and potentials entering in eq.(5.35), we
obtain the well-known geodesic equation for the test body written in coordinates (zP) of the
barycentric inertial RFg. To do this, let us first combine the two parts of the acceleration Aim '
as follows:

G U3 = % () + 05, 0D +0(), (536)

where the terms in this equation are given by relations (5.12) and (5.35). Then, by using the
transformation rules from Appendix E, we may obtain the following result for acceleration Aim]
transformed into the coordinates of the inertial barycentric RFg:

%‘0] (.’Ep) = Z [— 6QUB(:IIP) . (1 - ,UAIO],B’Uﬁ[O] —4 Z UB’(Z’p))—
B#£A B'#£A

—3v4,, 0UB(F) — 40§ vﬁ,m N\Up: (zP) — 48oVE (zP)+

+vay, (8°VE(aP) — B*VE(aP)) — 20°815(2") — 20°@2p(aP)—

3
0" 035(a?) - 30°0ap(a”) + 37 o xn ()] +O(), (5:37)
9zv9z0 ta

where the quantities in the right-hand side of this expression are taken at the world line of the
test body (A). Equation (5.37) is the usual form of the geodesic equation (Will, 1993; Brumberg,
1991) in the coordinates of an inertial RFg. This result proves the previous conclusion that
relation (5.35) is also the geodesic equation, simply written in the coordinates of the proper

quasi-inertial RF 4.

5.4 The Proper RF of the Small Self-Gravitating Body.

In this subsection, we will discuss the transformation functions for the massive rotating test
body with the small proper dimensions obtained in the previous parts of this section. In order to
do this, let us note that the generalized Fermi conditions, egs.(5.2), involve the first derivatives
from the metric tensor, which gave us the differential equations of the second order on the
transformation functions K4, L4, and Q4. The expected form of the post-Newtonian expansions
of the metric tensor in the proper RF 4, which resulted in condition (B3a), enabled us (with the
help of conditions (5.2)) to obtain the complete solution for the function K4. However, the
functions L and Q% were only defined up to the second order with respect to the spatial point
separation, namely: L4, Q% ~ O(|y$[®). This means that the arbitrariness due to the highest
orders of the spatial point separation caused by the multipoles of higher orders than quadrupole
(k > 3) should be included in the expressions for these functions. Taking these notes into account,
we should include in the final expressions for these functions the higher-order terms with respect
to the spatial point separation. Then, the solutions for these functions, presented by relations
(5.23) and (5.34), respectively, should be extended as follows:

: k
QG W2 ¥) = Q% (0%, 94) + 3 QG ry (82) - w5 + Ol l*+), (5.38)
>3
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T+ L
Lag @3 v4) = Lag W vd) + 3 Lagy ) - 95 + Oy F+Y). (5.39)
>3
As a result, the post-Newtonian dynamically non-rotating coordinate transformations from
the coordinates of barycentrical inertial RFg to those of the proper quasi-inertial RF 4 will take
the following form:

20 =y} + ¢ Kag (ya, v2) + ¢ Loy (v2,9%) + O(c®)yl, (5.400)
% =y + ¥4 Wa) + ¢ 2Q%, (W% ) + O™y (5.400)
The transformation functions K, Q% and L, are given as follows:
Kag (v, v4) = / 3t <UB> ’UA[(,]V’UA[O] + cl] Vag, Ya+ 0y,  (5.41a)
Baé
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8 1
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with the equations for both time-dependent functions yj{o] (v%) and wi[o] (y%) defined by equations
(5.12) and (5.35), respectively.

At this point, we are ready to present the general form of the metric tensor in the proper
RF 4 defined with the generalized Fermi conditions. Thus, by substituting the solutions obtained
for the functions K4, L4, and Q% into the general form of the metric tensor gmn(y%) in a proper
RF 4 given by the relations in egs.(4.11), we will obtain this tensor in the following form:

a8 = 12 T8~ 3 [A(GE), + (Ue)y] +cua )+
» B B#A

2 SWalh 0 - 3 [, + (W), + e+
B

B;éA By'y /0

g ou oV,
+yay [76/3 Qg Ty ~ @A) 520 5 + 3;; A (7‘5” <W§>o B 4< By}zﬁ >o)] +

0
+2Z (3 0 LA{L}(yA) + VA By 0 QA{L}( )) 'yff}+

1>3
+(o% - 2v%¢t) (Z/Au : <%>0 + / ygdt’(%—é—)(y / 2t”<%>oﬂ> +
+o / dt <ZU,?> -2 - (’UA>0 + O(ly4|F) + 0(c79), (5.42a)
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2602 = o5 + 2708 ( S Us (k08 = 3 [oh(52), + (V)] ) + s+
Gop\¥ a4 Yo YoB ~ B\YA,YaA = 6?JA B), Aaf

+3 (@1 (89 =5 57 + 1@y (VW) 5w ) v+ oAl + 0,  (5.42¢)
>3

where the subscript (A) for the components of the metric tensor specifies that this tensor was ob-
tained by making use of the specifically defined transformation functions (5.41). The expressions
for the functions W, and W were obtained by substituting the solutions for the transformation
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HA<4>

functions into the relations for and
ingly. These functions have the following form:

HE<*> given by eqs.(4.14) and (4.16), correspond-

: 82 0
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Expressions (5.42) are the general solution for the field equations of the general theory of
relativity, which satisfies the generalized Fermi conditions, egs.(5.2), in the immediate vicinity of
body (A). This solution reflects the geometrical features of the proper RF4 with respect to the
special properties of the motion of the £ multipoles of the unknown functions L A{z}(v%) and
QL) (¥9) for I > 3, which will be discussed further.

. The transformation functions in eq.(5.41) correspond to non-rotating coordinate transforma-
tions between different RFs in the WFSMA. They were obtained by applying the generalized Fermi
conditions in egs.(5.2). The set of the resulting formulae, egs.(5.41) together with eqs.(5.12) and
(5.35), represents the generalization of the Poincaré group of motion to the problem of practical
celestial mechanics. The arbitrary constants 4 = ¢~2Cf +c~4C£, 0%, and f$P correspond to the
maximal number of Killing vectors (M = 10) in the background pseudo-Euclidean space-time,
and the expressions (5.40)-(5.41) represent the ten-parameter group of motion constructed for
the dynamic of the celestial bodies in the WFSMA. The non-zero parameters describe the shift
of the origin of the coordinate system, the constant spatial rotation of the axes, and the rela-
tivistic Poincaré rotation. These parameters represent the offset of the origin of the coordinate
system from the center of the field of the body under consideration, which may vary from body
to body. Moreover, these parameters lead to the appearance of the proper gravitational potential
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U, and its gradients U4 in the function L4 (5.41¢). A contribution of this sort could be a
useful tool for some practical applications of the atomic time comparison (Brumberg, 1991a).
This dependence indicates the fact that the constant part of the proper gravity of the body
(A) is also affecting the definition of its world line. This contribution may be neglected if one
will choose these constants in such a way that this influence of the proper field will vanish. In
addition, let us mention that the component of the metric tensor g4, also becomes dependent
on these quantities describing the proper gravitational field, which violates the conditions on
the metric tensor and the coordinate transformations to the proper RF4 given in Section 1.
Therefore, without losing a generality, in our future calculations, we will eliminate this offset and
will set all of these parameters to be zero: '

=c2P+c*f=05=17 =0 (5.44)

In order to find the unknown functions Q% ;, (¥%) and L A{ L}(yg) up to the k** (k > 3) order,
one should use the conditions that will contain the spatial derivatives from the metric tensor of
the (k — 1) order. Moreover, one expects to obtain the recurrent formulae that would connect
the features of transformation of an arbitrary k** term with those for the previous (k — 1) terms.
Thus, following Synge (1960), one may want to apply some non-local geometrical constructions,
such as Jacobi equations (Manasse & Misner, 1963) or both Jacobi equations and the Fermi-
Walker transport (Li & Ni, 1979a,b). However, these constraints generally are not related to the
particular theory under consideration, so their application should be justified for the particular
theory of gravity under question. Another method is to use the ‘external’ multipole moments
as they were defined for the gravitational wave theory by Thorne (1980) or Blanchet & Damour
(1986, 1989). Indeed, one could show that the functions Q% (v%) and Lagzy(y%) in the WFSMA
may be chosen in such a way that the metric tensor in a proper RF 4, egs.(4.11), corresponding
to this choice will accept the desired form. The presentation of the transformation functions in
terms of the ‘external’ multipole moments simply corresponds to the specific RF for which KLQ
dynamical parameterization is strictly defined by this choice.

5.5 The Fermi-Normal-Like Coordinates.

As we noticed above, in order to determine the metric up to the k** multipole contribution, one
should apply some additional conditions that enable us to define the specific properties of the
reference frame with which we will be dealing. For example, we might obtain these functions for
the case of the motion of the monopole test particle up to the second order of a spatial point
separation. Assuming the motion of that particle is described by the geodesic equation and the
deviation of geodesics is governed by the Jacobi equation, we might easily obtain the metric
tensor in the generalized Fermi normal coordinates (Misner and Manasse, 1963; Li & Ni, 1979;
Dolgov, Khriplovich 1983; Ashby & Bertotti, 1986; Marzlin, 1994) up to the second order of the
spatial separation and present it as follows:

ao(¥h) = 1+ Hi(wh) + (Rouo ), - ¥ava + O(c™®) + O(ly4l®), (5.45a)
e (W) = Héa(¥h) + §<R(?ucw>o -Yaya + O + O(lyal), (5.45b)
9Z5 (V%) = Yap + Hi(Wh) + %—(RS,MO aYa + O +O(lys),  (5.450)
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where <Rmnkl> are the components of the Riemann tensor, eqs.(G9), which is calculated with

respect to the external gravitational field HE . and taken on the world line v4 of the body (A)
under consideration.

Let us mention that if the proper gravitational field may be neglected and the effects due
to acceleration of the proper RF4 are also negligible, the obtained metric tensor (5.45) will
correspond to that of, so-called, Fermi normal coordinates constructed in the immediate vicinity
of the world line of an inertial observer (Misner et al., 1973). However, for the general case of
non-vanishing contributions of the proper gravitational field and accelerated barycentric motion,
the form of the metric tensor, g, (5.45), and the corresponding proper RF is what will be
referred to as the Fermi-normal-like coordinates. From these expressions for the metric tensor
g7, One may see that, in order to obtain this form of the metric tensor, it is necessary to perform
the coordinate transformation that should contain the terms with the third order of the spatial
point separation (Li & Ni, 1979a,b; Zhang, 1985, 1986). We will obtain the necessary equations
on these functions by making use of the components of the Riemann tensor R,k (yﬂ) expanded
with respect to the spatial separation from the world line of the body (A) and then equating the
coeflicients proportional to ~ ¥ 4.

Thus, the components of the Riemann tensor calculated with respect to the external gravi-
tational field H2, from the relations in eqs.(G9) might be presented on a world line of the body
(A) as follows:

| o*U 8 /0U oV, Vg,
<R(}13u0u> = B#A< < B > 'Yp,yay% [<W§> (< ayiu> <Wz_>0)]+
<6€?942ng > ) + Y aA(Ob\af\“[o] ~ Q4 %4, T 0(c™®), (5.46a)
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82U 62U
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4 02Ug > _ < 9?Ug
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To find the necessary corrections of the third order of the transformation functions Q4 and
L 4, let us look in the following form:

6”3 Qi[o] (y?‘l) y;) =

82U'B A 82UB 4
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~vA 5 - 8@y (W% ¥4) + OlYAlY), (5.47b)

where the constants cj,co and g;, g2 are unknown at the moment.

The expressions for the components of the metric tensor g7, ., egs.(5.45), and those for the
Riemann tensor, egs.(5.46), will enable us to obtain the equations for the determination of the
constants ¢;, ¢y and ¢;,q2. Thus, from the component gfﬁ, eq.(5.45¢), and the relation for the

<R§”ﬁu>0, eq.(5.46¢), we will have

1
2a+l=3, Zo=3 at+a)=-3

1
37

W) -

which will give the following values for these constants:

1 1
a=-3 =

3 (5.48)

Analogously, from the component gF,, eq.(5.45b); the relation for < B >0, eq.(5.46b); and

oo
the solution for function 6U3Q§[O] given by eq.(5.46a), with the obtained c; and cg, eq.(5.47), we
obtain

2q1 ~ 1= 2. -1-1—2 = -
q1 =73 qQ1 53<3 QI_G’

4 4
2q0 = ——3-; g2+ 2= § = g =—=. (5'49)

Taking these results into account, the corrections up to the third order with respect to the
spatial point separation to the solutions for Q% and L4, presented by eqgs.(5.47), will take the
following form:

1 °Us
0o ,v o v
6us Q) (Varva) = g %; [’Ya YAYALYA - <W>O—
0% Ug
—2- Syt - (= O(ly41Y), 5.50
ViVivA - (ggzag ol + OV (5.500)
v 1 BQUB VBA
51/3 LA[()] (yga yA) = 6 BZ#:A (yﬁyA,,yﬁ\x<m>o -4 AyAyA<ayp-ay )'—
) L U 82U 3}
~va (Y VAYAYA (50 Zoeg Jo ~ 2 VAVAVA 57 8§ﬁ>0)+0(|y,1|4). (5.500)

By substituting these solutions into the expressions of egs.(5.42), one might get the metric tensor
in a proper RF4 of the moving extended body (A) with accuracy up to the second order of the
spatial point separation. Thus, assuming that all the integration constants satisfy eq.(5.44), one
may get the following form of the metric tensor in the generalized Fermi normal coordinates:
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Thus we have obtained the form of the metric tensor in Fermi-normal-like coordinates and the
coordinate transformation, which leads to this form as well. These transformations are defined
up to the third order with respect to the spatial point separation.

A more detailed analysis of the coordinate transformation for the extended self-gravitating
bodies will be performed in the next section.
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6 General Relativity: The Proper RF for the Extended Body.

In this section, we will generalize the results obtained for the relativistic coordinate transfor-
mations (5.40) and will extend their applicability to the problem of motion of a system of
N extended bodies in the WFSMA. The relations (5.40) were obtained by using the generalized
Fermi conditions (3.26) and, hence, they are well suited to describe the motion of the system of
N self-gravitating bodies, omitting only the lowest intrinsic multipole moments. To generalize
these results in the case of arbitrarily shaped extended bodies, we must use the more general
definition of the proper RF given by expressions (3.29). This definition is based on the study
of the existence of integral conservation laws for metric theories of gravity, (3.28). The studies
of the existence of the conservation laws in general relativity were performed by a number of
scientists, notably by Fock (1955) and Chandrasekhar (1965), whose methods were developed
in application to the motion of the more general N-body systems in the framework of the PPN
formalism (Lee et al., 1974; Denisov & Turyshev, 1989; Will, 1993). It should be noted that the
search for the conservation laws in these methods was performed in the barycentric inertial RFy
and, in particular, it was shown that general relativity in the WFSMA has all ten conservation
laws for the closed system of fields corresponding to energy of the system, its momentum, and
angular momentum. The difference of the present research from that cited above is in the fact
that we will study the problem of existence of the integral conservation laws in an accelerated
arbitrary KLQ-parameterized proper RF 4. As a result of our study, we should find the condi-
tions necessary to impose on the transformation functions K4, L4, and Q%, so that the general
relativity in the coordinates of this RF will preserve the existent conservation laws for the entire
system under consideration.

6.1 The Extended-Body Generalization.

It is well known that in all metric theories of gravity the Lagrangian density of matter is the same
functional of metric of Riemann space-time gm, and the other fields of matter 4. Then the
application of the method of infinitesimal displacements (Bogolyubov & Shirkov, 1984; Logunov,
1987) to the action function of matter in these theories, together with the condition that the
eq.m. for the fields ¢4 are satisfied, leads to the same covariant equation for the conservation of
density of the energy-momentum tensor of matter in Riemann space-time:

Vil™ = 8, T™ + TRT" = 0. (6.1)

Note that this result is independent of the choice of RF. In the case of a system of bodies formed
from an ideal fluid with the individual density of energy-momentum tensor 75" of an arbitrary
body (B), which is given in the coordinates of its proper RFp by the expression (2.1) as

T5"(v3) = V=95 ([pmo(1 + II) + p|u™u" — pg§"), (6-2a)

the total density of the energy-momentum tensor of the system of N bodies in the coordinates
(v5,) of the proper RF 4 of a particular body (A) may then be composed as follows:

= U3 a“ ‘9“ TE A, (6.25)

where Jp is the Jacobian of the corresponding coordinate transformation:

B(yh) = de tll || (6.2¢)
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In addition, from equation (6.1) for an ideal fluid model, (6.2), we may also obtain a covariant
equation of continuity in the coordinates (%) as follows:

A Kl _1 100  8(pv)y _

where V4 is the covariant derivative with respect to metric tensor g/, of the proper RF4. The
total conserved mass density of the entire system in coordinates (yi) is denoted as

0
A6 = o a5t = gﬁgwﬁwglj—zg (6.4)

where pp is the conserved mass density of the body (B) and all the quantities on the right-
hand side of this expression are transformed to the coordinates (y%) using the standard rules
of relativistic transformations of the mechanics of Poincaré (Fock, 1955). Equations (6.1) and
(6.3) together with the metric tensor give all the expressions necessary for the construction of.
the eq.m. of the extended bodies composed from ideal fluid and for analysis of various general
questions.

In order to generalize the results obtained in the previous section, in the case of arbitrarily
composed extended bodies, we shall first construct the components of the density of the energy-
momentum tensor of matter 7™" to the required accuracy. Thus, from the definition in (6.2),
one may get these components in the Newtonian approximation as follows:

() = 5(1+ 0(c7?), (6.50)
() =p”(1+0(c7?), (6.5)
TP (yh) = pv*® — v*Fp + pO(c™). (6.5¢)

As a result, the covariant conservation equation (6.1) for m = « transforms into the Euler
equation for an ideal fluid, while for m = 0 it transforms into the equation for the internal energy
IT of the local fields in the vicinity of the body (A):

dv®

Ppg = —PO°U +0°p +po*0O(c™?), (6.6a)
YA
dIl
P75 = —pOuv* +50(c™%), (6.60)
dya

where the total time derivative with respect to the proper time y is given by the usual relation:
d/dy% = 8/8y% + v*8/8y’;. The total Newtonian potential of the system in these coordinates
was denoted as U(yh).

In order to apply the conditions (3.29), one must substitute the expression for the total

Newtonian potential U into (6.6a) and integrate this equation over the body (A)’s compact
volume. However, if we do so for the potential from the solution in (5.42), the conditions in
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(3.29) will not be satisfied. Indeed, the total Newtonian potential U[O] may be identified as the
terms of order c¢~2 in expression (5.42a) for the gop component of the metric tensor as follows:

U = S Uslhnti - 3 [ v <§U5> +(vs) ] (6.7)

If one substitutes this potential into equation (6.6a) and integrates the resultant expression over
the body (A)’s compact volume, one obtains

ao 3 / A aUB BUB _
Mg = 7 ;L;/d Bys <3y2 >0] +0(c™) #0. (6.8a)

By expanding the integrand in the expression above in the Taylor series with respect to the
spatial deviation from the supporting world line v4 (which is given as A4 ~ §4/lypa,|), one may
bring this result to the following form:

. 1,0ty . _
mi[O] =% Z Z < Byl {L}B /AdsyIPijL} +0O(c 4)- (6.8b)
Brals !

It is easy to see that this result does not satisfy the requirement for the ‘good’ proper RF even
in the Newtonian order. The origin of the RF, defined this way, coincides with the center of
inertia of the local fields in the vicinity of the body under question in one particular moment
of time only and will drift away from it as time progresses. Exactly the same situation was
encountered with the solutions in both the Brumberg-Kopejkin (Brumberg & Kopejkin, 1988a,b)
and the Damour—Soffel-Xu (DSX, 1991-1994; Damour & Vokrouhlicky, 1995) formalisms. In
both of these methods, the translational motion of extended bodies in their proper RFs does not
vanish in the Newtonian limit, but rather non-linearly depends on the coupling of the intrinsic
multipole moments with the external gravitational field. To solve this problem, the authors
of both formalisms have introduced ‘external’ multipole moments in order to compensate for
the terms on the right-hand side of expression (6.8b). However, this substitution may not be
considered as a satisfactory solution to this problem. The reason for this is that the authors
in both approaches were trying to describe the motion of extended bodies using methods that
were developed to treat the motion of point-like test bodies. As we already know, to overcome
this problem, we should develop a microscopic treatment of the matter, the gravitational field,
and the field of inertia in the immediate vicinity of the bodies (i.e., in their local region) in the
system.

In our method, the only step we have to make in order to the take into account the extent of
the bodies is to change the limiting procedure (..), defined by expression (5.7) to an averaging
over the bodies’ volumes.!> We define this new procedure {..) ,, which, being applied to any
function f(y%), will denote an averaging of this function over the body (A)’s three-dimensional
compact volume in accord with the following formula:

(1 M) =f / Pyt W W v%), (6.9a)

my = / By, iR (y%) + O(c™), (6.9b)

13Note that this situation is similar to that from the electrodynamics of continuous media, where one has to
average the field over the body’s volume (Landau & Lifshitz, 1987).
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where foo(yﬁ’) is the component of the conserved density of the energy-momentum tensor of
matter, inertia, and gravitational field in the local region of the body (A) taken jointly. It is easy
to see that in the case of a system of N massive particles with the total mass density taken to be
p(¥h) = S5 mB6(y%, Ja + §BA,), this new procedure coincides with the procedure (-.)o defined

by the expression in eq.(5.7). Note that the new operation (..) , given by eq.(6.9), contrary to
that of eq.(5.7), does not commutate with the operation of time differentiation.

