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Abstract

Recent papers by Samuel [S. Samuel, Phys. Rev. Lett. 90 (2003) 231101; S. Samuel, Int. J. Mod. Phys. D 13 (2004) 1753] declared that the
linearized post-Newtonian v/c effects are too small to have been measured in the recent experiment involving Jupiter and quasar J0842 + 1845
[S.M. Kopeikin, Astrophys. J. Lett. 556 (2001) L1; E.B. Fomalont, S.M. Kopeikin, in: E. Ros, R.W. Porcas, A.P. Lobanov, J.A. Zensus (Eds.),
Proc. 6th European VLBI Network Symp., MPIfR, Bonn, 2002 pp. 49–52, gr-qc/0206022; E.B. Fomalont, S.M. Kopeikin, Astrophys. J. 598
(2003) 704] that was used to measure the ultimate speed of gravity defined as a fundamental constant entering in front of each time derivative of
the metric tensor in the Einstein gravity field equations. We describe our Lorentz-invariant formulation of the Jovian deflection experiment and
confirm that v/c effects are do observed, as contrasted to the erroneous claim by Samuel, and that they vanish if and only if the speed of gravity
is infinite.
© 2006 Elsevier B.V. All rights reserved.
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Gravitational light-ray deflection experiments testing time-
dependent components of the gravitational field are important
for deeper understanding of the causal (null-cone) structure of
the space–time manifold and the Einstein theory of general rel-
ativity. General relativity predicts that a light particle (photon)
is deflected by the gravitational field of a moving body from
its retarded, with respect to observer, position [6–8]. This is
a direct physical consequence of the relativistic nature of the
gravitational field which is expressed mathematically in terms
of the retarded Lienard–Wiechert solution of the linearized Ein-
stein equations [9]. We proposed relativistic VLBI experiment
[3] to measure this effect of retardation of gravity by the field of
moving Jupiter via observation of light bending from a quasar
and successfully completed this experiment in September 2002.
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General relativistic experimental model of VLBI data process-
ing algorithm is described in [4] and the results of the main
experiment of September 2002 are published in the Astrophys-
ical Journal [5].

Recently Samuel [1,2] made an attempt to review the results
of the experiment by making use of a linearized Lorentz trans-
formation of the static Shapiro time delay. This approach is
physically meaningful but correct conceptual analysis and in-
terpretation of the experiment requires matching of the first,
v/c, and second v2/c2 order effects in the relativistic theory
of the Shapiro time delay which has neither been conceived nor
completed in [1,2]. This led Samuel [1,2] to the confusion of
the Lorentz transformation of the gravitational field and that of
light used for observations. The same conceptual flaw is con-
tained in papers by Asada [10] and Will [11] who were not able
to separate a general-relativistic effect of the aberration of grav-
ity from the special-relativistic effect of the aberration of light
[12]. Moreover, Samuel [1,2] has arrived to erroneous conclu-
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sion that the post-Newtonian effect of order of v/c beyond the
static part of the Shapiro effect cannot be observed at all. In
the present Letter we outline the basic equations of the exact
Lorentz-invariant theory of the gravitational time delay of light
and show mistakes in Samuel’s interpretation [1,2] of the grav-
itational light-ray deflection experiments.

For Jupiter, the perturbation of the metric tensor, hμν , in
harmonic coordinates xα = (ct,x) is obtained after solving the
linearized Einstein equations in terms of the retarded Lienard–
Wiechert gravitational potentials [9]. It yields [3,5,7]

(1)hμν = −2GMJ

c4

2uμuν + ημν

rαuα
.

Here1 ημν is the Minkowski metric, MJ is the mass of Jupiter,
uα = γ (s)(c,vJ (s)) is its four-velocity, with vJ (s) = dx(s)/ds

and γ (s) = (1 − v2
J (s)/c2)−1/2. The distance rα = xα − xα

J (s),
and Jupiter’s worldline xα

J (s) = (cs,xJ (s)) are functions of the
retarded time s, determined as a solution of null-cone equation
for gravity

(2)ημνr
μrν = 0.

