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Propagation of light in the gravitational field of self-gravitating spinning bodies moving with arbi-
trary velocities is discussed. The gravitational field is assumed to be “weak” everywhere. Equations
of motion of a light ray are solved in the first post-Minkowskian approximation that is linear with
respect to the universal gravitational constant G. We do not restrict ourselves with the approxima-
tion of gravitational lens so that the solution of light geodesics is applicable for arbitrary locations
of source of light and observer. This formalism is applied for studying corrections to the Shapiro
time delay in binary pulsars caused by the rotation of pulsar and its companion. We also derive the
correction to the light deflection angle caused by rotation of gravitating bodies in the solar system
(Sun, planets) or a gravitational lens. The gravitational shift of frequency due to the combined
translational and rotational motions of light-ray-deflecting bodies is analyzed as well. We give a
general derivation of the formula describing the relativistic rotation of the plane of polarization of
electromagnetic waves (Skrotskii effect). This formula is valid for arbitrary translational and rota-
tional motion of gravitating bodies and greatly extends the results of previous researchers. Finally,
we discuss the Skrotskii effect for gravitational waves emitted by localized sources such as a binary
system. The theoretical results of this paper can be applied for studying various relativistic effects
in microarcsecond space astrometry and developing corresponding algorithms for data processing in
space astrometric missions such as FAME, SIM, and GATA.

I. INTRODUCTION

The influence of gravitation on the propagation of electromagnetic rays has been treated by many authors since
Einstein first calculated the relativistic deflection of light by a spherically symmetric mass [[If]. Currently there is
much interest in several space missions dedicated to measuring astrometric positions, parallaxes, and proper motions
of stars and quasars with an accuracy approaching 1 microarcsecond (parcsec) [E] Thus progress in observational
techniques has made it necessary to take into account the fact that electromagnetic rays are deflected not only
by the monopole gravitoelectric field of light-deflecting bodies but also their spin-gravitomagnetic and quadrupolar
gravitoelectric fields. Propagation of light in the stationary gravitational fields of rotating oblate bodies with their
centers of mass at rest is well known (see, e.g., [ﬂ] - [EL and references therein). Quite recently significant progress
has been achieved in solving the problem of propagation of light rays in the field of an isolated source (like a binary
star) that has a time-dependent quadrupole moment and emits quadrupolar gravitational waves ﬂ] However, the
translational motion of the source of gravitational waves was not taken into account in [ﬂ], in effect, the source was
assumed to be at rest.

We would like to emphasize the point that most gravitational sources are not in general static and move with respect
to the observer in a variety of ways. As revealed by approximate estimates [E], the precision of planned astrometric
space missions [ﬁ], binary pulsar timing tests of general relativity [E], very long baseline interferometry @] - [@],
etc., necessitates the development of more general methods of integration of equations of light propagation that could
account for such translational motions. Indeed, non-stationary sources emit gravitational waves that weakly perturb
the propagation of electromagnetic signals. The cumulative effect of such gravitational waves may be quite large
and, in principle, could be detectable [@] It is necessary to know how large this influence is and whether one can
neglect it or not in current and/or planned astrometric observations and experimental tests of general relativity.

When considering propagation of light in the field of moving bodies it is also worth keeping in mind that gravitational



interaction propagates with the speed of light in linearized general relativity [ — [E] This retarded interaction
has important consequences and can play a crucial role in the theoretical prediction of secondary relativistic effects
in time delay, light deflection, polarization of light, etc.

The first crucial step in solving the problem of propagation of electromagnetic rays in the retarded gravitational
field of arbitrary-moving bodies has been taken recently in [@] The new formalism allows one to obtain a detailed
description of the light ray trajectory for unrestricted locations of the source of light and observer and to make
unambiguous predictions for possible relativistic effects. An important feature of the formalism is that it is based on
the post-Minkowskian solution [E] - of the linearized Einstein field equations. Thus the amplitude of gravitational
potentials is assumed to be small compared to unity, but there are no a priori restrictions on velocities, accelerations,
etc., of the light-deflecting bodies. In this way the retarded character of the gravitational field is taken into account
in the linear approximation. This is in contrast to the post-Newtonian approximation scheme [] - , which
assumes that velocities of light-deflecting bodies must be small with respect to the speed of light. Such a treatment
destroys the causal character of a gravitational null cone and makes the gravitational interaction appear to propagate
instantaneously at each step of the iteration procedure. As proved in [@], this is the reason why the post-Newtonian
metric gives correct answers for the time delay and light deflection angle only for a very restricted number of physical
situations. As a rule, more subtle (secondary) effects in the propagation of light rays in time-dependent gravitational
fields are not genuinely covered in the post-Newtonian approach, whereas the post-Minkowskian light-propagation
formalism gives unique and unambiguous answers.

In the present paper, we extend the light-propagation formalism developed in [@] in order to be able to include the
relativistic effects related to the gravitomagnetic field produced by the translational velocity-dependent terms in the
metric tensor as well as spin-dependent terms due to light-deflecting bodies. We shall start from the consideration of
the energy-momentum tensor of moving and spinning bodies (section 2). Then, we solve the Einstein field equations
in terms of the retarded Liénard- Wiechert potentials (section 3), describe the light-ray trajectory in the field of these
potentials (section 4), and then calculate the deflection angle and time delay in the propagation of electromagnetic
rays through the system of arbitrary-moving and spinning particles (section 5). We pay particular attention to the
calculation of gravitomagnetic effects in ray propagation in pulsar timing and astrometry (section 6). Moreover, we
discuss the relativitic effect of the rotation of the plane of polarization of electromagnetic rays (Skrotskii effect [@]
~ [Bd)) in the gravitomagnetic field of the above-mentioned system of massive bodies (section 7). This effect may be
important for a proper interpretation of a number of astrophysical phenomena that take place in the accretion process
of X-ray binaries 7] - [BJ] and/or supermassive black holes that may exist in active galactic nuclei. Finally, we derive
an exact expression for the rotation of the plane of polarization of light caused by the quadrupolar gravitational waves
emitted by localized sources (section 8). The treatment of the Skrotskii effect given in the final section may be

important for understanding the effects of cosmological gravitational waves on the anisotropy of cosmic microwave



background (CMB) radiation at different scales [Bd] — [BJ]. Details related to the calculation of integrals along the

light-ray trajectory are relegated to the appendices.
II. ENERGY-MOMENTUM TENSOR OF SPINNING BODY

We consider an ensemble of N self-gravitating bodies possessing mass and spin; higher-order multipole moments
are neglected for the sake of simplicity; for their influence on light propagation via the mathematical techniques of
the present paper see [@] Propagation of light in the gravitational field of arbitrary-moving point-like masses has

been studied in [@] The energy-momentum tensor 77 of a spinning body is given
T%(t,x) = Ty (t,%) + T§" (1, %) , (1)

where Tﬁf and Tg # are pieces of the tensor generated by respectively the mass and spin of the body, and ¢ and x are
coordinate time and spatial coordinates of the underlying inertial coordinate system. In the case of several spinning
bodies the total tensor of energy-momentum is a linear sum of tensors of the form ([ll) corresponding to each body.
Therefore, in the linear approximation under consideration in this paper, the net gravitational field is simply a linear

superposition of the field due to individual bodies.

In equation ([l), TP and Tg 7 are defined in terms of the Dirac d-function B4 - BY] as follows BT - BY]

—+oo
TP (1, %) = / pu (—g)~V/26(t — 20(n)) 6(x — z(n))dn ()
—+o0
T (%) = —v., / §7@u) (—g) V25t — 20(5)) S(x — z(n))dy . 3)

where 7 is the proper time along the world-line of the body’s center of mass, z(n) are spatial coordinates of the body’s
center of mass at proper time 7, u®(n) = u°(1,v") is the 4-velocity of the body, u°(n) = (1 —v?)~/2, (v') = v(n) is
the 3-velocity of the body in space, p®(n) is the body’s linear momentum (in the approximation neglecting rotation

@ where m is the invariant mass of the body), S*?(n) is an antisymmetric tensor representing

of bodies p®(n) = mu
the body’s spin angular momentum attached to the body’s center of mass, ¥/, denotes covariant differentiation with
respect to metric tensor gog, and g = det(gqag) is the determinant of the metric tensor.

The definition of S*? is arbitrary up to the choice of a spin supplementary condition that is chosen as follows
sob ug=0; (4)

this constraint is consistent with neglecting the internal structure of the bodies involved, so that we deal in effect
with point-like spinning particles [@} - [@} We introduce a spin vector S which is related to the spin tensor by the

relation

§oB = naﬁv5u755 , (5)



where %79 is the Levi-Civita tensor related to the completely antisymmetric Minkowskian tensor €aBys [@] as follows

aBys _ 1/2

) —(—9) " eapys , Nagys = (—9) eapys . (6)

where €g123 = +1. The spin vector is orthogonal to u® by definition so that the identity
S%q =0 (7)

is always valid; this fixes the one remaining degree of freedom S°. Hence, the 4-vector S® has only three independent
spatial components.