Because of this change, the total gravitational potential U(y%), which in the vicinity of the
body (A) is composed from the local Newtonian potential generated by the body (A) itself and
the tidal gravitational potential produced by external sources of gravity, will now have the form

2) = Ush @A) - X [v <ZU§ + (Us)a) + O™, (6.10)
B BZA

One may make sure that expression (6.10) is what we need in order to have the origin of the
proper RF 4 coincide with the local center of inertia. Indeed, by substituting this result for the
total Newtonian potential U into equation (6.6a) and integrating the resultant expression over the
body (A)’s compact volume, one finds that mg = O(c™*). Thus, the center of inertia of the local
fields, defined as the dipole moment of the fields in the immediate vicinity of the body (A), moves
along a straight line as given by the formula mg (¥%) = A%+ By +0O(c™*), where A%andB* are
constants. One may perform an additional infinitesimal post-Galilean transformation (similar to
that of (1.12)) in order to make them vanish: A% = B® = 0. This means that the origin of the
proper RF 4 will coincide with the center of inertia of the local fields and, hence, the constructed
frame will satisfy the definition of a ‘good’ proper RF discussed in Section 3.

As a result, the general form of the coordinate transformations between the coordinates (zP)
of RFy and those (%) of a proper quasi-inertial RF4 of an arbitrary body (A) for the problem
of motion of the N-extended-body system in the WFSMA may be presented as follows:

20 =% + T KA, vh) + e La(vh, vh) + O(c70), (6.11a)

* = yi +yh,(va) + QA ) + O(cTY), (6.110)
where the barycentric radius vector 74 of the body (A) in the coordinates of the proper RFy4 is
decomposed into Newtonian and post-Newtonian parts, which are given as follows:

(5 08)) , = V500 + — [ WDV +0C.  (612)

The transformation functions K4, Q%, and Ly, in this case will take the following form:

mac?

1 -
Kat 1) = [ 4 (X (Us), ~ osonthe) = vsou -+ Ol (6.130)
B;éA

Qa0 ) = - 3 (vavh- (9Us) , - -;—yAgyf;<8"'UB> L +va(Us) )+
B#A

+yag /c?t —af ) 12 S [<8["V"]> <3[°‘U3vﬁ]>A])—

B+#A

k

1 v -
—5¥%0%hovas + who (W) + 3 Qi 6%) vh + Ol + O™, (6.13b)
=3
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La(ya,va) = Bf;; (% YasYs - %(U@A — 29305 - [(8aVeg) , + (vs0hUs) |+

+vAOﬁ[yﬁyA <8,\UB> 2yA,\yA <3ﬁUB>A])+

s [ Gl 42 3 (99981, + (oPo0e) )+

e, T (1), -4 5 (V8), -]

B#A

/ gt > (B# <UB > ”Aoﬁ”Ao) + Va0, W, (t’)] +

B;éA

+ Z Lagy(8%) 950 + O(gal*) + O(c™®). (6.13¢)
=3

One may verify that in the case of the free-falling massive test particle with conserved mass
density given as pa(y%) = mad(Ja), functions (6.13) will correspond to the coordinate transfor-
mations to the proper RF defined on the geodesic world line, (5.41).

Note that we have changed the notation fA[o] to fa, in the new expressions, egs.(6.11)—(6.13).
This is because all these quantities are now defined with the procedure eq.(6.9), which takes into
account the internal structure of the bodies. As a result, the Newtonian acceleration of the
extended body (A) with respect to the barycentric RFy now is given as

5,00 = T (32), +0() (614
BZA

Furthermore, in order to take into account the extent of the bodies and the influence of this
extent on the post-Newtonian dynamics of the N-body system, the time-dependent function w3,
has been replaced by the new function wy :

wh, (%) = v, + 6uf,,  (6.15a)

where the function wg  is determined as the solution of the following differential equation:

] oW 9 9
i) = 3 (G a + hogg(Ue), 453 (78).)-

1
_Euﬁov,qoﬁaio +a%, D <U3>A+
B#A

+aA°ﬁ/(?t a[ﬁ‘ovﬁ]o +2 Z [<6{°‘Vg]>A + <v[65°‘]UB>A]) + O(c™®), (6.15b)
B#£A

and the function §wf  is unknown at the moment. This function will be determined later, when
we will apply conditions (3.29) in order to make the total momentum of the matter, the inertia,
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and the gravitational field calculated in the coordinates of the proper RF 4 vanish in the volume
of the body (A).

As a result, the ‘averaged’ components of the metric tensor g7, in the coordinates (yﬂ) of
the proper RF 4 take the following form:

960(¥h) = 1= 20 +2W + v495 - {up 0a0r0h, — Q0,005+

0
T B;A Y% (’Yuﬁ@<UB>A B 2[<8(“VBB)>A + <U(ﬁ6“)UB>A])}+

k
+2 3" [00Lagry(¥) + v40500Q5 1, (v3)] - ¥5 + O(wal+) + O(c7), (6.160)
>3

1 \ .
—'YaﬁyApyi) : aﬁo'*'

—e 1
960 (V) = 47" — ¢ (vaayag + 5

k
0
+> ['Ya/\aOQf\Q{L}(ygl) + (LA{L}(y?Q) + VA Qi{L} (yOA)) Eﬁ] i+
1>3
+O(ly4l* 1) + O(c™), (6.16b)

925(WR) = tas(1+ 20 )+

0 0 L Y -
+ 3 @i 62 57 T QW] vi + O +OET), (6160)
>3

where the total gravitational potential U at the vicinity of the body (A) is composed of the
local Newtonian poténtial generated by the body (A) itself, and the tidal gravitational potential
produced by the external sources of gravity is given by expression (6.10). This potential may
now be obtained from (6.13a) as follows:

T = X Us(u) - 240 L, o
B

0y4
=S U - X [v <8UB> + (Us) 4] + 0lc™) (6.17)
= B\Ys\Ya e Bla : .
B B#A
This potential is the solution of the corresponding Poisson equation in the coordinates (v%):
o
o = 47p , 6.18
575 = 7P (618)
which is searched for together with the following integral boundary conditions:
U)a= / &ya pa(yf)U(YZ) —/ *ys pa(YZUa(YZ) (6.19a)
00 o o OU (y )
) = [ &%/ A4 42 =0. 6.19b
(G )a= [, FuapaD = (619%)
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The quantity V(%) in the expressions in (6.16b) is the total vector potential produced by
all the bodies in the system as seen in the coordinates (i) of the RF 4. The averaging procedure
(6.9) enables one to define this potential as follows:

- ovg ou
Ve - Ve(y? - pl(Z2BN | [,alYB + (Ve +
(wh) ; 5WhWa) BZ#;{ (?!A[ YA >A EOA >A] (VB)a
1 ) -
+75(Bvava - YONYAs ) Bos + O(c™H). (6.20)

It is interesting to note that the vector potential now depends on the coupling of the intrinsic
motion of matter in the body (A) to the gradient of the external gravitational field. Thus, it
can be seen from expression (6.13) for the function Q% that this coupling contributes to the
corresponding precession term of the coordinates in this RF relative to the barycentric inertial
frame. This potential also satisfies the usual Poisson equation of the form

" v
BYls 0y

AL A (6.21)

Moreover, due to the covariant equation of continuity, (6.3), both quantities (6.17) and (6.21)
are connected by the following relation:

o7 ov*

ov _ov- 22
oy Oyl (6:22)

Another quantity we have introduced in expressions (6.16) is W(y%). This is the post-
Newtonian contribution to the component ggo of the effective metric tensor in coordinates (%)
given by (6.16a). This contribution is given as follows:

W) = Y Walhh) — 3 [h(5l), + (Wely +0(c™).  (6.2%)
B B#A Ya

The solution (6.23a) repeats the structure of the tidal representation of the Newtonian potential
(6.17), so it could be considered as the generalized post-Newtonian potential in this RF. The func-
tions W4 and Wp in expression (6.23a) are given by relations (5.43), and they fully represent the
non-linearity of the total post-Newtonian gravitational field in the proper RF 4. These functions
contain contributions of two sorts: (i) the gravitational field produced by the external bodies in
the system (B#A), and (ii) the field of inertia caused by the accelerated and non-geodesic motion
of the proper RF 4. This happens due to the coupling of the proper multipole moments of the
body (A) to the external gravitational field as well as to the self-action contributions that are
given by the terms with Qﬁ ) in expressions (5.43). One may obtain the corresponding Poisson-
like equation for this potential as well. Thus, directly from the gravitational field equation (4.4d),
this last equation will take the form

vy Oy5dy4 = —Bwﬁ(H - 2uv* + %p) + 2; [aé’oUB +20,Up (2a'/g0 + XC: ai‘UC)] -

k
=233 Q4 02 [205Us - 8 + 9,Up - 030 |yi + O(lya ) + (™). (6.23%)
B >3
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We have not yet presented the last function that is necessary to complete the coordinate trans-
formation for the extended bodies, namely: the function éwq  from (6.15). To find this function,
one needs to apply the procedure for constructing a ‘good’ proper RF with full post-Newtonian
accuracy. In order to do this, one must perform the study of the existence of conservation laws
in the proper RF4 and define the conserved quantities that will correspond to the energy, mo-
mentum, and angular momentum of the local fields. Then, after integrating these quantities over
the body’s compact volume, one must find the form of the eq.m. for the extended bodies in their
proper RFs. These equations will contain the time derivatives of the only unknown function,
éw§,, which should be chosen in such a way that conditions (3.29) will be satisfied.

6.2 Conservation Laws in the Proper RF.

As we have stated before, our goal is to construct a formalism that will be useful for calculations in
a number of the metric theories of gravity. This is the reason why in our further discussion we will

use the method developed for analysis of the conservation laws in parametrized post-Newtonian

gravity developed by Fock and Chandrasekhar (Fock, 1955; Ehlers, 1967; Denisov & Turyshev,
1989; Will, 1993). It is known that the most important question for any metric theory of gravity
is the presence or absence of laws of conservation of energy, momentum, and angular momentum
for the closed system of interacting fields. Strictly speaking, the solution to this question requir.e's.
detailed information regarding the structure of each metric theory of gravitation. It is necessary
to know what geometric object has been chosen to describe the gravitational field, what geometry
is natural for it, and what is the form of the equation connecting the gravitational field and the
metric of the Riemann space-time. Using the standard methods of theoretical physics, it is then
possible to give an exhaustive answer to this question. However, such an analysis cannot be
carried out in a general form for all metric theories of gravity at once. This leaves us with only
one option: attempt to obtain some information regarding the possibility of the existence of
conservation laws in these theories by proceeding only from the eq.m. of matter in the WFSMA.
It should be noted that conditions obtained in this way are necessary but not sufficient to prove
the existence of integral conservation laws for matter and the gravitational field taken jointly in
a particular metric theory of gravitation. It is altogether possible that, although the necessary
conditions are satisfied for some theory of gravitation, there nevertheless may not be conservation
laws for a closed system of interacting fields. The reason for this situation is that quantities that
do not depend on time, obtained on the basis of post-Newtonian equations of motion, may not
have the character of integrals of motion for a closed system and hence also have no physical
meaning. Therefore, in resolving the question of whether or not conservation laws are present in
a particular theory of gravitation, the last word can be said only after a complete analysis of the
theory has been performed.

It is known that general relativity in the WFSMA possesses the integral conservation laws for
the energy-momentum tensor of matter and the gravitational field taken jointly. It means that
the covariant equation of conservation of the energy-momentum tensor of matter in Riemann
space-time, (6.1), can be identically represented as the covariant conservation law of the sum of
symmetric energy-momentum tensors of the gravitational field ¢t7*" and matter ¢37* in space-time
of a constant curvature: .
ViT™ = 0 = Dy (7% + 1) = 0. (6.24)

It should be especially emphasized that, since in an arbitrary Riemann space-time the oper-
ation of integrating tensors (with the exception of scalar density) is meaningless from a math-
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ematical point of view, it follows that the presence of some differential conservation equations
in this case does not guarantee the possibility of obtaining corresponding integral conservation
laws. The possibility of obtaining integral conservation laws in a Riemann space-time is entirely
predetermined by its geometry and closely connected with the existence of Killing vectors of the
given space-time. Namely, only an equation of the form of (6.24) guarantees the existence of all
ten integral conservation laws for a closed system of interacting fields. Indeed, since, in a space-
time of constant curvature the Killing equations Dy, 7y, + D = 0 are completely integrable and
their solutions contain the maximal possible number, M= 10, of arbitrary parameters (Eisenhart,
1926), we have ten independent Killing vectors in this case. Multiplying (6.24) successively by
each of these vectors 7, we obtain

1

k k k k

D[ (£7% + 25| = =0 [ (£57% + £3F) V=] = 0. (6.25)
Since the left side of this expression is a scalar, we can integrate it over a three-dimensional
volume (Logunov, 1987) and obtain all ten (the number of independent Killing vectors) integral
conservation laws for a system consisting of matter, inertia, and a gravitational field taken jointly." _

Thus, in general relativity, which possesses the integral conservation laws, expressions for the
integrals of motion of an isolated system can be determined also from the equation of motion
of matter, eq.(6.1). We shall find a necessary condition that the post-Newtonian expansions of
this theory in the proper quasi-inertial RF must satisfy and obtain post-Newtonian expansions
of integrals of the motion required for subsequent computation. For this we should transform
the covariant conservation equation (6.1) to the form of eq.(6.24), after which, multiplying this
relation by the corresponding Killing vectors of a space of constant curvature and integrat-
ing over the volume, we may easily obtain the desired expressions. Since the metric tensor of
Riemann space-time in the absence of matter (pg = p = 0) should have as its limit the pseudo-
Euclidean Minkowski metric, the covariant conservation equation (6.1) should be transformed to
the conservation law (6.24) just in the pseudo-Euclidean space-time. Then in the quasi-Cartesian
coordinates of the barycentric inertial RFg, expression (6.24) will take the form

Vil = g (t7k + £7F) = 0. (6.26)

We expect that the ‘good’ proper RF will resemble the properties of the inertial RFy; then in the
coordinates of this proper RF, the expression, analogous to that of (6.24), should take the form
of the conservation law of the total energy-momentum tensor of the fields of inertia, matter, and

gravity taken jointly: 5
ViT™ () = £ (tr* + £k 4 47F) = 0. (6.27)
A

Knowledge of the metric (6.16) to a post-Newtonian degree of accuracy makes it possible
to determine the components of the energy-momentum tensor in the next approximation. In-
deed, using the definition for 7™, (6.2); the metric (6.16); the expressions for the four-velocity,
egs.(E4) and (F13b); and also the covariant components of the metric tensor, (B5a), we obtain
the following expressions for the components of the density of the energy-momentum tensor in
the post-Newtonian approximation in the coordinates of the proper RF 4:

79(5) = p[1+11 - %Wﬁ +T+0E™], (6.280)
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~ 1 _

T%(yh) = pv® [1 + 10— Su,o + % +U+ O(c"‘)], (6.28b)
[l = P 1 u. P 3 aB

TP(5f) = 5 [1 4+ T - v +5+U]—m +

k
+p Y @y (u%) (6507 + 806% — v°98,)y§ + pO(c™%) + O(Iy4 1Y), (6.28¢)
1>3

where the total conserved mass density of the entire system 7 is given by (6.4).

Furthermore, by using the solutions for the transformation functions (6.11) and (6.13), from
the expressions (F'2) one may obtain the Christoffel symbols of the Riemann metric in the proper
RF4 in the form

ou

Tho() =5z + O, Tl =52 +0C™),  ToR) =0(™)
O [ = ove 1 1, .
Too(vh) = 7"“@ [T-W-7°] + 5T 5 (v5va + 37 YA Gaoy+ (6.29)

vy U 0
+{a%,040r — 65 - a4 au0, + 32924 By [ { ay; > +2(v! 8y§ >A - 6§8_yZ<UB>AHy:}‘+

k
6w, + D [33()@%@}@91) + aAo,\Qﬁ{L}(yg)aa] )
>3

|%’|

k
oD @41y WDO* + Q% 2]y + Ol ) + O(c™),
>3

8T .8V oV,
Y = 6% +2 —
5(v) = 63 a9 ( o B Aa)

k
+3° 00Q% 1 WDy + O(y4[FY) + O(c3),

1>3
oUu U » 0U _
T'.(Wh) = 638_‘“ + 655 — V"™’ 7 + ZQA{L}(yA)Bﬁwy,g +O(ly4l*) + 0(c™).
Ya Oy a A 1>3

Writing (6.1) for m = 0 and substituting (6.28) and (6.29) into it, we obtain

g P+ 1= 3o D) el (141 o D+ ) -

oUu oUu
— 2pv# " 3

——pg?z = pO(c™®). (6.30)

Thus, to bring this relation to the form of (6.27), it is necessary to transform the last two terms
by extracting from them the partial derivatives with respect to time and the three-dimensional
divergence. Such a transformation cannot be carried out in a unique manner. Therefore, using
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equations (6.18) and (6.21), we rewrite the given terms in the most general form reflecting this
ambiguity: . _
ﬁ 8U + v u Y 6U 201

8y A
0 au oU

1-a1 . — u
ayf;( - E)Uao Ua 5 + (a1 + a2)pUvk+

860 (@177 + 35 LU04T )+

2—-a1~a3 , = pu —u

——=3, UV - 0*V7] ), 6.31
+—F 0 ) (6.31)
where a; and as are arbitrary numbers. With consideration of this relation, and collecting like

terms in (6.30), we get

0 0
Wl (80 + 69"+ £52) + W(t?ﬁ +2 4+ £57) = 50(c™), (6.32a)

A
with the following expressions for the (00) and (0a) components of the density of the total
energy-momentum tensor:

37205 ToT +50(ct),  (6.32b)

1 J—
4 =71+ Do+ (-l ¢

1 —
t2% + 0% + 402 =ﬁ'u°‘(1+1'1—§vﬂv"+ (1-a1 —02)U+%)+

011530 argn U
+47raU8yA 4U680+

+&%‘;2—“—23uﬁ[a"7° — 0°V)) +50(c™). (6.32¢)
Writing expression (6.1) for n = « and substituting (6.28) and (6.29) into it, we have

9 aO 2 773 a7 le] o _§ w £
@T B#T +p0°T — pd°W + po°T (Tl Svuv +p U)+
' ave 1

+4p| = 50 20aAm(yAyA + ;’Y“Ayi“u)]*

v 20U 9
+p {aioaAo,\ 65 - aAouaAo + ng ayA [ < 3y§‘ >A + 2<U By >§> 6§-8—y§<UB>A] }yﬁ"'

- - ou —
+4pvH (8“ Ve — BaVu) + 2pv* —5 + 2pv°v* 9 U+

oy
k
+5(65%, %) + 3 [030Q% 113 W2) + a0x Qh (13 2|5 ) -
>3
U & ) : (1)
P L (@41 82)% + QA 2] uh” + 250 Y 00Q5% 1y (1) vy +
1>3 >3
+(pvh* — p) 2 Q% 1y WDNE? = PO(ly4IF+Y) +pO(c0). (6.33)

1>3
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One may note that these expressions are not dependent on the function L A{r}y with [ > 3. This
means that, in the post-Newtonian order, the function Q9 @ with [ > 3 only is responsible for
the existence of the integrals of motion in the RF 4 under consideration.

To reduce this equation to the form of (6.27), we use the identities presented in Appendix H.
Substituting these into (6.33) and collecting the like terms, we obtain
—ao- (00 + 220 +39) + 2 (82 + 258 +457) =
oy g Byﬁ ‘ g M
N

= Pyt ZQA{L} WS +PO(lys ) +50(c), (6.34)
Ya >3

with the following expressions for the (a0) and (af) components of the density of the total
energy-momentum tensor:

1 _
t20 + £20 + 57 ='p‘v°‘(1 + I = Svu0t + 37 + %)—

———8°‘U687U +1 -8,0[8°V” 8“7"]) +70(c79), (6.35)

= = =2 .
47r(t;"ﬁ + t;'ﬁ + t‘,’(f) N [U -W+U + (yﬁyf& - 7“”yAAy;\1)aAO#aAO,, + (yAucSwff,o)+

-5 o oA, + (0222 ] gl (V) ) 2o 3 @y

B#A A A >3

3 ==\
+4 <aaU%‘—;— +0 U%Z: - Waﬁ% + [0V — 8°V1|[8,V” — 0°V, -

~7 047" 9,7V, - a“V”aVVM]) + gyaﬁ(gy—%)z +4n(1 + 20)T*P+

cnlr—»

v 1 v - T7
5 (71 — 8367 — 8567 (vivi + 57" vacds) G40, 8T+

+[638070c = (8362 + 6283 Yo + 7 (Y36 Vo — 27Apvae)]a UaﬂngA{L}@A)ae vt

k
0,707 Y 04, (100 - TOT Y &, (120 -

>3 >3
k L
—p 3" Q% WY +5O(y4IFY) +50(c 7). (6.36)
>3

It can be shown that the expression on the right-hand side of relation (6.34) cannot be repre-
sented as four-dimensional divergence of any combination of generalized gravitational potentials
and characteristics of the ideal fluid. Then for arbitrary functions Q% {L}> the expression (6.33)
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cannot be reduced to the form of (6.27). However, since general relativity possesses all conser-
vation laws, such a reduction is always possible, and it follows that we must require that all the
functions Q% Ly with [ > 3 vanish:

Q% ¥2) =0, W23 (6.37a)

In addition to this, as we have noticed earlier, the functions LA{ £} with (I > 3) do not
enter the eq.m. in (6.33) at all and any choice of these functions will not affect the dynamics of
the system of the extended bodies in the WFSMA. This suggests that these functions may be
considered as the infinitesimal gauge functions and, without losing generality of the description,
we may set these functions to be zero:

Lagy(y) =0, VI>3. (6.37b)

Moreover, in correspondence with the definition in (6.27), in metric theories of gravitation
that possess all conservation laws, expression (6.36) must then contain the components of the
complete energy-momentum tensor of matter and gravitational field in pseudo-Euclidean space-
time. Since below we shall mainly be interested in the components t° of this tensor, comparing
the expressions for it given by (6.32c) and (6.35), we can see that 19> +£5% +13% # 20 +130 +137.
Therefore, although it is possible to obtain the conservation laws of energy and momentum, it
is not yet sufficient for obtaining the remaining conservation laws for which it is required that
the components of the complete energy-momentum tensor of the system be symmetric. For
our purposes, in order to ensure the symmetry of the complete energy-momentum tensor of the

system, we should set ,
a; = =2, az = 0. (6.38)

Thus, a necessary (but not sufficient) condition for the existence of all conservation laws in any
metric theory of gravitation is that relations (6.37) and (6.38) should hold.

