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Light deflection in the postlinear gravitational field of bounded pointlike masses
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Light deflection in the postlinear gravitational field of two bounded pointlike masses is treated. Both the
light source and the observer are assumed to be located at infinity in an asymptotically flat space. The
equations of light propagation are explicitly integrated to the second order in G/c2. Some of the integrals
are evaluated by making use of an expansion in powers of the ratio of the relative separation distance to
the impact parameter (rj,/€). A discussion of which orders must be retained to be consistent with the
expansion in terms of G/c? is given. It is shown that the expression obtained in this paper for the angle of
light deflection is fully equivalent to the expression obtained by Kopeikin and Schéfer up to the order
given there. The deflection angle takes a particularly simple form for a light ray originally propagating
orthogonal to the orbital plane of a binary with equal masses. Application of the formulas for the
deflection angle to the double pulsar PSR J0737-3039 for an impact parameter 5 times greater than the
relative separation distance of the binary’s components shows that the corrections to the Epstein-Shapiro

light deflection angle of about 107 arcsec lie between 10~7 and 10™# arcsec.
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I. INTRODUCTION

Light deflection by a gravitational field [1] is one of the
observational cornerstones of general relativity. The obser-
vational confirmation of Einstein’s prediction that light
would be deflected by the gravitational field of the Sun
[2] brought general relativity to the attention of the general
public in the 1920’s. Today, technology has reached a level
at which the extremely high precision of current ground-
based radio interferometric astronomical observations ap-
proaches 1 uarcsec and within the next decade the accu-
racy of space-based astrometric positional observations is
also expected to reach this accuracy. At this level of
accuracy we can no longer treat the gravitational field of
a system of moving bodies as static and spherically sym-
metric. This fact is one of the principal reasons for the
necessity of a more accurate solution to the problem of the
propagation of electromagnetic waves in nonstationary
gravitational fields of celestial bodies. To reach the accu-
racy of 1 uarcsec, many subtle relativistic effects must be
taken into account in the treatment of light propagation in
nonstationary gravitational fields of moving bodies. One of
the most intricate problems is the computation of the
effects of translational motion of the gravitating bodies
on light propagation.

This question was treated for the first time by Hellings in
1986 [3]. In 1989 Klioner [4] solved the problem com-
pletely to the first post-Newtonian (1PN) order (i.e. to the
order 1/c?) for the case of bodies moving with constant
velocity. The complete solution of the problem for arbi-
trarily moving bodies in the first post-Minkowskian ap-
proximation (linear in the gravitational constant G) was
found by Kopeikin and Schifer in 1999 [5]. They suc-
ceeded in integrating analytically the post-Minkowskian
equations of light propagation in the field of arbitrarily
moving masses. In Ref. [6], Le Poncin-Lafitte et al. have
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recently developed an alternative approach to the problem
of light deflection and time/frequency transfer in post-
Minkowskian gravitational fields based on an expansion
of the Synge world function for null geodesics. In that
paper the world function and time transfer function were
computed for a static spherically symmetric body to the
second post-Minkowskian approximation.

In this paper we treat light deflection in the postlinear
gravitational field of two bounded pointlike masses (binary
system). We assume that the light source as well the
observer are located at infinity in an asymptotically flat
space. To compute the light deflection we integrate the
equations of light propagation explicitly to the second
order in G/c?, i.e. to the order G?/c*.

The assumption that the gravitational field is weak along
the light path allows us to consider the metric as a pertur-
bation of a flat metric represented by a power series in the
gravitational constant G

2ulx7, G1= gl + 3 G gl (x7), )
n=1

with

g = m,, = diag(-1,1, 1, 1).
For the same reason we can consider the light trajectory as
a perturbation of its trajectory in flat space (a straight line)
represented by a power series in G

(1) = Z()(1) + Z G”SE(n)(fl )
n=1

It follows from Eq. (2) that the vector tangent to the light
trajectory takes the form
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- dz - had 2
i=20_7 + S Gl ,(1), 3)

=1
where 7(0) is the constant vector tangent to the unperturbed
light trajectory.
In order to obtain the postlinear equations for light
propagation, we introduce into the differential equations
for the null geodesics the metric as given in (1) and the

expression for the tangent vector I(¢) as given in (3). As a
result we get a set of ordinary coupled differential equa-

tions of first order for the perturbation terms & i(n)(t). Each

term 87(,,) is given in the form of a line integral along a

straight line in the fictitious metric gﬁi))y, i.e. along the

original unperturbed light trajectory. We get the postlinear
light deflection to the order G*/c* after computing the
perturbation terms 67(1)(t), 8 7(2)(t) and the corrections
arising from introducing the linear perturbation of the light
trajectory 6Z;)(¢), the motion of the masses and the shift of
the 1PN-center of mass with respect to the Newtonian
center of mass in the expression for linear light deflection.
The final result we obtain is the expression for light de-
flection in the postlinear gravitational field of two bounded
pointlike masses. The deflection angle takes a particularly
simple form for a light ray originally propagating orthogo-
nal to the orbital plane of a binary with equal masses.
This paper is organized as follows. In Sec. II we derive
the postlinear light propagation equations. We set out an
approximation scheme to integrate these equations. The
deflection angle as a function of the perturbations of the
vector tangent to the light ray is introduced. In Sec. III the
postlinear and linear metric for two bounded pointlike
masses in harmonic coordinates are given. The coordinate
frame is chosen so that the IPN—center of mass is at rest at
the origin. In Sec. IV we compute the perturbation of the
vector tangent to the unperturbed light ray and the corre-
sponding light deflection in the linear gravitational field. In
Sec. V we compute the light deflection in the postlinear
gravitational field. To facilitate the computations we sepa-
rate the light deflection terms which are functions of the
postlinear metric coefficients from the terms that are func-
tions of the linear metric coefficients and the perturbations
of the first order in G of the vector tangent to the unper-
turbed light ray. The resulting integrals are given in
Appendices A and B. In Sec. VI we calculate the additional
linear and postlinear light deflection terms arising from the
introduction of the motion of the masses into the expres-
sion for the linear perturbation. In Sec. VII we compute the
corrections to the postlinear light deflection arising from
the introduction of the linear perturbed light trajectory into
the expression for the linear light deflection. The resulting
integrals are given in Appendix C. Section VIII is devoted
to the computation of the corrections to the linear and
postlinear light deflection arising from the introduction of
the shift of the 1PN—center of mass with respect to the
Newtonian center of mass into the expression for the linear
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light deflection. The resulting expressions for the total
linear perturbation, linear and postlinear light deflection
by the gravitational field of two bounded pointlike masses
are given in an explicit form in Secs. IX and X. In Sec. XI
we present our results and give in an explicit form the light
deflection expression for some simple cases. The derived
formulas for the angle of light deflection are applied to the
double pulsar PSR J0737-3039. In Appendix D we com-
pute the linear light deflection terms arising from the
acceleration terms in the metric coefficients h&)) and hﬁ,lq).
In Appendix E we show that the expression for the linear
light deflection given in this paper is fully equivalent to the
expression for the light deflection computed by Kopeikin
and Schifer [5] in the event that the velocities of the masses
are small with respect to the velocity of light and the
retarded times in the expression given by Kopeikin and
Schifer are close to the time of closest approach of the
unperturbed light ray to the origin of the coordinate sys-
tem. Finally, Sec. XII is devoted to the discussion of the
results.

A. Notation

Let us summarize the notation and symbols used in this
paper:
(1) G is the Newtonian constant of gravitation;
(2) c is the velocity of light;

(3) the Greek indices «a, 83, ..., are space-time in-
dices and run from O to 3;
(4) the Latin indices i, j, k, ..., are spatial indices and

run from 1 to 3;

(5) g 1s a metric tensor of curved, four-dimensional
space-time, depending on spatial coordinates and
time;

(6) the signature adopted for g, is (—+ ++);

(7) we suppose that space-time is covered by a har-
monic coordinate system (x*) = (x°, x’), where
xY = ct, t being the time coordinate;

(8) the three-dimensional quantities (3-vectors) are
denoted by a@ = a';

(9) the three-dimensional unit vector in the direction
of d is denoted by é, = ¢€';

(10) the Latin indices are lowered and raised by means
of the unit matrix 8;; = 8" = diag(1, 1, 1);

(11) by, we denote the partial derivative with respect
to the coordinate x7; .

(12) the scalar product of any two 3-vectors d and b
with respect to the Euclidean metric §;; is denoted
by @ - b and can be computed as @ - b = §;;a'b’ =
a'b’;

(13) the Euclidean norm of a 3-vector a is denoted by
a=|al and can be computed as a=
[b‘mgaman]l/Z;

(14) by [ we denote the vector tangent to the unper-
turbed light ray Z(¢) and the unit vector é( is
defined by E(O) = l(())/ll(())l-
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II. LIGHT PROPAGATION AND LIGHT
DEFLECTION IN THE POSTLINEAR
GRAVITATIONAL FIELD

A. The light propagation equation

In this paper we calculate the light deflection in the
postlinear gravitational field of two bounded masses for

the case when the impact parameter I.J2 | is much larger (5
times or more) than the distance r;, between the two
accelerating masses, so that we can suppose that the gravi-
tational field is weak along the light path.

For weak gravitational fields we can assume that the
light propagation is very well governed by the laws of
geometric optics, whereby light rays (photons) move in
curved space-time along null geodesics. The equations of
null geodesics with the time coordinate as a parameter are
given by (e.g. see [7])

dli i jaB — ~—1T70 Jvjoji
R R 4)

where

1
Fﬁfa = Eg'u/\[gp/\,(r + Sorp — gpa',)\] (5)

are the Christoffel symbols of the second kind and [* =
dz*/dt denotes the 4-vector [# = (c, I'). Here, it is impor-
tant to recall that z* = (z°, z%), where z° = ct. Notice that
[* is not exactly a 4-vector because we differentiate with
respect to the time coordinate ¢. So [* is a 4-vector up to a
|

i _ 1, a ) O o () m
dar = Eczhoo,i - CZhOi,O — chy, 1"+ chg,, M —
1 _. g I 1 9 1
+ (EC lh,(n;,o - C 1h5;,3,m>lmlpl’ + Eczh(()o),i - =

. 1 ;
(L~ TN~ L

where by ,0 and , i we denote 8/820 and a/az" respec-
tively. To calculate the light deflection we need to solve
Eq. (8) for I'. In order to solve this complicated, nonlinear
differential equation, we turn to approximation techniques.

B. The approximation scheme

We can write the 3-vector //(¢) as
(1) = ligy + > 81, (), ©)
n=1

where lfo) denotes the constant incoming tangent vector
l/(—o0) and 6lfn)(t) the perturbation of the constant tangent

vector lfo) of order n in G equivalent to G"81,(7). After

1
el lol" = Iyl "1+ S I 1
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factor. The space component of [# given by I' = dz'/dt is
the 3-vector tangent to the light ray z'(¢). In the present case
of null geodesics, /* has to fulfill the condition

= g,,[2° (1), Gli*1Y = 0. 6)

Now we consider a light ray z/(¢) that is propagating in a
curved space-time g,,[z° z'(r), G] with the signature
(= + ++). If the gravitational field is weak, we can write
the fundamental metric tensor g,,[z°, z/(¢), G] as a power
series in the gravitational constant G

8 [0 20, G1=m,, + S WO (), G, (7)

n=1

where 7, is the Minkowski metric and hif,),[zo, Zi(y), G]is
a perturbation of the order »n in the gravitational constant G
equivalent to G"g%}(z°, z/(1)) of Eq. (1) (physically, this
means an expansion in the dimensionless parameter
Gm/c*d which is usually very small, d being the character-
istic length of the problem and m a characteristic mass).