Substituting rμ(s) and solving (2) in the causality region, t > s,
show that the retarded time s obeys a (non-linear) equation

(3)s = t − 1

c

∣∣x − xJ (s)
∣∣,

which describes the null-cone characteristics of Jupiter’s grav-
ity field with c being understood as the ultimate speed of grav-
ity. Retarded time s appears as an argument in coordinates of
Jupiter and reflects the obvious fact that gravity field is causal
and propagates with finite speed c as predicted by Einstein’s
theory of general relativity [9]. Despite that this derivation is
well known and given in the advanced course on general rel-
ativity [9] some researchers [10,13] are still confused about
the nature of the retarded-time equation (3) in the gravitational
Lienard–Wiechert potentials (1) and misinterpret it as a clas-
sic Römer time delay of light propagating from a massive body
(Jupiter) to the field point.

VLBI measures the phase φ of the radio wave front coming
from a quasar. Differential equation for the phase is determined
by the first integral of the light-ray geodesics that is known as
the eikonal equation [9]

(4)gμν∂μφ∂νφ = 0,

where the metric tensor gμν = ημν − hμν . Provided that one
neglects orbital acceleration of Jupiter, solution of Eq. (4) is
given by [14,15]

(5)φ = φ0 + ν

c

[
kαxα + 2GMJ

c2

(
kαuα

)
ln

(
kαrα

)]
,

where φ0 is a constant, ν is the radio frequency, kα = (1,k) is
a null vector of the radio wave, and the unit vector k is directed

1 Greek indices run from 0 to 3. Bold letters denote spatial vectors. Repeated
indices mean the Einstein summation rule. Euclidean dot and cross products of
two vectors are denoted as a · b and a × b respectively. Partial derivative with
respect to coordinate xα is denoted as ∂α ≡ ∂/∂xα .

from the quasar to VLBI station. Notice that the argument of
the logarithm in Eq. (5) depends on the retarded time s defined
by the gravity null-cone equation (3). It makes evident that the
phase of electromagnetic wave passing through time-dependent
gravitational field of moving Jupiter is affected by this field not
instantaneously but with a delay being required for gravity to
propagate from the retarded position xJ (s) of Jupiter to the
position x of a radio photon. Measuring this ‘retardation-of-
gravity’ effect in the light-ray deflection experiments like that
we had conducted in September 2002 [3,5], allows one to cor-
roborate that gravity propagates on a null cone with finite speed
[3,5,14].

Eq. (5) is Lorentz-invariant and was obtained by making use
of the Lienard–Wiechert gravitational potentials (1). It can be
also derived by solving the eikonal equation (4) in a comov-
ing frame of Jupiter with subsequent Lorentz transformation of
both gravitational and electromagnetic field from this frame to
the barycentric frame of the solar system [12,16,17]. This point
is subtle and was not properly understood by Samuel [1,2] and
some other researchers [10,11,18,19] who erroneously believe
that the linearized (that is, v/c) approximation of the Lorentz
transformation affects exclusively the direction of propagation
of radio wave used for observation of the gravitational light-
ray deflection but leaves the gravitational field of Jupiter in the
barycentric frame of the solar system static (see also [20]). The
message of this Letter is that in the barycentric frame of the
solar system the gravitational field is characterized in the neig-
borhood of Jupiter not only by the components of the metric
tensor gαβ but its space and time derivatives (the Christoffel
symbols and the curvature tensor) as well. The eikonal equa-
tion (4) is the first integral of the light geodesic equations [9].
This integral can be present in the form given by Eq. (4) if and
only if the speed of gravity and the speed of light are equal or, in
other words, the time derivatives of the metric tensor in the Ein-
stein equations are normalized to the same fundamental speed
as the time derivatives of electromagnetic field in the Maxwell
equations. Lorentz transformation from Jupiter’s frame to the
barycentric frame of the solar system induces non-zero values
of the time derivatives of the metric tensor if the speed of grav-
ity is not infinite.2 In general relativity the effect of these first
time derivatives of the metric tensor cancel with the aberration
of light when one integrates equation of light geodesics to ob-
tain the eikonal equation (4) which leaves the retardation of
gravity effect present in Jupiter’s coordinates xJ (s) in Eq. (5).
Therefore, the retardation of gravity effect appears in the lin-
earized order of v/c in the post-Newtonian expansion of the
retarded coordinate x(s) of Jupiter around the time of obser-
vation t [3] as we demonstrate in the next paragraph. It can
be easily confused with the aberration of light if the effect of
the first time derivatives of the metric tensor is not pursued in
derivation of Eq. (5) for the electromagnetic phase. The rea-
son for the ‘aberration-of-light’ misinterpretation of the Jovian
light-ray deflection experiment given in papers [1,2,10,11,13,

2 Notice that the speed of physical light does not play any role in the Lorentz
transformation of the gravitational field.
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