With consideration of these equalities, the component t%° of (6.32a) of the complete energy-
momentum tensor will have the form

1 = T
0410+ 60 =p(1+ T - 5tut” +30 )+ 50U +70(c™"). (6.39)

This expression can be used to describe the energy distribution of the system in space, while the
component t®0 of (6.35) can be used to describe the density of momentum. Integrating expression
(6.39) for the energy-momentum tensor over the body (A)’s volume space and using the trivial
relation

/ &y,8,00°T = —4r / 4,50 + }( ds: Ta,T, (6.40)
A A A

we obtain the following expression for the energy P° of the system of matter, inertia, and
gravitational field defined in the vicinity of the body (A) as usual:

PP=my= /A %yl (190 + 10+ £39). (6.41a)

This corresponds to the following result for the total mass of the fields in this RF 4:
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mA—/d3yAp1+H———v#v“——U d 2 UoLU =

. 1 1 7 _
- /A dyapa(l+T0= Jo,0* = 5Ua) + = jﬂ ds” 8MU2 + ma0(cd). (6.415)

The obtained result may be presented in terms of the unperturbed mass m 4(g) of the body (A)
as follows:

7 =2 _
m4 = My(0) + mﬁd‘s‘ﬁ B,LU + TTLAO(C 3), (642)

where the second term represents the contribution of the coupling of the proper gravitational field
of the body under study to the external gravity. This term is zero in the case of an isolated body,
because one may move the boundary of integration to infinite distance. Taking into account that
the integrand behaves as r~3, one makes the conclusion that this integral is zero. One loses
this useful option in the case of the N-body system, and, due to this reason, we must take into
account such ‘surface’ effects in order to correctly describe the perturbed motion of the bodies -
in the system. Co

The momentum P§ of the system of fields in the coordinates of this RF, is determined in an
entirely analogous way: by integrating component ¢*9 of (6.35) of the complete energy-momentum' o
tensor over the compact volume of the body (A), :

Pg= / a3y (£2° + 150 + 159). (6.43a)
Then for momentum P§ we obtain the following expression:
1 7., P
a 3,0 |=,,& — 42 i D
P3 _/Ad va[poo (1+ T = So,0% + 37 + p)

o U 1 e _ -5
——a U%-ﬁu ~3,U(6°V" - &*V™)] +50(c™®). (6.43b)

Finally, the requirement of (3.29) may be fulfilled by integrating equation (6.34) over the
volume of the body (A) and choosing the function 6w 4, such that the corresponding momentum
P% in the RF4 will vanish for all times. However, as we will see later, this requirement is
not easy to satisfy. The problem one is faced with is that the system of the fields and matter
overlapping the body (A) is not a closed system. This system is a part of a bigger ensemble
of celestial bodies that was initially taken to be a closed N-body system. The definitions for
the energy and momentum of the system may not be given in the local form; instead these
quantities are non-zero in all regions of the system. As a result of such a non-locality, one loses
the possibility of eliminating the integrals from the three-divergences. Thus, in the analysis of the
conservational laws in the gravitational one-body problem, one can integrate such divergences
by using the Stokes theorem and moving the surface of integration at the infinite distance (Fock,
1959; Denisov & Turyshev, 1989; Will, 1993). In the case of coordinates originated with the
quasi-inertial proper RF, such an integration is meaningless. Instead, one may integrate the
corresponding quantities on the surface of the body under consideration. As a result, one may
see from expressions (6.32) that the mass in the proper RF is not a constant anymore. Thus, by
integrating expression (6.32a) over the body (A)’s compact volume, we obtain

?4 ds? 3aﬁU(;9 7 +43,U(8V5—85V")] + maO(c™), (6.44)

dmg
dy "
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The integral on the right-hand side of the expression above vanishes in the case of an isolated
distribution of matter, but for the N-body problem in the quasi-inertial RF it depends on the
magnitude of the fields on the surface of the body under study. Analysis of the conservation
laws is the only way to correctly define the important physical quantities, such as the mass,
momentum, and angular momentum of the field in the local region of the body. One expects
that, in the immediate vicinity of the origin of the coordinate system in the ‘good’ proper RF, the
form of these laws should resemble that which was developed by Fock (1955) and Chandrasekhar
(1965) for the inertial frames. Therefore, we will use the technique that was developed for the
barycentric approach by modifying it for the case under consideration.

Here we must mention the following circumstance. It follows from eq.(6.35) and eq.(6.43)
that, in the post-Newtonian approximation, the density of the total momentum of the system,
in contrast to the barycentric RFg, can be written in the coordinates of the proper RF only in
the non-local form of (6.35) when the components ¢*° are non-zero, generally speaking, in the
entire space. Unfortunately, this expression cannot be written in the local form that would be
nonzero only in the region occupied by the body (A) because of the presence of external sources
of gravity. Comparing (6.32a) and (6.40), we can draw an analogous conclusion regarding the
energy density of the system. Since the total momentum and total energy of the system in the
post-Newtonian approximation do not depend on the form in which one chooses to write them,
the momentum and energy of the gravitational field, which are non-local by their nature, can
be effectively considered in this approximation by adding local terms to the energy density of
matter. The latter circumstance is especially convenient in computing the motion of complex
systems, since it lets us distinguish in explicit form the total momentum and energy of each of
the bodies of the system.

Therefore, we shall henceforth use the following expression for the density of the total mo-
mentum of matter, inertia, and the gravitational field in the volume occupied by the body:

1 —
=‘,5v°‘(1+1’1-— §vuv“+3U+§)—

~—aaU§7U + 13 O (657" - 0V*)| +50(c™), | (6.45)

and for the total energy density, we shall use the expression

1 1 7 S
% =p(1+1- SO — §U) + 50 [04T] +70(c™). (6.46)

The relationships obtained will be used in order to define the eq.m. of the extended bodies’
forms with respect to the coordinates of the proper RF4. Note that by integrating expressions
(6.45) and (6.46) over the compact volumes of the bodies in the system, one may obtain the
mass and the momentum of these bodies measured with respect to the proper RF 4. Such relative
quantities may be very important in the analysis of the relativistic gravitational experiments in
the solar system that we will discuss in the next section. In order to complete the formulation
of the coordinate transformations to the ‘good’ proper RF 4, we should present the function that
was not yet determined, namely the function 6w .
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6.3 The Solution for the Function éwg_ .

To obtain the equation of motion of extended bodies in the gravitational field, we must first
bring the covariant conservation equation (6.33) to the form

%@mwﬂmx (6.47)

where 20 is defined by (6.45), and F* represents the entire remaining part of (6.33) and can
be considered the force density acting on matter. This is exactly the force we have mentioned
in Section 3 while discussing expressions (3.27). After performing identity transformations using
egs.(6.3) and (6.6), we obtain from eq.(6.33):

Foh) = —p0°T + W — paaU(H - gvuv“ + 3;0 + U)

o*U

1 6[ —BU]
47 8y, I

_ 1 1,
+P(yf3yf}1 + EVQAyAuyi) 5%40x T

e )0 )

B#A 39,(4’\
190 (pp aV" 7V sy 5V L gl
T Gy AT v oy ¢
aBaluiVlg 77 1 af AU \2 T7\ o =c-a (.0 — -6
— PV, T, + 5 (5&) + (14 20) T | — 560S, (v3) + BO(cE). (6.48)

The eq.m. of each body can be obtained if (6.44) is integrated over the volume occupied by this
body. In order to find the function dwj , we should start with finding the eq.m. of the body (A)
relative to its own RF. Integrating (6.48) over the V4, we obtain

dPg

A = Fael) (6.49)
where P§ is given by expression (6.43b) and
FR%) = [ PUaF s v"). (6.50)

In order to define the function dwa,(y%), we will require that the momentum of the body (A)
in its proper RF will vanish. This requirement may be fulfilled if the equation for &4, (y%) is
chosen in the following form:

610 (y%) = —(8°T (1 - g”“vu T %E O))at

1, R 1 2
+5iiag, /A d yii’pA(yi‘fyA‘ 2'7"“y’Akyh)—

— fi ds? (a 0 +o,0 o s U + 0 70,75
1 a1 o002 -
—5(5%8[“‘/ ]8[“V,,] + §5ﬁ (@) ) +O(C 6). (651)
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As a result, one may obtain the differential equation for the total post-Newtonian acceleration
W%, from (6.13), which is necessary to apply in order to hold the extended body in the state of
equilibrium in its proper RF. Thus, with the help of expressions (6.15) and (6.51), we obtain the
following equation:

) = 32 (G g (Vo) =45 ().

B#A

+aAoﬂ/3t aAo”A +2 Z [<3[QV5]>A+<Q’[B8Q]UB>A])_

B#4A

_;vonAOﬂaAo + a’Ao i <UB> < (H - g—v#vﬂ + 3;) + U)>A+

. 1
+2 S0, / d*yp (yi‘f‘y,i‘ zva“yhkyi?)—

1 8 a—BVﬁ 67"‘ 6 =Fa)
e }{1 ds? (a U5+ 05 5 8,V g—
1 R LAY -
—563007 ]a[“vyl+§ag(5£) >+(’)(c 6). (6.52)

For practical purposes, one may find the value of the surface integrals in expression (6.52) by
performing the iteration procedure. Thus, it is easy to show that the lowest multipole moments
of the bodies will not contribute to this surface integration. However, the general results will
fully depend on the non-linear interaction of the intrinsic multipole moments with the external
gravity in the local region at the vicinity of the body under consideration. This additional
iterative option will make all the results obtained with the proposed formalism easy to use in
the practical applications.

As one may see, we have reconstructed the post-Newtonian non-linear group of motion for
the WFSMA. Thus, the straight transformation is given by egs.(6.11)—(6.13). Substitution of the
results obtained for the transformation functions in relations (3.18) will give the inverse transfor-
mation. Finally, the common element of this group may be obtained by making use of relations
(3.19)-(3.20). These results generalize and specify those obtained by Chandrasekhar & Contop-
ulos (1967) and given by (1.12). In this previous work, the post-Galilean transformations that
preserve the invariancy of the metric tensor were obtained. In contrast to these, our transforma-
tions, eqs.(6.11)—(6.13), in general, transform the coordinates in different non-inertial RFs and
were specifically defined for a system of self-gravitating extended and arbitrarily shaped bodies.
Comparison with the Poincaré group of motion, (1.7), expanded similarly in inverse powers of c
shows the following:

(). The spatial part of the transformations up to the terms O(c™2) includes the Lorentzian
terms and allows, in addition, infinitesimal rotations, uniform motion, the shift of the
origin, and the terms due to the gravitational coupling of the internal multipoles of the
extended bodies with the external gravitation.
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(ii). The temporal part of the transformation includes the Lorentzian terms up to O(c™*) plus
additional terms of a purely gravitational nature, as well as the terms due to precession of
the spatial axes. It is the presence of these gravitational terms in both spatial and tem-
poral components of the transformation that gives the transformation its non-Lorentzian
character.

As one can see, the obtained coordinate transformations are in general the non-local ones.
As such, they represent an important and powerful way to study the nature of the multipolar
structure of a system of extended bodies and their gravitational interaction in the WFSMA of
the general theory of relativity. In the next section, we will discuss the generalization of the: .
obtained results to the case of the scalar-tensor theories of gravity.

98




7 Parameterized Proper RF.

In this section, we will further generalize the results obtained for the coordinate transformations
and the metric tensor in the proper RF, which were obtained in the previous section. In order
to generalize the results obtained, we have applied the presented formalism to the scalar-tensor
theories of gravity. It should be noted that considerable interest has recently been shown in the
physical processes occurring in the strong gravitational field regime. However, many modern
theoretical models that include general relativity as a standard gravity theory are faced with
the problem of the unavoidable appearance of space-time singularities. It is well known that the
classical description, provided by general relativity, breaks down in a domain where the curvature
is large, and, hence, a proper understanding of such regions requires new physics (Horowitz &
Myers, 1995). The tensor-scalar theories of gravity, in which the usual general relativity ten-
sor field coexists together with one or several long-range scalar fields, are believed to be the
most interesting extension of the theoretical foundation of modern gravitational theory. The
superstring, many-dimensjonal Kaluza-Klein and inflationary cosmology theories have revived
interest in so-called ‘dilaton fields,’ i.e., neutral scalar fields whose background values determine
the strength of the coupling constants in the effective four-dimensional theory. However, al-
though the scalar field naturally arises in theory, its existence leads to a violation of the strong
equivalence principle and modification of large-scale gravitational phenomena (Damour et al.,
1990; Damour & Taylor, 1992; Damour & Esposito-Farese, 1992; Damour & Nordtvedt, 1993;
Berkin & Hellings, 1994; Turyshev, 1996). Moreover, the presence of the scalar field affects the
equations of motion of the other matter fields as well (Turyshev, 1996), which makes it inter-
esting to study the opportunities for advanced dynamical tests of these theories in the WFSMA
before they will be applied to the strong-field-regime research. Therefore, the motivation for the
present work was to perform a similar full-scale analysis of the WFSMA for some tensor-scalar
theories of gravity in order to generalize the results obtained previously.

7.1 Parameterized Coordinate Transformations.

In this subsection, we will present the results of the relativistic study of the Brans-Dicke theory
of gravity (Will, 1993). However, due to the length of the expressions and also in order to avoid
unreasonable complication of the discussion in this section, we will not present here the details
of these calculations. Instead, we have introduced the two Eddington parameters (v, 8) in order
to present the obtained relations in a more compact form valid for a number of modern metric
theories of gravity. This gives us a chance to present the final results only. One may repeat the
necessary calculations using the technique of the general post-Newtonian power expansions in
the WFSMA developed in the appendices.

By taking into account the properties of scalar-tensor theories of gravity, and by applying the
rules for constructing the proper RF presented in Section 2, one may obtain the set of differential
equations on the transformation functions K4, @%, and L4. As a result, the relativistic coordi-
nate transformation between coordinates (z?) of RFg to those (y%) of the proper quasi-inertial
RF 4 of an arbitrary body (A) may be given as follows:

20 = y) + 2K a(y%, vh) + ¢ LA, va) + O, (7.1a)

2% = y3 +y5, (¥%) + 295 (3%, vq) + O(c™?). (7.1b)

One may obtain the necessary corrections of the third order with respect to spatial separation
for functions (7.2) in a manner analogous to that used for the derivations in Section 5. Then the
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parameterized coordinate transformation functions K4, Q%, and £4 may be given as follows:

¥5 1
Ka%,va) = /31" <UB> 'é’UAo,,’UZO) — V4, Y4 + O Ny, (7.2a)
' B#A

ARAEESDY (yAyA <33UB> yAgyA<3°‘UB> +yA<UB> )
B#£A

1
— 50 Yhouan + uS () +
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B#A

+67 > vAvavA- (77 77;4V<6ﬂ/\UB> ~ 265 ﬁuUB>O> +O(lyal) + O(c™ )y, (7:2b)
B#A

1 7]
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+unyvsos U (Sl + (e 1) X [(6MVE) + (o005 ])+
B#A

+yap (v DV, Y (Us), —20v+1) Y (VE), - 05, 000)] -
BZA B#A

[H]T (W), 455 (Us), ~ Soaugt) + vaeyitin)]+
B;éA »

B#A

+6 Z yAyAyfl (7"7;w<aogUB> —2(v+1) <3,2WVB;3>0—
B#A

~7 Va0 [0 (832U ) | — 265 <82VUB>O]) +O(lyal*) + O(c™). (7:20)

Note that, in order to distinguish between the PPN parameter v and the Minkowski tensor Ymn,
we are using new notation for this tensor, namely: 7mn = Ymn = diag(l, -1, =1, —1). The time-
dependent functions Q% ¢zy @nd Laqry in expressions (7.2) are the contributions coming from
the higher multipoles (I > 3) (both mass and current induced) of the external gravitational field
generated by the bodies (B#A) in the system. These functions enable one to take into account
the geometric features of the proper RF4 with respect to three-dimensional spatial rotation.
The form of these functions may be chosen arbitrarily. This freedom enables one to choose any
coordinate dependence for the terms with [ > 3 in order to describe the motion of the highest
monopoles. Moreover, one may show that, even though the total solution to the metric tensor
gmn(2P) in the barycentric inertial RFg resembles the form of the one-body solution, egs.(2.5), if
one expresses this solution through the proper multipole moments of the bodies, it will contain
the contributions coming from the functions Q% { L}(yg) and Ly L}(yg). As a result, the metric
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tensor in the proper RF 4 fully represents the tidal nature of the external gravity in the coordinates
of this frame.

The quasi-Newtonian acceleration of the body (A) with respect to the barycentric RFy may
be described as follows:

a%,(ya) = =1 Z< 7 ), + 0. (7.3a)

B#A A

With the accuracy necessary for future analysis, we present the equation for the time-dependent
function w4 0(_7;?4) with respect to the time y as follows:

o o) OW. o« O 0 /.o
QAo(y?q) = BE#:A (77 “< Byfle >0 + UA°@<UB>O -2(v+1) @<VB >0)_

1
_2’UAO'UAoﬁaAO+7aA0 Z <UB> +
B#A

+0«Aoﬁ/ ‘?t aAo“Ao +{(v+1) L;l [<3[an]>A + <v[ﬁaa]U3>A])+

1. . 1 _
+z840, /Ad3yf4p,;(yfy,’{ + 5’7'1“?/14)93\) +0(c7%). (7.3b)

Expressions (7.3) are the two parts of the force necessary to keep the body (A) in its orbit (world
tube) in the N-body system. These expressions are written in the proper time and, if one performs
the coordinate transformation from coordinates (%) to those of (zP) for all the functions and
potentials entering both equations, (7.3), and takes into account the lowest intrinsic multipole
moments of the bodies only, one will obtain the simplified equations of motion for the extended
bodies, (2.14)-(2.20), written in coordinates (zP) of the barycentric inertial RFy.

Finally, the metric tensor, corresponding to the coordinate transformations (7.1)—(7.3), will
take the form of the Fermi-normal-like proper RF 4 chosen to study the physical processes in the
vicinity of the body (A):

Go(Wh) =1 —2U(vh) + 2Wa(yh)+

(5, [(0awad, oy (283, - 0 i), + (o), )]

B#A

+Y My @030 — (27— 1) aAouaAOU) -y + O(lyal®) + 0(c™®), (7.4a)

gOa(yI:& = 2(7+ 1)7ae [VA(yi) + Z yA< 6auUB> ] § <’7 (naudAo./ - nuudA0a)+
B#A

1) 3 [nex(GV3), - 'f)u,\<3ﬁaVé\>O]) g4 + O(y4) + 0(c), (7.45)

B#A
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9%(Wh) = nep (1 +27UaGE)) + %’7 > [mas(hUe), + mu(926UB), -
B#A

—n5u(82,UB ), — naw (83,UB) | - viv + OUlal) + O(c™), (7-40)

where the total Newtonian potential U in the vicinity of the body (A) is given by expression
(6.17). Both functions W4 and Wp are parameterized by the two Eddington parameters v and
B as follows: :

2
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The functions W4 and Wp fully represent the non-linearity of the total post-Newtonian gravita-
tional field in the Fermi-normal-like coordinates of the proper RF. As a result, we have obtained
the metric tensor in the Fermi-normal-like coordinates and the coordinate transformations lead-
ing to this form. These transformations are defined up to the third order with respect to the
spatial coordinates. Let us note that, as a partial result of the analysis presented in the pre-
vious section, we have shown that the Fermi-normal-like coordinates do not provide one with
the conservation laws of the joint density of the energy-momentum of matter, inertia, and the
gravitational field in the immediate vicinity of the body under consideration. However, taking
into account the expected accuracy of the radio-tracking data from the future Mercury Orbiter
mission, we can neglect the influence of the corresponding effects and, therefore, use the Fermi-
normal-like coordinates for our theoretical studies. As a result, we will analyze the motion of
the spacecraft in orbit around Mercury from the position of parameterized relativistic gravity.
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7.2 Equations of the Spacecraft Motion.