The dynamical law vﬁTO‘ﬁ = 0, applied to equations ([If) —(H), leads to the equations of motion of a spinning
particle in a gravitational field. Indeed, using a theorem of L. Schwartz that a distribution with a simple point as
support is a linear combination of Dirac’s delta function and a finite number of its derivatives, one can develop the
theory of the motion of point-like test bodies with multipole moments in general relativity [@] In this way, it can be
shown in particular that for a “pole-dipole” particle under consideration in this paper, one is led uniquely [@] to the
Mathisson-Papapetrou equations with the Pirani supplementary condition (E)

In what follows, we focus only on effects that are produced by the spin and are linear with respect to the spin and
Newton’s gravitational constant (the first post-Minkowskian approximation) in the underlying asymptotically inertial
global coordinate system. The effects produced by the usual point-particle piece of the energy-momentum tensor have
already been studied in [@] Let us in what follows denote the components of the spin vector in the frame comoving
with the body as J* = (0,J). In this frame the temporal component of the spin vector vanishes as a consequence of
(ﬂ) and after making a Lorentz transformation from the comoving frame to the underlying “inertial” frame, we have

in the post-Minkowskian approximation

_ . _1 _
SO = (v T), Si=Ji+ 702 (v-T) 8)

—1/2

where v = (1 —v?) and v = (v?) is the velocity of the body with respect to the frame at rest.

IITI. GRAVITATIONAL FIELD EQUATIONS AND METRIC TENSOR

The metric tensor in the linear approximation can be written as

gaﬁ(tv X) = MNap + hotﬁ(tv X) ) (9)

where 7,3 = diag(—1,+1,+1,+1) is the Minkowski metric of flat space-time and the metric perturbation hag(t,x)
is a function of time and spatial coordinates } We split the metric perturbation into two pieces hoj\‘f and hgﬁ that

are linearly independent in the first post-Minkowskian approximation; that is,

he? = nS7 +ne’ 10
M S



Thus, the solution for the each piece can be found from the Einstein field equations with the corresponding energy-
momentum tensor.

The point-particle piece h(])\‘f of the metric tensor has already been discussed in [@] and is given by

u(s)*u(s)? + sn~?
hY = 4my/1 — u(s)? i(i) _(v)(s)—i_- 12‘275) ’ v

where 7(s) = |r(s)|, r(s) = x — z(s), and both coordinates z and velocity v of the body are assumed to be time

dependent and calculated at the retarded moment of time s defined by the light-cone equation
s+|x—z(s)|=t, (12)

that has a vertex at the space-time point (¢,x) and describes the propagation of gravitational field @] on the
unperturbed Minkowski space-time. The solution of this equation gives the retarded time s as a function of coordinate
time ¢ and spatial coordinates x, that is s = s(¢, x).

As for hgﬁ , it can be found by solving the field equations that are given in the first post-Minkowskian approximation

and in the harmonic gauge [[if] as follows
« « 1 o
(RSP (t,x) = —167 [Tsﬁ(t,x) ~ 51 s Tg\/\(t,x)} . (13)
Taking into account the orthogonality condition (E)7 the field equations (E) assume the form

+oo
8 (030 = 1670, [ an [$ ) o - () dx — 2(0)] (14)

where we have replaced the covariant derivative ¥/, with a simple partial derivative 0, = 9/0z" and u® = y(1,v?),
where v = (1 — v2)_1/ 2 is the Lorentz factor. The solution of these equations is given by the Liénard- Wiechert

spin-dependent potentials

S (s)uf)(s)
r(s) —v(s) -x(s)

If we restricted ourselves with the linear approximation of general relativity, the sources under consideration here

heP(t,x) = —40, (15)

would have to be treated as a collection of free non-interacting spinning test particles each moving with arbitrary
constant speed with its spin axis pointing in an arbitrary fixed direction. This simply follows from the Mathisson-

Papapetrou equations in the underlying inertial coordinate system. Thus, in such a case carrying out the differentiation

in ([13), we arrive at

T‘,YSV(O‘UB)

[r(s) = v -r(s)?

where v and S are treated as constants and we define 7 = (r,r). However, we may consider (E) as expressing the

heP(t,%x) = 4(1 — v?) (16)

first two terms in a post-Minkowskian perturbation series; that is, at some “initial” time we turn on the gravitational

interaction between the particles and keep track of terms in powers of the gravitational constant only, without making



a Taylor expansion with respect to the ratio of the magnitudes of the characteristic velocities of bodies to the speed
of light. The development of such a perturbative scheme involves many specific difficulties as discussed in [@] — [@]
In this approach one may relax the restrictions on the body’s velocity and spin and think of v and S®? in @) as
arbitrary functions of time. In this paper as well as [@], we limit our considerations to the first-order equations ()7
(EI), and (@), however, in the application of these results to the problem of ray propagation, we let v and S*? in
the final results based on (@) and (E) be time dependent as required in the specific astrophysical situation under
consideration. Therefore, the consistency of the final physical results with the requirements of our approximation
scheme must be checked in every instance.

The metric tensor given by equations ([L0), (1)), and (L6) can be used to solve the problem of propagation of light

rays in the gravitational field of arbitrary-moving and spinning bodies.
IV. PROPAGATION LAWS FOR ELECTROMAGNETIC RADIATION

The general formalism describing the behavior of electromagnetic radiation in an arbitrary gravitational field is well
known [@] A high-frequency electromagnetic wave is defined as an approximate solution of the Maxwell equations

of the form

Fop = Re{Aapexp(ip)} , (17)

where A, 3 is a slowly varying function of position and ¢ is a rapidly varying phase of the electromagnetic wave. From
equation ([[7) and Maxwell’s equations one derives the following results (for more details see [[[7] - [I§] and Appendix
A). The electromagnetic wave vector I, = Jp/dx® is real and null, that is g®?l,l5 = 0. The curves z® = 2%()\) that
have [* = dx®/d) as a tangent vector are null geodesics orthogonal to the surfaces of constant electromagnetic phase

. The null vector [ is parallel transported along itself according to the null geodesic equation
1°V5l* =0. (18)

The equation of the parallel transport (@) can be expressed as

i~
I rg,1°1"=0, (19)

where ) is an affine parameter. The electromagnetic field tensor F,g is a null field satisfying F,5l° = 0 whose

propagation law in an arbitrary empty space-time is

D dx®
D,F, 0F.3 =0, Dy=—=—V,, 20
rap + OFap AT DN dx (20)
where 6 = %Valo‘ is the expansion of the null congruence [ .
Let us now construct a null tetrad (I%,n% m®,m"), where the bar indicates complex conjugation, n,l* = —1

and m,m® = +1 are the only nonvanishing products among the tetrad vectors. Then the electromagnetic tensor

F.5 = Re(Fap) can be written (see, e.g., [i9] - [B])) as



Fop =@ llamg + ¥ l[,Tg , (21)

where ® and ¥ are complex scalar functions. In the rest frame of an observer with 4-velocity u® the components of
the electric and magnetic field vectors are defined as E® = F*®ug and H® = (—1/2)e*?7° F,5ug, respectively.

In what follows it is useful to introduce a local orthonormal reference frame based on a restricted set of observers
that all see the electromagnetic wave traveling in the +z direction; i.e., the observers use a tetrad frame eoz 3) such

that
o) = u® €%y = (—lau®) T 1% 4 (Igu” )] (22)

and €91y, €z are two unit spacelike vectors orthogonal to each other as well as to both e%o) and e%s) @] - [@]
The vectors 6021) and 6022) play a significant role in the discussion of polarized radiation. In fact, the connection
between the null tetrad and the frame e{y) is given by I* = —(l,u”)(e%) + €%3)) , n* = —%(lvzﬂ)(e"zo) —e%a)
m* = 2_1/2(6021) +ie,y)) and M* = 2_1/2(6021) — ie{y)) - The vectors e{;) and e, are defined up to an arbitrary
rotation in space; their more specific definitions will be given in section 7.

Vectors of the null tetrad (I% n® m* m®*) and those of eoéﬁ) are parallel transported along the null geodesics.
Thus, from the definition (@) and equation (@) it follows that the amplitude of the electromagnetic wave propagates

according to the law

d® A
oy Hoe=0, oy TOv=0. (23)

If A is the area of the cross section of a congruence of light rays, then

dA
=204 (24)

Thus, A |®|? and A |¥|? remain constant along the congruence of light rays 1.