In order to obtain from Eq. (4) the equations of
light propagation for the metric given in (7) we sub-
stitute the Christoffel symbols into the Eq. (4). To save
writing we denote the metric coefficients hf,};[zo, Z(2), G,
R0, 7(1), G] by %) and A'Z). Then the resulting equa-
tion of light propagation to the second order in G/c? is
given by

Lo i) i
mi,n mn,i - EChoo,oll - hoo,klkll

1,0

ik 7,(1) (2) i (2
202h(1)1kh5)0,k o hOO,klklI - <hmt?,n - 2 mn,i)lmln

®)

\
introducing the expression for /(f) given by (9) into the
Eq. (8), we obtain differential equations for the perturba-
tions &/(;, and 81(,). These are given by:

Pl Lo, - iy - iy + cHi

- Chirlzg,o%) - hgrlu?,n%)l?o) + %h%,il%)lﬁ))

- ECh&)),oléo) - h&)),klfo)lfo)

+ Gc_lh%,o - Cﬂhél;im)%ﬂf())lé(n (10)
and
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dalEZ) — lczh(z)

dt 2 00,i

(1) (1) i
— hyo hoo,klfo)lfm -

00,k%(0)“(0)

mi,n

_ %c2h(1)ikh80)’k _ h(z) 1k Ji

1 . i
i (1) _ k i
EChoo,o‘Slﬁ) hoo,k‘”(l)l(o)

o
— VRl 1P, I + (Ec*‘h%o -

_ () gk s
h()O,kl(())Sl(l)

—1,(1)
ko) ¢ hopm

In order to calculate the perturbations 81, (¢) and 3[@([)
we have to integrate Eqs. (10) and (11) along the light ray
trajectory to the appropriate order.

Before performing the integration it is convenient to
introduce a new independent parameter 7 along the pho-
ton’s trajectory as defined by Kopeikin and Schéfer [5].
The relationship between the parameter 7 and the time
coordinate ¢ is given by

T=1—1, (12)
where ¢* is the time of closest approach of the unperturbed
trajectory of the photon to the origin in an asymptotically
flat harmonic coordinate system. Then the equation of the
unperturbed light ray can be represented as

Zi(r) = Tléo) + & (13)

1 .
) ) (1)
- (h - Ehmn,i>l?(1))l:l0) + h(l)lk<hmk,n

chgli}mazg;) + chg‘nl,,.az;';) — chf;l{oalg) — B\ sy

e Sl
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I
m
73 hmmk)%) o

() 1) m n
© ~ Pminl(©y010) + Hon, i 910 1)

mi,n (1)

+ e hG) (8l P i — ¢ RS LT 1P I

mp,09°(1)40)"(0) (1)*(0)(0)

009 (1D

where &' is a vector directed from the origin of the coor-
dinate system towards the point of closest approach. The
vector ¢’ is often called the impact parameter and is
orthogonal to the vector /(. The distance r(7) = |Z(7)|
of the photon from the origin of the coordinate system
reads

(14)

H(1) =4/ + £

It follows from Eq. (12) that the differential identity
dt = dr is valid, so that we can always replace the inte-
gration along the unperturbed light ray with respect to ¢ by
the integration with respect to the variable 7.

Then the resulting expression for 6121) is given by

. 1 [~ .
— B (1) (1) 1) 1)
5121)(7) =3 f_oo d(rl(‘f))l(o)haﬁ,il(ﬁ) —chy, — hmil%) — hy ZEO)

T 1
" —13,(1)
+ Lw dal(é)lﬁ))[i c hmp,()

1 T .
(1
+ EC /_00 do—h()O,()lEO)l(—')

- c'h(()lp),m}lfo)l(ﬁ). (15)

On the right-hand side of Eq. (15) after evaluating the partial derivatives of the metric coefficients with respect to the
photon’s coordinates [i.e. (z°, z'(¢))], we replace in the integrals the photon trajectory by its unperturbed approximation
Zi(a)unpm = aléo) + &' and the time coordinate z° by o + ¢*. In this paper we denote this operatign by the symbol |_.,).
Then we perform the integration with respect to o-. After substituting the expression obtained for & 121) into Eq. (11) we can
integrate it to get 51;2). To calculate the perturbation & lfz) we separate the part of & léz) that depends on the postlinear metric
coefficients from the part that depends on the linear metric coefficients. We denote these parts of 81;2) by o lfz)l and 61;2)11
respectively. As in the case of Eq. (15) we replace the photon trajectory by its unperturbed approximation and the time
coordinate z° by o + ¢ after evaluating the partial derivatives of the metric coefficients with respect to the photon
coordinates. The expressions for 6122)1 and 51{2)11 are given by

i _ 120 0 n g T 1o @ Tym n
51(2)1(7) = ]700 d”[i Czhoo,i - hOO,klfO)l(O):| (_’)"' ]700 d”[i Pon,i — hmi,n:|l(0)l(0)|(—’) (16)

and
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g

Zh(l)zkh(l) +h(l)h(1) ki

5lfz)n(T) = 00.k4(0)4(0)

T (1 m
+ f, doTh'!) s (i, — hY) st ()i, —

_ T m 1) m
+c! f, dolhly) 817 () — hy) 8

” + f ’ da[h“)fk(hf;,l
) J-eo "

v [T dotig g, - hi,iﬁ,mz;':)w-)kﬁ)
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_ 2
Ehmn k>i| (0) (o>|(~)

- mda[ chBoBliy (o) + W BIK () +hogszo)5z(l)(a)”( |

hy) 0 817

(@)ioy = Popmliey 0L (@) lig)l—)

— T 1 1 m
+e 1/_00510[ hY o~ hép)m}l(o)lfo)él(l)(a)l(_,) (17)

C. Light deflection

The dimensionless vector af”) of order n in G describing
the angle of total deflection of the light ray measured at the
point of observation and calculated with respect to the
vector [{y (see [5]) is given by

. 81T (1)
aén)(T) =P, (n) ,

= (18)
7o)
where 81’ ) is the perturbation of the constant tangent
vector of order n in G. Here, P}, = 6! —
projection tensor onto the plane orthogonal to the vector

léo). In the case of light rays (photons) IZ(O)I =c.

(0) €(0)q is the

ITI. THE POSTLINEAR GRAVITATIONAL FIELD
OF TWO BOUNDED POINTLIKE MASSES

In the computation of the metric generated by a system
of two bounded pointlike masses we distinguish between 3
zones: the near zone, the intermediate zone and the wave
zone or far zone. In Refs. [8,9] it was shown that leading
order terms for the effect of light deflection in the case of
small impact parameter depend neither on the radiative
part (~1/€) of the gravitational field nor on the intermedi-
ate (~1/&?%) zone terms. The main effect rather comes
from the near-zone (~1/&3) terms. Taking into account
this property of strong suppression of the influence of
gravitational waves on the light propagation, we can as-
sume in the present work that the light deflection in the
postlinear gravitational field of two pointlike masses is
mainly determined by the near-zone metric.

A. The metric in the near zone

In Ref. [10], Blanchet et al. calculated the conservative
2PN harmonic-coordinate metric for the near zone of a
system of two bounded pointlike masses as a function of
the position Z and of the positions and velocities of the
masses X,(f) and v,(7) respectively, with a = 1, 2. We shall
use their metric in this paper. The postlinear metric for two

\
bounded pointlike masses, at the 2PN-order, is given by

1 G*m? r r?
2 N
hé)o) B ?{_2 2 - G2m1m2<—ﬁ 23 2r 1r3
1 172 12 212
5 1
— +—(1e2), 1
2’2”12)} 04( ) 1

G? 2 2
hgq) =+ — {5pq|: ml + G2m1m2< rl + rl 3
r1 rir 2r12 2r,yriy

2,2
- > + 4>}+Gmln‘i’n'f
27"17‘]2 V]zS r%

1 1
— 4G2m1m2n11’2n‘112<§ + ﬁ)

4G> 1
7;’11 (n(lpnq) + 2n(pn'11)2 } + 1 <2),
c

(20)

where the symbol (1 « 2) refers to the preceding term in
braces but with the labels 1 and 2 exchanged; by S we
denote S =r; +ry + ry, where ry =|Z —x,(0)l, r, =
|z — xz(t)l and ry, = |%,(r) — %,(r)|. The vectors nf, n}
and n¥, are unit vectors defined by ni = r{/r;, n} =

Y /ry and n¥, = i) /1.

In our computations we also need a part of the linear
gravitational field of two bounded pointlike masses. The

part that is relevant to our calculation is given by

G & G & m
WV =22 5N 20y Z N e (G- 5,)2 + 402),
00 czc;rg 64;1r [ (na Ua) va]
(21
W= 48§ ey 22
op ?Zr—va, (22)
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G
hipy = 23 < or
G
—4

[ (g * U,)°67 + dvgvi]  (23)

2
>
2
where v/ denotes the velocity of the mass m, and n? is the

unit vector defined by ng; = rj P/ r,
Here, it is worthwhile to point out that the parts of the

linear gravitational field in hglo) and h% that contain the
accelerations of the masses were introduced into the part of
the gravitational field quadratic in G after substituting the
accelerations by explicit functions of the coordinate posi-
tions of the masses by means of the Newtonian equations
of motion.

B. The barycentric coordinate system

We use a harmonic coordinate system, the origin of
which coincides with the 1PN—center of mass. Using the
1PN-accurate center of mass theorem of Ref. [11], we can
express the individual center-of-mass frame positions of
the two masses in terms of the relative position 7, = ¥; —

X, and the relative velocity v, = ¥, — U, as
|:X2 e ElPNi|r12’ (24)
X, :[ Xt 2 fle}”lz, (25)
where X, X, and €py are given by
m
X =—, 26
1=y (26)

ol

(1)(7') = -2G

ma/T do

1 -
dO’E[Uz(t) + (6(0) :

)
1M
L

mg

o0

|
[\o)
W
Q
M
—

1
do— _)a
crrg(r

3
I

|

8

| +

N w
wa sla
M M

QE QE
— T

| . -
Ur—3(€(0) “U,())co — (€ -
a
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my

X, =—, 27
= @7)
V(ml - 1712) 2 GM

== - 28
€PN M |:v12 o } (28)

Here, we have introduced
M =m; + my, vy = 0] (29)

and
_ mymy

v= 7 30)

It is important to remark that in our computation of the
postlinear light deflection up to the order G?/c*, we need
only to consider the 1PN-corrections to the Newtonian
center of mass, because, as we shall see in Sec. VIII, the
2PN-corrections to the Newtonian center of mass are re-
lated to postlinear light deflection terms of order higher
than G%/c*.