We will now obtain the equations of the spacecraft motion in a Hermean-centric RF. To do
this, we consider a Riemann space-time whose metric coincides with the metric of N moving
extended bodies. We shall study the motion of a point body in the neighborhood of the body
(A). The expression for the acceleration of the point body az"o) can be obtained in two ways—
either by using the equations of geodesics of Riemann space-time du™/ds + I'n u™ vk = 0or
by computing the acceleration of the center of mass of the extended body and then letting all
quantities characterizing its internal structure and proper gravitational field tend to zero. In
either case, one obtains the same result (Denisov & Turyshev, 1990).

In order to obtain the Hermean-centric equations of the satellite motion, we will write out
the equations of geodesics to the required degree of accuracy. For n = o, we have
du® 0 opa 0 B . e, u B -6
—E-i- & u%u® + 2I'¢ guu” + Ijgutu” = O(c™). (7.6)
We consider the metric tensor of Riemann space-time to be given by expressions (7.4) in this
case. It is then possible to find the connection components of Riemann space-time needed for

subsequent computations:
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(D [(aVE) ), (0 s) ] 188 ( 52 ])-yi+(9(lyil2)+0(c‘6), (7.7a)
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+r+1) Y [(88,8)), - (+°0aUs) ] - w4 + O(al®) + O(c), (7.75)
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+2 27 2 [16u(0%0uUB ) + muu(8°85Us ) + 65(0B,Us), + 8§(8,Us )~
B#£A

—~2m5,(0°8,Us) — 265(93,Us) | - ¥4 + Olwal®) + O(c™). (7.7¢)

To reduce the equation of geodesic motion, (7.6), we shall use both the expressions above and
the definition for the four-vector of velocity in the form
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dy% -1/2

n A A

= i 2 H + 123 .

U dy% (goo + 2g0uv Guvtv )

Then by taking into account that d/ds = u%d/dy (with the components of the three-dimensional

velocity vector of the point body denoted as UE’(‘)) = dy%/dy}) and by using the Newtonian
equation of motion of a point body as

dv(y oUu -
af) = dy(A) g + Ol ),

we may make the following simpliﬁcation:

dlnu® ou ou
V) o s (0)(3 0 +2v(o)3 7+ 0(c” ))-

Substituting this relation into the equations of motion, (7.6), we find the acceleration afo) of the
point body:

afyy = —n* g%(1—27UA)+a“WA+ > <8“8 WB> YA~
B#A
8U
~(2y+ oy g‘ _ (v + D, [04V5 + 3 (v [”3Q]UB> J+
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+79(0),Y{0) [3 Usa+3 Z (6°0,Us), - va] -

B;eA
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— oyl [207 + DO A + 301 +3) BYL; (8:x8,Us)_ - vi]+

+yi <76ga’AO/\a’:\40 - (27 - 1)"’%00‘/10;; + 27’06\0) [n/\#d’?“lo - 62‘&'/40,\]-'-

+Z( 7 [ <‘ZU§> - (r+ D ({8, V), + (00°Us), +3(x*8,U5) )]+

B#A

L2
+2(y + L)vjy (019 AZH) 'yv(o o) sl 8% sUB), + O(|94]?) + O(c™®). (7.8)
( ]

By expanding all the potentials in (7.8) in power series of 1/ypa, and retaining terms with
~ y*/|lyBAo| only to the required accuracy, we then obtain

oU Y _
afy) = _"aﬂ“—ayu + 64afy) + baBafy + 6pafy + 6BCafy) + O(ly4l?) + 0(c™®), (7.9)
A

where the post-Newtonian acceleration 6 Aa‘("o) due to the gravitational field of the body (A) only
may be given as
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6aafy) =2(y+ B)Ua0Ua— (v + )0"‘<I>1A + (26 - —)8“<I>2A+
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Ya—
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/ Py padUa Yl ly;‘)_(y/},,l Ya) 4 o@c"). (7.10)

This term is known and reasonably well understood (Denisov & Turyshev, 1990). The term
6B aE"O) is the acceleration due to the interaction of the gravitational field of the extended body
(A) with the external gravitation in the N-body system:

mamg n® mamp N4
daBafyy = <4,3—3'7— —+2(ﬂ—1) ——2(65 + n%n, )+
(© B‘Z:A ( D m 7 Y Yha, (0 g
m

+ A ZATBp,, ((2B + = 7)17“%’\ + (8- —)n"‘nen’\) (v+ 1) 7 'Pe,\SA v(0)+

yBAo BAO

mam )
+2ATE (2B + 7= 1)65 +2(38+ 7 — )NG4, Npao, s+
YBA,
m Y _
+3747 BlyﬁlrfnA (262 NBagx + N ao(mer + 5NBa0NE aq A))) +O(ly4l?) +0(c™8), (7.11)

BAQ

where SS° is the reduced spin moment of the body (A) and Pey = nex +3NB4a, VB4, ), is the po-
larizing operator. Note that the combination of the post-Newtonian parameters in the first term
of expression (7.11) differs from that for the well-known Nordtvedt effect (Nordtvedt, 1968b,c;
Will, 1993). This may provide an independent test for the parameters involved. The reason that
our third term in this expression differs from the analogous term derived in Ashby & Bertotti
(1986) is that, in order to obtain this result, (7.9)-(7.11), we used the consistent definitions for
the conserved mass density in the proper RF 4. Moreover, in constructing the Fermi normal coor-
dinates previous authors used incomplete expressions for the spatial coordinate transformations,
which differ from eq.(7.2) (specifically in the third order of the spatial coordinates). Note that
if we decide to use our definitions, the result cited above will take the form of (7.11). The next
term, 6 Ba‘("o), is the post-Newtonian acceleration caused by the other bodies in the system on the
orbit of the body (A) (the effect of the post-Newtonian tidal forces):

3 m 1 1
bpafy = 2 yA( = (5(147 — 48~ T)8% + 3NG4, Npao, 5(427 — 168 — 17)) +
B#A 2YBa,

m 1 3
7P (14 5)vBAnxvBA, + 5 (UBA0ANBA,)" + (48 = 7 = 3]+
BAg
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Finally, the last term in expression (7.9), 8 Bca‘(’f)), is the contribution to the equation of motion’_Qf
the non-linear gravitational interaction of the external bodies with each other, given as follows:

mpme
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O(lyal®) + 0(c™®). (7.13)

Thus, the equations presented in this subsection are represent the motion of a test body in
the Fermi-normal-like coordinates chosen in the proper RF of a body (A). Together with the

coordinate transformations, (7.1)—(7.3), this is the general solution of the gravitational N body
problem.

We present here the restricted version of the equations, which is consistent with the expected
accuracy for ESA’s Mercury Orbiter mission. This limited accuracy permits us to completely
neglect contributions proportional to the spatial coordinates y4. The planeto-centric equations
of satellite motion around Mercury can be represented by a series of 1/|ypa,| as follows:

o) =—17"“(?92A [ZZf <8UB> |) +8acfy+

N
+3 ((4ﬁ 3y — 1)m"‘m3 Z +2(8— 1)mAymB yBA" (6% +n®n,)+

B BAo
+";’;:LB Par[(28+ 3 7)77"%* +(8- )n" ) A]) +O(ly4l) + 0(c™®), (7.14)
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where index (A) denotes the planet Mercury, and the post-Newtonian acceleration § Aa?‘o) is due
to the gravitational field of Mercury only.

Thus, the formalism presented in this section could significantly simplify the general analysis
of the tracking data for the Mercury Orbiter mission. We have presented the Hermean-centric
equations of satellite motion, the barycentric equations of the planet’s motion in the solar system
barycentric RF, and the coordinate transformations that link these equations together. In par-
ticular, our analysis has shown that in a proper Hermean-centric RF the corresponding equations
of the satellite motion depend on Mercury’s gravitational field only. This set of equations is well
known and widely in use for studying the dynamics of test bodies in the isolated gravitational one-
body problem. The existence of the external gravitational field manifests itself in the form of the
tidal forces only and also determines the dynamic properties of the constructed Hermean-centric
proper RF. Note that within the accuracy expected for the future Mercury Orbiter mission, one
may completely neglect the post-Newtonian tidal terms. However, while constructing this RF,
we went further than the expected accuracy of the future experiments. Indeed, the last term
in equation (7.14) is due to the coordinate transformation to the Fermi-normal-like RF, which
may be chosen in the planet’s vicinity. One may neglect this term for the solar system motion;
however, if one applies the presented formalism to the problems of motion with a more intensive
gravitational environment, one will find that this term may play a significant role. The appli-
cation of the results obtained here to the problems of motion of the double pulsars is currently
under study and will be reported elsewhere.

It should be noted at once that the coefficients in front of the two terms in the second line
of the expression in eq.(7.14) prove the correctness of the decomposition of the local fields in the
proper RF 4, which we performed at the end of section 4. Indeed, if even one of these terms had
had a non-zero value, this would have meant that the metric tensor of the local problem would
not depend on the external gravity through the relativiigi}c tidal-like potential, which is of the

second order with respect to the spatial coordinate ~ y, ', but instead this dependence would
be at least of the order ~ yﬁl}. As a result, this new dependence may lead to a violation of
the Strong Equivalence Principle (SEP). There are certainly no worries for the general theory
of relativity for which the PPN parameters have the values v = = 1. However, the theories
having a different means of v and # may predict new effects in motion of the satellites due to
the corresponding SEP violation. At this point, we have all the necessary equations in order to

discuss this and other gravitational experiments with the future Mercury Orbiter mission.

7.3 Gravitational Experiment for Post-2000 Missions.

Mercury is the closest to the Sun of all the planets of the terrestrial group, and because of its
unique location and orbital parameters, it is well suited to relativistic gravitational experiments.
The short period of its solar orbit allows experiments over several orbital revolutions, and its
high eccentricity and inclination allow various effects to be well separated. In this section, we will
discuss possible gravitational experiments for the Mercury Orbiter mission. Analysis performed
in this section is directed toward the future mission, so we will show which relativistic effects
may be measured and how accurately.

It is generally considered that the processing of data from orbiters is more complicated than
that from landers. This is because of the need to convert from the measured Earth-spacecraft
distance to the desired Earth—planet distance. This involves determining the orbit of the space-
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craft about the planetary center of mass, which requires solving from the tracking data for a
number of spatial harmonics of the gravitational field and for radiation pressure and other such
effects. The other non-gravitational perturbations, such as firing attitude control jets, which
have unbalanced forces, are also frequently present, which further complicates the analysis. The
orbit determination of the Mariner 9, for example, was substantially affected not only by these
factors, but also by the fact that the spacecraft was placed on the 12 hr period orbit with low
periapsis. Thus, in order to precisely describe the motion of the Mercury Orbiter relative to
Earth, one should solve two problems, namely: (i) the problem of the satellite motion about
Mercury’s center of inertia in the Hermean-centric frame, and (ii) the relative motion of both
planets—Earth and Mercury—in the solar system barycentric RFg. Our analysis is intended to". .:
provide a complete solution of these two problems. :

In order to study the relativistic effects in the motion of the Mercury Orbiter satellite, we
separate these effects into the three following groups:

(i). The effects due to Mercury’s motion with respect to the solar system barycentric RFg.
(ii). Effects on the satellite’s motion with respect to the Hermean-centric RF.

(iii). Effects due to the dragging of the inertial frames.

R

The effects of the first group are standard and, with the accuracy anticipated for the future
Mercury Orbiter mission, most of them may be obtained directly from the Lagrangian function
(2.9) or from the equations of motion, (2.14)-(2.20). The effects of the second group can be
discussed based on equations (7.14). And finally, the effects of the last group can be discussed
based on the coordinate transformation rules given by the egs.(7.2). In the last case, however,
we employ a simplified version of these transformations, due to the limited expected accuracy
(~ 1 m) of the Mercury ranging data. Thus, in the future discussion, we will use the following
expression for the temporal components:

_ 991 mp Npa;\NBa
St =ik + (7T 22 ry) et oty
B#A YBA YBaq
1 PR p -4
_§quuvA°]dt —Vag, ¥ | +0(c), (7.15)

where Ig represents the STF intrinsic quadrupole moments of the bodies. Note that the terms
contained in the function £4 ~ O(c™*) will contribute to the post-Newtonian redshift. However,
it will not be possible to perform the redshift experiment with the accuracy anticipated for
the mission, and therefore this term was omitted. The corresponding expression for the spatial
components of the coordinate transformation is given by

_ v 1
(Y% ) = ¥5,2) + v + ¢ ('!/Au[ / Q% (¢ )dt - SRV, — 1™ P
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1 -
2 [03vauVh gy — 548N 0] + wfi(y%)) +O(lwal) +0O(c®),  (7.16a)
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with the precession angular velocity tensor Qzﬂ given as follows:

1. mp
P0R) = 3 [+ 5) o7 Noagrlly = O+ D N+
BAA VB4, Ybao

+(y+ 1) E-plr(si + 55, (7.16b)

BAo

where Sg” is the STF intrinsic spin moment of the bodies.

We mention that, by means of a topographic Legendre expansion complete through the sec-
ond degree and order, the systematic error in Mercury radar ranging has been reduced sig-
nificantly (Anderson et al., 1995). However, a Mercury Orbiter is required before significant
improvements in relativity tests become possible. Currently, the precession rate of Mercury’s -
perihelion, in excess of the 530 arcsec per century (”/cy) from planetary perturbations, is
43.13 " /cy with a realistic standard error of 0.14 ”/cy (Anderson et al., 1991). After taking
into account a small excess precession from solar oblateness, Anderson et al. find that this result
is consistent with general relativity. Pitjeva (1993) has obtained a similar result but with a
smaller estimated error of 0.052 ”/cy. Similarly, attempts to detect a time variation in the gravi-
tational constant G using Mercury’s orbital motion have been unsuccessful, again consistent with
general relativity. The current result (Pitjeva, 1993) is G/G = (4.7 £ 4.7) x 10712 yr~!

7.3.1 Mercury’s Perihelion Advance.

Based on Mercury’s barycentric equations of motion, one may study the phenomenon of Mer-
cury’s perihelion advance. The secular trend in Mercury’s perihelion'* depends on the linear
combination of the PPN parameters v and 3 and the solar quadrupole coefficient Joo (Nobili &
Will, 1986; Heimberger et al., 1990; Will, 1993):

. HoNlM 3 R@ 2 JZOnM 2. "
= 2 —_ —_— -1 - T 9 o - . 7
7= (242y ﬂ)a =R + 4(a ) i-a )2(3cos iMm—1), "Jcy (7.17a)

where aps, nar, i, and epr are the mean distance, mean motion, inclination, and eccentricity of
Mercury’s orbit. The parameters ug and Rg are the solar gravitational constant and radius,
respectively. For Mercury’s orbital parameters, one obtains

1
7 = 42"98 | 5(2+27—8) +0.296 - Joo x 104, “fey (7.17b)

Thus, the accuracy of the relativity tests on the Mercury Orbiter mission will depend on our
knowledge of the solar gravity field. The major source of uncertainty in these measurements is
the solar quadrupole moment J. As evidenced by the oblateness of the photosphere (Brown et
al., 1989) and perturbations in frequencies of solar oscillations, the internal structure of the Sun
is slightly aspherical. The amount of this asphericity is uncertain. It has been suggested that
it could be significantly larger than calculated for a simply rotating star and that the internal
rotation rate varies with the solar cycle (Goode & Dziembowski, 1991). Solar oscillation data
suggest that most of the Sun rotates slightly slower than the surface with the possible exception
of a more rapidly rotating core (Duvall & Harvey, 1984). An independent measurement of Jq

41t should be noted that the Mercury Orbiter itself, being placed in orbit around Mercury, will experience the
phenomenon of periapse advance as well. However, we expect that uncertainties in Mercury’s gravity field will
mask the relativistic precession, at least at the level of interest for ruling out alternative gravitational theories.
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performed with the Mercury Orbiter would provide a valuable direct confirmation of the indirect
helioseismology value (2 & 0.2) x 10~7. Furthermore, there are suggestions of a rapidly rotating
core, but helioseismology determinations are limited by uncertainties at depths below 0.4 solar
radius (Libbrecht & Woodard, 1991).

The Mercury Orbiter will help us understand this asphericity and independently will enable
us to gain some important data on the properties of the solar interior and the features of its
rotational motion. Preliminary analysis of a Mercury Orbiter mission suggests that Jop would be
measurable to at best ~ 1072 (Ashby et al., 1995) or about 1% of the expected Joe value. This
should be compared with the present 10% solar oscillation determination (Brown et al., 1989).

7.3.2 The Redshift Experiment.

Another important experiment that could be performed on a Mercury Orbiter mission is a test
of the solar gravitational redshift. This would require that a stable frequency standard be flown
on the spacecraft. The experiment would provide a fundamental test of the theory of general

relativity and the Equivalence Principle upon which it and other metric theories of gravity are A

based (Will, 1993). Because in general relativity the gravitational redshift of an oscillator or
clock depends upon its proximity to a massive body (or more precisely the size of the Newtonian.

potential at its location), a frequency standard at the location of Mercury would experience.:” ™

a large, measurable redshift due to the Sun. With the result for the function K4 given by
egs. (7.2a) and (7.15) in hand, one can obtain the corresponding Newtonian proper frequency
variation between the barycentric standard of time and that of the satellite (the terms with
magnitude up to 10712), given as
dz° 1 ﬁ@.+_‘i¥_+_1_(gM+g(o))2_&(EM§O)+@(C—4) (7.18a)
dyfo) Ry yo 2¢ R3O ’
where (y?o), #(0)) are the four coordinates of the spacecraft in the Hermean-centric RF and %(g)
is the spacecraft orbital velocity. One can see that the eccentricity of Mercury’s orbit would be
highly effective in varying the solar potential at the clock, thereby producing a distinguishing
signature in the redshift. The anticipated frequency variation between perihelion and aphelion
is to the first order in eccentricity:

(ﬁ)w _ 2oty (7.18b)

fo am

This contribution is quite considerable and is calculated to be (6f/fo)e,, = 1.1 x 1078, Its
magnitude, for instance, at a radio wavelength Ao = 3 cm (fo = 10 GHz) is (6f)e,, = 110 Hz.
We would also benefit from the short orbital period of Mercury, which would permit the redshift
signature of the Sun to be measured several times over the duration of the mission. If the
spacecraft tracking and modelling are of sufficient precision to determine the spacecraft position
relative to the Sun to 100 m (a conservative estimate), then a frequency standard with 1015
fractional frequency stability 6f/f = 10715 would be able to measure the redshift to 1 part in
107 or better. This stability is within the capability of the proposed spaceborne trapped-ion
(Prestage et al., 1992) or H-maser clocks (Vessot et al., 1980; Walsworth et al., 1994).

7.3.3 The SEP Violation Effect.

Besides the Nordtvedt effect (for more details see Anderson, Turyshev et al. (1996)), there exists
an interesting possibility for testing the SEP violation effect by studying spacecraft motion in
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orbit around Mercury. The corresponding equation of motion is given by eq.(7.14). As one
can see, the two terms in the second line of this equation vanish for general relativity, but for
scalar-tensor theories, they become responsible for small deviations of the spacecraft motion from
the support geodesic. Both of these effects, if they exist, are due to non-linear coupling of the
gravitational field of Mercury to external gravity. They come from the expression for W4 given
by eq.(7.5a), which is the local post-Newtonian contribution to the goop component of the metric
tensor in the proper RF.

The first of these terms may be interpreted as a dependence of the locally measured gravita-
tional constant on the external gravitational environment and may be expressed in the vicinity

of body (A) as follows:
mp

Ga=Goll-(48-3y—1) Y

7.19
B;éA yBAO ( )

In the case of a satellite around Mercury, the main contribution to this effect comes from the
Sun.}® Because of the high eccentricity of Mercury’s orbit, the periodic changing of the Sun’s local
gravitational potential may produce an observable effect, which can be modeled by a periodic
time variation in the effective local gravitational constant:

G ] period

[G = (48 -3v—1) [GM(I“E e%)] : z;"?flf ‘Zg)) (1+ enr cos ¢(2))?, (7.20)

which gives the following estimate for this effect on Mercury’s orbit:

[g] ceroa ¥ (48— 37— 1) x 1.52 x 10~ 7sing(t) yr L. (7.21)

Note that this effect in eq.(7.21) is fundamentally different from that introduced by Dirac’s
hypothesis of possible time dependence of the gravitational constant (Pitjeva, 1993). As one
can see from expression (7.21), the characteristic time in this case is Mercury’s siderial period.
This short period may be considered as an advantage from the experimental point of view. In
addition, the results of the redshift experiment could help in confident studies of this effect.
Recently a different combination of the post-Newtonian parameters entering in the Nordtvedt
effect, n = 48—~—3, was measured at < 10~* (Dickey et al., 1994). This means that, in order to
obtain comparable accuracy for the combination of parameters in eq.(7.21), one should perform
the Mercury gravimetric measurements on a level no less precise than [G/G]ri0q = 1071 yr1.
Recently a group at the University of Colorado analyzed a number of gravitational experiments
possible with future Mercury missions (Ashby et al., 1995). Using a modified worst-case error
analysis, this group suggests that after one year of ranging between Earth and Mercury (and
assuming a 6 cm rms error), the fractional accuracy of determination of the Sun’s gravitational
constant, mgG, is expected to be of the order ~ 2.1 x 10711, Moreover, even higher accuracy
could be achieved with a Mercury lander as proposed by Ashby et al. (1995). This suggests
that the experiment for determination of the effect in eq.(7.21) may be feasible with the Mercury
Orbiter mission.

