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In a recent investigation, the initial value problem of light propagation in the gravitational field
of a body at rest with monopole and quadrupole structure has been determined in the second post-
Newtonian (2PN) approximation. In reality, the light source as well as the observer are located at
finite distances from the solar system bodies. This fact requires to solve the boundary value problem
of light propagation. In this investigation, the solution of the boundary value problem is deduced
from the initial value problem of light propagation in 2PN approximation. These results are a basic
requirement for subsequent investigations aiming at ultra-highly precise tests of light deflection and

time delay in the solar system.

I. INTRODUCTION

The precision in astrometric angular measurements has
made a giant step from the milli-arcsecond (mas) level,
as achieved by the astrometry mission Hipparcos [1] to
the micro-arcsecond (pas) scale of accuracy, as achieved
by the astrometry mission Gaia [2]. These astrometry
missions of the European Space Agency (ESA) were the
first space missions developed for highly precise astro-
metric measurements of positions, distances, and proper
motions of celestial objects. Meanwhile, there are sev-
eral development proposals, both space-based astrometry
missions [3-11] and ground-based facilities [12], which are
aiming at the sub-micro-arcsecond (sub-pas) and even at
the nano-arcsecond (nas) scale of accuracy. The science
cases of sub-pas astrometry are overwhelming, like de-
tection of Earth-like exoplanets, measurements of dark
matter distributions, tests of general relativity (GR) in
the solar system, progress in determining natural con-
stants, considerable extension of a model-independent
cosmic distance ladder, and even detection of gravita-
tional waves by astrometric measurements [13-17].

A fundamental problem in relativistic astrometry con-
cerns the precise determination of the trajectory of a
light signal, emitted by some celestial light source and
propagating through the curved space-time of the solar
system towards the observer. The importance of this
fact has also been emphasized by the ESA-Senior-Survey-
Committee (SSC) in response of the selection of near-
future space missions. In particular, the SSC has rec-
ommended a further development of the GR framework
to model photon trajectories to the required accuracy of
high-precision astrometry of the next generation [18].

There are several difficult and serious issues regarding
a general-relativistic modeling of light propagation aim-
ing at the sub-uas level of accuracy. Let us consider three
of these aspects:

(a) Solar system bodies can be of complicated shape
and inner structure, which can be described by the mul-

tipole expansion of the metric tensor of these bodies [19-
21]. The light trajectories in the gravitational field of
such arbitrarily shaped bodies at rest have been deter-
mined in the 1PN and 1.5PN approximation, both for
stationary multipoles [22] as well as for time-dependent
multipoles [23].

(b) The second problem concerns the motion of solar
system bodies along their complicated world lines. Sev-
eral investigations have demonstrated, that on the pas-
level it is sufficient to determine the light trajectories in
the gravitational fields of bodies at rest, if one imple-
ments their retarded positions in the GR model [24-28].
In order to investigate this problem further, the light tra-
jectories in the gravitational field of slowly moving solar
system bodies with full multipole structure have been de-
termined in the 1PN and 1.5PN approximation [29, 30]
by means of the approach developed in [22, 23].

(c) Higher orders of the post-Newtonian (PN) expan-
sion of metric tensor of the solar system need to be taken
into account, both for defining highly accurate reference
systems as well as for highly precise GR modeling of light
trajectories in the solar system. Regarding this problem,
it can be stated that the metric tensor for solar system
bodies at rest is, in principle, well-known up to the sec-
ond post-Newtonian approximation (2PN) [19-21, 31—
33]. However, such an understanding has by far not been
achieved for the light propagation in 2PN approximation.
In fact, 2PN light trajectories have only been solved for
gravitational fields generated by monopoles, that means
spherically symmetric bodies at rest [34, 35]. This prob-
lem has later been reconsidered under several aspects in
a series of subsequent investigations [36-49]. The next
term in the multipole decomposition of the metric tensor
of solar system bodies is the quadrupole term. Accord-
ingly, the impact of the quadrupole structure of solar
system bodies on light trajectories is the most signifi-
cant effect beyond the monopole. Such a rigorous 2PN
solution for light trajectories has been obtained only re-
cently in our investigation [50]. In that investigation it
has also been found that the 2PN quadrupole light de-
flection amounts up to 0.95 pas and 0.29 pas for grazing
light rays at the giant planets Jupiter and Saturn, re-



spectively.

Another aspect of astrometric science concerns the
progress in ultra-highly precise time-measurements, both
by ground-based facilities as well as space-based atomic
clocks. In our recent investigation in [51], the impact
of the quadrupole structure of solar system bodies on
time-delay has been determined in the 2PN approxima-
tion, which amounts up to 0.14 and 0.04 pico-seconds
(ps) for grazing rays at the giant planets Jupiter and
Saturn. These results can be compared with present-
days technological achievements in time measurements.
For instance, the atomic clocks on-board of the Euro-
pean Galileo navigation system have a standard devia-
tion of At/t ~ 107, The todays most precise atomic
clock on-board of a satellite is the Deep Space Atomic
Clock (DSAC) [52] (launched 2019) by National Aero-
nautics and Space Administration (NASA). The DSAC
mission is testing a new navigation technology for future
space explorers. The DSAC has a standard deviation
of At/t ~ 1071° and it is at least 10 times more stable
than atomic clocks of the satellites of the Global Posi-
tioning System (GPS). In order to illustrate and to com-
pare the standard deviation with the precision in time
measurements, one may consider the light travel time
between Earth and Mercury, which is less than 10°s.
Then, these standard deviations of DSAC would corre-
spond to an accuracy of about At ~ 1ps in measure-
ments of light travel time. Further examples are the
Earth-based atomic clocks NIST-F1 and NIST-F2 at the
National Institute of Standard and Technology (NIST),
having a standard deviation of At/t ~ 107!¢ [53], which
corresponds to an accuracy of about At ~ 0.1 ps for such
a light signal. The highest accuracies for Earth-bound
atomic clocks have been achieved with optical atomic
clocks, having a standard deviation of only At/t ~ 10719
[54], which implies an absolute accuracy of At ~ 10~* ps
for light signals, for instance, between Earth and Mer-
cury.

Thus, in view of advancements of the precision in an-
gular observations as well as in time-measurements, it is
clear that in near-future the quadrupole effects in 2PN
approximation become relevant for high precision tests of
relativity in the solar system. As mentioned above, the
2PN solution of the initial value problem for the light tra-
jectory in the quadrupole field of solar system bodies has
been achieved in our recent investigation in [50]. The ini-
tial value problem (Cauchy problem) is characterized by
two given initial values: the initial direction of the light
ray and the spatial position of the light source. However,
for high precision tests of relativity in the solar system
it is necessary to determine the 2PN light ray solution of
the boundary value problem. The boundary value prob-
lem is characterized by two given boundary values: the
spatial position of the light source and the spatial posi-
tion of the observer. The solution of the boundary value
problem is considerably more involved than the initial
value problem. Some parts of the boundary value prob-
lem have been considered in [51]. A fundamental and

important step towards a comprehensive solution of the
boundary value problem will be given in this investiga-
tion, where the light trajectory is written in a new form,
which contains the spatial positions of the light source
and of the observer.

The manuscript is organized as follows: The 2PN so-
lution of the initial value problem of light propagation in
the monopole and quadrupole field of a body at rest is
summarized in Section II. The problem and the proce-
dure of how to rewrite the initial value solution of light
propagation into a new form, which is required to solve
the boundary value problem, is described in Sections ITI
and IV. The 2PN solution of the initial value problem,
which is appropriate to implement the spatial positions
of source and observer, is given in Section V. The solu-
tion of the boundary value problem of light propagation,
that means the coordinate velocity and trajectory of the
light signal in terms of the spatial positions of source and
observer, is presented in Section VI. A summary and
outlook is given in Section VII. The notations, some de-
tails of the calculations, the tensorial coefficients as well
as the scalar functions are shifted into a set of several
appendices.