IV. LIGHT DEFLECTION IN THE LINEAR
GRAVITATIONAL FIELD OF TWO BOUNDED
POINTLIKE MASSES

In this section we compute the perturbation term & lf l)(7')
and the corresponding angle of light deflection for an
observer situated at infinity in an asymptotically flat space.
To compute the perturbation term Slfl)(r) we have to
introduce the linear metric coefficients given by
Egs. (21)—(23) into Eq. (15). After introducing the linear
metric coefficients into Eq. (15), we find

1 . . G 2 T 1 . . ‘ .
E[Zl — xﬁ,(t)]|(_.) + 4? ;ma /_Oo da'g(e(o) . Ua(t))[zl _ x;(t)]l(_,)
O, (0112 = ()]l )

(1)L = x,(D)]l =

fa(f))]lfoﬂ(ﬂ

a=1 —®
2 - N 2
25> [ da:—3{<é<o> B0 + [ 5,00 = 7,0 - B OP0l) + 45 S i)
a=1 a a=1"a
2 2 2
— 4% Z l’:l_ 0~ .5 Z —(6(0) a(t))vé(t) + 2; Z ma{ (t)) 2(0} toy (31)
a=1 a=1 a

where 7, = Z — X,(¢) and r, = |F,|.

Because the linear metric coefficients are functions of the positions and velocities of the masses ¥,(7) and v,(),
respectively, the expression for 6121)(7') given in Eq. (31) is a function of these quantities. This means that we
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have to take into account the motion of the masses when
we are going to compute the integrals in Eq. (31).
Considering that the influence of the gravitational field
on the light propagation is strongest near the barycenter
of the binary and that the velocities of the masses are small
with respect to the velocity of light, we are allowed to make
the following approximations:

(1) We may assume that the linear gravitational field is
determined by the positions and velocities of the
masses taken at the time of closest approach (1 = *)
of the unperturbed light ray to the barycenter of the
binary (i.e. to the origin of the asymptotically flat

|
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harmonic coordinate system). The expression, re-
sulting from Eq. (31) after setting ¢t = ¢* for the
positions and velocities and computing the integrals,
is denoted by 5lé1)1(7);

(2) We treat the effect of the motion of the masses on
light propagation as a correction to the expression of
6151)1(7), which we denote by 8151)11(7). We shall
compute this correction in Sec. VI.

After fixing the values of the quantities %,(¢) and 0,(¢) to
X,(t") and ¥,(¢*) and evaluating the integrals in Eq. (31),
we find

2 2
S Joa, +4}<0) 922 WG B )BLLE — 31 ()]

ot} () = —2< imum[sf -G
Ga_2
-i—4c—2aZ:1 r:v (t)+4 Zm (1) " Valt* )){A + }(0)
G

+ 3 Z ma(é)(()) ' ﬁa(l*))z{?)FaZ

a=

[9

= 2BJ[¢" — x4 ()]

G & o
63 S ma(E) - Da(tNIE - 5,(") = %o (1) - Do (1)]F 5[ — xi(1")]
a=1
2G2 2(¢ L — i (¢* G < .5 () — 7 () - T ()2 i (4
- C_3 (IZI ava(t )Ba[g - xa(t )] + 3? ‘; ma[§ va(t ) - xa(t ) : vu(t )] Fa4|:§ - xu(t )]
G 2 > 4 * = * - * 1 (4%
=5 X @0 Bl 240+ | 2AE B = ) - BB )
G 2 - hd * .2 * > * - * i G 2 > > #1\2
+ 6C_4 Zlma(e(O) ' va(t ))[é: ' va(t ) - xu(t ) : Uu(t )]FaZI(()) _4 Z ma(e(O) ’ va(t )) {3Fal 2A }l(())
G & 4 G &
- ;m v2(r* ){2A + }1(0) 2—4 ;”:—3 D411},
G 2 .2 * > * 2
+ 3C_4 ;ma[g : va(t ) - xa(t ) (t )] a3l(())’ (32)
where the functions A,, B,, F,1, Fp», F3, and F 4 are given by
Ay = o [0, + Gy 2D er + 7)) 33
B = (G R, + er 4 1) 4
Fo = 2R {=r2(0, )[2r4(0, 7*) = (1) * X, (t*))(Br2(0, 1) — (&) * X (1%))?)r,]
+2(g) - X (tDB3rH0, 1) = (8(0) - X () (B30, 1) = (€q) - Fu(t)PrgleT
— [3r2(0, %) + 3(é(g) - Xu(1))?r2 (0, 1) = (€(q) - Xa(t))Bra(0, 1) = (8(g) - Xu(17))*)rJc? 7>
+ (610) - X (D32 (0, 1) — (€(q) - Xu (1)1 T} (35)
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l - - ® * * -> = % k
Foo = 53 (=20 %N ra0, 1) + [ra(0. 1) + (80) - Xu()* 120, )1y
ata

= 2(810) * X (tD(ra(0, %) + (8(0) - Xu(1)))ra = 3(€(q) = Xa(t)r2 (0, 1) ]eT
+ 1200, ) + (€ - X)) Wra = 3(E(0) - Xa(tN]P7* + [12(0, 1) + (8(0) - Xo(1))* 1 7}, (36)

{=ra(0, M[rZ0, 1) + (€(0) - %o(1)* = 2(E() * Fa(t))r]

B 3r2R2
+ (E(O) : )-C)a(t*))[?’r%(o) t*) + 3(5(0) ' -;Ea(t*))z - 4(5(0) ' )_C)a(t*))ra]CT + 2(5(0) : )-Ea(t*))[ra - 3(2(0) ' )—Ea(t*))]cz7-2
+2(E(g) - X (1)) A7, (37)
1 . o ok w > > [ ®
Fo = W{(e(o) X (N[=3r2(0, %) + (8(g) * X (1°))*] + 2r2(0, t)r,

+ [372(0, 1*) + 3(€) - %,()? — 4(E(g) - X,(f)rgler + 2[r, — 3(€() - X ()] + 2373, (38)

Here, the suffix a labels the masses and r, is the distance between the position of the photon along its unperturbed
trajectory and the position of the mass m, at the time ¢*. Explicitly the distance r, is given by

ro = ra(r, 1) = [*7 + £ — 2c7é(g) - X,(1°) — 2& - %, (1°) + 2 ()] (39)

It follows from the expression for r, that r,(0, #*) is the distance between the point of closest approach of the unperturbed
light ray to the origin of the coordinate system and the position of the mass m,, at the time r*. The quantity R, appearing in
Egs. (33)—(38) is given by

Ra = rzzz(or t*) - (Z(O) : ia(t*))z' (40)

To get the expression for the angle of light deflection we have to introduce & lél)I(T) into Eq. (18) and compute the limit
T — 0. We have to compute the limit 7 — o0, because we assume that the observer is located at infinity in an
asymptotically flat space.

After introducing the perturbation 61(1)1(7) into Eq. (18) and computing the limit for 7 — oo, we find

. . 1
Ay = }Lr?o[_ (1)1(7)}
2 2
=4 3R~ P+ 8 sz MO = Pi] =4 5 5 E0EOE — Pieic)]
2 2
—€§2%4%>awwwwwpwm—-%zg—@m%um%)am»

a=1""a a

4>|C3

2
(1) = R0 BONPIE) £ 2 3 G- BaLE — Padlen)]

2
g4 Z % 80) " Ualt)) () - X,(t)[ € — PLx(1)]
#8503 B8 Gl D@ BulNE - B0 = K1) B E = P )]
2
g4 Z [(f U (t ))2 - 2( a(l‘*)(x (t ) ( )) + (_)_C)a(t*) (f ))2][‘51 _ ( *)] (41)
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V. THE POSTLINEAR LIGHT DEFLECTION IN
THE POSTLINEAR GRAVITATIONAL FIELD OF
TWO BOUNDED POINTLIKE MASSES

In this section we present our computations for light
deflection in the postlinear gravitational field of two
bounded pointlike masses. In our computations we assume

that both the light source and the observer are at infinity in

an asymptotically flat space so that the effects of hEB, and

hﬁf?, near the light source and near the observer are negli-
gible. We take into account only the terms of the order
G?/c*. From Egs. (16)—(18) we see that aéz) is a function

of the postlinear metric coefficients hﬂ%}, and of the linear
metric coefficients hﬂ)y To facilitate the computations we
separate the light deflection terms that are functions of the
postlinear metric coefficients from the terms that are func-
tions of the linear metric coefficients and the perturbations
of the first order in G of the vector tangent to the unper-
turbed light ray. First we compute the terms of aéz) that are

functions of'the postlinear metric coefficients, which we

denote by Al

A. The postlinear light deflection terms that depend on
the metric coefficients quadratic in G

It follows from Eqgs. (16) and (18) that a part of the
postlinear light deflection is given by:

; L R
10)) ZPq[Q c? f_m dthg, , )
© 1 2 m
+ f_oo d’T|:§ hgnzlq - hE]n)l,ni|l(0)l?0) |(—>)i|. (42)

Upon introducing the postlinear metric (19) and (20) into
(42) we obtain integrals whose integrands are functions of
the distances ry, rp, S and their inverses. Through the
distances ry, r, and S, the resulting integrals from
Eq. (42) are functions of the positions of the masses X,(z).

For the same reason as in the case of the linear light

deflection we are here allowed to fix the values of the
|

+c fim drlhg,, , = hi,, 1800 (T <y + f

. 1 . 1 o0
oo = P =5 [ a0l + |

0 1 0
(1 (1 gm
_ f,w dThOO,klfO)alZ]])(T)l(—*) - E fioo dThOp,ml(O)lfO)

N dr{ hunn,q 81} (1)1,

PHYSICAL REVIEW D 72, 024012 (2005)

positions of the masses ¥,(¢) to their values at the time ¢*
before performing the integration. The resulting integrals
are given explicitly in Appendix A.

To evaluate the integrals that cannot be represented by
elementary functions we resort as usual to a series expan-
sion of the integrands. To perform the series expansion we
consider the integrands as functions of the distances ry, r,
and S. Then, we expand these functions in a Taylor series
about the origin of the coordinate system X; = X, = 0 to
the second order. We need only to perform the Taylor
expansion up to second order, since with an expansion to
this order we obtain a result which is sufficiently accurate
for the applications that we shall consider in this paper.

The positions of the masses in the center-of-mass frame
defined in subsection III B are given by Egs. (24) and (25).
Here, we do not need to take into account the 1PN-
corrections in the positions of the masses, because if we
introduce these into Eq. (42) we will obtain terms of higher
order than G?/c*.

In Sec. VIII we shall compute the postlinear light de-
flection terms resulting from the introduction of the 1PN-
corrections in the positions of the masses into the equation
for the linear light deflection.

Also, we do not need to consider here the correction
terms arising from introducing the motions of the masses
into Eq. (42), because these terms are of higher order than
G?/c*. The correction to the postlinear light deflection
arising from introducing the motion of the masses into
the expression for the linear perturbation is denoted by
a{yy; and we shall compute it in Sec. VI.