15Note that this combination of PPN parameters differs from the one presented for a similar effect in (Will, 1993).
The reason for this is that, in this case, the transformations in the form of eqs.(7.2) let us define transformation
rules of the metric tensor between the barycentric and proper planeto-centric RF's and, hence, obtain the correct
and complete equations of geodesic motion in the quasi-inertial Hermean-centric RFas.
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Another interesting effect on the satellite’s orbit may be derived from eq.(7.14) in the form
of the following acceleration term:

mMm@

56(0)5313 = 2(,3 e 1) (NM - n(n NM)) (7.22)

where Ry is Mercury’s heliocentric radius vector and Ny is the unit vector along this direction.
This effect is very small for the orbit proposed for the ESA’s Mercury Orbiter mission. However,
one can show that there exist two resonant orbits for a satellite around Mercury, either with
the orbital frequency w(g) equal to Mercury’s siderial frequency way, w(gy & was, or at one-third

of this frequency, wy &~ wps/3. For these resonant orbits, the corresponding experiment could'

provide an independent direct test of the parameter 5.

7.3.4 The Precession Phenomena.

In addition to the perihelion advance, while constructing the Hermean proper RF)s, one should
take into account several precession phenomena included in transformation function Q% and

associated with the angular momentum of the bodies. As one may see directly from eqgs.(7.2b) and .
(7.16a), besides the obvious special relativistic contributions, the post-Newtonian transformation. .
of the spatial coordinates contains terms due to the non-perturbative influence of the gravitational:

field. This non-Lorentzian behavior of the post-Newtonian transformations was discussed first
by Chandrasekhar & Contopulos (1967) for the case of post-Galilean transformations. Our
derivations differ from the latter by taking into account the acceleration of the proper RF and
by including the infinitesimal precession of the coordinate axes with the angular velocity tensor
Qﬁ‘f given as follows:

1
05 = 3 [0+ = Noollo ~ 0+ DNl
yBM

where, as before, the subscript (M) stands for Mercury and summation is performed over the
bodies of the solar system. This expression rederives and generalizes the result for the precession
of the spin of a gyroscope sp attached to a test body orbiting a gravitating primary. Previously
this result was obtained from the theory of the Fermi-Walker transport (Will, 1993). Indeed,
in accord with eq.(7.16a), this spin (or coordinate axes of a proper Hermean RF)s) will precess
with respect to a distant standard of rest, such as quasars or distant galaxies. The motion of the
spin vector of a gyroscope can be described by the relation

dso _ [Qar x 53] (7.24)
dt
By keeping the leading contributions only and neglecting the influence of Mercury’s intrinsic spin
moment, we obtain from expression (7.23) the angular velocity Qs in the following form:

=(7+2) [RMXUMO]—’Y+1) 2 [Rm x T+

R3

+(y+ 1)z (S - 3(S®NM)NM> (7.25)

2R3 (
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where ¥y, and U are Mercury’s and the Sun’s barycentric orbital velocities and S is the solar
intrinsic spin moment.

The first term in eq.(7.25) is known as geodetic precession (De-Sitter, 1916). This term arises
in any non-homogeneous gravitational field because of the parallel transport of a direction defined
by $p in (7.24). It can be viewed as spin precession caused by a coupling between the particle
velocity ¥z, and the static part of the space-time geometry. For Mercury orbiting the Sun, this
precession has the form

= 1
Qo=

This effect could be studied for the Mercury Orbzter which, being placed in orbit around Mercury,
is in effect a gyroscope orbiting the Sun. Thus, if we introduce the angular momentum per unit
mass, L = Bps X UM,, of Mercury in solar orbit, equation (7 26) shows that Q¢ is directed along
the pole of the ecliptic, in the direction of L. The vector {}g has a constant part

RM X U )- (7.26)

)uowM _1+2

-1
o= 5(1+2y 0205 "/, (7.27a)

with a significant correction due to the eccentricity e)s of Mercury’s orbit:

- 3 142
Q; coswpyt = 5(1 + 27)“2wM em coswyty = 2
M

-0.126 coswprte 7 /yr, (7.27b)

where wy;s is Mercury’s siderial frequency, to is reckoned from a perihelion passage, and ajs is
the semimajor axis of Mercury’s orbit.

Geodetic precession has been studied for the motion of lunar perigee, and its existence was
- first confirmed with an accuracy of 10% (Bertotti et al., 1987). Two other groups have analyzed
the lunar laser-ranging data more completely to estimate the deviation of the lunar orbit from the
predictions of general relativity (Shapiro et al., 1988; Dickey et al., 1989). Geodetic precession
has been confirmed within a standard deviation of 2%. The precession of the orbital plane
proposed for the ESA’s Mercury Orbiter (periherm at 400 km altitude, apherm at 16,800 km,
period of 13.45 hr, and latitude of periherm at +30 deg) would include a contribution on the
order of 0.205 ”/yr from the geodetic precession. We recommend this precession be included in
future studies of the Mercury Orbiter mission.

The third term in expression (43) is known as Lense-Thirring precession, Q rr- This term gives
the relativistic precession of the gyroscope’s spin, Sp, caused by the intrinsic angular momentum
S of the central body. This effect is responsible for a small perturbation in the orbits of artificial
satellites around the Earth (Tapley et al., 1972; Ries et al., 1991). However, our preliminary
studies indicate that this effect is so small for the satellite’s orbit around Mercury that will be
masked by uncertainties in the orbit’s inclination.
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8 Discussion: Relativistic Astronomical RFs.

In this section, we will discuss some questions of the practical application of the results presented
in this report. Let us mention that presently radio sources seem to be able to provide one
with the more stable and precise reference measurements needed for reliable navigation in outer
space. This makes it reasonable to construct the future astronomical RFs based upon the radio
source catalogues that are expected to be an essential part of future relativistic navigation in
the solar system and beyond (Standish, 1995). Moreover, as we know, the accuracy of VLBI
timing measurements has improved rapidly over the last few years and is presently a few tens
of picoseconds (ps). It is important in precise measurements such as these that inadequate
modelling not contribute to the inaccuracy of the results. We believe that the results obtained
in this report are ready to be used directly in application to this and many other problems of
relativistic observations in the solar system.

The KLQ parameterized theory of astronomical RFs discussed in this report enables one to
perform the necessary calculations in the most arbitrary form valid for many theories of gravity.
The different physical aspects of choosing a well-defined local RF in a curved space-time has been
discussed in many publications. In summary, in modern astronomical practice there are two
physically different types of relativistic RFs that are extensively in use, namely:

1. The set of inertial RFs, which includes

(i). The asymptotic inertial RF.
(ii). The barycentric inertial RF.

2. The set of the observer’s quasi-inertial proper RFs, which consists of

(i). The bodycentric RF, constructed for a particular extended body in the system.

(if). The satellite RF, defined on the geodetic world line of a test particle orbiting the body
under consideration.

(iii). The topocentric RF, which is defined on the surface of the body under study.

The main difference between these two classes of RFs is that, unlike the frames of the first
type, which are inertial, the observer’s frame is, in general, non-inertial. Such a hierarchy of
frames in the WFSMA, if needed, may be extended to a larger scale of motion. The barycentric
RFg could also be used (with some cosmological assumptions) as an analog of the rest frame
of the universe for the description of the galactic and extra-galactic motion. One may find a
more detailed discussion of this hierarchy of the RFs in applications to problems of modern
astronomical practice in (Brumberg, 1991; Voinov, 1994; Folkner et al., 1994). Theoretically, the
RF and the set of coordinates selected may be arbitrary. The relativistic terms in the equations
of motion, the light time equations, and the transformation from coordinate time to physically
measurable time will vary with the RF and coordinates selected. In general, the numerical values
of various constants, obtained by fitting the theory to observations, will also vary. However,
the numerical values of the computed observable are independent of the RF and the CS selected
(Moyer, 1971).

While the properties of inertial RFs from the first set of the frames listed above are well
understood and widely accepted in many areas of modern astronomical practice, below we shall
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concentrate our attention on the properties of the relativistic RFs from the second set, namely,
we will be interested in construction of the geocentric, the satellite, and the topocentric frames.
The logic of construction of these frames is quite simple: Due to the fact that the geocentric
frame was previously well justified physically and explicitly constructed from the mathematical
standpoint, the construction of the two remaining frames will be made based on these established
properties of the geocentric RF. Indeed, the proper RF4 of an extended body (A) contains all the
information about the proper gravitational field of the body (A) as well as the explicit information
about the external gravity. Then, considering that the properties of the geocentric RF are already
known, we will give the definitions of the satellite and the topocentric RFs. Moreover, we will
present the results generalized on the case of the scalar-tensor theories of gravity and will include
in the analysis the two Eddington parameters (v, §).

8.1 The Geocentric Proper RF.

The properties of construction of the geocentric RF were discussed in Section 6 of the present
report, and below we will present the final results only. Thus, the form of the coordinate transfor-
mations between the coordinates (zP) of the barycentric inertial RFg and those (y%) of a proper
quasi-inertial RF4 of an arbitrary body (A) for the problem of motion of the N-extended-body
system in the WFSMA was obtained as follows:

20 =y + ¢ 2KA(y%, %) + ¢ La(wh, vq) + O(c70), (8.1a)

% = y3 + %, (45) + ¢ Q4 (va, va) + O(c™). (8.1b)
We will present the results corresponding to the coordinate transformations to the RF, which
has all ten parameters (4,0% and ff{ﬁ of the constructed group of motion vanish and which is
given by eq.(5.44) as
Ca=c¢f + e =0f =13’ =0.

Moreover, we shall be interested in such RFs that preserve all ten existing conservation laws of
the local gravity, inertia, and matter, so that we require that the conditions of egs.(6.37) hold,
namely:

Q%1yW2) = Lagry(@3) =0,  VI>3.
With these conditions, the transformation functions K4, Q%, and L4 take the following form:

0y 1
Ka@hov) = [ @] 3 (Us), — 30a0.%0] ~vao. 3+ O (8:20)
B#A

Qa(ya,va) =7 2 [(%n"*yAnyfi —y5v2)(0Uz) , —vi(Us) ] - %viovioyAﬁ

BAA
% 1
+yag / &t (5olara + 1+ D) 3 [(3°V5) , +(dUs) )+
B#A
+w%, (vG) + Oc™)ys, (8.2b)
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La(ya, Ya) = BX#;‘ (’7% yAﬂyﬁ ‘ %<U3> -(v+1) yAyA [<<9,\V3ﬁ> <'Uﬁa)‘UB>A]+

+'y'u,40ﬂ(yﬁyﬁ - %nﬁ’\yA“yﬁ> : <8,\UB>A>+
+yA>\'UAo/3/ 3t aﬁovﬁ]o +(r+1) B; [<3[’\Vﬁ]> <vwaA]UB>A])+
A

+yas (v + DG, 3 (Us), —2v+ 1) X (VE), -5, (5)] -
B#A B#£A

- /yc%t'[ Z <WB>A + %( é: <U3>A - ’;‘UAoﬂ"’flo)2 + ”Aou“"io(tl)] + 0% (8.20)
B#A B£A

The equations for the functions a%_ and w4, were given previously by equations (7.3) and (6.52),
respectively.

The transformations, eqs.(8.2), produce the metric tensor g/, of the geocentric RF with the
following components:

gy (Wh) =1—2U +2W + 0(c™9), (8.3a)
Q(f)la(yi) = 4770€v€ -+ O(C-s): (8'3b)
9a5(4%) = nas (1 + 20U) + O(c™), (8.3¢)

where for the brevity of the future discussion we introduced the following notations for the
generalized gravitational potentials in this local frame:

Uh) =0 ZUB yg () — Z [ <ZUB> (UB>A]’ (8.4a)
B#A yA
oW
ZWB(Z‘/B (¥4) B‘L;A[ <WZB>A + (WB)A]"l‘

! w8
+5 P} yAyA TMuB GAg )\G’Ao (27 ) aAouaAog"'

+3 3% (777u/38—§§<UB> CARY [<3(#VBL'))>A + (v(ady) UB>A])), (8.4b)

B#A

VE(yh) = %(7 +1) (ZVS(qu(yﬁ))—
B

_Bé: [yi(<aVB> < BUB ) (VE)A]) %(yAyA"%n yA#yA>aA0A, (8.4c)
A

where both functions W4 and Wg are given by the expressions of eqgs.(7.5).
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The expressions presented for the geocentric proper RF take into account the proper gravi-
tational field of the body (A), the ezternal gravity, and the dynamical properties of the inertial
sector of the local space-time. This presentation of the local metric, egs.(8.3), will enable us to
simplify the discussion of the results obtained for the two other important quasi-inertial frames
that are widely in use for many practical applications of modern astronomy—the satellite and
the topocentric ones.

8.2 The Satellite Proper RF.

The motion of an artificial satellite may be presented as the motion of a test particle that is
moving along the geodetic world line in the effective space-time with the metric tensor given
by eqs.(8.3). This means that, in order to define the coordinate transformations and the metric
tensor of a satellite RF(g), we can apply the conditions of egs.(3.26) or those of eqs.(5.2). By
performing the same calculations as in Section 5 for the test particle, we can obtain the post-
Newtonian dynamically non-rotating coordinate transformations linking together the coordinates
(v%4) of the geocentric quasi-inertial RF 4 and those (2P) of the proper quasi-inertial RF(g). These.
transformations may be obtained in the familiar form:

yg =20+ c'2K(0) (zo, zV) + c"4L(0)(z°, 2°) + (’)(c'e)zo, (8.5a)

yq =2+ za‘))(zo) + c'QQ‘("O)(zo, 2¥) + O(c™)2. (8.5b)

The solutions for the transformation functions Kg, Q‘("O), and L(g) were chosen with fhe same
conditions as those for the functions of egs.(8.2), namely: the corresponding group parameters

(o), T 0 and f(o) are taken to be zero and the requirement of preserving all the conservation
laws i 1n the satellite’s local vicinity is fulfilled. The resultant functions were obtained as follows:

20 1
K(o)(zo, 2¥) = /dt, [<U>(O), - 5'0(0)”'(12’0)] = Y(0),, 2+ 0(6_4)2:0, (8.6a)

1 ou 1
0 Y G- _ 0B _ N
Qoy(z",2") = 7(27701 zut — 2%z )<azﬁ>(o) 7za<u>(o) B 2”%)U(O)Zﬂ+

+2g / dt’ a{‘g) vigy + 2812V |+ w (%) + 0422, © (8.60)

o)

L") = 7—;—% zﬁé%<u>(o) B 2z/\zﬁ<(‘9’\vﬁ>(o) + 7”(°)ﬁ(zﬁzl\ B %"ﬁ '\zyzy) <% CH
e JEA )l )

1 1 g \2 ) —6y 0

where the quantities 'U(o) and a(o) are the geocentric velocity and acceleration of the spacecraft,
respectively. The notation < f >(0) , analogously to that of eq.(5.7), denotes the limiting procedure

of taking the value of the function f(zP) on the geodetic world line of an artificial satellite, where
z® — 0. The equations for both time-dependent functions z&,) and w&)) may be determined
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similarly to those presented in Section 5. Thus, eq.(5.4) provides us with the usual relation for
the Newtonian acceleration afp, of the center of inertia of a test body:

o a ou -
ag(z%) = 1 “<@>(0) +0(c™). (8.7)

Analogously, the function w?{)) is determined as the solution of the equation below:

0
i) (2°) —nau<azu>(o v(%)éﬁ<u>(o)+a?°)< >(o) 20< >(o)_

1 {a o A —6
~59)%0)59(0) * 50, / dt' [Safgyvis) +2(8V 1)(0),] +0(c™9), (8.84)
where function R ~ O(c™) is defined in the same way as functions W4 and Wp in egs.(5.43)
from the result of the fields decomposition in the local quasi-inertial RF g of a satellite. By
repeating this decomposition as it was presented in Section 4, one may obtain this function as
follows:

R(2P) = W(2P) + 20’2\0) E %XB(:«:O, )+ 0(c9). (8.8b)
B

At this point, we may present the form of the metric tensor in the proper RF(g) of an artificial
satellite defined on the geodetic world line with the generalized Fermi conditions (3.26). Thus,
by substituting the solutions obtained for functions K (O),Q?‘O), and L) into the general form
of the metric tensor gmn»(2P) in the expressions for the metric in a proper RF ) given by the
relations in eqs.(4.11), we will obtain this tensor in the following form:

g(()g)(zp )= 1-2Up) + 2R + O(c™), (8.92)
ber () = 4maV(g) + O™ 8.9
900 (2F) = 4nacV(g) + O(c™7), (8.90)
95 () = nag(1+ 24U()) + O(c™), (8.9¢)

Expressions (8.9) are the general solution for the field equations of the general theory of relativity,
which satisfy the generalized Fermi conditions in the immediate vicinity of a dimensionless test
body. By definition, the proper gravity of the test body is negligibly small, then the effective
Newtonian potential in the vicinity of the satellite may be presented as follows:

Uy (2) =U(°,2") - [z“<gi{‘ o + <L{>(O)]. (8.10)

In addition, functions 7?,-(0) and T)-?O) were obtained in the following form:

R)(#) = R(z%2") - [Z# SZ> + <R>(o)] + % 22 [’Yﬂuﬁ 2(0) ,\af\o)_

= (27 - Dag) o), + 5% (ynw%@)(o) - 2<a(#vm>(0))], (8.11)
and
Vi) = V(0,2 = [#( 5o ) o + (V)] + 73 (28 385mt)ally. (812
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8.3 The Topocentric Proper RF.

The construction of the topocentric RF requires a little bit more sophisticated analysis. Thus, we
have to specify where this frame is located on the surface of the extended body and what point will
be considered as the origin of the coordinates. In order to find the dynamical conditions necessary
for construction of the transformation functions (analogous to those given by egs.(3.26)—(3.29)),
one should make an explicit relativistic analysis of the constrained motion of the tracking station
placed on the Earth’s surface. This analysis should provide one with a detailed description of
the problem of static equilibrium of a test particle on the surface of an extended body whose
interior is characterized by the energy-momentum tensor 7™" and the corresponding equation
of state p(p). It is likely that the present accuracy of the topocentric radio-metric measurements
does not require this level of generality. This permits us to neglect the geometry of the tracking
station and its weight, and instead, to consider the law of relativistic motion of an atomic time
standard only. Then the answer to the second part of the above question is simple: the origin
of the coordinates of the topocentric RF coincides with the atomic time standard that is used’
as the physically measurable time 7. The world line of the clocks may be considered as the.
geodetic line of the massless test particle. This suggests that, in order to find the form of the
corresponding coordinate transformation functions, one can apply the same generalized Fermi
conditions (3.26).

As a result, the general form of the coordinate transformations between the coordinates (v%)
of the geocentric RF4 and those ((P) = (7,(¥) of a topocentric one in the WFSMA may be
presented as follows:

Ya =T+ Kso(r,¢) + ¢ Lso(1,¢) + O(c™°), (8.13a)

Y% = C+ (8 (1) +c2Q% (1,¢5) + O(c™), (8.13b)

where we, as before, have neglected the associated group parameters ¢5°, 0§,, and fg‘f and require
that the constructed frame should preserve all the conservation laws in its immediate vicinity.
The transformation functions Kg,, @3, and Lg, in this case will take the following form:

Ksy(7,¢") /dt’ (), ~ S50, 0] ~ Uss - ¥+ O, (8.14a)
QBo(r,¢") = 7(310uc* ~ C2¢P) (B —1CX(U) y — 38 Bat
+C5 /dt [Felsof) + 2(60V7) ] +ug, () + O, (8.14b)
Lso(r, ") = 73 Gu# e () =203 (035) . + s (71 = Sn7GucH) (Brtd) s +

#rosg o [galod +2(0V) ] + G (6 Do), =4 (), - 38)-

_ /th (2 ) ((u)s, vsoﬁvso) + o, | + OO, (8.14c)

120




where the new quantities vg, and a3, are the geocentric velocity and acceleration of a particular
point Sp on'the surface of an extended body under question. The notation < f >s reflects that

0.
this quantity was defined in a particular point, Sp, on the surface, S4, of an extended body (A).
The Newtonian acceleration of the clock with respect to the geocentric RF 4 is given as

g, (r) = —no( L ) +0(c™). (8.15)

OCH/ S,
Furthermore, the function wg_ is determined as the solution of the following differential equation:
0z 0 0
- — O 23 —_— o] —_
Wso(T) =1 <3C“>So + Y5 <U>So * aS°<u>So 4 aT<V >So
1 -
- 2@5011303%0 + sy /dt af; va + 2<afavﬁi>56] +0(c79), (8.16)

where the function Z ~ O(c“4) was defined similarly to the function R from eqs.(8.8b):
0 v _
Z(¢P) = W(¢P) + 205, Y soxa(r ¢ + 0L %). (8.17)
B

As a result, the components of the metric tensor 59, in the coordinates ((P) = (,¢") of the
topocentric RF take the following form:

938(¢P) = 1 — s, +2Zs, + O(c™®), (8.18)
gOa(Cp) =4 naevso + O(C_s), (8.18b)

S0 (P — 77 -4
955(¢P) = nag (1 + 2405, ) + O(c™). (8.18¢)

The obtained expressions, (8.18), represent the general solution for the field equations of the
general relativity on the surface of an extended body in the WFSMA. The effective Newtonian
potential in the vicinity of the antenna may be presented as follows:

ts,(¢7) = U(r,¢) - ST Lyg ot =
= U ) - [(55)5, + W) (8.19)

The functions Zg, and Vg, were obtained in the following form:

Za(0) = R0 - [ ), + (R o) 506 [ asorad -

~(27 = Dasa, 2505 + (s e (U =28V g )] (8.20)

V5,(¢7) = ve(n¢) - [ 25 5 0*> + (), ] +7§(gacﬁ - %5g<”<n)ago. (8.21)
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It should be stressed that more detailed analysis is necessary for the final solution of the
problem of relativistic astronomical measurements performed from the topocentric RF. However,
we believe that the presented general approach, incorporated in the new formalism, enables
one to construct the topocentric proper reference frame with well-defined physical properties.
Moreover, the accuracy of the theoretical expressions obtained here is far beyond that achieved
in real astronomical practice. This suggests that the presented formulae could be used for quite
a long time before practical needs will require theoreticians to reconsider the presented results
in order to achieve higher accuracy of the physical modelling of the relativistic measurements.