II. INITIAL VALUE PROBLEM OF LIGHT
PROPAGATION IN THE OLD FORM

We consider the gravitational field generated by a
massive solar system body. The curved space-time is
assumed to be covered by harmonic four-coordinates
(2%, 2,22, %), in line with the resolutions of the Interna-
tional Astronomical Union (IAU) [55]. They are treated
like Cartesian coordinates [19, 35]; see also Section III
in [32]. The origin of the spatial axes is assumed to be
located at the barycenter of this body. In case of weak
gravitational fields and slow motions of the bodies, the
metric tensor can be series expanded in inverse powers of
the speed of light. This post-Newtonian (PN) expansion
reads in the 2PN approximation

Gap =1ap + 0+ hE) + B+ 0 (%), (1)

where hgg = O(c™™). In the general case, the solar sys-
tem body can be of arbitrary shape and inner structure
and can also be in arbitrary rotational motions. In or-
der to describe the gravitational field generated by such
bodies, the metric tensor is decomposed in terms of sym-
metric trace-free (STF) mass-multipoles My and spin-
multipoles Sy, [19-21, 31]. The mass-multipoles describe
the shape and inner structure of the body, while the spin-
multipoles account for the rotational motions and inner
currents of the body. In the stationary case these multi-



poles are time-independent and then they are given by

TOO +Tkk:
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where T%? is the stress-energy tensor of the body and
T<r> is the symmetric and trace-free part of xj with
respect to the spatial indices, where L = iyi5...7; is
a multi-index for these spatial indices. A solar system
body, described by these multipoles in (2) and (3), can
still be of arbitrary shape, inner structure, and can also
be in rotational motions, but the body cannot oscillate
and the rotational motions and inner currents have to be
time-independent. Then, the post-Newtonian expansion
of the metric tensor in (1) reads

Gop = ap +h2) (M) + 1) (Sp) + i) (ML) (4)

up to terms of the order O (0_5). The metric pertur-
bations in (4) have been deduced in [32] from the metric
density achieved in the basic investigations in [19, 20, 33].
In our investigation [50] we have considered the prob-
lem of light propagation in 2PN approximation in the
gravitational field of a body at rest and have taken into
account the mass-monopole, M, and mass-quadrupole

terms, My,
T00  kk
M= / &z % , (5)
TOO + Tkk
Mab :/dgx T<ab> 672 ) (6)

where the integrals run over the three-dimensional vol-
ume of the body, and T<qp> = 42 — & |@|? 54p. The
mass-dipole terms vanish, M; = 0, because the origin
of the spatial axes is located the center of mass of the
source. Then, the metric (4) simplifies to the form

Gap =Nap + hiy (M, May) + b\ (M, Ma) — (7)

up to terms of the order O (0_6). The metric perturba-
tions in (7) were explicitly given in [32, 56].

Light trajectories are null-geodesics and they are gov-
erned by the geodesic equation, which in terms of coor-
dinate time reads [35, 57, 58]:
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where T%, = ¢°° (98,0 + 9puu — Guv,p) /2 are the
Christoffel symbols, which are functions of the metric
tensor go3. The geodesic equation is a differential equa-
tion of second order, thus a unique solution requires two
initial conditions,

C c C C

o=t0 o)
xo=x (t) I (10)

with o and &g being the unit-direction of the light ray at
past infinity and the spatial position of the light source
at the moment of emission of the light signal. The first
integration of the geodesic equation yields the coordi-
nate velocity of the light signal, and the second integra-
tion of the geodesic equation yields the trajectory of the
light signal. By inserting the metric tensor (4) into the
geodesic equation (8) one arrives at the geodesic equa-
tion in 2PN approximation for the light propagation, as
given for instance in the Refs. [36, 46, 50].

unperturbed light ray

exact light trajectory
observer __---"%

U A" SN light at
b t=-

massive solar system body

Figure 1: A geometrical representation of the propagation
of a light signal through the gravitational field of a massive
solar system body at rest. The light signal is emitted by
the light source at xo and propagates along the exact light
trajectory @« (¢). The three-vector @ points from the origin
of the coordinate system towards the spatial position of the
observer. The unit tangent vector along the light trajectory
at past infinity is o. The unperturbed light ray @ (t) is
given by Eq. (12) and propagates in the direction of o along
a straight line through the position of the light source at xo.
The impact vector d, of the unperturbed light ray is given
by Eq. (21).

The solutions of the first and second integration of
geodesic equation in 2PN approximation have recently
been determined for light rays propagating in the gravi-
tational field of a body at rest by means of an iterative
approach [50], where the monopole and quadrupole struc-
ture of the body have been taken into account. These
iterative solutions are given in the following form:

TN

=0 (11)
en=xg+c(t—1y) o, (12)
1PN . Agipy (N) 7 (13)
T1pPN = TN + Aﬂ’ngN (x~) — Azipx (20),  (14)
TopN _ n Agipy (xN) | Adopn (2N) . (15)

c c c
ZTopN = &N + Azipy (Tn) — Azipn (20)
+ Azopn (£N) — Azapn (o),  (16)

where the time-arguments have been omitted. The first
two equations, (11) and (12), represent the homogeneous



solution of geodesic equation (vanishing Christoffel sym-
bols), which yields the unperturbed light ray propagating
along a straight line. The 1PN perturbations Az pN and
Azipy are terms of the order O(c~2) which have been
determined long time ago in [59], while the 2PN pertur-
bations A&opn and Axopy are terms of the order O(c™4),
which were the primary results of our recent investigation
[50].

The integration of geodesic equation simplifies consid-
erably, if one separates the time-dependent scalar func-
tions from the time-independent tensorial coefficients.
This procedure has been applied in [50] and has lead
to eight master integrals, which can be solved in their
exact form. However, this approach leads to tensorial co-
efficients, which contain linearly dependent tensors. For
the subsequent investigations, it would be more appropri-
ate, to rearrange these tensorial terms into such a form,
that the tensorial coefficients contain only tensors which
are linearly independent of each other. In this way, we
achieve the following expressions for the perturbations:
the spatial components of 1PN terms in (13) - (16) are
given by

ipn (2N) D Ul (@x) F (@)

¢ n=1
G M,y <
ab abi s
+57 D Vi (@x) G (), (17)
n=1
. OM .
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+57 D Vi (@x) G (), (18)
n=1

and the spatial components of 2PN terms are given by
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The terms AxipN (€9) and Azopy () in Egs. (14) and
(16) are obtained from Egs. (18) and (20) by replac-

ing the arguments xn by xy. The tensorial coefficients,

U(in)7 V(‘;b)i, W&b)c‘“, are given in Appendix B. The scalar
functions in (17) - (18) are given in Appendix C. The
scalar functions in Egs. (19) - (20) can straightforwardly
be deduced from [50], namely by comparison of the ten-
sorial coefficients in Eqs. (83) - (85) and Egs. (89) - (91)
in [50] with Egs. (19) and (20), respectively. These scalar
functions are of simple but extensive algebraic structure.
Therefore, in favor of a simpler representation, only the
functions A,y and By, B(g) as well as C(1),C(28) and
their time derivatives are given in Appendix D, while the
full set of these functions is represented as supplementary
material [60].

The tensorial coefficients contain the impact vector d,
of the unperturbed light ray,

d,=0c X (xnx0o)=0 X (X9 X O), (21)

and its absolute value d, = |d,| which is called im-
pact parameter d,. The impact vector in (21) is time-
independent and points from the origin of the coordinate
system towards the unperturbed light ray at the moment
of its closest encounter; see also Figure 1.