B. The postlinear light deflection terms that are
dependent on the metric coefficients linear in G

The postlinear light deflection terms which are functions
of the linear metric coefficients and the linear perturbations
52(1)(7) we denote by afz)n' It follows from Egs. (15) and

(18) that the resulting expression for the postlinear light
deflection af,,, is given by

o 1
l 1
) dT|:h(1)qp<h£n1)7,n — Ehgnr)1,p>i|l%)l’(10)|(—>)

(1 m n 1) gm s
- hm;,n5l(|)(7)l(0) - hmq,nl(o)(Sl(])(T)]l(—»)

51;1])(7')|(_,)i|. (43)

To compute aéz)n’ we introduce the expressions for the perturbations 812'1)(7') given by Eq. (63) and the

metric functions (21), (23), and (22) into the expression for “éz)n'
i.e. we can fix the values of the positions and velocities of the masses to their values at the time * before performing the
integrals. The resulting integrals are given in Appendix B. As explained in the preceding section, with the help of a Taylor

expansion of the integrands we can evaluate the integrals, which cannot be represented by elementary functions.

Here, we may use the same approximations as before,
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VI. LIGHT DEFLECTION AND THE MOTION OF
THE MASSES

In this section we compute the correction terms to the
linear and postlinear light deflection arising from the effect
of the motion of the masses on light propagation. The
correction terms to the linear and postlinear light deflection
can be found by means of Taylor expansions of the linear
perturbation (31) in which the coefficients depend on the
sources’ coordinates x, and their successive derivatives
with regard to ¢, namely
J

T

15 o o .
[ B

a a

a

2.
U () ry + 50, (t7) |o
I

DL +%v§<r*)rz}fﬂ}

PHYSICAL REVIEW D 72, 024012 (2005)

dxi . dzxil dvﬁl
a = yi(t ) —
dt V() dr* dt

=ai(1), ...,
taken at the time ¢*.

A. The linear light deflection and the motion of the
masses

The correction terms to the linear perturbation arising
from the Taylor expansion of Eq. (31) are given by

(=)

+gima(5(m.ga(¢*» /_dea{[ Fo 0,(0)F, — 5 <f>}

+[ 26 5,02
G & T . o
rayme [ dofre)+ @ 50R] (-5
(<0 B+ S BN+
(33,0077 = 3 G5, P00 -
7D ()
+($(“ Ur‘;(t ) ;—]r—fr GRS

a

ﬁao*))vz(z*)—%vzo*m}ﬁ}

~

75 (7,

(=)

BN+ S ))

(l

ivﬁ(t*)ré)oz}
;

0 G 17a(t*))v3(t*)ri}>0

)2 6
PO 2O 2y + S,
I

a a

U, ()2 (r)vi (1)

(e )r) } (o) altDeo — Gy 7alt)]

x[if( BN +(r9(7’ 5,0 - Do o }g’o)+<ao>-mu*»{}fiﬂﬁ—f(a-aau*»aﬂzgo)
+ (o) Balt)co + (€ 5,(8") = Eo(1) - 5,(")]
X[ G 3N (<2 0P 00 ) ok
RO oG5 o]
+%Zlm{43( (r)>fr+[fa(*-*<z»2 2(r>} }[vw*)—léou
D B X R ]
a=1 a a
G & 6 . e b L 15 - .o 15 . o 2
o D[ G Bl = S BV 4| G Bl = 2 BP0 + i) [
;: i #))2 2
) z(t)[( ra(r» @(avéu» ;”fg))f}lzm )
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Considering that in the present work we compute the postlinear light deflection up to the order G>/c*, we must retain the
linear light deflection terms up to the order G/c*. Notice that the linear terms of the order G/c* are of the same order as the
postlinear terms of the order G?/c* since for a system of bounded pointlike masses, the virial theorem applies (i.e. v2 ~
G/d) and, considering that the terms of the order G/c* are also terms in v2, it is easy to see that these terms are of the same
order as the postlinear terms of the order G?>/c*. Linear light deflection terms of course we get from the perturbation

Blél)n(r) too. To obtain the perturbation (SIEI)H(T) we have to evaluate the integrals in the expression above. Taking into

account that we are only interested in the angle of light deflection to the order G/c*, we need only retain the terms of the
order G/c? and G/c3, since the expression for the light deflection angle (Eq. (49)) contains a further factor 1/c. After
performing the integration of the expression above and retaining only terms of the order G/c* and G/c?, we finally find

G 2

BMy() = =65 3 mllE0 Bl VFa 16 0) = T B (ONFTE 0]
G & my, 2
453 MG B er + £ 5,00 - 5lr) 20T
£28 S A+ 20w 0,0 e+ [E 3,0 = 505, i)
G &m > ,
+45 S MG B er + TE - 5,() = 1) - 5, hrol o)

IS)
Q

I
[ *) —

+ 12— Z ma(E0) - Balt D@0y * DaltDFap + [€ - D,(8°) = Zo(t) - 5o (t)]F o3 1€ — x5t

a=

G
3

2
Z ma[15(8(0) * Do) Gy + 30(E(q) * Da(t)E - Do(1) — Fo(t*) * Do(1*)]G 3
15[5 (1) = F (1) - Do(t) PG oy — 303(F)F I € — xi(1)]

Z ma[(@0) * Da(t)Far + [+ D7) = 2 (1*) - B ()]F 2]l

+ 67 Z m [(e(O) v (t ))Fal + [f a(t*) - )—Ea(t*) ' ﬁa(t*)]FaZ:lvfz(t*)

M\Q

2
- > £ 1 > - * Z - * > * - * 1 (4%
o X @ BN+ (G Bl er + € 50) = 56 B fole), 49)
where the functions A, F,;, F», F 3 are given in Sec. IV by Egs. (33)—(38). The functions G,,, G,; and G4 are given by

GaZ = 15—5R';{[3r(81(0: t*)ra - 8(5(0) ' )‘Ea(t*))r(SI(O, t*) + 6(5(0) : )—C)a(t*))zrg(o) t*)ra - (é)(()) : fa(t$))4r2(0’ t*)ru]
Falty

— [12(8(g) - % (D70, 1)1y — 40(E(q) - X, (1)) rG(0, 1) + 24(E(g) - Xu(1))* 130, 1)1,

— 4(g) - %o (t))15(0, £)rylet — [=6r5(0, £)ry + 20(8(g) - X4 (1))r5(0, %) — 24(E() - (1)) ra(0, )1,
+60(8(g) - %o (")) (0, 1) = 22(E(q) - X ()*r2(0, 1)1y + 4(8(q) - Xo(1))0r, Jc? 7

— [12(8(g) * ()70, 1)1y = 60(E(q) - X (1)) ra(0, 1) + 24(E(q) - Xu (1)) 13(0, )1y — 20(8(g) - %o (1)) *13(0, )
—4() - (1)1 ] T = [=3r5(0, )1, + 15(8() - Fo (1) 150, 1) — 6(E(q) - %, (£))*r5(0, )

+30(€() - X, (1))’ 12(0, 1) + (€0 - Xa(t)Pry = 5(ég) - %o (1)) Jc* 7

— [=3r300, %) = 6(8g) - %, (1))?r2(0, ) + (8q) - X (1)) 177}, (46)
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Gas = 13 5R3{ 2150, )70, %) = (Bg) * (1)) 1y + 3(Eqq) - X(tNZ(0, ) =14 + (€ - Fu(t)]]

+2(E() - Xa(1))r2(0, 1)[5r4(0, 1) — 4&() - (1)) + 3(E(q) - X (r))12(0, 1) —dr, + 5(E(g) - Xu(t)]]eT

= [575(0, ) = 8(é(0) * X (1)1 + 6(8(0) * Xo(t")ra(0, ) =21, + 5(E(q) - X,(1"))]

+ (8(0) - Xa (1)) 130, £)[ =287, + 45(é(g) - X (DI 7> + (€q) - X (13150, 1) + (€(q) - %ulr))]

X [5r3(0, 1) + (€(g) - X (rN[=8r, + 15(8g) - T (NPT = (80) - Fa(tD[ =14 + 5(E(q) - Xu(1))]

X [3r3(0, 1) + (€(0) - %o ()] 7 + 2(E() - Z(N[3r2(0, 17) + (E(g) * %o (17))* 1777, (47
Gt = 13 5R3 {27400, )2 (0, )y = 3(8(0) - Za(t)] + (€(0) - Xo())*[3r4 — (€q) - Xu(T))]]

+2(E() - X (1))r20, 1)) - Xo () [—12r, + 5(E(q) - X (D] + 120, ) —4r, + 15(8g) - Fo(t)]leT

+ [120, 1) + 3(8) - X, ()] 0, )[4r, = 15(E(0) - Xu(£D] + (B0 - Xa(t7)*[8ry = 5(8(0) - Xu(t)]Ic? 7

+ [0, ) + 3(€(g) - X, (1) ][575(0, 1) + (€(q) - Xu (TN =8y + 15(8g) - o (tN)]]c? 7

+2[r, = 5(8() - X (D20, 1) + 3(8(0) - Fa(t))*Ic*7* + 2[r2(0, 1) + 3(€(q) - X,())* 17} (48)

After introducing the perturbation SIEI)H(T) into Eq. (18) and computing the limit for 7 — oo, we obtain

. .
Ay = TILH(}O[ZPZ‘SI%)H(T)]

G
3

2 m . . 2 mg,
= —4g a; FZ(E(O) U ()€ — Pyxi(t)] — 8 Z 7 (€10) * X (NG (0) - Xa(1))(E(0) - Vu(r"))

G
3

2 m, .
+ & 0,(07) = X, () - U, (][ — Pixi(t)] + 4 Z R— €) " X (1) PGua(t")

2 2
094 > R vAONE — Pt + 45 > Vi) R (PLE — Pi(r)]
G Z m ) ) 2 , )
25 > 2 G Bl IPLE — Pir)] - 8 N T @)+ Ralt)2(F0) * BN [E = PixI(")]
a=1""4a 1= a
2 2
- 16, 3 T @0 B G BT — Pee] - 8% 3 @0 5@ )

G = % > - *
A 6(0) Xt ))3(6«)) < 0,(17))

> e

a:1
2

2
— 165 3 e o OPTE B0 — 50 L — Piec]

X [€ - 0(t*) = X, (1) - D, ()€ — PLxi(r*)] — 32

MIS

X[+ 5,() — 7o) - ()€ — - 94

[5 F U (1) = X, (1) - D, () PLE — Py ()]

w!