8.4 Discussion.

It is generally understood that any RF is not a physical substance but rather a conventional
artifact. The main reason we need RFs is that they are convenient in exchanging the observational
data and one’s discoveries and opinions, which are the starting points in doing scientific research.
In this sense, the most important character of the RF is that it is widely accepted and is related
clearly with the other existing references. In addition, it is desirable to represent the actual
phenomenon precisely. If the first point is respected, what we should do in these days of an
advanced electronic/computational environment is to move toward standardization, which never
means the exclusion of other points of view. Rather it should be understood as only a scale that
enables us to express observation/theoretical quantities in a concise manner.

An application of atomic frequency standards is the establishment of atomic time scales.
International Atomic Time is the official basis by which events are dated. However, the need to
distinguish between theoretical times and their realizations, the need for a relativistic treatment,
and the survival of previous astronomical times generate a complex situation. Specific problems
raised by time scales and the relationships they have with one another and with the successive
definitions of seconds in different RFs should be examined in more detail. Thus, currently
employed definitions of ephemeris astronomy and the system of astronomical constants are based
on Newtonian mechanics with its absolute time and absolute space. To avoid any relativistic
ambiguities in applying new IAU (1991) resolutions on RFs and time scales, one should specify
the astronomical constructions and definitions of constants to make them consistent with general
relativity. However, up to this time, the VSOP theories of the motion of the planets were
constructed on the base of integration of Lagrange’s differential equations (Brumberg et al.,
1993). The development of the perturbative function included the mutual perturbations of the
bodies and was performed up to the third order of the perturbative masses using the Newtonian
perturbative function. The relativistic contributions to the equations of motion were limited to
the Schwarzschild problem. The accuracy reached by such solutions is only a few mas for the
inner planets and less for the outer ones. Due to the fact that the present astrometric accuracies
have reached the mas level, the mutual relativistic perturbations of the planets must be included
in the ephemeris constructions.

In this report, we addressed these and other problems of modern astronomy and have pre-
sented the theoretical foundation necessary for conducting relativistic measurements in curved
space-time in the WFSMA. Our approach naturally incorporates the general properties of the
dynamical RF into the hierarchy of the relativistic RFs and the time scales. Moreover, we ob-
tained the new relation between the time scales, which was obtained to the fourth order in 1/c,
¢ being the velocity of light in a vacuum. The accuracy of these expressions is at the ps level,
which is the future requirement in many different applications. Thus, this formulation leads
to improved relations between barycentric and geocentric quantities. These expressions will be
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useful in converting the numerical values of some astronomical constants determined in the old
IAU time scale to new scales. The obtained results naturally contain exhaustive information
about the multipolar structure of the gravitational field in the N-body system and enable one to
model the experimental situation with very high accuracy. Because of this, we anticipate that
the results presented in this report may be immediately applied in the following important areas
of modern astronomy and astrophysics:

(i). Precise VLBI timing measurements.
(ii). Precise radiometric navigation of future space missions and the corresponding data analysis.

(iii). More precise analysis of the binary system dynamics, including modelling of the coalescing
experiments and studies of the gravitational wave physics.

Let us mention that there are some problems that remain to be solved. It is known that
the rotational motion of extended bodies in general relativity is a complicated problem that has
no satisfactory solution up to now. Moreover, modern observational accuracy of geodynamical
observations makes it necessary to have a rigorous relativistic model of Earth’s rotation. The
currently employed solution for the Earth’s rotation problem is valid for restricted intervals of
time. Moreover, there is an urgent necessity to elaborate a theory of nutation-precession match-
ing the accuracy of very modern techniques, such as VLBI and LLR. To do this, one would have
to model the transfer function leading to theoretical determination of the nutation coefficients
when including predominant geophysical characteristics (elastic mantle, coupling at core-mantle :
boundary, free core nutation, free inner core nutation, etc.). Furthermore, reductions of measure-
ments included relativistic corrections, effects of propagation of electromagnetic signals in the
Earth’s troposphere and in the solar corona with simultaneous evaluation of the parameters of
the corona model from general fitting. The presented formalism provides one with the necessary
basis for studying this problem from very general positions and could serve as the foundation for
future theoretical analysis.

As a result, an astronomical reference system may be defined as a set of the transformation
functions and constants including the physically well-defined set of RFs and their mutual relation-
ships, time arguments, ephemerides, and the standard constants and algorithms. The extragalac-
tic, or radio, RF will be the basic frame for the development of the future ephemeris (Standish,
1995). Achieving milli- to micro-arcsecond accuracies at optical wavelengths will reduce the
disparity between optical, radar, and radio RF determinations. Thus, the relationships and iden-
tifications of common sources should be much more accurate. Another significant change should
be the ability to determine distances and, thus, space motions on a three-dimensional basis,
rather than the current two-dimensional basis of proper motions. Improvements in ephemerides
provide the opportunity to investigate the difference between atomic and dynamical time, the
relationship between the dynamical and extragalactic RF, and the values of precession and nu-
tation. Also, the relationships between the bright and faint optical catalogs, the infrared, and
the extragalactic RFs should be better determined. The theory of relativistic astronomical RFs
presented in this report was developed in order to serve exactly the above-mentioned needs, and
it will be used the future analysis of these problems of fundamental importance.
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In order to accomplish these goals, our future efforts will be directed to finalizing the tran-
scription of the results obtained on the language of the practical applications. We will establish
the necessary relativistic measurement models and will implement these results into existing
computer software codes, as well as performing detailed analysis of the real data from the space
gravitational experiments. The analysis of the above-mentioned problems from the new positions
of the presented theory of relativistic astronomical RFs will be the subject for specific studies
and future publications.
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Appendix A: Generalized Gravitational Potentials.

The generalized gravitational potentials for the non-radiative problems in the WFSMA are given -
in Will (1993) as

d32 po(2P)

|zu lul

P\, ( 2'P
Va(zp) /d3 lpol(:u ?j)z,(yl )’

U(2") =

_ [ (2% — %) (* - %)
Wa(zp) - /d zlpo(zlp)vu(zlp) Izu —_ Zlul H

[o#(2P)(2# — 24)P2

A = [T x@) = - [ () - 2

3 '8
aB(,py — 3./ p (Za — zla)(z —Z )
U (z ) /d z pO(Z ) lz,, — Z'V|3 )

(2P) = (v +1)21— (37 +1-20)%2 — 03 - 372y,

where the other potentials are given as follows:

5i7) = - [ @B gy [ pomEne)

|ZV - Z'UI ’ - zlul ’
o) = [ B g ) [ ool
— Z/l/l ’ Il/' )

B _ 8 — B 18 nB
3133 1 ’ " (Z z ) (2[3 z ) (z —Zz )
Zp) / d°z d pO(Z p)po(z P) |zy _ z/yl3 [IZ/U _ z//yl - |ZV — Z”V| ]

In order to indicate the functional dependence in the potentials introduced above, we have used
the following notation: (2P) = (2°,2”). Then for any function f, one will have f(zP) = f(2°, z%)
and (%) = f(20,2").
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Appendix B: Power Expansions of the General Geometric
Quantities.

In this appendix, we will present the expansion of some physical quantities with respect to powers
of the small parameter ¢c~*. We will use these expansions for linearizing the gravitational field
equations of the metric theories of gravity in the WFSMA.

B.1l. Expansion for the Metric Tensor g,,,.

The post-Newtonian expansion for the metric tensor gn,n, with réspect to the powers of the small
parameter ¢! in the coordinates (z”) of an arbitrary RF (either a barycentric inertial RFg or a
proper RF 4 non-inertial one) may be presented as follows:

goo = 1+ c2g5¢> + c g5 + O(c™P), (Bla)
goa = ¢ 395" + ¢ Pg5a” + O(c7T), (B1b)
9ap ="Yap + ¢ 2955 + 4955 +0O(c7®), (Blc)

where 74g is the spatial part of the background metric ymns. The notations 58>, (k=1,2,3...)
at the right-hand side of expressions (B1) are the terms of the expansion of g,,, with the order
of magnitude €¥ ~ ¢~*, respectively. In some calculations, we will omit the multipliers ¢c~* in
order to achieve brevity in the expressions. It should be noted that reversing the sign of the time
20 0 corresponds to the change of the sign of the small parameter ¢. Because of this, in the
expressions for goo (Bla) and gop (Blc), only the terms with even powers of the small parameter
¢! have been taken into account, and in the expressions for goo (B1b), only the odd ones are
used. The fact that in expression (B1b) the term gg.” is absent is quite natural. Indeed, even
the main expansion for gos (Newtonian) should not be less than the second order with respect
to the small parameter ¢! (Will, 1993). In our further calculations, we will not be investigating
the processes of generating the gravitational waves by the system of astronomical bodies, so our
expressions for the component ggo in expressions (B1), do not contain the term of order O(c™°).
However, one may easily reconstruct all the calculations to account for this term as well.

-— —Z

B.2. Expansion for the det [gmn] and g™™.

In some calculations, we will need the relations for the determinant of the metric tensor g =
det [gmn] and the inverse metric ¢"". From the expressions in egs.(B1), one may obtain the
following relations that are valid for any RF:

2 2
g= -1 _g(fo > +gl<1 > +92<22> +93<32> _ go<04> +gl<14> +92<24> +93<34>+

<2> <2> <2> <2> <2> <2> <2> <2>
+900 (911 + 925~ + 933 )‘911 925 — 911 933 —

—9522>93<32> +gl<22>2 +gﬁ2>2+g§2>2+ O(C_S), (B2)
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gOO =1 +g<2>00 +g<4>00 + O(C_G),
gOa — g<3>0a + g<5>Oa + 0(6-7),

gaﬁ - ,Yaﬁ + g<2>aﬁ + g<4>a[3 + 0(6_6), (B3)

where the components of the inverse metric g<¥>™" are given as follows:

g<T>00 . _ 92, g<2>ab — _ younfy g:uz>,
g<3>0a - _ 7aug(§j}>, g<4>00 — (g0<02>)2 —g&fb,
»g<4>a6 - _ ,Yau,yﬁug:;b + ’Yao’)’ﬂ)")’“"953>g§3>7
g<5>0a - _ 7a“g()<:> + ,Yaugo<02>g§uz> + ,ya,\,ypugfubgéjb_ (B4)

B.3. Expansion for the g™" = ,/—gg™".

For some practical applications, we will need the expansions for the components of density of
the metric tensor g™" = \/—gg™" as well. One may easily obtain those from the expressions of
egs.(B2)-(B4) in the following form:

gOO =1 +g<2>00 + g<4>00 + 0(6-6),

gOQ = g<3>oa + g<5>00¢ + 0(6—7),

gaﬁ — ,?aﬁ +g<2>aﬁ + g<4>aﬂ + O(C—S), (B5a)

with the components of §™" given as

§<200 _ g<2>00 4 % A<

§<4>00 — g<a>00 %g<2>00A<2> + é(A<4> _ %(A<2>)2)7
G0  g<3>0a 5<5>0a _ (<5300 % g<3>0a 4<2>
G<2>el _ g<2>aB | %,YaﬁA<2>,
G<a>aB o g<d>aB —;—g<2>°‘ﬁA<2> + %,yaﬂ (A<4> _ %(A<2>)2). (B5b)

In expressions (B5b), we have introduced the following notations:
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<2> . <2> <2> <2> <2>
A7 =906~ — 911 — 92 — 93 >

<4> __ . <4> <4> <4> <4>
AN =g -0 — 9% —93m —

2
—g52” (95 + 957 + 95 )+

<2> <2> +g<2> <2> +g<2> <2>

+911 922 11 933 22~ 933
—(g57)? — (g7 - (g557)%. (B6)

B.4. Expansion for the Gauge Conditions.

The covariant de Donder gauge conditions are given by eq.(3.6) as follows:

D (vV=9g™"(2")) =0, (BTa)
or equivalently 5
5o (V=997 (")) +R(F)V=gg" (") = 0, (BT7b)

where 7 (2?) is the Christoffel symbols with respect to the background metric 7x;(2?) in coordi-
nates (2P) of an arbitrary RF. The relations of egs.(B5)-(B6) enable one to find the expressions
for linearized gauge conditions (B7b). Thus, for n = 0, we will have

106 0
53,0 (’ngfub - gcﬁ)b) - ’Ye"ggtfub + 700> () +
+Y s (2P) = O(c™). (B7c)
For n = a, we will obtain

1 ox @ (o> | e <2> e O <35 | _a<3>
5’)’0‘ @(.‘Joo +7 9 )*’Y yH 3 9vm + 760" (2F)+

FAH YL (2P) = O(c™), (B7d)

where 7]}(2P) is the components of the Christoffel symbols with respect to the Riemann-flat
non-inertial background metric ym,(27) in coordinates (2”). One may easily see that for any non-
inertial RF these components may produce a non-vanishing contribution to the gauge conditions
(BT7). This property will be of use in order to write the field equations in an arbitrary RF.

B.5. Expansion of the Christoffel Symbols.

One could easily find the expansion of the connection components 'k, with respect to the small

parameter ¢! and present those in terms of expansions g<5k>. Thus, defining I‘f,m as usual:

I‘kﬁm(‘zp) = %gkp(zp) (angmp(zp) + Omgpn (27) — apgmn(zp))a
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where 8, = 8/82" in coordinates (2P) of an arbitrary RF from the relations (Bl)and(B3)—(B4),
we will have the following expressions for the components of the Christoffel symbols with respect
to the powers of the small parameter ¢ 1:

1 1
Too(z?) = 5‘909&)2> + 53090<04>+

1 -
+§ (g<2>°°6090<02> _ g<3>°"8ug§)2>) +0(c 7), (BSa)
1 1 -
TBa(2F) = 50005 + 5 (g™ + 9= %0agss”) + O(c™®), (B8b)
To5() = 5 (8ags” + 605 — B0a53”) + O(c™) (BSc)

1 1
Pgo(zp) — _§7a#aﬂ <2> _ §,yaua”g<4> + ,Yauaog<3>

1
~59° 0,955 + O(c™%), (B8d)
[gs(2") = —-’y"“‘agg<3> + ;'yo“‘aog<2> - l'ya“ap 3> 1 0(c™d), (BS8e)
1 | -
T5.(") = ¥y + 57 (90g5> + Bugi3” — Bugs.”) + O(c™), (BSY)
where 7;50) is the Christoffel symbols in coordinates of the Galilean inertial RF. One may make

them vanish by choosing quasi-Cartesian coordinates.

B.6. Expansion for the Ricci Tensor R,,,.

By making use of the expressions of eqs.(B8), one may also find the relations for the expanded
components of the Ricci tensor Ry, (2P) in coordinates (2P) of an arbitrary RF. This tensor is
defined as follows:

Rmn(2P) = ¢ Rigmnp(2F) = 0pTh, — 80Ty + Do T, — T T

Then, in quasi-Cartesian coordinates of an arbitrary RF, one may obtain the expanded com-
ponents of the Ricci tensor as follows:

1 1
Roo(2F) = —57“ A2 NI — 5’7“'\3;24,\9c§)4> + 03,958 -
1 g<PHAg, g<2> 1 Bog 2~

1 1 _
—Z’r‘“v L1965 OS> + 4'7‘“3 960 Ohgo + O(c™®), (B9a)
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1 1
Roa () = 57 08,05%” = 57080, +

1 1
g - s 0, (B

1 1 1
Rop(2?) = -—7“’\32,\9az> + 7“’\32049,\ N 7“'\32 x> ~
2 2 2
Lo <o 1 o P —4
— 50900~ — 571" Oap +0(c™). (B9c)

B.7. Expansion of an Arbitrary Energy-Momentum Tensor T.2,.

At this point, the precise definition for the energy-momentum tensor of the matter distribution
T3 isnot important. For future analysis, we will accept the most general assumptions concerning
this quantity. Namely, we will work with such energy-momentum tensors, T,gn, the temporal, the
temporal-spatial, and the spatial components of which may be presented in terms of the order

of magnitude as follows: T.2,(y%) = (O(l), O(c™), O(c’2)).

The construction of the iterative scheme is required to perform the power expansion of the
energy-momentum tensor of matter 7™" as well. Suppose that T™" may be expanded with
respect to the small parameter ¢™! as follows:

TOO — T<0>00 + T<2>00 + 0(0—4)’ (BlOa)
TOa — T<1>0a + T<3>Oa + 0(6_5), (B].Ob)
TaB = T<2>aﬂ + T<4>aﬁ + 0(6_6). (B].OC)

Then, by taking into account expressions (B1) and with the help of relations (B10), we will
get the inverse tensor Tp,y, as follows:

Too = T + Tgo>™ + O(c™), 4 (Blla)
Toa = Tl + Ts2> + O(c ), (B11b)
Tog=Tsi +Taz +0(c™%), (Bllc)
where
T0<00> = T<0>OO T<2> T<2>00 +2 go<02> T<0>00

T<3> <3>T<0>00 <2>) T<1>Oﬁ
O

+ (952 + Yous5

Toot” =Y TP, T52 = youvye T<PH (B11d)
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Concluding this part, we will present the expression for the right-hand side of the Hilbert—
Einstein field equations, egs.(4.1), which is given as follows:

1
Smn = Tmn ~ igmn T. (B12)

By substituting the expressions of egs.(Bl)and(B11) into definition (B12), we obtain the
expansions for the quantity Sp, in the WFSMA:

Soo = —;—T<0>00 + %(T<2>0° +2 go<02> T<0>00 _ Y T<2>“’\) + (9(c_4), (B13a)
Soa = Yar T3>0 4+ O(c™%), (B13b)

Sop = “‘;"Yaﬁ T<0>0 4 (’Yaﬂﬁ,\ - %Wamw\) T<2>hA_
—%(’Ya 5 T<P00 4 oo g&2> T<0>00 4 g<2> T<0>oo) +0(c). ( 3136)'
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Appendix C: Transformation Laws of the Coordinate Base
Vectors.

In this appendix, we will present the transformation rules for the coordinate base vectors under
the general post-Newtonian coordinate transformations, which were discussed in Section 3.

C.1. Direct Transformation of the Coordinate Base Vectors.

According to the transformation rules of the solutions of the field equations h{g;‘ and an arbitrary
energy-momentum tensor 7™" given by egs.(3.1)—(3.4), in order to develop consistent pertur-
bation theory for the N-body problem in the WFSMA, one needs to have the post-Newtonian
expansions for the following derivatives:

azk  dyk oYk
oy’ oz Oy

These derivatives form the transformation matrix AF of the coordinate bases while the transition
between the different coordinate systems is performed. Thus, for the transition from the barycen-
tric RFg coordinate base e, = 6/ dz™ to the body-centric one e = 3/ 9y, the transformation
matrix is defined as usual: e, = 8:1:” [0y = A)\p . Then, making use of the transformations
of egs.(3.5), it is easy to get

z° 0 0
o(yﬂ =1+ B35, KA(?JA,ZIA) B0 5 La(d, y4) + O(c™®), (Cla)
0z° 9 0
0 = = —Ka(v% v4) + =—La(¥% v4%) + O(c™9), C1b
a oz [+ 0 0 ar, 0 v -5
G0 = 5 =%, (Wa) + 55 Qa(Wa, ¥4) + O(c™>), (Cic)
0ya Oya
a oz® o 9 ar,0 v —4
Gu0R) = o = 85+ 5 r Q3 uh) + O(c™) (C1d)
Ya YA

By using expressions (C1), one could obtain the determinant of this transformation matrix
as follows:

det [z\im(yi)] =1+ 380 (yA’yA)h

a v v -
"'U}\xobaKA(y%;yA) + b—ngi(y%,yA) +O(c™). (C2)

The condition det [Aim(yi)] = 0 gives t;he boundary of validity of these transformations in their
application for constructing a proper RF 4.

C.2. Transformation of the Background Metric ymn.