The null tetrad frame (1% n®, m* ,m*) and the associated orthonormal tetrad frame eoz ) are not unique. In the
JWKB (or geometric optics) approximation, the null ray follows a geodesic with tangent vector I* = dz®/d\, where A
is an affine parameter. This parameter is defined up to a linear transformation \' = A/A+const., where A is a nonzero
constant, so that I'* = dz®/d\ = A [®. The null tetrad is then (I'*,n/®, m® m®) with n’® = A71n®; this affine
transformation leaves the associated tetrad eOE 3) unchanged. Moreover, we note that at each event, the tetrad frame
eoz 3) is defined up to a Lorentz transformation. We are interested, however, in a subgroup of the Lorentz group that
leaves [* invariant, i.e. Aoz,lﬁ = [®. This subgroup, which is the little group of the null vector [¢, is isomorphic to the
Euclidean group in the plane. This consists of translations plus a rotation. The translation part is a two-dimentional

Abelian subgroup given by

n'*=n*+Bm*+Bm* + |B*1*, (25)

m'* =m®+ BI1*. (26)



Let us note that this transformation leaves the electromagnetic tensor Fig given in (@) invariant; hence, this is the
gauge subgroup of the little group of <.
The rotation part of the subgroup under discussion is simply given by n/® = n® and m'® = Cm®, where C =

exp(—i©). This corresponds to a simple rotation by a constant angle © in the (e"zl), 6022)) plane, i.e.,

e(f) = cos© ey +sin O ey , (27)

€3y = —sin® ey +cosO ey . (28)

Finally, we note that a null rotation is an element of the four-parameter group of transformations given by

' =A™, (29)
n'® = A™'n® + B m® + Bm* + |B|* Al*, (30)
m'* =C (m®+ B Al®) . (31)

A null rotation is the most general transformation of the local null tetrad frame that leaves the spatial direction of

the null vector [% invariant.
V. EQUATIONS OF LIGHT GEODESICS AND THEIR SOLUTIONS

We consider the motion of a light particle (“photon”) in the background gravitational field described by the metric
(E) No back action of the photon on the gravitational field is assumed. Hence, we are allowed to use equations of
light geodesics ([[d) with % = dz®/dX directly applying the metric tensor in question. Let the motion of the photon

be defined by fixing the mixed initial-boundary conditions

X(fo) = X0 , W =k 5 (32)

where |k|? = 1 and, henceforth, the spatial components of vectors are denoted by bold letters. These conditions
define the coordinates xq of the photon at the moment of emission of light, ¢y, and its velocity at the infinite past

and infinite distance from the origin of the spatial coordinates (that is, at the so-called past null infinity denoted by

J- [[7).

In the underlying inertial frame of the background flat space-time the unperturbed trajectory of the light ray is a

straight line
2 (t) = 2 (t) = zh + k' (t —to)

where to, z, and (k) = k have been defined in equation (BJ). It is convenient to introduce a new independent

parameter 7 along the photon’s trajectory according to the rule @},



The time ty of the light signal’s emission corresponds to 7 = 7y, where 79 = k - xg, and 7 = 0 corresponds to the

coordinate time t = t*, where
t*:to—k'Xo. (34)

This is the time of the closest approach of the unperturbed trajectory of the photon to the origin of an asymptotically
flat harmonic coordinate system. We emphasize that the numerical value of the moment t* is constant for a chosen
trajectory of light ray and depends only on the space-time coordinates of the point of emission of the photon and the

point of its observation. Thus, we find the relationship
T=t—t", (35)

which reveals that the differential identity dt = dr is valid and, for this reason, the integration along the light ray’s
path with respect to time t can be always replaced by the integration with respect to 7 with the corresponding shift
in the limits of integration.

Making use of the parameter 7, the equation of the unperturbed trajectory of the light ray can be represented as
(1) = b (1) = k't + €. (36)

The constant vector (£%) = € = k x (x¢ x k) is called the impact parameter of the unperturbed trajectory of the light
ray with respect to the origin of the coordinates, d = |£| is the length of the impact parameter. We note that the
vector & is transverse to the vector k and directed from the origin of the coordinate system towards the point of the
closest approach of the unperturbed path of the light ray to the origin as depicted in Figure El

The equations of light geodesics can be expressed in the first post-Minkowskian approximation as follows (for more

details see paper [f])
i 1 5 1B 5 ai L ip00 Lo
(r) = §kak56ih (1,&) — 07 |kah™(7,€) + §k R (7, &) — §k kpkghPa(T,€)| (37)

where an overdot denotes differentiation with respect to time, 9, = 8/97, ; = P,;8/9¢7, k* = (1,k"), ko = (=1, k;),
k' = ki, P;; = &;j — kik; is the operator of projection onto the plane orthogonal to the vector k, and heB(T,€) is
simply h®?(t,x) with ¢t = 7 4+ t* and x = k7 + £. For a given null ray, all quantities on the right side of equation
(@) depend on the running parameter 7 and the parameter & which is assumed to be constant. Hence, equation (@)
should be considered as an ordinary second-order differential equation in the variable 7.

Perturbations of the trajectory of the photon are found by straightforward integration of the equations of light

geodesics (B7). Performing the calculations we find



where 7 =t —t* and 79 = to — t* correspond, respectively, to the moments of observation and emission of the photon.

The functions Z%(7) and Z¥(7) are given as follows

.. 1 N . 1., 1. .
=i(r) = §kakg8iBa’8 (1) = ko h® (1) — 5MOO(T) + gkzkpkthq(f) , (40)

) 1 A ) 1 . 1 .
2i(r) = gkakﬁaimﬁ (1) = ko B (1) — 51&300(7) + 5k%pk;qBM(T) , (41)

where it is implicitly assumed that h*?(—o00) = 0, and the integrals B*?(7) and D*?(r) are given by

B(r) = B (r) + B2 () B3 = [ (o8 50 = [ 1eod, ()
DU =Dy @+ DY, DY - [ Bieow. 0¥ [ BPegd. @

Integrals () and ([£3) and their derivatives are calculated in Appendix C by extending a method developed in [f]
and [@] It is important to emphasize, however, that in the case the body moves along a straight line with constant
velocity and spin, one can obtain the same results by direct computation without employing the methods used in
Appendix C.

Equation @) can be used for the formulation of the boundary-value problem for the equation of light geodesics
where the initial position, xg = x(¢o), and final position, x = x(t), of the photon are prescribed for finding the solution
of the light trajectory. This is in contrast to our original boundary-value problem, where the initial position x¢ of the
photon and the direction of light propagation k given at the past null infinity were specified. All that we need for the

solution of the new boundary-value problem is the relationship between the unit vector k and the unit vector

X — Xp

K = (44)

|x — xo| ’
which defines a geometric (coordinate) direction of the light propagation from the observer to the source of light as

if the space-time were flat. The formulas (B9) and ([&1)) yield
ki = _Kl _ﬁi(T7£)+ﬁi(T07£) ’ (45)

where the relativistic corrections to the vector K* are given by

1 A. af3 _ . Royg
5i(T,£) _ skakp0; D (1) — ko P B (1) ' (46)

[%(7) — o

We emphasize that the vectors (3°) = B(r, €) and (3]) = B(70, £) are orthogonal to k and are evaluated at the points
of observation and emission of the photon, respectively. The relationships obtained in this section are used for the

discussion of observable relativistic effects in the following sections.
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VI. GRAVITOMAGNETIC EFFECTS IN PULSAR TIMING, ASTROMETRY AND DOPPLER
TRACKING

A. Shapiro Time Delay in Binary Pulsars

We shall give in this paragraph the relativistic time delay formula for the case of the propagation of light through
the non-stationary gravitational field of arbitrary-moving and rotating body. The total time of propagation of an
electromagnetic signal from the point x( to the point x is derived from equations (@) and (@) First, we use equation
(@) to express the difference x — x( via the other terms of this equation. Then, we find the total coordinate time of

propagation of light, ¢ — tg from
t—to=|x—xo|+Am(t to) + As(t,to) , (47)

where |x — x| is the usual Euclidean distance between the points of emission, xg, and observation, x, of the photon,
A (t,tg) is the Shapiro time delay produced by the gravitoelectric field of a point-like massive body, and Ag(¢,t) is
the Shapiro time delay produced by the gravitomagnetic field of the spinning source. The term Apy (¢, to) is discussed
in detail in [f3]. The new term Ag(t,to) is given by (cf. equation (C16) of Appendix C)

As(t,to) = Bs(t) — Bs(mo) , (48)
1 0B, o l—k-v korgSes
Bs(r) = ZkakﬁBS () =2 Vi-Zr—-v-r)(r—-k-r)’ (49)
Bi(r) = Sk B2 () =2 L Y0 KaronSi” (50)
Ss\7T0 —2(16 s (7o) = 1—’()8 (TO—VO'rO)(TO_k'r0)7

where the times 7 =t — t* and 79 = tg — t* are related to the retarded times s and sg via equation (@), r=x-—12,
ro = Xo — Zo, o = |ro|, X = x(t), xo = x(to), z = z(s), 20 = z(s0), v = v(s), and vo = v(sg). It is worthwhile to
note that in the approximation where one can neglect relativistic terms in the relationship (@) between vectors k

and —K, the expression for r is given by
r = Dk +xo — z(s) , (51)

where D = |x — xg|. In the case of a binary pulsar, the distance D between the pulsar and the solar system is much

larger than that between the point of the emission of the radio pulse, xo and the pulsar or its companion z(s). Hence,

[k x (xg — 2)]?

5D k, (52)

r—kr=-—

where terms of higher order in the ratio |xg — z|/D are neglected.
The result (@) can be used, for example, to find out the spin-dependent relativistic correction Ag to the timing

[13))

formula of binary pulsars. The binary pulsar consists of two bodies — the pulsar itself (index “p”) and its companion
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(index “c”); in what follows we let r, = x — 2,(s), rc = X — 2:(8), Top = X0 — 2p(S0), and ro. = Xo — 2.(s0), where
z, and z. are coordinates of the pulsar and its companion, respectively. According to [@]7 the difference between
the instants of time s and sg, s and g, and so and tg for binary pulsars is of the order of the time required for light
to cross the system, that is of the order of a few seconds. Thus, we can expand all quantities depending on time in
the neighborhood of the instant ¢, and make use of the approximations r, = x — z,(to) = p,, re = X — z.(to) = p,,
rop = X0 — 2zp(to) = Pop> Toc = Xo — z.(to) = Poes Tp = Top, and T = To. The next approximation used in the

calculations is
xo = 7, (to) + k X, (53)

where X is the distance from the pulsar’s center of mass to the point of emission of radio pulses [@] One can also
see that py, = R+ kX, where R = z,(to) — z.(to), i.e. the radius-vector of the pulsar with respect to the companion.