G
—4

AIQ

2 m, : 2 mg, 2
Z R— € " Xa(t) () - V(1)) Pui(r") + 8 Z =2 Co- X (ENHE - D,(1) — 3, (1) - D, (17)]

G
pt

2
+ (610) - ¥ (1)) - Ua(t)IPUA(r") + 4 Z’;—[E U, (") = X, (%) - 0, () Pa(r"), (49)

where the quantity R, is given by Eq. (40).
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B. The postlinear light deflection and the motion of the masses

The correction terms to the postlinear light deflection to the order G?/c* resulting from the Taylor expansion of Eq. (31)
are given by

. G 2 © 7—2 > > x 2 > rw > (% > o i i #
= 3% 3y [ drTelentGo ) + -, = 5,07 8,000E ~ Py
a=1 o0
+ 6 Y d 2P’ 1 +49 S T dr LB - a,E — Pid()] (50)
— m T— — m T—\€ ca - Xa .
- L; a . Z C2 l; a[—oo rZ (0) a q

In the preceding equation the second integral diverges. Therefore, we resort to a Taylor expansion of its integrand about the
origin of the coordinate system X, = 0, up to second order. Then only the first term of the Taylor expansion is a divergent
integral and it is given by

G 3 1 i 9(p
= Z / drr? (27 T &7 PLai(t").

Because in this case we do not need to take into account the 1PN-corrections in the positions of the masses, we can assume
that the origin of the coordinate system which is located at the 1PN—center of mass coincides with the position of the
Newtonian center of mass. Taking into account the consequence of the Newtonian center-of-mass theorem

2
> m

a=1

it is easy to see that the divergent integral vanishes. After performing the integration with respect to the parameter 7 we
find:

i G 2 m * [ i G (4% G 2 ma - > *\\3( 2 > * 1 [ G (4%
aEZ)III = 2? Z R_(e(O) xa(t ))(6(0) a(t ))[gl - Pigxa(t )] - 4? Z F(e(O) ' xa(t )) (6(0) : aa(t ))[fz - quxtl(t )]

a=1""4a a=1""a

=25 YRR ) = ) (NE — Pt

—48 2m( (F)E - an(r*) — X,(t%) - d ()€ — Pixd(t)]
s ;R_ €o) X, (¢ § a,(t X, () - a, ()] €& gXal(t

G & E-3,(r) () 4@ %O E R g
t ; ma{Z ;2 3 ‘0 ; );4 } Fal(r”), (51)

where the quantity R, is given by Eq. (40). Note that in Eq. (50) two of the three integrals were exactly integrated, so that
the resulting expression given by Eq. (51) is a combination of exact terms with a term which is represented as an expansion
in powers of (x,(r*)/ £). In view of further applications and for the sake of uniformity we perform the Taylor expansion of
the exact terms about the origin of the coordinate system X, = 0 up to second order. After performing the Taylor expansion
of the exact terms in Eq. (51) about the origin of the coordinate system X, = 0, up to second order, we find
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Wl = 2 ;mu(am-za(ﬁ»(éw) (O] + &5 (’*))—ng(i*ug(”?f(t*))2+4(§'ige(ﬁ))2}
<L = P =4 S e 20 G D+ LRSS AL
1€ Fal)? S }[ff—P;xza*)]—2§Zma[§-aa<r*)—za(r*> N + € ) s
G WO Pltes Pl =45 S e 50 PLE- 0,00 = 50,0
el aE B0 80 e SO € Pl g
+gim{ £ 22(” zéft)+3(e<°> gz(m)z 2(5-;%;;:*))2}1);6130*). (52)

To replace the accelerations in the preceding equation by functions of the positions we shall use the Newtonian equations
of motion. After replacing the accelerations in Eq. (52) and expressing the positions of the masses by their center-of-mass
frame coordinates without considering the 1PN-corrections we find,

G mipmy
a(Z)III A2
2

.. 4 . ..
— 6X3(é - n12)|:1 - 3(65 “Hip)* = 3(é) - ”12)2}<

{2(55 Tig) = 2X0[1 = 2(é¢ - i)* — 3(é) - 512)2]<i§2>

r15\2 N . R r1o\3
;) +2X3[1 — 4(é¢ - 1i1a)* — 3(é(g) n12)2]<£>

3

o\ . GPmym . LT . . r15\2
+ @|:(12> :|}€l§ - c4r1%22{2x2(6§ . l’llz)(£> - ZX%[I - 2(€§ . l’llz)z - 3(6(0) . l’lu);l(?)

3

— 6X3(2, - ﬁlz)[l

G2 . S . 2
+ O] (2] [Pyt + T -2k () + X1~ 266 71~ 3G 7 E)
12

.. 4 . N r
+2X3(é; - ’112)[1 - 5(65 “Hi)? = 38 i 2}( 12)

]
e o) v 2 o] (2) o

—8G mymy

+ SG mpmy

where the quantities #,,, ¥, and r;, are taken at the time

*

t.

VII. THE POSTLINEAR LIGHT DEFLECTION AND
THE PERTURBED LIGHT RAY TRAJECTORY

If we introduce into the equations for the linear pertur-
bations (15) and (44) the expression for the perturbed light
ray trajectory, we get additional postlinear light deflection
terms. To compute these terms we have first to find the
expression for the perturbation of the photon’s trajectory
that is linear in G. We obtain this perturbation by integrat-

4
_ _(g§ “ri)* = 3(é) - fi)? }( ) +2X3[1 — 4(é; - i) = 3(é() - ’712)2](—;)4

3

(7)o

TX%(E(O) . 512)2{<%> + 2X2(€§ n12)<r12> + @|:<r§1:2>4:|}P2n72 + (1 Aand 2), (53)
12

ing the expression for the total linear perturbation given by
Eq. (63) with respect to the parameter 7. The expression for
the total linear perturbation is obtained by summing up the
expressions for the linear perturbations &1 1)1(7) and

(I)H(T) Considering that in this paper we compute the
postlinear light deflection to the order G*/c* we do not
need to retain in the expression resulting from the integra-
tion of Eq. (63) the terms of the order G/c*, since these
terms are related to the postlinear light deflection terms of
higher order than G?/c*. After performing the integration
of Eq. (63) with regard to 7 and retaining only terms of the

order O(G/c?) and O(G/c?) we obtain
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+2—32maln[ R }J;(m—% Zlma[(e«»-va(r NFar + (70,1 - () Fos]

& r4(0, 1) — €() * X,(t")

X [£ = xi ()] + @(ﬁ) (54)

where the functions B,, F,, and F; are given by

1 > > * % > > * *
Far= W{(E(O) X (1))[3ra(0, 1) + r2R, + (8 - X,(4))*r3(0, )]

+ 120, ra (0, %) + R, — 5(€(0) - Xo(1))*r50, )] + [=2(() - ()7 (0, %) + (r2(0, 1)
+ (1) - Xa(t)P)raR, + 2(E(g) - (1)) (21300, 1) — (€(q) - Xo(1)D)]e},

1
?{2(5(0) X (0)ra(0, 1) = [R, — 2(g) - Fa(tDry + 4(E(0) - %o (1)) et + 2(E(q) - Xo(17))? 7} (55)

:Fa3=3ra 2

As our integration constant we have chosen in Eq. (54)

G S e ¥ (% i G 2 N R . o G
25 2 malnl20a(0.1) = &~ SOy = 25 > maInl20ra(0,17) = & Tl i)+ 0(5)

because with this integration constant we recover from our expression for the postlinear light deflection the correct
expression for the postlinear light deflection in the event that the value of one of the masses is equal to zero (i.e. the Epstein-
Shapiro postlinear light deflection).

It follows from Eq. (18) that the expression for the linear light deflection for an observer located at infinity is given by

o
afy, = Th—{gy{; Pqélfl)('r)},

1
— lim { Pi [51(1)I(T)+5z(1)n(r)]}, (56)

where the perturbations o l(l)l(r) and o/ (1)11( 7) are given by Eqs. (15) and (44). After introducing the perturbation 67 ;) into
the equations for &6/ (1)1(7') and 61 (I)H(T) we get a perturbed linear light deflection. Because the perturbation 6Z(;) is a small
quantity compared to Z(7)ynper.» We can resort to a Taylor expansion of the perturbed linear light deflection about 51(1) =0
in order to get the terms of the perturbed linear light deflection that are quadratic in G. We denote these terms by Aoy and
they are given by
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a

mal@0) - D) [fmdf{—é[ﬁ(?a-szm)—z[ 1) 820) = o 50N 850) |7
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I ] 1o 5 a s G
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In the equation above we need not write out the expression G/c3{- - -} explicitly since it contributes only terms of order
greater than G?/c*. After substituting the perturbation (54) into the preceding equation we obtain the integrals for the
postlinear light deflection a(yy- Here, we take into account only the integrals of the order G?/c*. These integrals are given

in an explicit form in Appendix C.

VIII. LIGHT DEFLECTION AND THE CENTER OF MASS

In this section we compute the corrections to the linear and the postlinear light deflection resulting from the introduction
of the 1PN-corrections to the positions of the masses in the equations for the linear perturbations & l(l)I(T) and é‘l(ql)H(T)

given by Egs. (15) and (44). It follows from Eqs. (24) and (25) that the 1PN-corrections in the positions are given by

R R 1 rv(my — my) GM11.
8)(1 = 5)C2 = ?[#[U%z - —i|i|r12. (58)

From expression (58), it is easy to see that the corrections vanish when m; = m,. The corrections also vanish for the case
of circular orbits. After introducing the 1PN-corrections into the equations for the linear perturbations 51 (7') and
ol (I)H(T) we obtain the expression for the perturbed linear light deflection. Because the corrections 6X, are small
quantities compared to X,, we can resort to a Taylor expansion of the perturbed linear light deflection about 6x, = 0in
order to find the correction terms for the linear and postlinear light deflection. We denote these terms by a(l)(z) and they are
given by
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For the same reason as in Eq. (57), we do not need to write out the expression G/c3{- - -} explicitly in Eq. (59). After
substituting the 1PN-corrections given by Eq. (58) into the equation above and taking into account only the terms of the
orders G/c* and G*/c* we find,

. G & , .
Bl = ~65 > m [ P ey ST [T dr e Fate) ~ 5 FlOLE Pt

G 2 v(im, — m,) «~ _ GM

25 Z [7[ vh) = (t)ﬂj dT S Py + (1 2), (60)

Here, we have already replaced the photon trajectory by its unperturbed approximation Z(7)ysper. = 7'7(0) + 5 .
After performing the integration we obtain,

) Glv - GM S = -
&21><z>=8&[(m;M"”)[v%z<r*>— mﬂz ML) o)) — oo F N @+ Fiar)]

<[ = P + 4 5[ 2 ) - G?f)ﬂ P (©1)

where the quantity R, is given by Eq. (40). Finally, considering further applications we express the positions of the masses
by their center-of-mass coordinates and expand the preceding expression about the origin of the coordinate system to the
second order in (r,/£) to obtain,

) L R )

e L] R ) IR e

As in Sec. VI, the quantities 7i,,, ¥, and r|, are taken at the time *.
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IX. THE TOTAL LINEAR PERTURBATION AND THE LINEAR LIGHT DEFLECTION IN THE
GRAVITATIONAL FIELD OF TWO BOUNDED MASSES

To obtain the total linear perturbation 6/ (1)(7') we have to sum up the expressions for the linear perturbations 6/ (1)1(7) and
(I)H(T) given by Eqgs. (32) and (45). The resulting expression is given by