Relations (C1) are a useful tool for calculating the metric tensor ’Yﬁ(yﬁ) of the background
space-time in the non-inertial proper RF 4 from the eqn.(3.4). The transformation rule for these
components is given by the usual expression:

Vaalth) = S T R (©3)
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Then, with the help of relations (C1), the temporal-spatial components of the background metric
could be presented as

oaWh) = (h) + 18 (h) + 0(c7d) =

0
=%, (y2) + 'aTiKA(y%,yﬁ)'*'

0 17} 0
L a(%. 4 KA. 4% K A(° . v
ayi A(yAa yA) ay,aq A(yA) yA) ay% A(yA> yA)

0 0 -
+0a0, 55 Q44 Y4) + Tav s 7 Q44 ¥4) + Oc™). (C4)
Ya Iy
Expression (C4) contains the terms of two orders of magnitude: ¢~! and c3. However, as we
discussed in Appendix B, in the post-Newtonian approximation for any arbitrary RF, one expects

these components of the background metric tensor to be of the order goa(y%) ~ O(c™3). This
gives the following condition for the function K 4: :

2 Kt s) = O(c) (C5a)

v%, (¥%) + By
A

Then, by formally integrating this last equation, we may find the following expression for the
function Ky4:

Ka(y%,94) = Pa(y%) — vao, - ¥4 + O(c )yl (Cs5b)

The result (C5) considerably simplifies the calculation of the transformation rules between the
different RFs. Thus, taking into account relation (C3), one may obtain the following expression
for the tensor v (v4h):

0 v
Yo, va) =1+ Za—vaA(yﬂ, Y4) + VAoV, +
A
0 0 2
2 0 v 0 ,v
+ _ay%LA(yA,yA) + (_8y%KA(yA>yA)> +
0 _
+2UAoga—yb‘Qﬁ(y9hyi) + O(C 6)7 (060')
A
A 0 v 0 0 v 0 o v
You(Ya,¥4) = O_QLA(yAayA) - UAOQWKA(?JA,?JA)"*”
Ya YA
0 0 v 0 v 3 ve 0 v -5
+UA0u(yA)a_'EQA(yAa Ya) + Yo7 5 Q@a(ya,va) + 0(c™), (C6b)
Ya 9y,

A
’Yozﬂ(y%’ yzl‘,l) = Yop + 'UAOQ’UAoﬁ'*'

a y a ., v -
o5 Qv ¥4) + 180 55 Q4 (W2, v4) + O(c7). (C6c)
Oy y Ya
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Relations (C6) are the KLQ parametrization of the metric v/,,, which forms the background
Riemann-flat space-time in the proper RF 4:

Ritmn(723) =0

The functions K4, L4, and Q% will be chosen in order to separate the forces of inertia from the
gravitational forces that are measured by the observer in this RF.

Relations (C5) are a useful tool for simplifying the result (C2) as well. Thus, for the deter-
minant of the transformation matrix, we will get following expression:

- o v
det[ Vo W)] =1+ 55 Kalolh v)+

+'UA0)"UAO a §23 Q (y?Q?yZ) + 0(0_4)' (07)

C.3. Inverse Transformation of the Coordinate Base Vectors.

Using the transformation rule for the base vectors, €&, = 8/8y%, of the proper RF4 to those
of the inertial barycentric RFg, P = 8/0z?, given by expressions (3.18), one easily obtains the
inverse transformation matrix A%z (zP) = 9y’ /0z™ for this transition as well:

giz% =1- %KA (IO,IEU - yio(io))"
2 La(a% 2~ 45,@) + o[ 330 K5 (2%, 2" - g3, (a) -
~vaog(z®) - Q4 (2% 2" ~ 4 (%)) + O(™®), (C8a)

ayO 0 o ,v v 0
gx—é- = vAoa(:z:O) - -a?a-LA(iL‘ , X —yAO(:r ))+

+aia [; aiOKA(’” NG ))

~a05(2%) - Q4 (2% 2 — ¥4, (s%)) ] + O(c™), (C8b)

a Q a a v v
28— )+ ] (- )

+%,(2°) - Ka (2%, 2 = y4,(z9)] + O(c™), (C8e)
8 8

WA = 85+ 5|~ Q5 (% — Yaola?) +

+v§{0(x°) “Ka (:1:0, ¥ — yio(xo))] + O(c"4), (C8d)
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where we have partially taken the result of (C5b) into account in a form of the relation

a v v 6 v - a -
72 KA (22" — ¥io(") = 5 Kalwhva) +0(c™) = =g (%) + O(™).

C.4. Mutual Transformation Between the Two Quasi-Inertial RFs.

The expressions for the transformation of the base vectors between two quasi-inertial RFs (e%)
and (e;) may be obtained from relations (3.19). These transformations are given as

ay% = 0 0 v 3 o v -6 ]
545, =1+ 38 Kpa(ya,va) + oy Lpa(ya ?JA) + O(c™), (C9a)
9 ) _
2B — upana(yd) + e LBa(¥d,¥4) + O(®), (C9b)
0yg oyq
Y% 2] _ )
B = 0300 (03) + 55 QBalvh ¥4) + O(C5), (o)
33/,4 ayA
Oy% 4 0 -4
—£ =85+ —5Q%4(ya,ya) + O™, (C9d)
Gyﬁ 5 8yﬁ

where the functions Kga, Lpa, and Q% 4 are defined by expressions (3.20). From these expres-
sions, (C9), one may obtain the determinant of the transformation matrix A% 4, (v5) for the
transformations between two different proper RFs as follows:

- ) y
det [A%Am(yﬁ)] =1+ @KBA(TU?;, ya)t+

0 v -
+u3 4, (¥0)vBA0x (W) + MQ%A(yg, y4) + O(c™). (C10)

The condition det [/\i; Am(yﬁ)] = 0 gives the boundary of validity of these transformations.
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Appendix D: Transformations of Some Physical Quantities
and Solutions.

In this appendix, we will present the transformation laws for the gauge conditions, the com-
ponents of the Ricci tensor, and the components of an arbitrary energy-momentum tensor of
matter of the matter distribution 77" for the unperturbed solutions of the field equations hgﬂ,
and for the interaction term A egs.(3.1)-(3.4), under the general coordinate transformations
discussed in Section 3 of this report.

D.1. Transformation of the Gauge Conditions.

With the help of egs.(F1) and the expansion of the metric tensor g, given by egs.(B7), we may

obtain the relations for the gauge conditions expanded in a power series of the small parameter
-1

cT.

(i). In Cartesian coordinates of the inertial RFg, the background space-time may be taken in

a simple form of the Minkowski metric: 71(,?,)1 = (1,—-1,-1,-1). Then the power expansion
of the gauge condition of eqs.(B7) may be presented for n = 0 as follows:

190 v <2>¢,.p <2>(.p v 0 <3> _ _5
55@(7 057 (2%) — 952> (aP)) — v Bys, Iov (2zP) = O(c™), (Dla)

and for n = « as follows:

1 0 v
27 57 (6567 @) + 1795 (o) -
A
v, po 0 <3>(..P\ — -4
it e 3—315491/# (z?) = O(c™). (D1b)

(ii). In an analogous manner, one may obtain the expressions for the gauge conditions in coor-
dinates (y;) of the proper RF 4 of body (A). For n =0,

10 v <2> <2> 3% 0 <3>
5@(’)’ 95" (W) — 960 (1&))-7 ﬁgw (va)+

82KA DY 82LA
+ 02 R oy¥. 6>
Oya YaCa

BZQ#
vA -
+van, (dhy +7 500 = 0, (D2a)

and for n = «,

1 a v v a
57“*—3212 (952 Wh) + 1957 Wh)) — v“a—ay§g§3>(yﬁ)+
aQQa
% TV ) = O(c™). D2b

D.2. Transformation of the Ricci Tensor R,

With the help of the expansion for the components of the Ricci tensor, eqs.(B9), one may obtain
this tensor in coordinates of the different RFs.

137




(i). Thus, by making use of the relations for the covariant de Donder gauge conditions in
coordinates (zP) of inertial RFq, eqs.(D1), one may present the components for the Ricci
tensor in the following form:

1 02 1 62
ROO(xp) - '7 7300 2>( ) '7 a7 ax90 4>( )
2 0xvox 2 ozvozx

1 62 1 Y
—§W90<02>($p)+ 5’7’\”’7 bons (@ )8 Y 590 5 (2P)+
1,, 0 0 -

57 gt () ggmen” (@) + O() (D3a)
» 1 & a5, p -5

Roala?) = ~37 50053 (a9) + O(c™), - (D3t)
P 1 82 <2>(..p -4

Rop(z?) = — 4" 9ap (2F) +O(c™%). (D3c)

2" Ozvozr?
(ii). From relations (D2) and with the help of the expressions for the Ricci tensor given by

egs.(B9), one may get this tensor in coordinates (yﬁ) of the proper RF 4 as well:

_ 1 w\_ﬁ__ 2> ( & asipy
Roo(yhy) = —=v (V%) — 8 v 900 (V)
Ya0Y4

2’ By Aayg

1 8 ,

1 8 <2> 8 <2>
+2’)’ ay,\goo yi)ayﬁgoo (Vo) +

8 (62KA DY 8

62Q#
t=5|—=—5 +7 A—i—v,;o“(aA + A )>+
Y 3y91 Oy 0y, 0 8yA8yA

1 H vA 6 QA 2 <2> -6
=~ O(c D4
+ 2 (G‘Ao +7 ayﬁayi\‘> ay# 900 (yfl + ) ( a’)

1 52 ) o 0%Q4
Roa) = ~57" gy oia” (W) + vauao(';,oﬂ*ayza;ﬁ)ﬁu

YA
18 (a?xA s 0?La

-2 A2 + vg (a” + 42 Q% ) + O(c™d), (D4b)
29y5 \ 8y By dyy  Tom\ Ao

dy40yx

1, &2
Raﬁ(yﬁ) = _57 ,\By,’gayﬁgéﬁb(yi)*—

1 0 0 m VA 82Qi -4
+5 (s oGt e ) (a4, +7 5 3@2) +0(c™Y). (Ddc)

D.3. Transformation Law for an Arbitrary Energy-Momentum Tensor 77",

In this subsection, we will present the power expansion for the components of Syn = Trnn— % gmnT
defined by equation (B12).

138




(i). By assuming that each body (B) in the system may be described by the reduced energy-
momentum tensor S2,, one may easily obtain the total energy-momentum tensor Sy, for
the entire system. Thus, in the coordinates of the inertial RFy, this tensor may be presented
as follows:

Smnls?) = T S8 28 s507).

dzm Bz"

Then, with this relation above and from egs.(B10)-(B11), (B13), and (C6) for the coordi-
nate transformations to the barycentric inertial RFy, we will obtain the following result:

Sw(e?) = 5 3 (T§°>°°<yg(zp>> + T O ")+
B

+2 955 (Wh(29) - T5 P W (29) — 1 T5> (vh(27)) -
- [z%KB (2% 2" = 45(2)) + 8o, (2°)0, (%)) - T5 Py (7)) -
~4 90, (2%) T~ ¥ (v% (zf'») +0(c™), (D5a)

S0a(2?) = D You (TE PO (yh(aP)) + v, (2%) TEO Py (= ))) +0(c™%),  (Dsb)
B
Sap(a) = ~37as > TP ) +0() (D50)

(ii). One may obtain the relation for the energy-momentum tensor of the entire system in the
coordinates of the proper RF4 as follows:

Ayk, & oyk 8
Sn(yh) = Z B We 581 (2)) = SAGR) + T -”5 % 5843 (42).
Oy% Oy B;éAa Oy%

Then, making use of the formula above and from eqs.(B10)-(B11) and (B13), the expres-
sion for the quantity Sm, in coordinates (yﬁ) of the proper RF 4, with the help of eqs.(C7),
may be presented as follows:

Soo(w) = %(T§0>00(y5) + T8 4

+2 g<2> (yi) TA<0>00(y§1) = 7euT/§2>eu(y€1))+

+ Z (T<0>00(y5(yi )+ <2>00(qu(yi))+

B;éA

+2g<2> yi ) <0>00 yB(yi)) Yev <2>eu(y%(yﬁ))+
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a
+[25y_%KBA(y91>yA) vBAo(yA)'UBAo.,(yA)] T5 % (g (h)+

FAyeuv5 4, (¥3) TE”"“(y%(yﬁ))) +0(c™), (D6a)

Soa (yi) = 'YauTZ1>O# (yﬁ)+

+ > Yau <T§1>°“(y3’9(yi)) — VB4, (y%)T§°>°°(y%(yﬁ))> +0(c™®), (D6b)
B#A
Sapi?) = —-m( 2008 + T T§°>°°(yq3(yi)>> L0, (Deg
B#A

D.4. Transformation of the Unperturbed Solutions h(o)

In this subsection, we will obtain the transformation rules for the unperturbed solutions.

(i). Using the following notation for the second term in expression (3.1):

Ay} Oy . (0B
HOn) =2 G ggn it W)

from eqs.(C6), we will obtain the relations for components H},?%(xp ) in the coordinates of
the inertial RFg as follows:

H(zP) =Y (hﬁé’%ﬁ”(y%(zp» + hQSE> (48, (2P)) —
B

0 0)<2
~25 5 K5 (2" 2" ~ 45, (=) - Kl (Wh ()

— 20, (2°) - Bpe (3% (2P)) + v, (2%)v%, (z°) - b 5;’252><y3<zp>>)+0<c—6>, (D7a)

HO () =Y (h%’%i“(y‘g(x%

B
F0Boa(2°) - Bigge ™ (y5(zP)) = v, (2°) - K9S (y %(xf’») +0(c%), (DTb)
H(O (zP) = Ehg)léb(yza (zP)) + 0(6—4) (D7c)
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(ii). The transformed components of =Y, (yﬁ) in coordinates (y%) of the proper RF 4 are defined
as in eqn.(3.4):

oz* 8:1: oys 9
H?‘('I?‘I)l(yﬁ aym ay yfl)) - Z azfz 895 I(c(l))B yi)) -

oy% 9yl
=hDPA) + 3 ayﬁ’; B Wh)
B#A

Then, for these components, from the relations of (C7), one may obtain the following

result: . ) (0) )
HR h) = hiae ™ (Wh) + HSo ™ () +

+ > (hﬁé’%§2> (¥5) + hpa ™ (y& () +
B#A

0 0 0)<3
25y Kpalhouh) RS2 (42 (2P)) + 2054, (83) - RS> (W (v5))+
A

+054, (Y2050, (82) - R0 2>(yq3(yﬁ))> +0(c™), (D8a)

HOWR) = KO () 1 3 ( B9 (48 (02))—

B#A
8406 (¥2) B (L () + Vs (42) §2§2>(y%(yi)))+0(c‘5), (D8b)
HQ@R) = Q570 + 3 hoas™ s (#R) + 0(c™). (D8)
‘ B#A

D.5. Transformation Rules for the Interaction Term Aim.

The components of the interaction term R (z%(yh,)) in coordinates (%) of the proper RF4 are
given as follows:

7 ax m.
e (V) = YA n(2° (V4))- (D9a)
By making use of expressions (C6), the components of A, will take the following form:
mt(yi) —_ hznt<4> S(y‘i)) + 0(6_6), (ng)
mt yi)_o(c—a , mt yi)__ (D9c)

D.6. Transformation for the Energy-Momentum Tensor of a Perfect Fluid.

Let us define the model of matter distribution of a body (B) in its proper RFp by the tensor
density Tg'™ given by

TE"(v3) = v=9([pro(1 + I) + p|u™u" - pg™), (D10)
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where all the quantities entering the formula above are calculated in the coordinates (y%) of the
non-inertial proper RFp. Then, one may obtain the following post-Newtonian expansion of the
tensor 7" in coordinates (y5) of the proper RF5:

8Kp 1 _
T%(y}) = ppy |1~ v + T+ 2( Zc: Uc - Wff — 5VBo, V) + O™, (Dlla)

0Kp 1 P _
TO& = *l] — H1TI+2 -2 _ K v 4
(5) = poon®[1 = v + T+ 2( 3 U = Z = Fvmoutly,) + oo+ O], (D11)
T8(y5) = p5,vP0? — p7°® + pO(c™4). (D11¢)
Then, by using these relations, one may easily obtain the expressions for the right-hand side

of the Hilbert-Einstein gravitational field equations in the form of the quantity Sp,,, defined by
egs.(4.1), (B13), and (D5)-(D6).

(1). From egs.(D5) and with the help of the expressions of egs.(D10), we obtain components.
of the quantity Sp, in coordinates (zP) of the barycentric inertial RFg as follows:

Soo(z°, ¥ ZpBo (% (zP)) x
x[1+1 -2 %: Upr — 20,(27)v(a?) + %p +0(c™), (D12a)
Soa(a,2) = 2 3 pola”s 2" = (") [v*(=?) + O0(c™), (D12b)
Sap(a3") = =570 L pal’, 2" ~ s EN[1+OC)], (D129

where the total mass density of the system is denoted as

pP=> pBy
B

(ii). In an analogous manner, but with the help of the expressions of egs.(D6), we may get the
relations for tensor Smy in the coordinates (y%) of the proper RF 4: '

Soo(y%,¥4) = ZpB yhWA)[1 + I - 23 Vst

#2508~ 20,020 0) + v,y + 2 4 O], (D13a)

Soa(y%h ¥4) = Yae 3 PB(4%: ¥4 + Y54, (¥2) [v°02) + O(c7%)], (D13b)
B

Sap (¥, y4) = ;%ﬁ Z oY% ¥4 + ¥ha WA [1 + O3] (D13c)

It should be noted that the functional dependence of the densities in expressions (D12)-(D13)
reflects the positions of all the bodies with respect to different RFs in the sense of Dirac’s delta
function.
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Appendvix E: Transformations of the Gravitational Potentials.

To establish the transformation properties of the unperturbed solutions for hSSZIA (given in Ap-
pendix A) for transitions from coordinates (y%) of the proper RF, to those of the barycentric
RF, (and backwards), one should take into account that these solutions contain the integrals
over the three-dimensional volumes of the bodies. For this reason, we should first derive the
transformation laws for generalized gravitational potentials. The powerful technique for obtain-
ing these rules was elaborated for some special cases of transformations earlier by Chandrasekhar
& Contopulos (1967) (see also Brumberg & Kopejkin, 1988a; Will, 1993). It was noted that the
transformation of the integrands should include the point transformation combined with the Lie
transfer from one hypersurface to another. This transfer should be produced along the integral
curves of the vector field of the body matter’s four-velocity. The most sophisticated transforma-
tion at the post-Newtonian level is required for the Newtonian potential Ug. We will extend this
technique to the general case of the coordinate transformations, which was discussed in Section
3 and in Appendix C.

For the transformation from the proper RF4 to the barycentric one, RFg, with the help of
expressions (3.18), one may establish the relationship between the observer’s spatial coordinates
and those of the integrating point as follows:

1 1 0 oy (@ — 2F)(z* — =)
W—vgl e (l_”"(x SR e
B0 v _ v (-0 B(O 1w_ v (0 (2 — z5) -4
+[Q3($ ;@7 — yp,(z )) —QB(-'L‘ T =Yg, (T ))] .W_FO(C )] (Ela)

By using the same procedure as above, from egs.(3.19)-(3.20) we may obtain the expression for
the observer’s spatial coordinates and those of the integrating point while the transformation
between two proper RFs (corresponding to the bodies (A) and (B)) is being performed:

1 1
w)

= 1+
lve —vEl ¥4 —va

W5 —y%)(vh - v2

+ (UAoﬁ(yOA) +vp(y%, yi’f)) vBAoA(¥A) - lvs - %2 +
+ ([Qi(y%, ) - Q5] - (@8 (48 + vhan ) -
w v (yﬁ - ylﬁ) —
—Q3 (45 vx + yBAo(y%))D - mi‘l—z +0(c 4)J : (E1b)

For the transformation of the integrand, we should take into account the property of the
invariant elementary volume (Kopejkin, 1988; Will, 1993):

&y - ~g(¥R)u (W) = d°c' -/ —g(zP)u’(2P), (E2)

where /=g is the determinant of the metric tensor and u° is the temporal component of the
invariant four-velocity.
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From expressions (B2) and the components of the metric tensor of the order ~ ¢~2 in the
different RFs (given by (4.8) and (4.11)), we will get

V=9(2?) = 1+2) Up(yh(aP)) + O(c™), (E3a)
B

and

Ve =1+ %KM) T a0 (8005, (4Q)+

a -
+—5Q5Wh) +2Y Us(yh () + O(c™). (E3b)
By B
The components of the invariant four-velocity are defined as follows:

] 2 (E4)

W5 (27) = 04 (27) [gon(2”) + 2906(P0F(2P) + e ()0 (70 (7)

where v*(2P) = dz% /d2° = (1, 2%). From this last expression and eqgs.(4.8) and (4.11) one may
obtain the relations for the component u® in the coordinates of the barycentric and the observer’s
proper RF as follows:

W2(a?) =1+ Y Up(@B(a)) — 5vs(a?1A(&) + O(c™), (E5a)
B

and

W) =1+ Y Usuh(v) - 5us(v)v (V)
B

S anp (U (%) ~ Bj—gmym + O, (E5b)

Then making use of the expression of egs.(E3)and(E5), we will have

V-9@)(@?) = 1435 Us((a) - 5vp(a”)0P(7) + O(c™) (E6a)
B .