Taking these approximations into account, the following equalities hold

k x R)?
pc_kpcz_%ku (54)
Py —kpy=0. (55)

Moreover,

2 2 2 2
Pee — (k- po. R k-R
pe—k-p, == ( 0c) = ( ) . (56)
2p. 2p.

The primary contribution to the function Ag(t,to) is obtained after expansion of the expressions for B(r) and
B(7p) in powers of v/c and picking up all velocity-independent terms. Accounting for equations (b4) - (5d) and (D)

this procedure gives the time delay correction Ag to the standard timing formula as follows

_ 2T, (kxry) 2T (kxre) B 2T op - (k X 10p) B 2T 0c - (k % ro.)
TZD(TZD -k r;D) TC(TC -k- I‘C) TOp(TO;D -k I'Op) TOC(TOC —-k- rOc) '

Ag (57)

By means of (53) and (F5) we find that the first and third terms in (57) drop out. Neglecting terms of order X/R we

can see that p),, = R, which brings Ag into the form

1 1
As=2T¢- (kxR - : 58
s =20 (kxR) pe(pe —k-p.) R(R—k-R) (58)

Making use of (5€) transforms expression (5§) to the simpler form

Ao 2Toe(kxR) 2T (K xR)
" RR+k'R)  R(R-K-R) ’

where the unit vector K is defined in ([i4).
Formula (@) coincides exactly with that obtained on the basis of the post-Newtonian expansion of the metric

tensor and subsequent integration of light-ray propagation in the static gravitational field of the pulsar companion
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[@] In principle, the additional time delay caused by the spin of the companion might be used for testing whether
the companion is a black hole or not [@] However, as shown in [@], the time delay due to the spin is not separable
from the delay caused by the bending of light rays in the gravitational field of the companion [@] For this reason, the
delay caused by the spin is not a directly measurable quantity and can not be effectively used for testing the presence

of the black hole companion of the pulsar @]
B. Deflection of Light in Gravitational Lenses and by the Solar System

Let us assume that the observer is at rest at an event with space-time coordinates (t,x). The observed direction s

to the source of light has been derived in [ and is given by
s=K+a+8—-08q+, (60)

where the unit vector K is given in @), the relativistic corrections B and 3, are defined in (@), a describes the
overall effect of deflection of the light-ray trajectory in the plane of the sky, and = is related to the distortion of
the local coordinate system of the observer with respect to the underlying global coordinate system used for the
calculation of the propagation of light rays.

More precisely, the quantity a can be expressed as

of = o, +aly = —0; B (1) + ko PSR (T) aly = —0;Bs(T) + ka PSR (7) (61)

the quantities 8 = B, + By and B, = By + Bos are defined by (@), and

7=k Yy = — 5 PYR(T) 7 =~k PR (7). (62)
In what follows, we neglect all terms depending on the acceleration of the light-ray-deflecting body and the time
derivative of its spin. Light-ray deflections represented by o, 3%, and v}, caused by the mass-monopole part of the
stress-energy tensor (f]) have been calculated in [I] and will not be given here as our primary interest in the present
paper is the description of the spin-dependent gravitomagnetic effects. Using equation (@) for the function Bg(T)
and formula (D), we obtain

. 1—k-v [(1—02)kergS®BPyri (1 —Xk-v)karzS®PPri

diBs(1) = —2 63
=2 A ey ek T vk .
B koSl P;jv _ PijkaS™
(r—=v-r)2r—-k-r) (r—v-r)(r—k-r)

In addition, making use of formula ([C11)) yields

1 A 1—k-v Pyrl  kargS® 2 koPi; S

~kakpd; DY’ (1) = —2 4 e — 4

5 Fakp0iDs™(7) JI—Zr—vr(-krE VicEr_kor’ (64)
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1-k- Vo Bj’l”é kQToﬁSgﬁ 2 kaPing‘j
V1—v3 ro=vo-rg (ro—k-ro)> /T—02ro—k-ro

The light deflection vector, i.e. the vector connecting the undeflected image to the deflected image of the source of

1 A
5koék;ﬁz)i/jg" (10) = =2 (65)

light, in the plane of the sky is defined in [@] and for the purely spin-induced part can be calculated from the third
relation in equation (FI). In that relation the the first term is given in () and the second one can be calculated
from equation ([Lg), which results in

PijTaSaj
(r—v-r)3

kaTﬁsaﬁ

' (r—v-r)3

Pikohy = —2v/1—02 |(1—k-v) (66)

iV

The most interesting physical application of the formalism given in the present section is the gravitomagnetic
deflection of light in gravitational lenses and by bodies in the solar system. In both cases the impact parameter d of
the light ray is considered to be extremely small in comparison with the distances from the body to the observer and
the source of light. The gravitational lens approximation allows us to use the following relationships (for more details

see section 7B in [E])
r—kr=¢, ro +kro=¢q, (67)

where ¢* = P (2 — 27(s)) and ¢ = P, () — 27 (s0)) are impact parameters of the light ray with respect to the light-
deflecting body evaluated at the moments of observation and emission of light. Assuming that || = d < min[r, ro]
and |¢y| = dop < min[r, ro], where r = |x — z(s)| and 79 = |xg — z(s0)| are distances from the body to observer and to

the source of light, respectively, one can derive the following approximations

d2
r—k-rz;, ro—k-rg=2rg, (68)

along with
r—v-r=r(l-k-v), ro — Vo -ro =ro(l +k-vg). (69)

Hence, the relativistic spin-induced deflection of light a% in (@) can be calculated from

4 2 ka’l”ﬁsaﬁci kaPijSaj
V1—12 d4 d2 ’

where we have neglected all residual terms of O(d/r). After substituting the expressions given in (D) and (DJ) in

as = (70)

(@), one obtains the analytic representation of the relativistic deflection of light valid for the body having arbitrary

high speed v and constant spin J

872
dt

T kxQ)+T )+ kg ¢

oy =

e L e R P (1)
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In the case of slow motion, the Taylor expansion of @I) with respect to the parameter v/c yields

8T - (k x ¢)¢* N 4(k x J)*
d4 d2 ’

ag =

(72)

which exactly coincides with the previously known formula for a stationary rotating gravitational lens (see, e.g., the
leading terms of equation (6.28) in [F§]) derived using a different mathematical technique. One can also recast ([[9)

in a simpler gradient form

s

bs = 4(k x J)Ylnd/o¢ (73)

where g is a gravitomagnetic component of the gravitational lens potential (cf. the second term of equation (153)

14]).

in
C. Gravitational Shift of Frequency and Doppler Tracking

The special relativistic treatment of the Doppler frequency shift in an inertial system of Cartesian coordinates is
well-known. It is based on two facts: proper time runs differently for identical clocks moving with different speeds and
electromagnetic waves propagate along straight lines in such an inertial system in flat space-time (see @] and [@]
for more details). The general relativistic formulation of the frequency shift in curved space-time is more involved.

Two definitions of the Doppler shift are used [p1]] — in terms of energy (A) and in terms of frequency (B)

4y Lol ) L= (74)

1Z0) ug lOa ’ 1%0) dT ’

where vy and v are emitted and observed electromagnetic frequencies of light; here (Tp, u§) and (7', u®) are respectively
the proper time and 4-velocity of the source of light and observer, and ly, and [, are null 4-vectors of the light ray
at the points of emission and observation, respectively. Despite the apparent difference in the two definitions, they
are identical as equalities u®* = dz®/dT and I, = Op/dx* hold. In order to connect various physical quantities at the
points of emission and observation of light one has to integrate the equations of light propagation.

The integration of null geodesic equation in the case of space-times possessing symmetries has been known for a
long time and extensively used in astronomical practice (see, e.g., [@] and references therein). However, interesting
astronomical phenomena in the propagation of light rays in curved space-time are also caused by small time-dependent
perturbations of the background geometry. Usually, the first post-Newtonian approximation in the relativistic N-body
problem with fixed or uniformly moving bodies has been applied in order to consider the effects of the N-body system on
electromagnetic signals [@] Unfortunately, this approximation works properly if, and only if, the time of propagation
of light is much shorter than the characteristic Keplerian time of the N-body problem. An adequate treatment of the
effects in the propagation of light must account for the retardation in the propagation of gravitational field from the

light-deflecting body to the point of interaction of the field with the electromagnetic signal.
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A theory of light propagation and Doppler shift that takes account of such retardation effects has been constructed
in the first post-Minkowskian approximation by Kopeikin and Schéfer [@] and Kopeikin [@ For the sake of brevity,
we do not reproduce the formalism here and restrict ourselves to the consideration of the case of gravitational lens only.
Some details of this approximation have been given in the previous section. Making use of either of the definitions