III. STATEMENT OF THE PROBLEM

The solution of the initial value problem, defined by
Egs. (9) and (10), can only be the first step, because
in reality the light source and the observer are located
at finite distances from the gravitating body. Therefore,
real astrometric measurements require the solution of the
boundary value problem, that means solving the geodesic
equation for light rays in terms of the boundary values,

; (22)

; (23)

where x( is the spatial position of the light source at the
moment of emission of the light signal y, while x; is the
spatial position of the observer at the moment of recep-
tion of the light signal ¢;. These equations state, that the
spatial position of the exact trajectory of the light signal,
x (t), is in coincidence with the spatial positions of light
source and observer at the moment of emission and the
moment of reception, respectively; see also Figure 1.
The solution of the boundary value problem can
uniquely be deduced from the solution of the initial value
problem derived in our investigation [50] and represented
by Egs. (11) - (16). The iterative approach in [50] im-
plies, that coordinate velocity and trajectory of the light
signal are given in terms of the unperturbed light ray
xn. It is essential to realize, that the 1PN perturba-
tions in Egs. (15) and (16) are terms of the order O(c—2).
Therefore, in the arguments of these 1PN perturbations
in Egs. (15) and (16) one cannot replace the unperturbed



light ray at the moment of reception by the spatial coor-
dinate of the observer, because such a replacement

1] =IN (tl) + O (072) (24)

would cause terms of the order O(c™%), that means,
such a replacement would spoil the 2PN approxima-
tion. Therefore, one has to rewrite the 2PN solution in
Egs. (15) and (16) into such a form, where the arguments
of these 1PN perturbations are the spatial positions of
the 1PN light ray, &1pn, while the arguments of the 2PN
perturbations are the spatial position of the unperturbed
light ray xy. Afterwards, one may replace the arguments
of the 1PN terms according to the following relation,

L1 = T1pPN (tl) + O (674) . (25)

Such a replacement in these 1PN perturbations would
cause terms of the order O(c~%) which are neglected, in
line with the 2PN approximation. The procedure of how
to arrive at this new form of the 2PN solution of the ini-
tial value problem is described in the subsequent Section.

IV. DESCRIPTION OF THE PROCEDURE

The procedure, to rewrite the initial value problem into

such a new form as described in the previous Section, is
relevant for calculations in 2PN approximation and cal-
culations of higher order, but is not necessary in the 1PN
or 1.5PN approximation. Furthermore, if one takes into
account only the monopole structure of a massive solar
system body, then the performance of this technique is
more or less straightforward. That might be the reason,
that this treatment has almost not been discussed explic-
itly in the literature. It might well be, that the comments
in the text below Eq. (3.2.42) in [35], in the text below
Eq. (6.8) in [36], as well as in the text below Eq. (52)
in [37] are just three of only a very few explicit hints in
the literature about this specific issue. However, if one
takes account for the quadrupole structure of a massive
solar system body, then the calculations become rather
involved. This Section is devoted to represent the method
of how to treat that specific problem of 2PN calculations.
The procedure is subdivided into three steps.
First step: One changes the arguments of the 1PN per-
turbations in Egs. (15) and (16) from the unperturbed
light ray, xn, to the light ray in 1PN approximation,
x1pN. Such a replacement generates additional terms of
2PN order. In order to identify these additional terms,
one has to consider the difference between these 1PN per-
turbations, formally given by,

d&opn (TN) _ Azipy (®n)  AZipn (®1pN)
c c
dxopn (n) = Azipn (TN) — Azipn (T1pn),  (27)

where label 2PN on the left-hand side in (26) and (27)
indicates, that these differences are terms of second post-
Newtonian order. The first terms on the right-hand side

in (26) and (27) are given by Egs. (17) and (18), while
the second terms on the right-hand side in (26) and (27)
read

Aiipy (Z1pN)
c

2
GM . .
=2 Y Ul (@1pn) Fa) (1pn)
n=1

GMap o - i .
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where the tensorial coefficients are given in Appendix E
and the scalar functions are given in Appendix F.
Second step: In order to obtain the terms d&opN in (26)
and dxopn in (27), one has to perform a series expansion
of Az1pN (x1pN) and Azipy (21pN) in (28) and (29), re-
spectively. The tensorial coefficients and the scalar func-
tions in (28) and (29) contain the light ray in 1PN ap-
proximation, x1pn, and its absolute value, x1pn. There-
fore, for performing that series expansion, one needs the
following relations, which are valid up to terms of the
order O(c™%),

x1pN = 2N + Azipy (TN) — Az ipn (T0) (30)

| T b TN (Azipn (N) — Azipn (20))
(zipn)" (2n)" (zn)"+? ’
(31)

where n is an arbitrary integer. It is noticed, that relation
(31) can also be written in the form

L _ 1 do-(Azpen (2n) — Azien (20))
(CUlPNyL (HTN)n (JUN)nJr2
“n(o-zx) o - (Axipx (mN)njrzAmlPN (z0)) . (32)
(zn)

where the unperturbed light ray (12) has been used in
the form xx = d, + (0 - zn) o, which follows from (21).

The 1PN perturbations (28) and (29) do also contain
the impact vector with respect to the light ray in 1PN
approximation (cf. Eq. (J4) in [50]),

o~

dU =0 X (Il:le X 0'), (33)

as well as its absolute value d, = |30| This impact
vector, like the impact vector with respect to the unper-
turbed light ray (21), is perpendicular to three-vector o.
By inserting (30) into (33), one finds that these impact
vectors in (21) and (33) and their absolute values are re-
lated to each other as follows (cf. Egs. (J5) and (J7) in



[50]),
dy=d, + 0 x (Azipy (2N) — Azipn (T0)) X 0|,
(34)
1
(do)  (do)"
~n ds- (Azipn (zn) — Azipn (20))
(da)n (d0)2 ) (35)

up to terms of the order O(c™%); n is an arbitrary integer.
The relation (35) represents the first term of an infinite
series expansion (cf. text below Eq. (J7) in [50]). This
series expansion has a convergence radius determined by
the condition n|dy - Axipn| < (d0)2. Using the same
arguments as given in text below Eq. (J7) in [50], one
finds that this convergence condition is satisfied for any
realistic observer, which is naturally assumed to be lo-
cated in the solar system. Nevertheless, this convergence
condition is even satisfied for observers which are located
at far distances of more than a few hundred astronomical
units from the solar system. The impact vector in (33)
is only needed as an intermediate step, because later the
replacement in (25) will be performed, where the interme-
diate impact vector in (33) becomes literally the impact
vector of the boundary value problem in Eq. (58), up to
terms of the order O(c™4).

Third step: The terms in (26) and (27) are 2PN terms,
hence they can be decomposed into terms of the same
set of linearly independent tensors like the 2PN terms in
(19) and (20), that means

Sty (Tx)  GM GM i
ey (2n) _ G 5 2 Ul (@x) A (@)

c C
n=1

GM GMa b
b Z‘/( bi CCN B(n) (a:N)
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where the tensorial coefficients are given in Appendix B.
The calculations in order to get these terms in (36) and
(37) are not complicated but lengthy, and the scalar func-

tions g(n)» E(n)v 5(.@, as well as g(n)a E(n)a 5(n) are of
extensive algebraic structure. In view of this fact and

because these functions are considered as an intermedi-
ate step, they will not be presented here in their explicit
form. Instead, the full set of these functions is repre-
sented as supplementary material [60].

As final step, these expressions in (36) and (37) have to
be added to the 2PN terms in (19) and (20), respectively,
which leads to the following expressions:

Aibng (GCN) _ A.’i)gpz] (.’BN) T (S:i)zpl\; (ZCN) , (38)

AQDQPN (:I:N) = AwQPN (wN) + (5332131\1 (QZN) . (39)

The symbol A (Laplace) instead of A (Delta) on the left-
hand side in (38) and (39) indicates, that these functions
have carefully to be distinguished from the 2PN functions
n (19) and (20).