4

2
Z {2A0+r—+

a

2
29 S mBIE ]~

1

2
3 > m{4(8) - Ua(1")B, = 6(E(0) * Bo(t)Fug = O[€ + T4(1*) = Xo(1) - T (1) IF 3} € — xLi(1¥)]

1 (r) = - %[(5@ (1)) er? + [€ - D, () — %o (%) - 5a(t*)]r]}lfo)

G
C_ a=1
G z 2 2 > - % z. > * - * - * i (%
#2503 mafAut 2ok TG0 Bler +IE B0~ 50 Bl 0)
2
+3 3 maft@o B0 Ao+ =] 6l B DE €30 = 200 5P
2
+ 53 il B IISF 0 = 2B, = 1561+ (G Bl NE - 5,067) = 5,(5) - 3,
a=1
X [18F 3 = 30G,a] + [ 5,(1) = %,(1) aao*)]z[m ~ 15G,a] + VAO3F . — 2B, € (1))
G L 4 R
+ ? ‘; a{(e(()) ' va(t ))|:6Fa1 - 6Aa - r_a - 3 (@(0) (t ))CT - —3|:§ ( ) - )Ca(t ) Ua(l‘ )} i|
FIE B0 = 2,07) 5,0 16F2 — 28,1 ) + 0( ) (©)

In the expression above we need only retain the terms of the order G/c? and G/c?, since the terms of the order G/c* are
related to linear and postlinear light deflection terms of order higher than the terms which we compute in this paper. After
introducing the perturbation (Slzl)(r) into Eq. (18) and computing the limit for 7 — oo, we find

T
ajy = lmgo[ch(Sl(ql)(T)}

2 2
=4l SR P+ 45 S R G BANIE Pt
2 2
A3 R Gl NP 8 S B G ROE - B0) — 508l
S (VN E T (r i P4 G & my i pi(s
@0 )G DD P =25 S B~ Pler)]
2
4 Z z(t*) 6(0) xa(t ))z[fl P;xZ(t*)] - 16% ;%(2(0) ' )_C)a(t*))z[g . l_;a(t*) - )_C)a(t*) ' l_;a(t*)]z
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p

2
X L€ = Pt =32 5 5 7 Gl i) Gl - Bl 3l0%) = 5,(4) - BuTE = Pyt

G 2 4 SW2F o G & m,
- _4 Z (6(0) xa(t )) (6(0) a(t )) [fl - qxa(t )] + 8 _4 Zﬁ(e(()) xa(t )) [f Ua(t ) - xa(t ) va(t )
= a=1"Na
2
o 5N Go NP ~ 4G S G 50 5,0 P (64

where R, is given by Eq. (40).

024012-18



LIGHT DEFLECTION IN THE POSTLINEAR ... PHYSICAL REVIEW D 72, 024012 (2005)

Considering that the expression for the postlinear light deflection computed in this paper is given in terms of the center-
of-mass-frame coordinates and as an expansion in powers of (r|,/£), we must perform the expansion of the expression
above about the origin of the coordinate system ¥, = 0 and express the positions of the masses in terms of their center of
mass coordinates. After expressing the positions of the masses by their center-of-mass frame coordinates without
considering the 1PN-corrections and expanding the expression given by Eq. (64) about the origin of the coordinate system
to the third order in (r[,/ &) we finally obtain,

i _om L 2 VT > > e IR
a(l) = g”:_él- + 4X2;(€(0) . U12) - 2X2 ?:| + |:_8X2(€§ . I’l]2) + 8X2(€§ . ”12)2(6(0) . le)
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where the quantities #,,, ¥}, and r|, are taken at the time  of the expansion of the linear light deflection in accordance
t*. Notice that in Eq. (65) we chose the order of the  with the accuracy reached by the postlinear light
expansion in an arbitrary manner in order to show the  deflection.

structure of the terms belonging to the linear light deflec- To obtain the total expression for the angle of light
tion. In concrete applications we have to choose the order  deflection linear in G we have to add to the preceding

024012-19



MICHAEL H. BRUGMANN

equatlon the correction terms arising from the part of
@(1)2) which is linear in G. The expression for (1)) is

given by Eq. (62).

X. THE POSTLINEAR LIGHT DEFLECTION

The final expression for the postlinear light deflection in

the gravitational field of two bounded masses is obtained
|

) G*m? 15 45
@) = { 1 |: — 7 — Xao(8(ég) - fiyp) + —77'(65 i)

c*é? 4
G*m3 15 . 45
04622 |:—Z7T + X] (8(6(0) . n]2) + — 7T(e§ n]z))(
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+ C4$2 2{ 777 4(X1 X2)(€§ . nlz) + |:_ — —

R R 45 . 2
+ 8(X) — Xp)(é) - fipp) + ZW(XI = X,))(é - 71yp) + [g +

PHYSICAL REVIEW D 72, 024012 (2005)

by summing up the parts of the light deflection, which are
given in the preceding sections and in Appendices A, B,
and C. The final expression for the angle of light deflection
quadratic in G to the first order in (r;,/£), in which the
positions of the masses are expressed in the center-of-mass
frame coordinates, is given by
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where a(,, is given by the part of &, [i.e. of Eq. (62)],
which is quadratic in G. Here, it should be pointed out that
some terms which belong to the postlinear light deflection

given by Eq (66) (e.g. the term 4 G ’glmz e é5) are related to

terms in v, of the linear light deflection given by Eq. (65)
through the virial theorem. In the next section we shall
group these terms together before computing the limit
ri» — 01in Egs. (65) and (66) in order to remove the formal
divergences. As in the case of the linear light deflection the
order of the expansion in Eq. (66) was chosen in an
arbitrary manner in order to show the structure of the terms
belonging to the postlinear light deflection. In concrete
applications the order of the expansion of the postlinear
light deflection is to be chosen in accordance with the
accuracy reached by the linear light deflection.

XI. RESULTS

The resulting expressions for the angle of light deflec-
tion linear and quadratic in G are given in Secs. IX and X,
respectively. To study the important features of the derived
results, let us consider special cases. The results take a
particularly simple form for the following cases.

A. The value of one of the two masses is equal to zero

If in Egs. (65) and (66) we put the value of one of the
masses equal to zero (e.g. m; = M, m, = 0) we obtain
expressions for the light deflection angle for a static point-
like mass,

azl)(E) = —4 2¢ elf, (67)
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: 15 G’Mipy
AoE-s) = "1 TAzDMelf’ (68)
where in this case the ADM mass Mpy 1S equal to the
mass M. The deflection angle linear in G is the well known
“Einstein angle” (see [1]). The light deflection angle given
by Eq. (68) is the post-post-Newtonian light deflection for
a pointlike mass, which was obtained for the first time by
Epstein and Shapiro and by other authors in 1980 (see
[12,13]).

B. The light deflection when r;, — 0

In this subsection we are going to compute the limit of
the expression for the linear and postlinear angle of light
deflection [Egs. (65) and (66)] in the event that the distance
r1, between the components of the binary goes towards
zero (i.e. rj, — 0). As we explained at the end of the
preceding section, we have to group together the terms of
Egs. (62), (65), and (66) in an appropriate manner in order
to remove the formal divergences. By inspection, it is clear
to see that the remaining terms in Eqs. (62), (65), and (66)
are given by
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al, =l——a7—7F ——7
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G*mym )
+ 27&;2 2(X) — Xp)Pind,. (71)

After grouping together the terms that are related through
the virial theorem in Egs. (69)—(71) we get
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; G G vi,
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After simplifying Eqgs. (72) and (73) we finally obtain

GMppwm Gmym,

afy = —47625 e; + 4704§M2 (m; — my)
GM > > iz i
X |iv%2 - r—lz:|(€§: . n12)<?>e§, (74)
‘ 15 G*M?
azz) = _Iw—c“fz e’g, (75)
where

1 v3 Gmm
Mo = M + S p—3 = =5 = (76)

C C 7'12

is the ADM mass of the system with u = m;m,/M and
M = m; + m,. In Egs. (69)—(74), the quantities #,, v,
and r;, are taken at the time ¢*. Note that the second term in
Eq. (74) goes to zero when r;, — 0 since the expression in
brackets remains finite. At the end, we recover the Einstein
angle [i.e. Eq. (67)] with the ADM mass as given by
Eq. (76) as well as the Epstein-Shapiro angle [i.e. Eq. (68)].

C. The values of the two masses are equal and the light
ray is originally orthogonal to the orbital plane of the
binary

In this case we choose M /2 for the value of the masses in
Eqgs. (65) and (66) and assume that the light ray is origi-
nally propagating orthogonal to the orbital plane of the two
bounded masses (i.e. éq) - i1, = 0, € - U1, = 0). After
introducing the ADM mass in the resulting expression for
the angle of light deflection linear and quadratic in G and
rearranging the terms, we finally find
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and
) G2M? 15 r 75 L r12\2
Ay = %{_ 77 —[1 — 7(8; - 7in)* + 6(&; - ”12)4]( 12) + ﬁﬂ[lo = 31(eg - ”12)2]<?2>
G2M2 .. 1 465 2 3
#O[(F) Jlee + T inl=5(8) +(E) + o (F) It )
where in this case the ADM mass is given by
_ 1 v%z GM
Maow = M[l ! Z<2702 Czrn)} ™

The expression for the linear light deflection given by Eq. (77) was expanded to the order (r;,/£)'? in order to reach the
accuracy of the postlinear light deflection given in Eq. (78). Note that an expansion to the order (r;,/£)'? in the linear part
of the light deflection, which is of the same accuracy as an expansion to the second order in (r,/€&)
in the postlinear part, implies that (ry,/€) ~ (GMapp/c2€)"/10. In Eqgs. (77)—~(79), the quantities 71,5, v, and r, are
taken at the time 7*. Note, that in this case the correction arising from the shift of the IPN—center of mass with respect to
the Newtonian center of mass [see Eq. (62)] vanishes.

D. The values of the two masses are equal and the light ray is originally parallel to the orbital plane of the binary

In this case we choose the value of the masses equal to M/2 in Eqgs. (65) and (66) and assume that the light ray is
originally propagating parallel to the orbital plane of the binary (i.e. é; - 7i;, = 0). After introducing the ADM mass as
given by Eq. (79) and rearranging the terms, we finally find:

024012-22



LIGHT DEFLECTION IN THE POSTLINEAR ...