VIR R) = 1433 Us(b () — sush)? (R)+
B
"‘a_jEQi(yi) + %vAoﬁ(y%)vﬁo %) + O(c™). (E6b)

From relation (F2), the following transformation laws for the elementary volume may be

established:
d3le — d3xl V __g(zp)uo(xp) —
V= 9(yE(2P))u(yk(aP))
= d3z' (1 - vBoﬁ(xO)vﬂ(a:O, ) — %Qg (x(?, v — yﬁo(mo)) + 0(c’4)) , (ETa)
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iy, = aty VIO
Yyg = d Ya =
V-9 (W) (vE (W)

= d%yy (1 + B0 s (U (Vo Vo) + P (W% ¥%)) +

=03 (0080 - OB (v + b)) + 007 (E™)
A

Since the quantities pp(2°,2¥), (2% 2%), and p(2° 2¥) from the potentials defined in Ap-
pendix A are all measured in the co-moving local quasi-inertial frames, they are transformed as
scalars, and for any given element of fluid, the following relations hold:

pp(c®,2") = pa(yh(z?)),  T(z%2") =T(y5(=P),  p(a°2") =p(yp(z?)).  (E8)

Finally, the expressions (E1)and(E7)-(E8) enable one to present the transformation law for
the Newtonian potential as follows:

v v 82 v
Us(45:v5) = Un(a®,2°) + v, (=) - 55gxala®, a*)+

8 @(z% 2" — y5,(2%) - Q (2% 2" — ¥, (%))
[ |z — ™| ]+
+0(c™9), (E9a)

and
UB(y%ﬁUg) = UB(ygbyZ)—

0 0 0 v
_ngo (?/94) (@ - vfm (yg)b_yg) 3—3/?;)(3 (y?q, yA) -

. , ” Y b} A O’yu —Q'\ 0’ Iy
—/Bd3yApB(y94,yi; +¥54,U%)) 5 ([QA(yA 2) - 9a: yA)]—

A lv4 — %

[Q?g (4% 94 + 54, (82)) — @3 (8% 9% + ¥54,32))
lya — V&

The Newtonian potential and the super-potential in the formulae above are given as follows:

]) +0(c79). (E9b)

d3z
0 _vy __ qs _Ip -6
Us(", ') = [ == a(U3(7)) +0() (BSe)
x5(%,2) = = [ 2 pp(yg(7) 12" ~ 2 + O )L}, (B94)
B

where Lp is the proper dimensions of the body (B).
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In order to establish the transformation properties for the potentials
0 0 v 82 0
VE (2, 2Y), ®15(2% 2") and Wxg(z ,2Y),

one should find the transformation rules for the spatial components of the four-velocity u*(zP)
while transiting between RFs. Let u*(zP) and u¥(y%) be four-velocities of matter measured in
two different RFs under consideration. Since they are related by the usual tensorial law,

oy dy? Oy dzk
R =@ 2 ek

the following expression for the transformation of the invariant four-velocity may be obtained:

(E10)

dy%  0y% dz*
0B = 5 = ek g (Eta)

€ € xk
wi(13) = 2B = O(pi(yy) = 2oL

The last two equations provide one with the result for transformation of the three-velocity, as
follows:

(E11b)

uO T € €
v(vB) = o9 yé(i)q» (32 +v@)2). (E12)

By collecting together expressions (E5) and (C8) and substituting them into eq.(E12), one may
get the relation between the components of the velocity while the transformation from the proper
RF 4 to the barycentric one, RFy, is performed. This result may be written with the required
accuracy as follows:

v (yg(2P)) = v*(aP) — v§, (%) + O(c™®). (E13a)

In an analogous manner, but with the help of the equation (C9), one obtains the relations for
velocities in two different proper RFs:

VR = v (wA) +0Baou) + (5 + AP AR AR

A

~(v* (@A) + v3,42)) (3—55,; [Kalh) - Ke(h)] - v*<y2>vm(y%)) -

=03, %) [KaWh) - Kp(h)] +0(c™®). (E13b)

Then, based on expressions (F1) and (F13), we may get the expression for the transformation
law for the vector-potential V§:

VE(yB, yB) = VB(2°,2") + v, (2°) - Us(e,2") + O(c70), (E'l4a)

and
Vi3, ¥5) = VB, ya) — vBa, (v2) - Us(¥, ¥4) + O(c ™). (E14b)
From expressions (E1) and (EF13), we obtain the relation for the potential ®;p:
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and

QlB(yOB’ yg) = q)lB(xoa zu) - 2'UBOE(:Z:O) : Vé(xoa xy)—
—vBy(2°)vE, (2°) - Up(z®,2") + O(c™°),
QIB (yOB’ yg) = QlB(yga yZ) + QUBAOE(y.?i) ' Vé(y?h yf:l)—

—vB a0 (Y984, (W4) - Us(yS, 44) + O(c7O).

(F15a)

(E15b)

Finally, for the transformation of the superpotential xp from (E1), (F12), and (C8)-(C9), one

obtains

and

6? (U 9 0 v € 0 9 0 v
a_y%_QXB(yByyB) = WXB(QJ ,27) + ajy(z )b}-gXB(w y T )+

9 v
929205 (=°,2")+
2

15} v _
+1’530($0)UE\30($0)WXB($0J ) +0(c79),

+2vg, (zo)

2

62 3]
0 v 0 v € 0 0 v
XB\Yp Y = XB(y 'Y ) a (y ) XB\YA» Y

82
—2v5.4,(¥%) WXB (%, ¥4)+

o? -
+v€BAo (y%)Ung (y%) a € a A XB(y%’ y;) + O(C 6)'
' Ya0Ya
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Appendix F: Christoffel Symbols in the Proper RF .

In this appendix, we will present some expressions that are in use in various parts of the present
report.

F.1. Christoffel Symbols With Respect to the Background Metric v2,.

The connection components (or, so-called, Christoffel symbols) for the background metric i (v5)
in the coordinates (y;) of the proper RF 4 are defined as usual:

T (V) = “YA (45) (O () + Ot (85) — Bt rma(¥) ),

where 8;‘ = 8/8y%. Then from egs.(C6), one may obtain expressions for the Christoffel symbols
for the metric tensor yim(y%) as follows:

0’K 4 0%L4 OL 4
484 - -
R = T+ ot S i
82K 4 <\ 0K ; 8%Q4 905 -7
(————6y02 + a4yY Ao) (_8y% +’UA06'UAO) +’UA0€<———ay%2 — QAo 70 £ )+(9(c )s (Fla)
8°L 0?Q¢ 0K
A A A —6
Voo (Wa) = ~Gaoq + 5008 UAOem + a’AOa(—gZE' + a0 05,) +O(c™),  (F1b)
o A -6
Teb W) = 5 pren (La+v40,Q%) +O(c™), (F1c)
A Q% \ 0Q4% 0’K 4
R (Wh) = %, + ( T ey at) (Gt o +a4530%,) +O(C0), (F1d)
aA(yp) =% aaa—+ 0°Q4 + O(c's) (Fle)
Top \Ya) = VA,QAop 5 ang )
aA — a<0> 8 QA —4
Voo W) =7as + a0 T O (F1f)
0y, 0y4
where 'ya<°> is the Christoffel symbols in coordinates of the Galilean inertial RF (by choosing

the quasi-Cartesian coordinates, we may make these symbols vanish: 'y°<°> =0).

F.2. Christoffel Symbols With Respect to the Riemann Metric g4,,.

From the expressions of egs.(B8), one may also obtain the connection components I'} (%) with
respect to the total Riemann metric gim(3%) in coordinates (%) of the RF 4:

0K, 1 )
OO(yfl (6 (;q + = Aogvio - Z UB(ygayA)>+
Ya B
0 (0L 1/,0K Q¢
ay%(8y§ _(8y§) T V0T 54 i H°<°4>(yf"yf*)>
2
a0 + 504 e’UA UB(?!A;?!Z;)) -
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l: oL A 0K A 0 QAe 8Q

- 4
ayA AOe 8y0 + =5 8y0 + AOAa e + 7€AZVB(yA7yA)}

(et Y 5 2 Ul in)) + O™, (F2a)

T (¥h) = —aae, — Zaa (v%, v4)+

0 (%ka laKA 0Q4% <4>¢, 0 v
+5y§(3y2 * (ayg) TG TS H (va,ya) |+

0K 1 v -
2 Gat 4 Sosot = U010 ) (340 + 5 gz Uslihstd ) + O, (2
yA B

Tos(Wh) = (La+va0) Qi)+

By3 Y5

o 0
+ Z (Q’Yﬁ/\a = VB (yA, ya) + 2’7aAa

5‘ -
V (yA)yA) 7&56 0 (yA7yA)) + O( 5), (F2C)
B 3/A

To(vh) = a%, + 7 Z UB(yAa Ya)—

8 (dLs  1/0Ka 8Q¢
_’Ya,\ayA<8yA 5(3%91) tv AOea g+ H04>(yA,yA))

0 0 o 0Ka  0Q%
ayA (’)’a/\a Y (LA + 'UAOVQA) Ao a 0 + 6 64 + 4§V3a(y9hyﬁ))_
9 Q" )
- (vﬁovio + BQ;“ +7 *5%‘ +29% Y Un(yl, yA)> X
B

(O‘Aou + E 3 u B(y%» yA)) +0(c™), (F2d)

82Q5
0y3,0v5

Ts(a) = vi,0405 +

O ag0 v 5 9 _
+ XB: (28—ﬁVB (Y% ¥4) = 27"‘“*muayu VE(ya ya) + el 7 (yA,yA)> +0(c™®),  (F2e)

82Qa
F (yp <0> + A +
5w (Ya) -

5?!,[26?!,4

) i
+Z <6ﬂa uUB(yA,yA) +6 6

U (y/h yA) 73&)’7 68,\ UB(yAa yA)) + 0(6_4) . (sz)
Ya

where the quantity Hg 4> (%S %> Y4) comes from the relations for the metric tensor in coordinates
of the proper RF 4, eqn.(4.11), and is given by relation (4.12).
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Appendix G: The Component g()% and the Riemann Tensor.

In this appendix, we will present the expressions for the flat metric 'y()%(yﬁ), the “inertial friction,”
term and the interaction term higt<4>(zP).

G.1. The Form of the Component 4.

By substituting in the relations of egs.(C6) the solutions for the transformation functions K 4, L4,
and Q% that are given by the expressions of eqgs.(5.11),(5.12),(5.23),(5.34), and (5.35), one obtains
the following relations for the components of the metric g (y%):

8
Yo 2 (v%, v4) = 5% 0 Ka(yh,y4) + UAon(yA)vAo(yA) =

6UB A —4
= Us) +yi(=) |+ +0(c™), (Gla)
T [ve),+a(G)l 6
0 0 2 0o}
A<4>7. 0 vy _ 0 v 0 ,v 0 Br.0 vy _
Yoo (Yar¥a) = 2—3ygLA(y ¥+ (——8?/941(,4(21 ")) +2vAoﬂ(yA)_ay%QA(y YY) =

3] ou. oV,
0 (sl ~ssmons 2 g bl 4520

-5 G), - (W), + 2ct+

a - v
+2Z(3 g Lag () + v, 3 OQA{L}(m) yi? + 08 + Oy, (G1b)
1>3

9 5 ,
Vo3> (v, v4) = -ay—gLA(yo,y”) —vAoa(y%)WKA(yo,y )+
+UA0u(yA) QA(y Yy )+'cha 7 ARTES

= 100 3 (580 + (V)] o2

B#A dyy /o
8 ,0U
3037 Vo

1
_5(704555 + 'Ya)\‘seﬁ - '76)\6g) yiyﬁ Z
5 A

B#A Oy

k
0 a 5
+ g; <@QA{L}('9?4) . y,{q } (LA{L}(?/A) + Vagy, - QA{L} (yA)) (yl{qL}))_*_

+0(c™%) + O(lyal**), (Gle)
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0
3yﬁ

A<2>

0
Vs> (YA ¥4) = Vaoa(U) Va0 s(U%) + Yo —5 QAW ¥4) + Vﬁua—in’q(yi, NE
A

=210 3 [A(Z2), + (05} el

B#A

c v 0y 0 v 0y 0 {L} -4 v k+1
+3 (@i 0275 + 1@y W) gg) Vi + O + O, (G1d)
1>3 9ya Ya

G.2. Lemma. The following relation holds for any values of &:

(K} K)oy vk Pt
e b =Z(_) (s —DI(k—s+ 1)

s=1

o15-13 (au _ bu) {K_S+1}, (G2)

where a{K} = g*10%2...a%, and PP is the operation of all the possible arrangements of p different
objects from n ones.

Formula (G2) may be proved by direct verification of several arbitrary values of s. Thus, for
s =1 and s = 2, this formula is trivial. For s = 3 and s = 4 from the right-hand side of equation
(G2), one may check that these relations hold as well.

Indeed, by straightforward calculation, we have the following result for s = 3:

(@t — b1)(a* — b2)(a® — b3) — a1 (a”® — b"2)(a*® — b*2)—

—a”?(a”® — b)) (a"™ — b)) — a”*(a™ — b1 )(a"? — V) +
+a"a”(a” — ") + a*?a”?(a” — b)) + aa" (a? - b2) =

= a¥'a"2g"® — b1pY2pYs = o3} — {3}
And for s = 4,

(@ — B (a2 — B2)(a¥0 — BR)(a — b) + 0¥ (a2 — B7)(a® — BR)(a% — b¥4)+
+a"2(a”?® = b"?)(a" — V") (a" — b)) + a3 (a¥* — b)) (a¥* — b )(a™? — b)) (™ — V) +
+a*(a” — ") (a”? — b*?)(a”® — b)) — a”*a”?(a™® — b)) (a™ — b™4) — @™ a™®(a”? — b2)(a™ — b)) —
—a”la”“(c.z"2 - b"2)(a”® - 5"3) — a”2a” (2" — b )(a™ — b**) — a™?a"(a™ — b ) (™ — b3)—
—a”a"(a¥t — b )(a”? — b)) +a"*a"a™? (@™ — b)) + a™?a”*a™ (0™ — V") + 0¥ a™a" (a¥? - b))+
+a%a"1a? (0" — b)) = a"1a¥2a%a — bbb b = altt — {4},
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Then by induction, one may extrapolate the validity of expression (G2) for any s > 4.

Making use of the relation (G2), we will simplify the form of some expressions for the metric
tensor in the proper RF4 and the interaction term in the coordinates (zP) of the barycentric
inertial RFp. Let us present two expressions that will be necessary for the future analysis. The
following integral is easy to calculate in the form

0 _ryid -y

d3 ’ 0 Iy+ v (0]
/B yApB(yAayA yBAo(yA)) 3y',§\[ 9% — v

( )k s+1Pk —-s+1

_ Z {S 1}
(s -k -s+ 1)'
5 (y y ){K—-S-l-l}
3,0 . 0 1w v 0 A A —
X /3d Y4 PB (yAayA + yBAo(yA)) By;{\ [ |yA -y ]
_ (=)e-stipf-stl o 1 0 Y-S+,
Z (s—1) '(k—s+1) YA T L Was (2)

The same quantity will have the following form in the coordinates (zP) of the inertial RFy:

[ 'pa (e ~ y5(a) x

9 [(J"V - yIUBo(xo)) o (x’” - ygo(?o)) {K}]

|:1:” _ iE’"l

(_)k—s+1plic—s+_1
(s— 1 (k—s+ 1)

(x" _ yEO($O)> {s-1} y

1
i
s

, F) v — g {K-5+1}
[ (s 8 S [E

|:ZIV — zlul
k k—s+1 pk—s+1
G A v .,0{51}3 (K-S+1)
g s—l'(k—s+1)'( ~ Y5 (® )) Z(=")p (G4)
where potential Z (xp) 5 was defined as
Z(zp)(S) =/ _ﬁz_:_,__ - 0B (ZO 2 - 2% (zO)> (2 - zu/){S}_ (G5)
B B |2¥ — 2" ’ o

G.3. The Form of the ‘Inertial Friction’ Term.

The following term in the temporal component of the metric tensor g&(y%,v4), €q.(4.16b), has
the meaning of the gravitational inertial friction:

& Qal%v4) ~ QA% vy
d3l B 0, /u+ v 0 A\JA»JA A\JATJA .
/B yars(v% v yBA.,(yA)) By'j‘[ W5 = o] ]
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Substitution in this relation of the obtained function Q4 will enable us to present the ‘inertial
friction’ term as follows:

A(,0 1w
/d3yAPB(yA’yA+yBAO(yA))8 )‘[QA(yAvyA) Qalya, ¥4 ]=

'yA \yA ny
. oUpg:
=2UB(y%,v4) >, [<UB'>0 ty < oYy > }
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G.4. The Form of the Interaction Term.

Making use of the solutions for the functions K4, L4, and Q9 of the coordinate transformation,
one may also obtain the form of the interaction term A5 <*> in any coordinate system. Thus, for
example, in the coordinates of the inertial RFg from eq.(4.6), we have the following expression:

IUIZPB(HC ¥ = ypo(x )ZUC P)+

hint<4> .’L'O zv
00 ( ? ) B |xu _
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v 82 v — 14 v
%0 U@ ) = 1Y e (e >] +O() + O(a” 5, ). (G7)

~G.5. The Form of the Riemann Tensor in the Proper RF 4.

We are using the following notation for the components of the Riemann tensor:

Rt = 8Tk, — 8Tk +Th Tk —Tt Tf. (GS)
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(i). By making use of the expressions for the metric tensor g4, (v%) given by egs.(6.7), one
will obtain the following post-Newtonian expansions of the components of this tensor in an
arbitrary RF (2P):

0 0 0
ROaOﬁ(Z )_ ___1-\252> _*_g(§)2>a ﬂr0<2> = 3F0<4> > 0F0<3>
+1-\0<2>F0<2> I—w<2>I-10<2> + O(C_G), (G9a)
0 0<3> _ 2 0<3> -5
ROuaﬁ( ) 9z ﬂrua 9z aF +O( ) (ng)
a AL2> a AL2> —4
Rau.ﬁa (Z ) ’7C!A 820 Fuﬂ 6 ﬁ F}LO’ + O(C )' (ch)

(i1). By making use of expressions (G9), one may obtain the components of the Riemann tensor
Rynpk in the coordinates (zP) of the barycentric inertial RF as follows:

9*Us L1 &’Hy™ dUp 8Up v 0Up 0Ug
Roags(a”,2") = Z 520027 | 2 97°0P 2 9z> 9z 1PV Bzw Bxv |
82V 82V 82Ug e
- g (275,\51508% + 290 6208}2[’ = YaB 50 + O(c™®), (G10a)
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(iii). By making use of the expressions for the connection components I‘fnp presented by the

relations of egs.(F2), one may obtain the components of the Riemann tensor Rynpk in the
coordinates (y%) of the proper RF4 as follows:

(Racos)y = =T (g, + 5 S0 ) s
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It is interesting to note that in the case when the local gravity produced by the body (A)
under consideration may be neglected, the Riemann curvature tensor (G10) is formed only by
the gravitational field of the other bodies in the system. This suggests that one may extend the:
generalized Fermi conditions in the local region of body (A) (or at the immediate vicinity of its
world-line 4, given by relations (5.2)), as follows:

omn() = 9557 (5) + 80550 (~ 03P) + O3 ), (G120)
Chn(vh) = THIZ@Wh) + 0THE (~ lyg)) + O1ylP), (G12b)
Rnit(5) = Rmnia(03)[, + O(I93), (G12¢)

where superscript ezt denotes the external sources of gravity. Relations (G12) summarize our
expectations based on the Equivalence Principle about the local gravitational environment of the
self-gravitating and arbitrarily shaped extended bodies.
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Appendix H: Some Important Identities.

In this appendix, we will present some identities necessary to reduce the expressions in Section 6.
We will use the definition for the total mass density of the system p in the coordinates (v%) as
given by (6.4); for the total Newtonian potential U as given by (6.17); and for the total vector
potential of the system V* as given by expression (6.20). Then, one may obtain the requlred
identities simply by using the eq.m. (6.6), the Poisson equations for the potentials U and \%
(6.18) and (6.21), respectively, and with the help of expression (6.22):
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where I'*? is defined as follows:

To8(f) = [aa 0T +8°£6°T ~ 0" f0T. (H5)

The following identities are also easy to verify:
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From the equation for the potential W (6.23a) and with the help of (H4), one obtains
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The following identity may be written in two different ways. In order to reflect this ambiguity,
we present it as follows:
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where a; and ay are arbitrary numbers.

One can verify the correctness of the following identities necessary to reduce the terms in
equation (6.32) that contain the functions Q% () With 1> 3:
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Appendix I: Astrophysical Parameters Used in the Report.

In this appendix, we present the astrophysical parameters used in the calculations of the gravi-
tational effects for the Mercury Orbiter mission in Section 7 of this report:

Solar radius : Rg = 695980 km,

Solar gravitational constant : ug = 29 = 1.4766 km,
c

Solar quadrupole coefficient (Brown et al., 1989) : Jog = (1.7 0.17) x 1077,

Solar rotation period : 7 = 25.36 days,
Mercury’s mean distance : ap; = 0.3870984 AU = 5.791 x 107 km,
Mercury’s radius : Ry = 2439 km,

Mpy
po)

Mercury’s gravitational constant : pys = = 1.695 x 10—'7,u@,

Mercury’s sidereal period : Tjs = 0.241 yr = 87.96 days,
Mercury’s rotational period : 7ps = 59.7 days , .
Eccentricity of Mercury’s orbit : eps = 0.20561421,
Jupiter’s gravitational constant : py = 9.547 X 10"4#@,
Jupiter’s sidereal period : Ty = 11.865 yr,
Astronomical Unit : AU = 1.49597892(1) x 10® km.
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