V. INITIAL VALUE PROBLEM OF LIGHT
PROPAGATION IN THE NEW FORM

By performing this procedure, which has been de-
scribed in the previous Section, one arrives at a new
representation of the same iterative solution as given by

Egs. (11) - (16), but in the following form:
“”TN _ (40)
eN=x9+c(t—ty) o (41)
T1pN S Azipy (2N) 7 (42)
-'BICPN =xN + Awan (xNx) — Az1pn (20), (43)
-732CPN . A331PNC(3’31PN) n ACCQPZI (zN) C(44)

TopN = &N + AzipN (T1pN) — AZipn (T0)
+ Azopn (en) — Axopn (o), (45)

where the time-arguments have been omitted. The only
differences between Egs. (11) - (16) and Egs. (40) - (45)
are the arguments xipy in the 1PN terms in (44) and
(45) and the new scalar functions Azopn and Axepy in
(44) and (45). It is, however, essential to realize that the
iterative solution in Eqs. (40) - (45) is identical to the
iterative solution given above by Egs. (11) - (16), up to
terms beyond the 2PN approximation.

These equations (42) - (45) represent a generalization
of Egs. (3.2.35) - (3.2.38) in [35], which are valid for the
2PN light propagation in the monopole field of a body,
while the equations presented here are valid for the 2PN
light propagation in the monopole and quadrupole field
of a body.

The 1PN terms in (42) and (43) are given by Egs. (17)
and (18). The 1PN terms in (44) and (45) are given by
Egs. (28) and (29). The 2PN perturbations in (44) - (45)



are given by

AJ'?%PN (:I)N) GM GM
c 3

(n) :BN

GM GMa .
i ZV( PP (zN) Vin) ()

GMy, GM_q4 abedi .
+ ZW(f)‘d (@N) Zny (2N),  (46)
n=1
and
GM GM
AJJQPN (IBN Z U (n) xN n) ( )

GM GM,,
t—2 =2 Z VS (@n) Yin (2n)
n=1

G My, GM,q & .
b N W (@x) Zony (x) . (47)

n=1

c2

It is noticed here, that the 2PN monopole terms in (46)
and (47) are in agreement with the results obtained in
[35-37]. The tensorial coefficients in (46) and (47) are
the same as in Eqgs. (19) and (20) and they are given
in Appendix B. The scalar functions are presented in
Appendix J (arguments x; in Appendix J substituted by
the arguments xy). The 2PN terms Azopy (zg) in (45)
are obtained from (47) by the replacements &x by xg.

The final step of this procedure concerns the replace-
ment of the arguments in Egs. (40) - (45) by the spatial
positions of source and observer. This issue will be the
subject of the subsequent Section.

VI. BOUNDARY VALUE PROBLEM OF LIGHT
PROPAGATION

From Egs. (41), (43), and (45) follows that the position
of the light source is given by the position of the light ray
at emission time tg, in any order of the post-Newtonian
expansion, that means

xo =N (to) = z1pn (fo) = @2pn (to) s (48)

represent exact relations.

On the other side, the spatial position of the observer,
a1, coincides with the spatial position of the light sig-
nal, propagating along the exact light trajectory, at the
moment of reception, @ (¢1), which is determined up to
the given order in the post-Newtonian expansion. There-
fore, the position of the observer can be obtained by re-
placing the spatial coordinate of the light signal at the
moment of observation by accounting for the correct or-
der, that means according to Egs. (24) and (25); see also
[37, 50, 51]. Only that new representation of the initial
value problem, as represented by Egs. (40) - (45), al-
lows one to insert in these relations (24) and (25). This

procedure leads finally to the 1PN and 2PN expressions,
which are given in their explicit form in the following two
subsections.

A. The 1PN terms

The coordinate velocity and spatial position of the light
signal in the 1PN approximation are given by Eqs. (42)
and (43). According to relation (24), one may replace the
arguments at the moment of reception of the light signal
by the spatial position of the observer. In this way, one
obtains for the coordinate velocity and spatial position
of the light ray in the 1PN approximation:

x1pN (t1) _

Ai
n w1p§ (1)
T1PN (tl) =X +c (tl — to) o

+ Azipx (1) — Azipn (20) , (50)

; (49)

where the 1PN perturbation terms in (49) and (50) are
given by

A'leN 1131

. ZUn) x1) Fin) (1)

GMab Z Vabl

n=1

) G(n) ($1)7 (51)

Axipy (1) ZUn) 1) Fin) (21)
M
G ab Z Vabl ) G(n) (151) (52)
n=1

The tensorial coefficients and scalar functions are given
in Appendices G and I. Clearly, the term Ax;pn () in
(50) is obtained from (52) by substituting the argument
x1 by the argument x.

B. The 2PN terms

The coordinate velocity and spatial position of the light
signal in the 2PN approximation are given by Eqs. (44)
and (45). One may replace the arguments at the moment
of reception of the light signal by the spatial position of
the observer according to relations (24) and (25). In this
way, one obtains for the coordinate velocity and spatial
position of the light ray in the 2PN approximation:

xopN (11) . Agipy (21) n A&opN (1) . (53)
c c c
TopN (tl) =xo+cC (tl — to) o
+AzipN (1) — AzipN (T0)
+ Azopn (1) — Azopn (0) (54)



where the 2PN perturbation terms in (53) and (54) are
given by

A M M
332PN($1) GM G ZU

c

n)( )

(n) 331

GM GMab
+

c?

Zvabz 171) Y(n) (5151)

n=1

GM,y GMay , .
+ T AN W (1) 2y (21), (55)

n=1

2
and

GM GMZU

Azhpy (1) = (n) (1) X(n) (@1)

GM GMab

Z V(Lb1 1171 Yr(n) (wl)

+ G]\gab GZ\gcd
C

Z W(%?)Cdi (331) Z(n) (acl) . (56)

n=1

The tensorial coefficients are given in the Appendices G
and H, while the scalar functions are presented in Ap-
pendix J. Clearly, the term Axapn (zo) in (54) is ob-
tained from (56) by substituting the argument x; by the
argument .

Finally, it should be noticed that the replacements (24)
and (48) into the impact vector (21), as well as the re-
placements in (25) and (48) into the impact vector (33)
imply the occurrence of two new impact vectors,

dl =0 x (xy x o), (57)
dl =0 x (x, x o), (58)

where their absolute values are d? = |d?| and d}! = |d}|.
These two impact vectors appear in a natural way if one
considers the boundary value problem. It is not surpris-
ing, that the impact vector in (57) is actually identical to
the impact vector in (21). The reason, that this impact
vector appears both in the boundary value problem as
well as in the initial value problem, is based in the fact
that the initial condition (10) of the initial value prob-
lem is identical to the boundary condition (22) of the
boundary value problem.

VII. SUMMARY AND OUTLOOK

In our recent investigation [50] the coordinate velocity
and the trajectory of a light signal in the gravitational
field of a body at rest has been determined in the 2PN ap-
proximation, where the monopole and quadrupole terms
of the gravitational field have been taken into account.
The unique solution of the geodesic equation has been de-
termined in the scheme of the initial value problem. In
reality, however, the light source as well as the observer

are located at finite distances xg and x; from the gravi-
tating solar system body. This fact requires to solve the
boundary value of the geodesic equation. The solution of
2PN light propagation in terms of these boundary values
xo and x1 is represented in Section VI. Notably the 2PN
terms in Egs. (53) and (54) with Egs. (55) - (56), are the
primary results of this investigation. These results are
a basic requirement for highly precise measurements of
light deflection on the sub-uas scale and time delay on
sub-pico-second level in the solar system.