PHYSICAL REVIEW D 72, 024012 (2005)

(1)” GMZAEDM{ 4+1[1- (€q) - 512)2](}’—;2>2 + [ i 2(6(0) i) — _(e(O) i)t }(%2)4
+ 1i6 136 (€ - 7112)* + —(e<o> i)t — 16(e<0) 1) }(?)6
+ :— % + %(%) “Hp)® 33—2(5@) i)t + E(E(O’ “Hip)° - @(% ' 7‘12)8}(—;)8
+ _2;6 226 () " fir)* + 128 (€(o> fi)t = 128 () " fin)° 226(6(0) fip)® = 256(6(0) i)' }(%)10
+ _—ﬁ + m(‘?(o) i) — 1024 (€ - 7 i)t + R(e(o) fin)® — 1024 (&) 7 i)t + 5%(3(0) i)'
GMADM

s 2 () e

U12)(€g) - ”12)}(22)3 + |:_ 116

50

+—(fgp -

4 &

. 3
: ’112)6] -

GM spm
¢

+ 5(€p)

1
-1
gl

+

o -if5(2) -
1

128

3¢

—(80) * D11 + 2(E() - 1i12)* — 3(€(g) * 7i12)*]

~ (e - ﬁlzm(’—;

7 9 .
[1= 3@ i + 3o - i) — () ﬁu)ﬁ](’—;) + @[(—) }}P;v;g

1
{-(5@ : 5@(?) T [Z(E“) L+ @)+ )]

rin\3 1 . . . N N R
U12)(€() - i)l — (€ - i12) ]}( 12) + [6—4(6(0) U1+ 3(() * 7i1a)? — ey - fipn)*

9 .
53 TG0 )l = 26 AP + @i )(R) + 0] () [l

3 3

+ L1 = 2@ - i) + G - (12
32 ¢

y

3

+ GAC/{(}DM () ’712)2{% [v, — @) - 512)2]<r—g>2 + @[<r—?>4}}eg (80)
and
@y = Gzz??? M{ 14—5 - i[4 + (&) - i) + @o) - n12)4]< ; ) + ﬁ77[250 ~797(6 - ﬁlz)z](r_;>2
+ o () e + Chtapulae - m("2) + of (22)] it s

where, the quantities 7i,,, U, and r;, are taken at the time
.

In Eq. (80) the components e, Pyn{, and Pjv{, of the
linear light deflection were expanded to the order
(r12/)'2, (r12/€)" and (r1,/€)7, respectively, in order to
reach the accuracy of the postlinear light deflection given
in Eq. (81). As in the preceding subsection here the cor-
rection arising from the shift of the 1PN—center of mass
with respect to the Newtonian center of mass [see Eq. (62)]
vanishes.

Finally, we apply the formulas for the angle of light
deflection (67)—(81) to the double pulsar PSR J0737-3039.
The parameters of the pulsar PSR J0737-3039 (e.g. see
[14]) are given in Table I.

We compute the angle of light deflection for the cases
when the distance between the two stars 7, is maximal and
minimal. In our computations we assume that the masses
of the binary’s components are equal, i.e. that the mass
ratio R is equal to 1. For the impact parameter, we choose
& = 5ry,. In order to compute the angle of light deflection

TABLE I. The parameters of PSR J0737-3039.
Orbital period P, (day) 0.102251563 (1)
Eccentricity e 0.087779(5)
Total mass my + mp (My) 2.588(3)

Mass ratio R = my/my 1.069(6)
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we have first to calculate r, and v,. Note that we only use
Newtonian relations, since the uncertainties in observatio-
nal data, although small, are nonetheless greater than the
corrections that post-Newtonian corrections would yield.

To compute rj, we have to calculate the semimajor axis
of the elliptical orbit by means of the following equation
(because of the low accuracy of the observational data,
only Newtonian relations can be used),

_ 3G(m1 + I’I’lz)T'2

e (82)

where a denotes the semimajor axis and 7 the orbital
period. The preceding equation follows from Kepler’s third
law (e.g. see [15]). The relationships between the distances
Flamax.» F12min. @nd the semimajor axis a are given by,

=a(l + e), (83)

712 max

=a(l —e). (84)

712 min

We obtain the corresponding velocities to 75 max and 712 min
from the equations given by

G(ml + m2) (1 - e)
—e.3
V12 min 87 \/ a (1 ¥ e): (85)
and
+ 1+
D1 = 8, O L) g
a (1—-e)
respectively.

TABLE II.
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After introducing the parameters of PSR J0737-3039
into the preceding equations and into the formulas for the
light deflection given in this section we find the results
presented in Table II.

Table II shows the angles of light deflection computed
by means of Egs. (78) and (81) corresponding to
the Epstein-Shapiro angles of a(E —s) = —1.55 X

—2.20X 10~ 6e§ arcsec. If

we define the corrections to the Epstein-Shapiro angle
that we calculated in this paper by 5a(2) = a(z) -

10~ 6e§ arcsec and a(E 5 =

(E 5 We find:

(1) light ray originally orthogonal to the orbital plane
dajy, =(—1.0X 1077} +5X 107P{n{,) arcsec
f0r§—5r12max, Sa(z)l ( 15><107l+7><
1078Pin,) arcsec for &€ = 5r15 pin-

(2) light ray originally parallel to the orbital plane

dafy, =(=1.1X10" e§+2><10 SPin 12)arcsec
for & = 5rpmass ety = (—1.6 X 10 7el +3 X
1078Pi n{,) arcsec for ‘} = 5712 min-

From the Values of Sa(z) , and 6a(2)” we see that the

corrections to the Epstein-Shapiro light deflection angle
are slightly smaller for the case when the light ray is
originally orthogonal to the orbital plane. Details related
to the measurement of the corrections to the Epstein-
Shapiro angle will be discussed in the next section.

XII. DISCUSSION AND CONCLUSIONS

The angle of light deflection in the postlinear gravita-
tional field of two bounded pointlike masses has been
computed to the second order in G/c?. Both the light
source and the observer were assumed to be located at
infinity in an asymptotically flat space. The light deflection
linear in G has been exactly computed. It was shown that
the expression obtained for the linear light deflection
is fully equivalent to the expression given by Kopeikin

The angles of light deflection linear and quadratic in G are given in arcsec. We

denote by aél)(E) and azz)(E s) the Einstein angle and the Epstein-Shapiro angle. For the light ray

originally orthogonal to the orbital plane we assume that é, - 7i;, = 1. For the light ray originally
parallel to the orbital plane we assume that ) - 7, = 1.

Fiamax = 9.56 X 10" cm Fiamin = 8.02 X 1010 cm
V12min — 5.72 X 107 Cm/S Vi2max — 6.83 X 107 Cm/S
&€ = 5 omax & = STiomin

e —0.659¢, ~0.785¢;
@y E-s) —1.55 X 10~} —2.20 X 10~%€k
ajy, —0.679¢} + 0.013P}n, —0.809¢} + 0.016P}nf,
aly, —1.65 X 1070} + 5 X 10 8Pinf, —2.35 X 107%} + 7 X 1078Pinf,
@y —0.659¢; —0.785¢}
(el —1.66 X 10"%; + 2 X 10"°Pgnf, ~2.36 X 10}, + 3 X 10 *Pini,
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and Schifer in [5] in the event that the velocities of the
masses are small with respect to the velocity of light
and the retarded times in the expression of Kopeikin
and Schifer are close to the time of closest approach
of the unperturbed light ray to the origin of the coordinate
system. To evaluate the integrals related to the light
deflection quadratic in G, which could not be integrated
by means of elementary functions, we resorted to a series
expansion of the integrands. For this reason the resulting
expressions for the angle of light deflection quadratic in
G are only valid for the case when the distance between
the two masses r;, is smaller than the impact parameter &
(i.e. 1/ & < 1). The final result is given as a power series
in r,/&. The expression for the angle of light deflection
in terms of the ADM mass to the order G>/c* including
a power expansion to the second order in (r,/€), in
which (r15/&) ~ (GMapy/c?€)Y10 is being assumed,
is given in an explicit form for a binary with equal
masses in the event that the light ray is originally orthogo-
nal to the orbital plane of the binary. The expression for
the angle of light deflection in terms of the ADM mass
to the same order is also given for a binary with
equal masses in the event that the light ray is originally
parallel to the orbital plane of the binary. For a light ray
originally propagating orthogonal to the orbital plane of
a binary with equal masses the deflection angle takes
a particularly simple form. In the case when one of
the masses is equal to zero, we obtain the ““Einstein angle”
and the “Shapiro-Epstein light deflection angle”, as we
do when ri, — 0. Application of the derived formulas
for the deflection angle to the double pulsar PSR J0737-
3039 has shown that the corrections to the “Einstein
angle” are of the order 1072 arcsec for the case when
rin/€ =0.2, see Table IL. The corrections to the
“Epstein-Shapiro light deflection angle” lie between
1077 and 1078 arcsec, see Table II. We conclude that
the corrections to the “Epstein-Shapiro light deflection
angle” are beyond the sensitivity of the current astronomi-
cal interferometers. Nevertheless, taking into account
that the interferometer for the planned mission LATOR
[16] will be able to measure light deflection angles of
the order 1078 arcsec, we believe that the corrections to
the “Epstein-Shapiro light deflection angle”” computed
in the present work might be measured by space-borne
interferometers in the foreseeable future.
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APPENDIX A: THE POSTLINEAR LIGHT
DEFLECTION af,,.

In the integrals that are given in this appendix as well as
in Appendices B and C we already replaced the photon

trajectory by its unperturbed approximation Z(7) = TZ(O) +
5, where i(o) is given by 7(0) = céy. The distances r; and
r, are given by

r, =[c*m* + & — 2c7é () - X, (1) — 25 - X, (1)

+ xa(t)]2,

with a = 1 and a = 2 for the distances r; and r,. The
distance S is defined by

S=r1+r2+r12.

Here, r;, = |%,(t*) — X,(¢*)| is the distance between the
two masses m; and m, at the time 7* and the unit vector 71,
is given by

R T
np= r_2[x1(t ) — Xp(r7)].
1

The positions of the masses in the center-of-mass frame
without considering the 1PN-corrections are given by

¥ = X7 p(t")
and
Xy = =X F(f).