(@), we obtain for the gravitational shift of frequency

(i—Z)gr = (—v + %)’U + %’Uo) (apm +as) (75)
where D = |x — x| is the distance between the source of light and observer, r = |x — z(s)| is the distance between
the lens and observer, rg = |xg — z(s¢)| is the distance between the lens and the source of light, v = dx(¢)/dt is the
velocity of the source of light, vy = dxo(tg)/dto is the velocity of the observer, and o and ag represent vectors of
the deflection of light by the gravitational lens given in (@) Formula (@) can be applied to the processing of Doppler
tracking data from spacecrafts in deep space. In the case of superior conjunction of such a spacecraft with the Sun
or a planet, the result shown in (@) should be doubled since the light passes the light-deflecting body twice — the
first time on its way from the emitter to the spacecraft and the second time on its way back to the receiver. The
Doppler tracking formula after subtracting the special relativistic corrections (for details see [[[] and [f3]) assumes
the following form

ov _ (8GM  16G(k x T)-¢ o r 8G o T
(z)gr—(csdﬁ gl )("—5“‘5“0)'“@("‘5“‘5”0)'“‘”” (76)

Only terms proportional to the mass M of the deflector were known previously (see, e.g., [@] and [@]) With
the mathematical techniques of the present paper general relativistic corrections due to the intrinsic rotation of the
gravitational lens can now be calculated. For the light ray grazing the limb of the light-ray-deflecting body, the
gravitomagnetic Doppler shift due to the body’s rotation is smaller than the effect produced by the body’s mass by
terms of order wyotL/c, where wyoy is the body’s angular frequency and L is its characteristic radius. In the case of
the Sun, the effect reaches a magnitude of about 0.8 x 104, which is measurable in practice taking into account the
current stability and accuracy of atomic time and frequency standards (~ 10716, cf. @] and @]) For Jupiter, the

corresponding estimate of the gravitomagnetic Doppler shift is 0.7 x 1075, which is also, in principle, measurable.

VII. THE SKROTSKII EFFECT FOR ARBITRARY MOVING POLE-DIPOLE MASSIVE BODIES

A. Relativistic Description of Polarized Radiation

The polarization properties of electromagnetic radiation are defined in terms of the electric field measured by an
observer. Let us start with a general electromagnetic radiation field F,,3 and define the complex field F,3 such that
F.p = Re(Fap) and E, = Re(&,), where &, = aguﬁ is the complex electric field. In the rest frame of an observer

with 4-velocity u®, the intensity and polarization properties of the radiation are describable in terms of the tensor
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Jaﬁ =< 5(135 >, (77)

where the angular brackets represent an ensemble average and J,su” = 0. The electromagnetic Stokes parameters

are defined with respect to two of the four vectors of the tetrad e ), introduced in (B2), as follows (cf. [67] and [Fg))

So = Jap [¢lel) + ey - (78)
S1 = Jag [eozl)eﬁ(l) - 6022)6%)] , (79)
S = Jap [ ¢y + ey - (80)
S3 =1iJag {60(‘1)6[22) - 6062)6[1(1)} . (81)

Using equation (Iﬂ), the Stokes parameters can be expressed in the standard way @] in a linear polarization basis as

So=<IEnP +1€x)* >, (82)
S1 =< &> =€z >, (83)
So =< EmEe +EnmEp) >, (84)
Ss=i<En€p) —Enée) >, (85)

where £,y = Eaeoén) for n = 1,2. Under the gauge subgroup of the little group of {*, the Stokes parameters remain
invariant. However, for a constant rotation of angle © in the (eoél), 6062)) plane, S, = Sy, S| = 510820 + S38in 20,
S, = —518in20 + S cos 20, and S = S3. This is what would be expected for a spin-1 field. That is, under a duality
rotation of © = 7/2, one linear polarization state turns into the other.

For the null field (@) under consideration in this paper,
1 _
Ea = §w(<1> Mme + U M, , (86)

where w = —I[%u, is the constant frequency of the ray measured by the observer with 4-velocity «®. Changing
from the circular polarization basis (B) with amplitudes w®/2 and w¥ /2 to the linear polarization basis £ =
Emefyy + €€y, we find that Eqy = w(® 4+ V)/V8 and Ey) = iw(® — ¥)//8. The variation of the Stokes
parameters along the ray are essentially given by equation (@), since the frequency w is simply a constant parameter
along the ray given by w = dt/d\ = dr/d\.

The polarization vector P and the degree of polarization P = |P| can be defined in terms of the Stokes parameters
(S0,S) by P =S/Sp and P = |S|/Sy, respectively. Any partially polarized wave may be thought of as an incoherent
superposition of a completely polarized wave with Stokes parameters (PSp,S) and a completely unpolarized wave
with Stokes parameters (Sop — PSp, 0), so that (So,S) = (PSo,S) + (So — PSo,0). For completely polarized waves,

P describes the surface of the unit sphere introduced by Poincaré. The center of Poincaré sphere corresponds to

unpolarized radiation and the interior to partially polarized radiation. Orthogonally polarized waves represent any
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two conjugate points on the Poincaré sphere; in particular, P, = +1 and Ps = +1 represent orthogonally polarized
waves corresponding to the linear and circular polarization bases, respectively.

Any stationary or time-dependent axisymmetric gravitational field in general causes a relativistic effect of the
rotation of the polarization plane of electromagnetic waves. This effect was first discussed by Skrotskii ( @] and
later by many other researches (see, e.g., [69] and [P and references therein). We generalize the results of previous

authors to the case of spinning bodies that can move arbitrarily fast.
B. Reference Tetrad Field

The rotation of the polarization plane is not conceivable without an unambigious definition of a local reference
frame (tetrad) constructed along the null geodesic. The null tetrad frame based on four null vectors (1%, n®, m®,m®)
introduced in section 4 is a particular choice. As discussed in section 4, this null tetrad is intimately connected
with the local frame (eozo),eozl),eo@),eozg)), where the vectors 60&0) and 6063) are defined in (@) and the spacelike
vectors 60{1) and 6062) are directly related to the polarization of the electromagnetic wave. Each vector of the tetrad
(6020)7 60{1)7 60(‘2), 6063)) depends upon time and is parallel transported along the null geodesic defined by its tangent
vector [*. To characterize the variation of eOE 3) along the ray, it is necessary to have access to a fiducial field of tetrad
frames for reference purposes. To this end, let us choose the reference frame based on the set of static observers
in the background space-time. Then, at the past null infinity, where according to our assumption the space-time is

asympotically flat, one has
6?0)(—00) = (1705070) ) 6((11)(—00) = (Oaa17a2aa3) ’ 6?2)(_00) = (07b17b27b3) ) 6?3)(—00) = (kalakQakg) . (87)

Here the spatial vectors a = (a', a?,a®), b = (b, 0%, b%), and k = (k', k2, k?®) are orthonormal in the Euclidean sense
and the vector k defines the spatial direction of propagation of the light ray (see equation (@)) At the same time,
the four vectors (B7) also form a basis €p) = e‘()‘ﬁ)@/ 0x® of the global harmonic coordinate system at each point of
space-time, where €la) = € ﬁ)(—oo). However, it is worth noting that this coordinate basis is not orthonormal at
an arbitrary point in space-time. Nevertheless, it is possible to construct an orthonormal basis w"éﬁ) at each point
by making use of a linear transformation wo(‘ﬁ) = Aofye'y( 8) such that the transformation matrix is given in the linear

approximation by

1 1 , 1 , ]
Afp=1+ 3hoo AG = ghoi,  ANo=—ghoi,  A;=0—chi. (88)
A local orthonormal basis wo(‘ 3) is then defined by
o 1 a J i L J
w(o): 1+§h00,0,0, 0 s w(l): h,oja , a —thja 5
(89)
| 4 | <
w"(‘2) = (hojb] 5 bt — ihub]> y wozg) = (hojkj N k' — Ehuk]> .
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By definition, the tetrad frame eOE 3) is parallel transported along the ray. The propagation equations for these vectors
are thus obtained by applying the operator Dy of the parallel transport (see (@)) Hence,

de®
(w) a _
— rg,%e, =0, (90)

where ) is an affine parameter along the light ray. Using the definition of the Christoffel symbols (@) and changing

over to the variable 7 with dz®/dr = k“ + O(h), one can recast equations (P0) in the form

d « 1 a B 1 av 3
o (e (T §h se (#)) =3 (Oyhyp — Oyhup) k ev(#) . (91)

Equation (P1]) is the main equation for the discussion of the Skrotskii effect.
C. Skrotskii Effect

We have chosen the null tetrad frame along the ray such that at ¢t = —oo the tetrad has the property that
eo(l.)(—oo) = 0. It follows that in general eo(l.) = O(h). The propagation equation for the spatial components ei( W 18

therefore given by

d

. 1 . 1 .
g . - N . B
E <8 (1) + gh”ej(#)> = 5 (&hjg - (%hzﬁ) k ej(#) . (92)

Furthermore, we are interested only in solving equations (@) for the vectors e‘()‘l) and e‘é) that are used in the

description of the polarization of light; hence

d [ . 1 . ,
P (el(n) + §hijej(n)> + sijlej(n)ﬂl =0, (n=1,2), (93)

where we have defined the quantity Q¢ as
A 1 «
O = —Eijlaj (§hlak ) . (94)
Therefore, ei(n) can be obtained from the integration of equation (@) Moreover, laeozn) = (0 implies that
eo(n) = klel(n) + hOiei(n) + hij kiej(n) + 5ijEi€J(n) . (95)

It is worth noting that as a consequence of definition I* = w(1,4%) and equation (B), one has 1 = w(k+E). Moreover,
from the condition 1,1% = 0, it follows that k - £ = —(1/2)hagk*k”.