The final ambition of the boundary value problem is
the determination of three fundamental transformations
[37, 61]: kK — o, 0 — n, k — n, where k is the unit
direction from the source towards the observer, o is the
unit tangent vector of light trajectory at minus infinity,
and m is the unit tangent vector of the light ray at the
spatial position of the observer. These transformations
represent the basis of the Gaia rlativistic model (GREM)
[61], which has later been refined by our investigations in
[37] and [62]. These transformations would also be imple-
mented in relativistic models for data reduction of possi-
ble future space astrometry missions, like the Gaia suc-
cessor GaiaNIR [3] or Theia [4], planned to be launched
in an optimistic case in 2045 as medium-sized mission of
ESA [63]. The determination of these transformations
will be represented in a subsequent investigation.
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Appendix A: Notation

Throughout the investigation the following notation is
in use:

e (G is the Newtonian constant of gravitation.

e ¢ is the vacuum speed of light in Minkowskian
space-time.

e M is the rest mass of the body.

e M, is the symmetric trace-free quadrupole mo-
ment of the body.

e Lower case Latin indices i, 7, ...take values 1,2, 3.



e f denotes total derivative of f with respect to
global coordinate time.

e §;; =0 = diag (+1,+1, +1) is Kronecker delta.
e Three-vectors are in boldface: e.g. a, b, o, x.

e Contravariant components of three-vectors: a* =

(al,a? a®).
e Scalar product of three-vectors: a - b= §;;a’ V.

= Véijaiaj.

e Levi-Civita symbol: €55, = £k with €195 = +1.

e Absolute value of three-vector: |a)

e Vector product of two three-vectors: (a x b)’ =

Eijk aj bk.

e Lower case Greek indices take values 0,1,2,3.

e s = n*? = diag (—1,+1,+1,+1) is the metric
tensor of flat space-time.

e go5 and g are the covariant and contravariant
components of the metric tensor.

e Contravariant components of four-vectors: a* =

(a®a',a? a%).

e milli-arcsecond (mas): 1 mas = 7/(180 x 60 x 60) x
103 rad.

e micro-arcsecond (pas): 1 pas = 7/(180 x 60 x 60) X
10~ % rad.

e nano-arcsecond (nas): 1nas = 7/(180 x 60 x 60) x
10~ rad.

e pico-second (ps): 1ps = 10712 second.

e repeated indices are implicitly summed over (Ein-
stein’s sum convention).

Appendix B: Tensorial coefficients of 1PN and 2PN
solution in (17) - (20)

The tensorial coefficients of the 1PN perturbation
terms in (17) and (18) are given by

U(il) (xN)=0", (B1)
U(iz) (xN) = df, ) (B2)
Vi (@n) = 08", (B3)
VE () = g6 (B4)
V(‘él)” (xN) = oot (B5)
Ve (en) =o"dbo (B6)
VE (ax) =dadyo’ (B7)
Vi (an) = dgdydy, (BS)
Ve (@n) = o%o’d], (B9)

(zN) )

The coefficients in (B3) - (B10) represent a complete set
of linearly-independent tensors with three spatial indices,
which can be constructed from two independent three-
vectors, 0 and d’, and the Kronecker symbol. Note,
that a permutation of the indices (a <> b) is of no rele-
vance, because of the symmetry of the quadrupole tensor.
For instance, there is no need to distinguish between the
tensors 0%0% and o?6%, because they yield same result:
o%8% M,y = o%6% M.

The tensorial coefficients of the 2PN perturbation
terms in (19) and (20) are given by

(all;cdz (-’BN) = §%qg b(sdz (Bll)
abcdz (wN) _ 6acdb 6dz (B12)
(ng)cdz (-’BN) _ C(Sdl (Bl?))
abcdz (wN) - bdc 6dz (B14)
(a5b)cdz (-’BN) _ adb cgdz (B15)
abcdz (wN) _ adb dc 5dz (BlG)
abcdz (mN) —_ d db cadz (B17)
abcdz (zx) = dadbdg o™ (B18)
abcdz (-’BN) _ 5a05bd i , (Blg)
abcd % (wN) 6aco_b0_d0_z (BQO)
(alblc)dz(a:N) 5% bdd i (B21)
W' (o) = 5a€dgd§ai : (B22)
(allgc)dl (zN) = o%cotolo’ | (B23)
“b““ (xN) = o%ctodio’ (B24)
abcdz (wN) o bdgdgai , (B25)
abcdz (wN) adb Ucdgo_i , (B26)
abcdl (zx) = 0%dydsdio’ (B27)
ab““ (zn) = didydsdio’ (B28)
abcdz (a:N) 5ac5bdd3 , (B29)
abcd i (wN) 5a00'b0'dd(i7 , (B30)
abcdz (wN) 5% bdzdf; ) (B?)l)
&%3“ (wx) = 0db i, (B32)
adel (zN) = Jbacoddf, , (B33)
(‘;ZC;“ (zn) =000 didy (B34)
Wit (an) = ool dg didy (B35)
&l%c)dz (wN) adb cdddz , (B36)
WSt (an) = ody dydidy, (B37)
W(‘;%C)“ (zn) = didy didid], . (B38)

The coefficients in (B11) - (B38) represent a complete
set of tensors with five spatial indices, which can be con-
structed from two independent three-vectors, c® and d%,
and the Kronecker symbol, and where the symmetry of



the quadrupole tensor is accounted for. That means,
the permutations (a <> b A c<d), (a< bV c+d),
(a<>c Abd), (a<>d A b c) have no relevance; cf.
text below Eq. (B10).

Appendix C: Scalar functions of 1PN and 2PN
solution in (17) - (18)

1. Scalar functions of the 1PN Monopole term in
(17) and (18)

By comparing with Egs. (62) and (66) in [50] one ob-
tains the scalar functions of the 1PN monopole terms in
Egs. (17) and (18):

F(l) (zN) = +2 W(g) (xN) , (C1)
F(z) (xN) =2 X(s) (zN) » (C2)

with
Wy (@x) = (c3)
X3 (xx) = +(d1)2 (1 + a%§N> ; (C4)

and
F(l) ((BN) =42 W(g) (:EN) R (C5)
Fo) (zn) = -2 &3 (zN) (C6)

with
W(g) (zn)=+In(zxy — 0 - @N), (Cn
X (@) :+(d1)2 (ant+ o), (CS)

where xn = xx (1).

2. Scalar functions of the 1PN Quadrupole term in
(17) and (18)

By comparing with Egs. (63) and (67) in [50] one ob-
tains the scalar functions of the 1PN quadrupole terms
in Egs. (17) and (18):

C'TV(1) (xN) =+6 W(5) (zN), (C9)
G2 (mN) = +6 X(5) (2N) | (C10)

Gy (xn) = +3Wes) () — 15 (dy)* Wiry (2x)
(C11)
Gy (2x) = +18 X3y (zn) — 30 (d)? X7y (zN)

(’012)
Gs) (zn) = +15 Wir) (2x) (C13)
Gs) (zn) = —15 X7y (zN) (C14)
Gy (xn) = —15 X5y (2n) + 15 (dy)? Xry ()

(C15)
G(s) (zxn) = =30 Wiy (2x), (C16)

10

with

. 1 1

Wes) (an) = =3 o (C17)
. 1 1

Wa (@x) = —= ) (C18)
: 2 1

Yo (on)=+3 105

1 g - ITN

+1"'xN>, (C19)

TN 2 (an)?