The integrals resulting from the introduction of the post-
linearl metric coefficients (19) and (20) into the expression
for @y given by Eq. (42) are:
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. - G2m2
aéz)l(f) =2

1 . G . . )
4n—&%ymmww—&wr0ﬂ m”{[dr [& = X, Pirty (1))

r12r152

G*m;m 1 1 G*mm 0 1 r . )
- 12[ dﬁi ﬁa XPyrly(t)] + 5 S wa{——ﬁﬁe—&%ﬂmm

ry r 2 3 — iy L7
G*m,m 1 N . N . . . y
+ 16— f, dr 2 () " m)leT + X&) - Fro(r)[€" — XoPlyri, (1]

3 rirS
G*mym 00 | B N . G*mym 0 . .
+ 87312 j dT—3(6(0) . I’l12)2[§l - X2Pl r (t )] + 471 2 j dr 2 (6(0) : l’l12)2
C —00 C —00 r12r15
) 5 G>
X [ = X Pyry()] + 3 U f dr—[&' = XoPyriy(1)]
rahn
G*mim, [« 1 - - N 5> (i "
- 16# f dr 3 (€~ i)leT — X5€() - Fra(t) 1P ry (1)
C — 0 rlzrlS
G*mym, (= 1 - R - 5 D "
- 8# [ deisz(e(o) “dip)ler — Xr€() Fio(t )]Pér?z(t )
—o00 r12r1

Cc

G*mym, GPmymy (o |
_ 47 1 X Pl t + 4— d - + X > L2 [* 2
C3 /—oo r1r2S2 [é‘: 2 r ( )] C f_oo Trlr%SZ [CT 16(0) r12( )]

- * G*mym 1 3o R (4 i i *
X [£ = X, P riy(r)] + 8 22 ] dr—oler+ X, - Pl )PIE = X:Pyry ()]
TR

G2m1m2 0 1 1 N - \ 1271 pi %
—4 C3 [700 dT["er]Sz B 7127?52 [CT B Xze(()) . r12(t )] ]qu({z(t )
G2m1m2 0 1 > > \12 pi %
+ ST ] dTW[CT - Xze(o) . r12(t )] P;l"lllz(l‘ )
G2m1m2 © 1 > > % > > * i .49 (4%
+ 873 d’Ti?’[CT - X2€(0) : r]z(t )][CT + Xle(o) . rlz(l )]qulz(t ) + (1 « 2) (Al)
c —0o0 rlzrerS

APPENDIX B: THE POSTLINEAR LIGHT DEFLECTION afz)n

After introducing the expressions for the perturbations & lél)(r) given by Eq. (63) and the metric coefficients (21)—(23)
into the expression for a’fz)n given by Eq. (43) we find,

;2 G*m? [ | . G’mymy [ ‘ .
o ® = 1275 [ ar 1 = XaPlrtye )+ 128 [T [ = o)

rlz

, , y G*mim i » x
AE = P+ 45 [ ar s afgl oyt

G m? [ 1 N . . ) .
3 1 [ dTﬁBl[e(o) (X Fp(ENIE — X, Pirl, (19)]
o 3

—4
C

G*mym 0 1 > o i i *
+ 4# f dr 3 Ba[¢) - (X1 (t))IE" = XoPyrip(17)]
o P

G’mi [ 1 S L (e i 9 (g
-8 3 /_m dTr—?Bl[CT — Xs8(9) - o) [€" — X, Py, (1))

G?*mm,

o ] o o
— g j dr—Biler + X\ Pl = XaPyry ()] + (1= 2) (B1)
L3

c

The functions A, A,, B; and B, are given in Sec. IV.
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APPENDIX C: THE POST-LINEAR LIGHT DEFLECTION o'

PHYSICAL REVIEW D 72, 024012 (2005)

@1v

In this appendix we give the integrals of the order G?/c* resulting from the introduction of the perturbation 5zf])(7)
given by Eq. (54) into the expression for afz)m given by Eq. (57).

2

. > G
afz)lv(f) —12

X /_ d’T—sﬂz[fi - Xszlr?z(t*)] +

G m1m2

~12 (X&W@rﬂﬁﬂr

= Xpé(g) - F1o(t7) + 1ry(7, 1)

200, z*)/ dT—B[f X,Pi (t)]—lZGml (70, 1) - (0, )

R
ol [ drBIE — XaPry ()]
LA

1 . .
d’Tﬁ 32[51 - XZP;}’?Z(I*)]
1

G*mi [~ 1
—12 f dr— ln|:CT
C —o0 r

- 12

(0, 1) — Xa€(0) - F12(t")

:||:CT - ng(o) . ;')12([*)][‘5[ - X2P£]r(l]2(t*)]

3

C i

where the functions B, and B, are given in Sec. VIL.

APPENDIX D: THE LINEAR LIGHT DEFLECTION

TERMS ARISING FROM THE TERMS OF A{}) AND

1Y) WHICH CONTAIN THE ACCELERATIONS OF
THE MASSES

As we mentioned in Sec. III, the terms of the metric

coefficients hglo) and hg}; which contain the accelerations of
the masses were introduced into the metric quadratic in G
after substituting the accelerations by explicit functions of
coordinate positions of the masses by means of the
Newtonian equations of motion. To get the light deflection
terms arising from these terms in a form suitable for the
comparison of our computations with the linear light de-
flection computed by Kopeikin and Schifer [5], we com-
pute here the light deflection resulting from these terms
before performing the substitution of the accelerations.

The terms of h&)) and h% which contain the accelerations
are given by

- G & L. G & (Fy-ad,)
hz)l())__gzma(na'aa):_gzma tlr a;
a=1 a=1 a
(1)
hfvl; = hoo 0 (DD

From Eq. (18) it follows that the linear light deflection is
given by
‘ .t
ag) = }LIEO{;PZ‘”?U(T)}’ (D2)

where 61211)(7) is given by Eq. (15). After introducing the
metric coefficients (D1) into the equation above we obtain

G*mymy [ oL [eT Xl - Falt) + ra(r, )
./loo [ r2(0, 1) + X € - 712(t")

ﬁw—&%ymwme—n%%wn

. G o ] . o
Bil& — XaPyrty()] + 475 [7 dr s B - Xt + (122, (C)
I3

;. G o 1L
@y = ? Zl my, . dTr_3[CT(€(O) - a, (1))
+ €+ a,(1") — X, (1) - a ()€ — Pixd(r)]
G & SIS B
= Zlm fioo dr—Pyai(r"). (D3)

Asin Eq. (50) the second integral in the preceding equation
diverges. After performing the Taylor expansion of the
second integrand about the origin of the coordinate system
X, = 0 up to the second order and taking into account the
Newtonian center-of-mass theorem we perform the inte-
gration of Eq. (D3). As result we find

G 2 m,
7 Z Ri 6(0) ' fa(t*))(g(O) . 5a(t*))
X £~ Plad(r)]
2
#2003 REE A0 1) 0]

G < (f %, (1))
+F;m{ 52

_ (é() '55;(1*))2 n xi(é*) _ 2(5" . Eaft*))z
'3 £ ‘

~ 1
Xy~

X [& = Pyxi(t")]

}p;az(z*).

(D4)
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APPENDIX E: THE ANGLE OF LIGHT
DEFLECTION IN THE LINEAR GRAVITATIONAL
FIELD OF TWO ARBITRARILY MOVING
POINTLIKE MASSES

In this appendix we show that the expression for the light
deflection angle in the linear gravitational field of two
arbitrarily moving pointlike masses computed by
Kopeikin and Schifer [5] is fully equivalent to the linear
|

G & my[1

PHYSICAL REVIEW D 72, 024012 (2005)

light deflection computed in this paper in the event that the
velocities of the masses are small with respect to the
velocity of light and that the retarded times in the
Kopeikin and Schéfer expression are close to the time of
closest approach #*. The light deflection angle given in [5]
in the case that the source is located at infinity and the
observer at Z(7) is given by

— SBIRL (7, 5,) + B+ FalT, )P (T, 54)

afl)(r) = =2

a=1,[1 —

TG (750 — G

e(o) Un(%)]

7 5Pl (7, s,) — Bn)

valsa), (ED)

G & 1 -
433 el

U{Ega [r,(7,s,) — n(sa)'ja(r,sa)]

where v,(s,) is the velocity of the ath mass, € is the unit
vector tangent to the unperturbed light ray, 7,(7,s,) is
given by 7, (7, s,) = Z(7) — X,(s,) and r,(7,5,) is the
Euclidean norm of 7,(7, s,). Here, s, is the retarded time
for the ath mass defined by the light-cone equation for s,,.
The light-cone equation for s, is given by

sqg tr(rs,) =71+1. (E2)

From Eq. (E1) it follows that for an observer located at
infinity, the angle of light deflection is given by

oy = lim afy(7)

[1 €)' Va (?a)]

- 48 Z [¢" — Pixi(s,)]
2 a
a1 - LhR (s,)
(E3)
where the quantity R,(s,) is given by
Ra(sa) = ’%(O) sa) - (é)(O) ) )—C)a(sa))2~ (E4)

Here, it is worthwhile to note that the preceding expression
for the light deflection angle is equivalent to the expression
given by Eq. (139) in [5].

With the help of the light-cone equation (E2) and the
relationship for the time of closest approach from [5],

1. .
f=1t——(eq - Z(1)
C

1. . 1. -
=1=Co Talt:sa) = €0 Talsa)  (BS)

it was shown that

d 1

* 1 > > > >
Sa =1 =80 X,(s,) — 2 =0 < X,(s,), (E6)

where d,, is given by d, = |Z,(s,) — X,(s,)|.

If the velocities of the masses are small with respect to
the velocity of light and the retarded times do not differ
significantly from the time of closest approach ¢*, we are
allowed to use the Taylor expansion of the quantity

(5 = (1) + Vi) s, = 1) + S al (s, — 1)
(E7)
After substituting into Eq. (E6), we find
0= 1 = LB B @y B, — 1)
+ (@ Al s, — 12 (E9)

Now we solve Eq. (E7) iteratively with respect to (s, — *)
to obtain

% 1_, > * 1 -> > % b - &
Sqg — = Ee(o) <X (1) + ?(e(m : xa(f'))(e(o) < 0,(17))

1
+ @<§>. (E9)

After performing the Taylor expansion of the expression
for the light deflection angle given by Eq. (E3) and taking
into account Eq. (E9), we finally obtain
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i G 2 mg, i % i i G 2 i B
ai), =45 ZR—E xg(r* )]+4 ZR (B " DaltDIE" = Pera()] + 43 Z (6(0) X, ()P (1)

a=1

8]

~835 3 R G RN Bule) Bl Bule) + Gl Rl Bl DIE — Pt

G < : G ¢ e
25 D RIS = Pl + 4 S TG - k) TE ~ Ppad(e)]
— 165 3 Rl PTE5le) — £t 0L — Pl

=328 S M G 2 (D E - TulENE - 4(5) — 7() - u(TE — Pd()]

C4 a=1 Rg
G & I . 4 . ,
— 16 ;R—g(e@ X (D E () - V()€ — Plx(r*)]
G > > K z - = = * > > % > > * [ *
+ 8? Z %(6(0) ' xa(t*))z[f : va(t*) - xa(t*) ' va(t ) + (6(0) : xa(t ))(6(0) : va(t ))]P;UZ(Z‘ )
a=1""a
G Ma > Y (t* ’ (1 i i %
- 43 ;R—g(e(o) X, (1 ))2(6(0) UL ())[E — PqXZ(l‘ )]
G ) > R oo . . R R . .
—4a > %(5(0) X ()€ - A1) = X, (%) - A1) + (Eg) - Xo(r)) @)+ @u()IE — Pixi(r*)]
a=1""a
sza»—»*i « sza»»*e»*i P4
t25 ;—0(6(0) X (1) PLad(r) + 43 ;R—a(e(m X ())(Eg) - (7)€" — Pyxé(r)] (E10)

It _is easy to see that the expression above is equal to the sum of Egs. (51), (64), and (D4). Note, that to obtain the term in
al(t*) of Eq. (E10), it is better to sum up the corresponding terms in Egs. (50) and (D3) before performing the
integration in order to remove the formal divergences. After summing up and performing the integration of these terms we

get:

G < o G & o0 G & i g
- m dr—PLal(t") — — m dT—P‘ =— m dr—[c*7* — r2]Pi ad(t*
C; affoo rgq () 03; ajfoo Y 63; a{f }"[ ]q ()}
G g i ,49(+* G g mg 2 pi
= =23 > maPal(t) + 25 3 22 () KPP Pal(r) (E11)
a=1 a=1""4a

where the first term on the last line vanishes as consequence of the Newtonian center-of-mass theorem.
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