Let us decompose Q' into components that are parallel and perpendicular to the unit vector k%, i.e.,
Q' = (k- QK" + P, . (96)
Then, equation (@) can be expressed as

d (. 1 - -
P (e ) T §hijej(n)) + (k- Q)sijlej(n)kl + aijlej(n)quQq =0. (n=1,2) (97)
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Integrating this equation from —oo to 7 taking into account initial conditions @) and equalities ;a7 k! = —b® and

Eijlbjkl = qa’, we obtain

) 1 ) T ) ) T

cqy = a' = shia’ + (/ k-Q da) bt — aijlaﬂplq/ Qdo (98)
) 1 ) T ) ) T

€'z =b' = Shigh! — < / k-Q da> a' — et P, / Qdo . (99)

To interpret these results properly, let us note that a rotation in the (wi(l),wi(z)) plane by an angle ¢ at time 7

leads to

. o1 ] 1 )
wz(l) =(a'— §hija3) cos ¢ + (b — ihijbj) sin¢ , (100)

) 1 . o1 ;
(.«)Z(2) g —(a,Z — ghijaj) singb + (bZ — gh”bj) COS(b ) (101)
so that if the angle ¢ = O(h), then we have
i i Lo i i i L i

Comparing these vectors with equations () and (@)7 we recognize that as vectors e() and e(3) propagate along the
light ray they are rotating with an angle
-
o(r) = / k-Qdo (103)
—0
about k in the local (w(l), w(2)) plane. Moreover, e(1) and ez rotate to O(h) toward the direction of light propagation
k (see the very last terms on the right-hand sides of equations (Pg)and (p9)).
We are mostly interested in finding the rotational angle ¢ in the plane perpendicular to k. It is worth noting
that the Euclidean dot product k - £2 can be expressed in terms of partial differentiation with respect to the impact
parameter £ only. This can be done by making use of equation @) and noting that &;;,k7kP = 0, so that

1 ) A
k-Q= ikakzé'iﬁ,jaqhaﬁ 5 (104)

where the hat over spatial indices denotes the projection onto the plane orthogonal to the propagation of light ray,

for instance, Al = P?Aj . Hence, the transport equation for the angle ¢ assumes the form

d 1 - A
—¢ = ko‘kzaiﬁ@@qhaﬁ N (105)

dr — 2
which is useful for integration. Formula (@) constitutes a significant generalization of a result that was first discussed
by Skrotskii ( 23] and [[(]) and bears his name.

For a stationary ”pole-dipole” source of the gravitational field at rest at the origin of coordinates, equations (),

(LT), and ([L) for the metric perturbations imply that
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2m 2(T x 1)t 2m

It follows from (P4) that in this case

m(k x r)
Q=B, - 3 , (107)
where By is the dipolar gravitomagnetic field associated with the source
J Xr T Tara e 5
BgzvX( ~ >:T—3{3(r-3)r—3 , (108)

where = r/r and j = J/J are unit vectors, and J is the magnitude of the angular momentum of the source.
Thus, k- Q@ = k- B, and, in this way, we recover Skrotskii’s original result d¢/dr = k - B,, which is the natural
gravitational analog of the Faraday effect in electrodynamics. The Skrotskii effect has a simple physical interpretation
in terms of the gravitational Larmor theorem ﬂ] We note that in the particular case under consideration here,
the gravitomagnetic field can be expressed as B, = —V(J - r/r?) for r # 0. Thus for radiation propagating in the
spacetime exterior to the source, ¢ = —J - r/r3 + constant. In particular, it follows from this result that the net
angle of rotation of the plane of polarization from —oo to +o0 is zero. This conclusion is confirmed later in equation
(L14) as well.

In the general case, where bodies generating gravitational field are both moving and rotating, the integration of
equation (@) is also straightforward and is accomplished with the help of a mathematical technique described in

Appendix B. The result is
1 . .
o(1) = ¢o + d¢(7) — 6(0) , op(T) = Qkakzaiﬁqanaﬁ(Tv £, (109)

where ¢g is a constant angle defining the orientation of the polarization plane of the electromagnetic wave under
discussion at the past null infinity, d¢(7) and d¢(79) are relativistic rotations of the polarization plane with respect
to its orientation at infinity at the moments of observation, 7, and emission of light, 7y, respectively, and the function
Bag is defined in ().

We note that according to the definition (i) the tensor function B, consists of two parts the first of which Bj'(f
relates to the action of the mass monopole field of the particles and the second one Bgfﬁ describes the action of spin
dipole fields on the rotation of the polarization plane. Therefore, the angle of rotation can be represented as an

algebraic sum of two components
0 =dpm + s (110)

where the monopole part can be calculated using equation ()7

1-k-v k-(vx¢)
Vi—2(r—k-r)(r—v-r)’

1 o R
bon = ghakic10,BY] = 2m (111)
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The spin part is given by
L b cibi pop
d0ps = ikakia 048", (112)

and has a rather complicated form if written explicitly by making use of partial derivative of function Bgﬁ given in
(C9). In the gravitational lens approximation when light goes from —oo to +o0, equations ([[11]) and ([I3) simplify

and assume the form

Sppr (+00) = — 4§m

Sk (€xv), (113)

(kx§)-(€xJT)

S6s(+o0) = o |- ) + HZELS

c3d?

=0. (114)

Equations () and () make it evident that in the case of gravitational lensing the integrated effect discussed
by Skrotskii [@] is only due to the translational motion of the lens. There is no contribution to the effect caused by
spin of the body and proportional to 1/d?, where d is the impact parameter of light ray with respect to the body.
This rather remarkable fact was first noted by Kobzarev & Selivanov [@] who criticized final conclusions of the paper
by Skrotskii [@] and others (see [@] and [@}) We would like to stress, however, that all of the results of the paper
by Skrotskii [@] are correct, since the final formulas of his paper relate to the situation where light is emitted from
or near the surface of the rotating body. Such a case obviously is not reduced to that of gravitational lens. Thus, the
angle of rotation of the polarization plane does not equal to zero as correctly shown by Skrotskii.

The absence of the Skrotskii effect for radiation propagating from —oo to 400 in the case of a stationary rotating
body reveals that the coupling of the polarization vector of the photon with the spin of the rotating body can not be

amplified by the presence of a gravitational lens.

VIII. THE SKROTSKII EFFECT BY QUADRUPOLAR GRAVITATIONAL WAVES FROM LOCALIZED
SOURCES

A. Quadrupolar Gravitational Wave Formalism

We shall consider in this section the Skrotskii effect associated with the emission of gravitational waves from
a localized astronomical system like a binary star, supernova explosion, etc. For simplicity we shall restrict our
considerations to the quadrupole approximation only. The direct way to tackle the problem would be to use the
Taylor expansion of the formula for the Skrotskii effect given in the previous section. However, it is instructive to
make use of an approach outlined in [ﬂ} that is based on the multipole expansion of radiative gravitational field of a
localized astronomical source [@]

To this end, let us consider the propagation of light ray taking place always outside the source with its center of

mass at rest that emits gravitational waves. The metric perturbation h, can be split into a canonical part hjg",
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which contains symmetric trace-free (STF) tensors only (for more details on STF tensors see [@]), and a gauge part,
Le. hy = h)" + Oywy + dywy,. In the case of mass-monopole, spin-dipole, and mass-quadrupole source moments

and in the harmonic gauge the canonical part of the metric perturbation is given by

2M Tpg(t —
n = 24 0, |20 (115)
can 261' j x Iz(t — T)
heom = p;gp 4499 J - 7 (116)
9.
hij™ = dishge™ + ~ZLij(t = 1) . (117)

Here the mass M and spin J* of the source are constants, whereas its quadrupole moment Z;; is a function of the
retarded time ¢t — r. Dependence of the mass and spin on time would be caused by the process of emission of energy
and angular momentum that are then carried away from the source by gravitational waves. If necessary, the time
dependence of mass and spin can be treated in the framework of the same calculational scheme as applied in the
present paper. Moreover, it is assumed in () - () that the center of mass of the source of gravitational waves
is at the origin of the coordinate system and does not move. Hence, the radial coordinate r is the distance from the
center of mass to the field point in space.