X
RS
—
IS
=
SN—

[ V]

+
~—~
ISH
q
N

[\v]

. 8 1 1 1 TN
Xy (@n) =+¢ +
(7 ( N) 15 (do’)Q ((do’)4 (d0)4 TN

T A A (C20)
2 (do)” (on) 8 (N)
and
Gy (@n) = +6 W) (2n) (C21)
G2 (zx) =46 X(5) (2N) (C22)

Ga) (xN) = +3 W) (2n) — 15 (do)* Wia) (@)

(C23)
Ga) (@) = +18 Xz (zn) — 30 (dy)” X(7) (@) ,
(C24)
G ) (xn) = +15 W) (@), (C25)
G6) (zN) = =15 X(7) (zN), (C26)
Gy (xn) = —15 X(s) (2x) + 15 (dy) X7y ()
(C27)
Gg) (xNn) = =30 W) (2N) (C28)
with
_ 11 o-ax
We) (@x) = —3 @ o (C29)
2 1 1 oy 1o -zn
14% =—— = ,
7 (ZN) 15 (d,)? <(d(,)2 i 5 (xN)3>
(C30)
2 1 an+o-xy 11
X =+3 —-— . (C31
8 1
Yo (@8 =+ 15 2
zn+o-xzny 1 1 1 1 1
x ) — , (032
( (dy)* 2 (d,)” o 8 (CEN)3> €2

where xx = @ (¢).
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Appendix D: The scalar functions in (19) - (20)
1. Scalar functions of the 2PN Monopole-Monopole term in (19) and (20)

By comparing with Egs. (83) and (89) in [50] one obtains the scalar functions for the 2PN monopole-monopole
terms in Egs. (19) and (20):

Ay (zn) = =4 Wy — 12 (x0 + 0 - o) Wis) — 2 (do)* Wie) + 4 X3y — 8 Z3) + 12(d,)* 25, (D1)
Ap) (@n) = —4 W) — 12Ws) — w:z KXoy — @lj)z (w0 + 0 - @0) X(3) + 6 Xay + 12 (20 + 0 - o) (5
—2(dy)? X6y +12Vs) (D2)
and
Ay (@n) = =AWy — 12 (20 + 0 - o) Ws) — 2 (de)> Wie) + 4 X3y — 8 Z(3) +12(d,)* 25, (D3)

4
W Xy — W (w0 + 0 - o) X(3) + 6 X4y + 12 (x0 + 0 - T0) AX(5)

~2(dy)? Xy +12)5), (D4)

A(g) (:BN) =4 W(g) —12 W(5) —

where the scalar functions W(n), X(n), j)(n), Z(n) and Wny, X(ny, Yn), Z(n) are given in [50]; the argument xy (t) of
these functions has been omitted here.

2. Scalar functions of the 2PN Monopole-Quadrupole term in (19) and (20)

By comparing with Eqs. (84) and (90) in [50] one obtains the scalar functions for the 2PN monopole-quadrupole
terms in Egs. (19) and (20):

. 4 . . . 21 . 4 o-x0 - .
By (&x) = +——— Wy + 22 W) — 60 (20 + 0 - ) Wir) + 5 (o) Wig) — —— —— Xg) + 60 X5
(do) 2 (do) Zo
—60 (do)? X7y — 48 Z5) + 60 (do)” Z(7) (D5)
(D6)
. 8 . 12 . 32 . . . 9
B (zN) = _W Wiy — W Wisy + W Wiey — 63 Wy + 420 (zo + o - x0) W) — 60 (do) W)
8 o-xpy - 4 o-x - 24 . 12 o-xo - o-xTy -
bt — Xy + — ——= Xy + —5 X5y — ——5 —— 5 — 12— &
(d0)4 o (3) (d0)2 (mo)?, (3) (dd)z (5) (d(,)2 Zo (5) (xo)s (5)
—420 X7y + 420 (d,,)? X(g) + 360 Z(7) — 420 (d,)* Z(9) , (D7)
and
4 21 4 o-x
B(l) (CCN) = +72 W(4) + 22 W(G) — 60 ($0 +o- :Bo) W(7) + = (dg)2 W(g) I z= X(g) + 60 X(5)
(do) 2 (do)™ o
—60 (dy)? X7y — 48 Z(5) + 60 (dy)* Z(7) (D8)
(D9)
8 12 32 )
B(g) (zN) = _W W(4) — W W(5) + W W(@) — 63 W(g) + 420 (xo + o - xo) W(g) — 60 (dy) W(lo)
8 o-x 4 o-x 24 12 o-x o-x
tg Xy + g Xy + 5 Ay — g Ay — 12— 7 A
(ds)” o (do)” (o) (do) (do)” o (o)
—420 X(7) + 420 (dy)? X(g) + 360 Z(7) — 420 (dy)* Z(9) , (D10)

where the scalar functions W(n), X(n), j)(n), Z'(n) and Wy, Xn), Yin)» Z(n) are given in [50]; the argument @ (£) of
these functions has been omitted here.
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3. Scalar functions of the 2PN Quadrupole-Quadrupole term in (19) and (20)

By comparing with Egs. (85) and (91) in [50] one obtains the scalar functions for the 2PN quadrupole-quadrupole
terms in (19) and (20):

12 g -y .

) 12 . ) -~
Crpy (2N) = — ——= Wigy + 9Wre) — 13 (dg)> Wipg) + ——ns 220y D11
(@) = =73 We (&) = 13(do)" Wao) + 579 == ¥ (D11)
(D12)
Gl (@) = + 120 . 420 o 210 oomg s 105 oemp . 120 180 X7
N T T T )T Y T @)t we T () @) T (do)® T (de)T o
45 Xz 360 . 690 300 .. 1005 . 25 .
+ - (ko +0-2o) X7y — ——3 Xg) + ——=5 X0y + —— Xa2) — = (do)” X4y »
(dU)Q (1‘0)3 (d0)6 ( ) (d0)4 ( ) (do’)2 ( ) 2 ( ) 2 ( )
(D13)
and
12 2 12 o-x
Crpy (2N) = ———= Wigy + IWrg) — 13 (d)* Wirgy + ——s 220y D14
(1) (®x) @ Ve (8) (de)” Wiro) @GP m O (D14)
(D15)
120 420 210 o -z 105 o -z 120 180 X7
Clogy () = +—— A 20 4— 20 2 X+ =9
(28) () @ O Gy VOt T YOt o o YO T G Ot o e
45 Xz 360 690 300 1005 25
+ - (ko +0-2o) X7y — ——3 X8) + ——=5 X0y + —— Xa2) — = (do)” X4y »
(do-)2 (3?0)3 (d0)6 ( ) (d0)4 ( ) (da-)2 ( ) 2 ( ) 2 ( )
(D16)

where the scalar functions W(n), X(n), )7(”), Z(n) and Wny, X(ny, Yn), Z(n) are given in [50]; the argument xy (t) of
these functions has been omitted here.

[
Appendix E: Tensorial coefficients in (28) - (29) Appendix F: Scalar functions in (28) - (29)

The scalar functions for the monopole term in Eqs. (28)

The tensorial coefficients in (28) - (29) are given by - (29) are given by

Fay (@1pn) = +2 W) (@1pn) (F1)
Flo) (w1pn) = =2 X(3) (@1pN) (F2)
Ul (zien) =0, (E1)  with
; —i 1
Ulyy (z1pn) =ds (E2) Wes) (@ipn) ==, (F3)
Vi (@1pn) = 0“6™ (E3) :
(1) 1PN 5 . 1 o 2
i a s Xs) (B1PN) = + = (1+ IPN), (F4)
Vo) (@ipn) =do 07, (E4) (do) T1PN
V& (@1px) = 00’0’ (E5)  and
. —~b .
V(iili’ (z1pN) =0dy 0", (E6) Fuy (z1pn) = +2 W3y (T1PN) 5 (F5)
V' (zpn) = d, ;l;b o, (E7) Flo) (@) = =2 X(g) (@1en) (6)
b —a b —i ith
‘/(613 (mlPN) :da do o (E8) b
V(%Z (z1pN) =o%’d, , (E9) W) (®1pn) = + nl(leN o T1pN), (F7)
. —~b —~1 X = -~ . FS
Ve (@ien) = 0% dy dy (E10) (@ @ipn) =+ (men + o @ey) - (F9)



where 1PN — 1PN (t)

The scalar functions for the quadrupole term in
Egs. (28) - (29) are given by

G() (z1pn) = +6 W5y (T1pN) | (F9)
G(g) (x1pN) = +6 X(5) (z1pN) (F10)
G(:s) (x1pN) = +3 W(s) (x1PN) — 15(30)2 W(7) (x1pPN)

(F11)
Gy (@1pw) = +18 X (w1px) = 30(dy)? Xpr) (@apw)

(F12)
G(5) (x1pn) = +15 W(?) (T1PN) (F13)
Ge) (@1pn) = =15 X(7) (T1pN) (F14)

G(7) (z1pw) = —15 X(5) (z1pw) + 15(dy)? Xy (T1pN) |

(F15)
G(g) (z1pn) =—30 W(7) (z1pN) (F16)
with
. 1 1
Wes) (®1pN) = —3 o (F17)
3 (fL’le)
. 1 1
W('T) (w].PN) =7 5 (F18)
5 (l’le)
. 2 1
X5 =4- —
(5) (1pN) +3 @
y Al N Al g TIPN lo- CC1P1;I . (F19)
(do)2 (d0)2 Z1PN 2 (leN)

y 8 1 1 1 O - 1PN

Xy (®1pN) = +77 == —— + —

(7)( 1PN) 15 (dy)? ((da)4 (d,)* 1PN

4y Ty ey 2 2Ty, (F20)

2 (dcr)2 ($1PN) 8 (331PN)

and
Gy (z1pn) = +6 Wes) (@1pn) (F21)
G2) (T1pN) = +6 X(5) (T1pN) (F22)

Gs) (®1pn) = +3Wis) (2108) — 15(d,)2 Wiry (z10w)

(F23)
Ga) (T1pN) = +18 Xg) (z1pN) — 30(d,)? X(7) (1pN) |

(F24)
G(5) (1pN) = +15W7) (T1pN) | (F25)
G o) (T1pn) = =15 X(7) (T1pN) (F26)

G(7) (x1pN) = —15 X5y (T1PN) + 15(d,,)? X7y (z1pN) |
(F27)

Gs) (w1pn) = =30 W(r) (w1pn) (F28)

13

with

Wes) (1pN) = —

2 1 o-x lo-x
W(7) (mle)zfi ’\)2 (( 1PN+7 1PN>,

15 ( o C/i\a)Q T1PN 2 (leN)3
(F30)
2 1
X5y (x1pN) = +3 ERE
o (Tento-zen 11 , (F31)
(dy)? 2 z1pN
8 1
X - - =
7y (1pN) +15 @)
offwxtormeny L1 1 L1 g
(da)4 2 (d0)2 ZL1PN 8 (1'1PN

where 1PN = 1PN (t)

Appendix G: The tensorial coefficients in (51) and
(52)

The tensorial coefficients of the 1PN perturbation
terms in (51) and (52) are given by

U(i1) (x1)=0", (G1)
Ulyy (x1) =dy ", (G2)
VA (@) =o"0" (G3)
VS (@) =d) o (G4)
V(%?Z (1) =o0%Pat (G5)
Vas (@) =o"dl b’ (G6)
Vi (@) =diedttet (G7)
Viey' (1) =dg "dg"d, ", (G8)
VE (@) = o"o'd} (G9)
VS (x1) =0%d,"d, ", (G10)

where the impact vector d} is defined by Eq. (58).
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Appendix H: The tensorial coefficients in (55) and Appendix I: Scalar functions of 1PN solution in (51)
(56) and (52)
The tensorial coefficients of the 2PN perturbation In order to simplify the notation, it is useful to intro-
terms in (55) and (56) are given by duce the following abbreviations:
Wﬁ%Cdi (x1) =60’ (H1) amy=(x1+0-2)" | (I1)
abed i _ sacg1bsdi 1
W) | (x1) =0"d, "0 E (H2) by = (12)
W (@) = 00 0 5% | (H3) 1)
. . ) 1
W&b)cdz (531) — g%gbglesdt , (H4) (n) (Il)n ’ (13)
Wbt (@) = 0%d ) oo™ (H5) doyy=In(z; —o - x1), (14)
Wkt (1) = 0*d ) bd o5 | (H6) d() = arctan "C'lf ! g , (15)
Wabcdi T :dladlb cddi’ H7 .U
™ (@1) =dy"dy "o , (H7) d(s) = arctan g . L (I6)
W(%}SCdZ (331) :d; ad; bd; cadz , (HS) dU
abed i __ sacgbd i _ o ! T
Wy | (x1)=0%6 ] (H9) da) a1 (arctan a1 + 2) , (I7)
W(“l%c)dl (x1) =600l , (H10)
WERH (1) = 6°0"dy Yo' (H11)
WES (1) = 6°°dy d) Yo' (H12)
W(al%‘:)di (1) = 0% 000, (H13)
bed i b ld i where n = 1,2,3,... in Egs. (I1) - (I3) is a natural num-
WEE " (x1) =0"0"0%d, “0" (H14)  por.
WESY (1) = 0%0dy “d)} Yo’ (H15)
W(allgc)di (x1) =0%d}bocd} ot (H16)
WERSY (1) = 0%d)d) dy Yo (H17)
WEGH (1) = dg “dy *dy “d) Yo', (H18)
WEY (1) = 5°6"d, " (H19)
Wit (x1) = 600 d) ", (H20)
abed i __gac b jgld 14
W(Ql) _ (®1)=0 ds"ds" (H21) 1. Scalar functions of the 1PN Monopole term in
WAt (@) = 61 bd ) 4d )+ (H22) (51) and (52)
W&Ei;)dl (1) = 0% ccd}t, (H23)
abed i b_cjyldj1li
= d;%d H24
W(aa) 4 (@1) =00"0%d, °d, ’ ( ) The scalar functions of the 1PN monopole term in
Wit (1) = 00’y “d} Yd)} " (H25)  Egs. (51) and (52) are given by
Wit (z1) = od) Pocdy dy (H26)
Wit (1) = o*d)d ) dy dy (H27)
Wabcdi :dladlbdlcdlddli7 H28 .
(28) (ml) o Yo Yo %o Yo ( ) F(l) (331) =92 b(l) , (18)
. 2
Feoy (1) = (d})? (1+c(1)) ) (19)
Foy (x1) =+2dq) (110)
2
where the impact vector d} is defined by Eq. (58). Flay (1) = (d})? e (1)



2. Scalar functions of the 1PN Quadrupole term in

(51) and (52)

The scalar functions of the 1PN quadrupole term in
Egs. (51) and (52) are given by

Ga) (z1) =—2b), (112)
. 4
Go) (w1) = (dl) (1+ C(l)) (dl) 3 €(3) > (113)
Gy (1) = (dl) (1+ C(l)) (dl) 5 ¢3) ~ 6¢(5) 5 (115)
Gs) (@1) = =3bs) , (116)
. 8 4 3
G (w1) = — (d1)6 (L+cq) - (d1y* €@ — (d1)2 €(5)»
(I17)
. 2 1
Gery (21) = —gmyr (L+ e) = Gz @ 3¢ - (18)
G(g) (1) =46 b(s) (119)
and
2
G(l) (ml) - (d1)2 ) (120)
4 2
G (@) =+gm7 a0 ~ oz bo: (121)
G =40 I
(3) (331) = +W + €3y, ( 22)
4 2
Gy (w1) = — (d1)* am) + (d1)? by +2be), (123)
2 €3)
G (®1) = _(d1)4 1) — (d1)z’ (124)
8 4 b(3)
o (o) ==gys o0+ Ty "o * a1
2 b1
Gr) (w1) = — (d1)* am) + (d(1;2 — by, (126)
4 2
Gs) (1) = +(d1)4 ¢y + (d1)? €@3) - (127)