The explicit expressions for the gauge functions w* relating hf3" with hy, are chosen in the form [@]

1 D7, (t —

W’ = VLV, [M] , (118)
2 r

i 1 (72)Ikl(t — ’I”) Tii (t — ’I”)

w'==-V,;V,V) | ————M—=| =2V | —| , (119)

2 r r
where we have introduced the definitions of time integrals of the quadrupole moment
t t
DTt = / dv Ty (v),  CIT,) = / dv VL5 (v) . (120)

Gauge functions ([L1§) and ([L19) make space-time coordinates satisfy both harmonic and ADM gauge conditions
simultaneously [ﬂ] The harmonic-ADM coordinates are especially useful for integrating equations of light propagation
and the description of the motions of free falling source of light and observer. It turns out that the source of light and
the observer do not experience the influence of gravitational waves in the ADM coordinates and move only under the
action of the stationary part of the gravitational field created by the mass and spin of the source of the gravitational
waves (for more details concerning the construction of the harmonic-ADM coordinates see [ﬂ])

The rotation of the polarization plane is described by equation (@), where the rotation frequency 2 is defined in

(p4). Using expressions ([[17) - (L17) together with the gauge freedom, the angular velocity is given by

” Z:pz i ~
Q=0 (— = ) + k'€ipgO;

Zip(t—1)

+ K'eipgOqr

r

M] vy B k- (V x w)} , (121)
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where w = (w?) is given by ([[19), » = V72 + d2, and d = || is the impact parameter of the light ray.
Integration of equation ([L0]) with respect to time results in

Jix!

so(r) = -2 —%k~(V><B) , (122)

where B = (B?) with

Bl- _ 2€JZW (t — ’I”) + 2I€JZ” (t — T) _ 2vk |:Z]ﬂ(tr— T):| (123)

ry r
and y = 7 —r. Making use of formula () for w’ and taking partial derivatives brings equation () to the following

more explicit form

3Li; 3Ly 5o T i
oLij .

r2

Tt (xg)i

3 ETNE T
T rYy

Y 72 r

| (kx g

r3

L (kx gk

i
J r2

, (124)

where the quadrupole moments Z;; are all evaluated at the retarded time s = ¢t — r. It is straightforward to obtain

two limiting cases of this formula related to the cases of a gravitational lens and a plane gravitational wave.
B. Gravitational Lens Approximation

In the event of gravitational lensing one has [ﬂ}

d2
=7—7r= 2 _d2—r=——+.. 125
Y=T-—r r r 5 , (125)
so that
d? d?
= —— t—r=t"——+ .. 126
Ty 5 r 5 T (126)

where t* is the instant of the closest approach of light ray to the center of mass of the gravitational lens. After making
use of the approximations shown above, equation () simplifies and assumes the form

AT (1) (k x €)¢d .

(127)

One can see that the first nonvanishing contribution to the Skrotskii effect comes from the time derivative of a
mass quadrupole moment and does not depend on the spin of the source of gravitational waves. It agrees with the
conclusions of section 7. Formula () also shows that if the source of gravitational waves is periodic like a binary
star system the polarization plane of the electromagnetic wave will experience periodic changes of its orientation with
a characteristic frequency that is twice that of the source .

Equation () can be derived from the equation () as well. Indeed, let us assume that the gravitational lens is

comprised of N point particles forming a self-gravitating body. For N point particles, equation () implies

Sar (+00) 42 3|£Gm2 Sk (€ 6,) % vl (128)
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where the point particles are enumerated by index ‘a’ running from 1 to N, m, is mass of the ath particle, x, and
v, are coordinates and velocity of the ath particle, ! = Pijxg, and & is the impact parameter of the light ray with

respect to the origin of coordinate system that we assume coincides with the center of mass of the lens, Z?, defined

by the equation
TH(t) =Y mazl(t*) =0. (129)
a=1

As a consequence of ([129), we conclude that all of the time derivatives of Z° vanish identically. We also define the

spin of the lens and its tensor of inertia as follows

N N
J' = Zma(xa X va)', It = Zmaxfl(t*)xg(t*) . (130)
a=1 a=1
The spin of the lens is conserved and does not depend on time, while the tensor of inertia is, in general, a function of
time.
Let us expand the right-hand side of equation ([[2§) in a power series with respect to the parameter |£,|/|€| which
is presumed to be small. We find that

N N i N 2
k- <§ X Zmava> —k- Zma (&, x va)] - 8(kd7>z£) Zmavi(ga &) +0 (va%a> , (131)

a=1 a=1

4G
5¢M(+OO) = _W

where d = |£]. Taking into account definitions of the center of mass, spin, tensor of inertia of the lens, as well as the

identity
20(k x €) - val(€, - €) = (k x €)' [Ty¢ — (€ x T)] (132)

together with formula ([[13) we arrive at the result shown in ([[27). Comparing expression ([[27) with the corresponding
result derived by Kobzarev & Selivanov ( [fJ], formulas (11) and (12)), we conclude that the result given by these

authors [[[J is misleading.
C. Plane Gravitational Wave Approximation

In the limit of a plane gravitational wave, we assume that the distance D between the observer and source of light

is much smaller than r and rg, their respective distances from the deflector. The following exact equalities hold:
d=rsin?, y=17—r=r(costd —1), (133)

where ¥ is the angle between the directions from the observer to the source of light and the source of gravitational

waves. Furthermore, we note that the vector &€, corresponding to impact parameter d, can be represented as

¢ =r(N"—Fk'cos?) , (134)
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where N = 2?/r and |N| = 1. Making asymptotic expansions up to leading terms of order 1/r and 1/ry, and

neglecting all residual terms of order 1/r% and 1/r, would lead to the following result

(k x N) (NY cost) — k9) Ty (t —r)  (k x NYRIZET (t — 1)

) = = 135
o(7) r(cosd — 1) r(1 — cos®) ’ (135)
where the definition of “transverse-traceless” tensor @] with respect to the direction N is taken into account
1
IET =1 + 9 (6ij + NiNj) NpNq Lpq — (6ipNqu + 5ijiNq) Zpq (136)

and the projection is onto the plane orthogonal to the unit vector N. In terms of the transverse-traceless metric
perturbation hiTjT = 2j£T(t —r)/r, the angle of rotation of the polarization plane of electromagnetic wave emitted at

past null infinity is given by

Lk X NYET

In the case of electromagnetic wave emitted at instant ¢ty and at the distance rg from the source of gravitational
waves and received at instant ¢ at the distance r, the overall angle of rotation of the polarization plane is defined as
a difference

(k x N)*k? pIT

1 (k x No)'k? g
2| 1—cosy ¥ /

6¢(1) — d¢(0) = t—r)— hij' (to —T0)| (138)

1 — cos

where Né = :vf) /7o and Yy is the angle between the vectors k and Ny.

It is worthwhile to compare the results obtained in the present section to the standard approach used for calculating
effects caused by plane gravitational waves. Ordinarily in such an approach a plane gravitational wave is assumed to
be monochromatic with the property that at infinity the space-time remains asymptotically flat. Actually it means
that one deals with a localized packet of the waves with boundaries asymptotically approaching to plus and minus
null infinity uniformly. The metric tensor of such a plane gravitational wave in the transverse-traceless (TT) gauge

can be expressed as [@]
hoo = hoi =0 hi" = Re{ai; exp(ipaz®)} (139)

where the spatial tensor ;; is symmetric and traceless (axr = 0), Po = wyr(—1,P) is the propagation 4-vector of the
gravitational wave with constant frequency wg, and constant unit spatial propagation vector p, and a;;p’ = 0 [@]
One can easily see that such a localized plane gravitational wave does not interact at all with an electromagnetic ray
propagating from minus to plus null infinity.
Indeed, the integration of the light ray equation (@) leads to integrals involving the exponential function entering
() along the unperturbed light ray path of the form
+T

Jim PR T dr = 216 (pak®) = 27w, o(k P — 1), (140)
— 00 T
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where §(z) is the Dirac delta function. Now, if the direction of propagation of electromagnetic ray does not coincide
with that of the gravitational wave (k # p) the argument of the delta function in ([L4(]) is not zero, i.e. k-p < 1,
and the result of integration along the light ray trajectory vanishes. On the other hand, if k = p there is again no
effect since the right side of equation (@) vanishes due to the transversality of h;f’;»T revealing that in the case under
consideration hz;Tkj = h;f’;»T]ﬁj = 0. This result has been proved by Damour and Esposito-Farese [@] who studied
the deflection of light and the integrated time delay caused by the time-dependent gravitational field generated by a
localized material source lying close to the line of sight [@] - [

The absence of interaction of plane monochromatic gravitational waves with electromagnetic rays propagating
from minus to plus null infinity makes it evident that all relativistic effects taking place in the gravitational lens
approximation have little to do with gravitational waves — i.e., only the near- zone gravitational field of the lens
contributes to the overall effects. The other conclusion is that the plane gravitational wave disturbs the propagation
of electromagnetic signals if and only if the signals go to finite distances [@] - [ However, another limitation has
to be kept in mind, namely, as it follows for instance from () the standard plane gravitational wave approximation
() is applicable only for gravitational waves with dominant wavelengths Ay < min(r, ro). This remark is especially
important for having a self-consistent analysis of such intricate problems as the detection of the solar g-modes by
interferometric gravitational wave detectors [@], the theoretical prediction of low-frequency pulsar timing noise (see,
e.g., [B4 — [B7, and references therein), and the anisotropy of cosmic microwave background radiation [Bg] caused by

primordial gravitational waves.
APPENDIX A: GEOMETRIC OPTICS APPROXIMATION FROM THE MAXWELL EQUATIONS

Here we give a brief derivation of the equations of geometric optics approximation, discussed in section 4, from the

Maxwell equations for electromagnetic waves propagating in empty space-time. The source-free Maxwell equations

are given by [57]

VoFgy +VgEy +VyFoa =0, (A1)

VaF =0, (A2)

where V, denotes covariant differentiation . Taking a covariant derivative from equation (@) and using equation