Appendix J: The scalar functions of the 2PN

solution in (55) and (56)

The scalar functions of the monopole-monopole term
in (55) and (56) are given by

Xa) (@) =—

X(Q) (231)

4 by (1142
2 4 2@ 1
@ LT ew) +4ba + =7 (o). 01)

8 4 17 ¢

+ bay + — -2
T O T @ O T T @ 2
15 d
5 d(2) (J2)

@b

and
4 ¢z 15dg)
X — g e 22 7Y
(1) (:131) +(d(})2 a(1)+ 4 4 d; ?
4 b(2) 15 d(4)
X @)=t nr a0 T )

15



The scalar functions of the monopole-quadrupole term in (55) and (56) are given by

16

2 7 7 2 4
Yo (1) T (I+ew) + @y be) + 5 by — 7 (dg) " be) + @ (J5)
32 8 4 303 c(2) 37 cw 7 465 d(2)
Y, b by — -2 L il
@ (@) =G 0 Gy O Gt T g (gt T a6 2 Ta0 T B (g v
: 12 21 15 6
Y (@1) == (14 e) + 5 beay = 7(d3) be) = (dg) " bis) — @y @+ (J7)
. 32 8 303 ¢z 27 cu 31 15 2
Yia) (wl):+(d1)6 )+ Gor o~ g 3 by +12b) + 5 @t 16 (41 = ¢ + 5 (dg)” e
465 d(z)
e (J8)
32 (41)
. 16 4 2 19 15 4 6
Yis (x 1+c¢ + bioy — biay + — by + — da bgy — C(3) — C(5) » J9
(@) ==7 0 (L ew) + Zrrbe — Gozbo + 5 b6 + 7 ( ) b @t O " gEeer 09
: 96 8 6 AT @ 121 ¢y 101 ¢ 15 2325 dy
Y, - - b bis) + b ke = -2
O =GR T O T G O TS T TS e 1T e
(J10)
32 10 87 Cc(2) 355 Ca) 121 15, .1\2
Y, =+ - b brgy — 6bgg) — - o - = 2
855 d
_67 (d<12)>5 7 (J11)
4 20 63 15, 112 12 12
Vis) (1) = (1 +ew) - Attt T3 te g (d5)" bes) = @t gnrees U1
and
aq) by 93 cp) T 285 d3)
Yo (1) = +12 g N , J13
@)= T T G TR 16T R () )
a) 91 by T cay | 465 d
Yig) (#1) = - 5 BT O R v i i (J14)
(dg) 2 (d})? 16 (d})” 32 (d3)
B aq) b(l) 29 ¢ 111 9 /12 285 d(3)
Yoy (@) =8 001+ 2007 T 200 T 5 g + g e~ () o+ g (J15)
ap) | 27 be 111 5 132 ) ¢ 465 du
}/(4) (.Tl) :+16 (dl)G + 32 (dl) + ﬁb(4) - Z (do.l) b(ﬁ) - 8 (d1)4 - (d1)2 - 372 (d1)4 5 (J].G)
aq) by b 209 ¢z 9 cw 5 465 ds)
Yis) (z1) =+8 - -2 - a7 2C6) — (J17)
@h® @yt (dhH* 64 (dht 32(d})* 8 64 (d})’
a(2) 263 b(g) 91 b 5 c(1) C(3) 2325 d(4)
Yig) (1) = +48 = + 2 by — 16 - - , J18
(@)= G0E 6 e <d1>2 87T W) @yt 6 (dh) )
a(2) 285 b(a) 71 9 /12 C(3) 855 d(4)
Y, =116 =2 — Dby — 2 (@))% 2 J19
ac) b(l) b(g) 81 ¢2) 91 ¢ 5 465 d(3)
Y, =32 12 8 o = 2 it . 320
o ) == e T Gt e TRyt T 10 s @y 20
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The scalar functions of the quadrupole-quadrupole term in (55) and (56) are given by

. 8 4 b4y 3 13 , 4\2
Ziy (@1) =+ —— (14 ¢1) — —— bg) — = by + = (A1) b J21
(@) =+75s (Lrew) = Zrrbe — 4oz~ 300 + 5 (d) b (J21)
. 32 16 985 c(2) 217 ¢ 5 C6) 13 985 d(g)
Zoy (1) = — aey + b — — + — — —c@i)+ =2 J22
@ (@)= G0 0 e O s (g e (ant s a8 0 s gy 12
. 4 6 3 by 37 189, 112 9, 1 4
Zg (1) = ——— (14 c1y) + —— b by — o (A1) bsy + (A1) oy + —— c3)
(J23)
. 32 16 28 24 5515 cy 19061 ¢y 2255 c)
Z (21) = — 2 ag) + bty — —— by + bs) + =
(@) =G M e O T Gt T B (T s @t 192 (a)?
329 9, o 5515 d
T39 “® ~ 7 (dg)” cao) + 30} (d(f))7 (J24)
. 32 16 2285 ¢y  TA9 cwy T3 ¢ 305 9, 12
Z - - by — 2 f@ - P e — 2 (d
(5) (ml) +(d1)8 a’(l) (d;)G 1) 256 (d;)6 384 (d;)4 96 (d;)Q + 16 0(8) 2 ( U) 0(10)
2285 d(g)
J25
256 (42)" 12)
. 16 56 22 41 9, 1.2 6 48
Zo (@) =+0nsbe ~ grrbe + oapbe + 3 be ~3 (%) buo + T e — GRT o (J26)
. 8 4 1 19 9 12 8
Zry (1) = +—— bray — b bis) + — beg) — - () brag) + —— c(a » 327
o (@) =+Cnsbe ~ gt ~ gozbe + 3 b 1 (ds) " baao) @i o (J27)
. 16 24 2205 c@ 3361 cwy 1171 c@ 255 s 9
Z - bg) — brg) — . _ 2
@)= T G T B a0 o6 @t 64 @) 82 @y A
2205 dey)
(J28)
B12 (q1)°
. b 2
Z9) <w1)=—%+ 5 (d7) " bes), (J29)
. 8 4 b( 4) 5 95, 1\2 15
Z T)=— 1+ec by + + = by — — (d3) by + — (d2) baoy J30
(o) (®1) (d(})ﬁ( m) + et Gzt 2te T3 (dg)" by + 5 (d3) " baao) (J30)
. 32 16 8 985 cy 1319 cwy 187 e 85
Z - - bty — —— by — il &
0 (20 =G 90 ™ e MO T GO 18 (s T e gyt s @ T
12 985 d(2)
16 6 25 15, 1.2 8
Zng) () = — 1+cqy) + by + — 3 be) + T be — 5 AN by — —— c(3) 5 J32
(12) (1) (d;)s( ) (d1)4 (@) (dl) () ® — 5 (ds)" bao) e °© (132)
6 9 39 27 L4 I
Zus (@) == rabe) — b<4)+ by + 20 6 (dg)’ b<s>—3(dal) bao) + 5 (dg) baz)
6 6
- + : J33
(@t @ o
16 12 945 c2) 3781 cq) 319 ¢ 411 81 2
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0 @) =0 = "0 5 (a2 (apy oy o ()
75 1\4 945 d(g)
-2 -2 4
16 8 16 75, 4 16
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as) (1) (d;)s( m) @t~ gnytte ~ e (d7)" baoy = 7 (43) b a1
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+—— 5 (J35)
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8 48
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Z(oz) (@1) =+
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(1) b 32
©)) 7 C@) 7T cu 13 185 ds)
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