(@), we obtain the covariant wave equation for the electromagnetic field tensor
g Fas + RapysF'* = RayFy + R R7, =0, (A3)

where [] g = V*Va, Ragys is the Riemann curvature tensor, and R,g = RWQW is the Ricci tensor.
Let us now assume that the electromagnetic tensor F,s has a form shown in equation ([[4). We introduce a

dimensionless perturbation parameter ¢ and assume an expansion of the field of the form
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Fo.s =Re (aag + ebas + szcag + ) exp <E)] ; (A4)
€
see [@] for a critical examination of this procedure and its underlying physical assumptions. Substituting the expansion
(A9) into equation ([A]), taking into account the definition l, = dp/dx®, and arranging terms with similar powers of
€ lead to the chain of equations
lo ag~ + lg Qyo + l,y Aaqp = 0, (A5)
i(Va agy + Vg ayo +V, aag) =labgy +1g bya + 1, bag , (A6)
etc., where we have assumed the effects of curvature are negligibly small . Similarly, equation (@) gives a chain of
equations
lga*? =0, (A7)
Vs a®® +ilg b =0, (A8)
and so on.
Equation @) implies that the electromagnetic field tensor is orthogonal in the four-dimensional sense to vector
lo. Contracting equation (@) with [, and accounting for @), we find that [, is null, [,{* = 0. Taking the covariant

derivative of this equality and using the fact that V3 l,) = 0 since [, = V¢, one can show that the vector l, obeys

the null geodesic equation (IE) Finally, equation (E) can be used to show that
Vo (tap 1) + 17V tap =0, (A9)

which immediately leads to equation (@) of the propagation law for the electromagnetic field tensor. In this way, one

can prove the validity of the equations of the geometric optics approximation displayed in section 4.
APPENDIX B: THE APPROXIMATE EXPRESSIONS FOR THE CHRISTOFFEL SYMBOLS

Making use of the general definition of the Christoffel symbols [@]
1
TG, = 59a5 (Oy 958 + 98 9o — 05 9ay) 0o =0/02% , (B1)

and applying the expansion of the metric tensor (E) result in the approximate post-Minkowskian expressions

T8y = — g Okhon(t, x) =2 (B2)
8 = 3 0ihoo(1,%) o= (B3)
Y = _% [0ihoj(t,x) + Ojhoi(t,x) — Ochij(t,x)] , (B4)
Lo = Ochoi(t, x) — %@'hoo(t,x) ; (B5)
by = 3 [0,hou(t,3) — Ouhoy () + Duhiy (1, 3)] | (B6)
r5, = % [0jhip(t,%) + Ophij (t,x) — Oihjp(t,x)] . (B7)
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These expressions are used for the calculation of the right-hand side of the null geodesic equation (@)
APPENDIX C: CALCULATION OF INTEGRALS ALONG THE LIGHT-RAY TRAJECTORY

In order to calculate the integrals (@) and (@), it is useful to change in the integrands the time argument, o, to
the new one, (, defined by the light-cone equation (@), which after substituting the unperturbed light trajectory (Bd)

for x can be expressed as follows
o+t"=(+[§+ ko —z((), (C1)

where t*, &, and k are considered as parameters such that the orthogonality condition &;k* = 0 holds. The differenti-

ation of equation @) yields the partial derivatives of the retarded time with respect to the parameters

oc r oc Pyri oC ort

— 2 — , = C2
o r—v-r’ T ogi r—v-r Okt r—v-r (C2)
and the relationship between the time differentials along the world-line of the photon
r—v-r
do=d{ ——— . C3
o =d — (C3)

It is worth noting that in the formula (C2) one can write P;;jr/ = (k x (r x k)) = r* — k’(k - r). Moreover, & = P,;&
since PY = 69 — k'k’ and k;& = 0, i.e. £ has only two independent components.
Two principal differential identities applied to any smooth function F'(¢,x) are used in calculations throughout the

paper, namely, as proved in [ﬂ]

OF(t,x) s OF(t,x) B P__aF(T+t*,kT+£) s OF (1T +t* kT + £) (1)
oz Lot N T oI ‘ or ’
X= (t—t0)+x0
and
[8F(t,x)] :8F(0+t*,ka+§) ' (C5)
8t t=o+41*; x:ka’+€ 8t*

Relationship (@) allows one to change the order of operations of partial differentiation and substitution for the
unperturbed light ray trajectory, while (@) shows how to change differentiation from the time ¢ to the parameter t*
making use of the reparametrization of the light-ray trajectory. Parameters £ and t* do not depend on time and, for

this reason, derivatives with respect to them can be taken out of the integrals along the light-ray trajectory. Hence,

applying (C4) and (CJ) to the integral (i) and accounting for (C3) we obtain

o [ 5 ey P) o [* Sileyd ki)
B =4 2 d(—4— - d{ 4=
S(Taé) at*[m 'f'_k'r C afz/;mr—k-r r—v-r (06)
where the expression
r—k-r=t"+k-z(() -, (C7)
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is a function of the retarded argument ¢ and the (constant) parameter ¢* only. Differentiation with respect to the

parameters ¢t* and £’ in equation (@) results in

Bgﬁ(Tv S) =

4T73v(auﬁ) /S kwgw(auﬁ) (C8)

- Ty
(r—v-r)(r—k-r) ,Oo(r—k-r)QC7
where 7 = (r,7%) and r, = (=7, 7). A useful formula is obtained after differentiating BS” with respect to the impact

parameter. Specifically, we have

3_Baﬁ _ 4Piij(Ocu5) 47~’YS'Y(04,UJ[3) Pij’Uj
iDg (r—v-r)(r—k-r) r—k-r (r—v-r)?
+ 4Py k., V(@) A=) $? Q- kv S1eu?) 1 (C9)

(r—v-r)r—k-r)2 (r—-k-r)(r—-v-r)® (r—v-r)2(r—-k-r)?
For comparison, in the case of pure monopole particles we have [@]

1w’ 4 g% Py
r—v-r r—k-r’

(%B]O(f(T) = —4m(1 —v?)

(C10)

As for the integral Dgﬁ , one can see from (@) and () that in the calculation of the light-ray trajectory we do not
need D*? directly but only its partial derivative with respect to the parameter £*. Thus, using the definition of Dgﬁ

and the expression for Bgﬁ given in (@)7 one can prove that

. Poari p,87(aq8) s p..GgilayB) S Pl kb, S7(aq,8)
&'Daﬁ =—4 Y il 4/ B e 8/ S S C11
s (1) r—v-r(r—k-r)2+ oo (P =k -1)? ¢+ oo (r=k-1)3 ¢ ( )

The remaining integrals in () and (C11) have the following form

7 1=k-v(C) .
1) = [ T PO (n=2,3) (C12)

where F(¢) is a smooth function of the 4-velocity and/or spin of the bodies at the retarded time. The integral ()

can be calculated by making use of a new variable (cf. equation ())
y=k-r—r=¢—-t"-k-z(), dy=1[1-%k-v(¢)]dc¢, (C13)

so that the above integral (C12) can be expressed as

76)= (-1 [ "W dy _ (1) / " F)g (s ) o (C14)

—o00 yn n—1 —00 yn—l

Integration by parts results in

_ 1 F(y(s)) 1[5 F()dC
I(S)_n—l(r—k-r)”fl_n—l/_oo (T—k-r)"*l' (015)

The last integral in () can be neglected under ordinary circumstances for it includes the acceleration and/or a
time derivative of the spin of the body. Omitting such terms in accordance with our general approximation scheme,

we finally arrive at
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4r, S7(eyP) 4 kS yuf)
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(C16)

4 Pyri T,YSV(O‘uﬁ) n 4 Pyri k,YSV(O‘uﬁ) n 4 Pyv7 k.YSV(O‘uﬁ) n Piij(O‘uB)
r—v-r r—k-r2 1-k-vir—k-r)2 (1-k-v)2(r—-kr) (1-k-v)(r—k-r)’

(C17)

APPENDIX D: AUXILIARY ALGEBRAIC AND DIFFERENTIAL RELATIONSHIPS

In this appendix we give several algebraic relationships that can be used for the calculation of observable effects.

Making use of (§) and definition () we have

59 = 4(v x TV, (D1)
oy gk 17 ok
SY =reipd " + ) (v T)eijiv” (D2)
Fars§%0 =1 - (x 1) 4 T - ((r = k) x )+ T (v T)dexm) v (3)

where v = (1 —v?)~1/2 and g1 = eoijn [
In addition, one has the following formulas of differentiation with respect to the impact parameter £ (a dot over

any quantity denotes differentiation with respect to time t)

Pijr! 5 9

dyr = ——, d; = Pyi5e (D4)
R L (D5)

9; (rgS*?) = P S — W% , (D6)
0 (r —1k . r) G (_1 v .1;)'(:)? iir.jr)z ’ b7

A ( 1 ) __(=vta- )Py N Pyv7 (D8)

% r—v-r (r—v-r)s (r—v-r)2’

where a = v is the light-ray deflecting body’s acceleration and it has been assumed that r = x —z(s) = k7 + & — z(s).
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Current position of photon: x

e

Initial position of photon: X

FIG. 1. Astronomical coordinate system used for the calculations. The origin of the coordinate system is at an arbitrary
point in space. The unperturbed trajectory of a light ray is defined by the unit vector k directed from the source of light
towards the observer. The impact parameter of the light ray is defined by the vector & which is orthogonal to k. Gravitating
bodies with spin move along arbitrary world-lines.
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