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18. EXPERIMENTAL TESTS OF
GRAVITATIONAL THEORY

Revised September 2003 by T. Damour (IHES, Bures-sur-Yvette, France).

Einstein’s General Relativity, the current “standard” theory of gravitation, describes
gravity as a universal deformation of the Minkowski metric:

gµν(xλ) = ηµν + hµν(xλ) , where ηµν = diag(−1,+1,+1,+1) . (18.1)

Alternatively, it can be defined as the unique, consistent, local theory of a massless
spin-2 field, hµν , whose source must then be the total, conserved energy-momentum
tensor [1]. General Relativity is classically defined by two postulates. One postulate
states that the Lagrangian density describing the propagation and self-interaction of the
gravitational field is

LEin[gµν ] =
c4

16πGN

√
ggµνRµν(g) , (18.2)

Rµν(g) = ∂αΓα
µν − ∂νΓα

µα + Γβ
αβΓα

µν − Γβ
ανΓα

µβ , (18.3)

Γλ
µν = 1

2
gλσ(∂µgνσ + ∂νgµσ − ∂σgµν) , (18.4)

where GN is Newton’s constant, g = −det(gµν), and gµν is the matrix inverse of gµν . A
second postulate states that gµν couples universally, and minimally, to all the fields of
the Standard Model by replacing everywhere the Minkowski metric ηµν . Schematically
(suppressing matrix indices and labels for the various gauge fields and fermions, and for
the Higgs doublet),

LSM[ψ,Aµ, H, gµν] = − 1
4

∑√
ggµαgνβF a

µνF
a
αβ

−
∑√

g ψ γµDµψ

− 1
2

√
ggµνDµHDνH −√

g V (H)

−
∑

λ
√
g ψHψ , (18.5)

where γµγν + γνγµ = 2gµν , and where the covariant derivative Dµ contains, besides
the usual gauge field terms, a (spin-dependent) gravitational contribution Γµ(x) [2].
From the total action Stot[gµν , ψ, Aµ, H] = c−1

∫
d4x(LEin +LSM) follows Einstein’s field

equations,

Rµν − 1
2
Rgµν =

8πGN

c4
Tµν . (18.6)

Here, R = gµνRµν , Tµν = gµαgνβT
αβ , and Tµν = (2/

√
g)δLSM/δgµν is the (symmetric)

energy-momentum tensor of the Standard Model matter. The theory is invariant
under arbitrary coordinate transformations: x′µ = fµ(xν). To solve the field equations
Eq. (18.6), one needs to fix this coordinate gauge freedom. E.g., the “harmonic gauge”
(which is the analogue of the Lorentz gauge, ∂µA

µ = 0, in electromagnetism) corresponds
to imposing the condition ∂ν(

√
ggµν) = 0.

In this Review, we only consider the classical limit of gravitation (i.e., classical
matter and classical gravity). Considering quantum matter in a classical gravitational
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2 18. Experimental tests of gravitational theory

background already poses interesting challenges, notably the possibility that the zero-point
fluctuations of the matter fields generate a nonvanishing vacuum energy density ρvac,
corresponding to a term −√

g ρvac in LSM [3]. This is equivalent to adding a “cosmological
constant” term +Λ gµν on the left-hand side of Einstein’s equations Eq. (18.6), with
Λ = 8πGN ρvac/c

4. Recent cosmological observations (see the following Reviews) suggest
a positive value of Λ corresponding to ρvac ≈ (2.3 × 10−3eV)4. Such a small value has
a negligible effect on the tests discussed below. Quantizing the gravitational field itself
poses a very difficult challenge because of the perturbative non-renormalizability of
Einstein’s Lagrangian. Superstring theory offers a promising avenue toward solving this
challenge.

18.1. Experimental tests of the coupling
between matter and gravity

The universality of the coupling between gµν and the Standard Model matter
postulated in Eq. (18.5) (“Equivalence Principle”) has many observable consequences.
First, it predicts that the outcome of a local non-gravitational experiment, referred to
local standards, does not depend on where, when, and in which locally inertial frame
the experiment is performed. This means, for instance, that local experiments should
neither feel the cosmological evolution of the universe (constancy of the “constants”), nor
exhibit preferred directions in spacetime (isotropy of space, local Lorentz invariance).
These predictions are consistent with many experiments and observations. The best limit
on a possible time variation of the basic coupling constants concerns the fine-structure
constant αem, and has been obtained by analyzing a natural fission reactor phenomenon
which took place at Oklo, Gabon, two billion years ago [4]. A conservative estimate of
the (95% C.L.) Oklo limit on the variability of αem is (see second reference in [4])

−0.9 × 10−7 <
αOklo

em − αnow
em

αem
< 1.2 × 10−7 , (18.7)

which corresponds to the following limit on the average time derivative of αem

−6.7 × 10−17yr−1 < α̇em/αem < 5.0 × 10−17yr−1 . (18.8)

Direct laboratory limits on the time variation of αem [5] are less stringent than Eq. (18.8).
Recently, Ref. 6 claimed to have measured a cosmological change of αem of magnitude
∆αem/αem = (−0.72±0.18)×10−5 around redshifts z ' 0.5−3.5. When analyzed within
various dilaton-like theoretical models of αem variability [7–9], such a large cosmological
variation of αem appears incompatible with the combined set of other experimental limits,
notably the Oklo bound quoted above, a comparable “rhenium” geological bound [10],
and the limits on possible violations of the universality of free fall quoted below. See
Refs. 11,12 for discussions of systematic errors in astronomical measurements of αem, and
Ref. 13 for a general review of the issue of “variable constants”.

The highest precision tests of the isotropy of space have been performed by looking
for possible quadrupolar shifts of nuclear energy levels [14]. The (null) results can be
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interpreted as testing the fact that the various pieces in the matter Lagrangian Eq. (18.5)
are indeed coupled to one and the same external metric gµν to the 10−27 level. For
astrophysical constraints on possible Planck-scale violations of Lorentz invariance, see
Refs. 15,16.

The universal coupling to gµν postulated in Eq. (18.5) implies that two (electrically
neutral) test bodies dropped at the same location and with the same velocity in an
external gravitational field fall in the same way, independently of their masses and
compositions. The universality of the acceleration of free fall has been verified at the
10−12 level both for laboratory bodies [17],

(∆a/a)BeCu = (−1.9 ± 2.5) × 10−12 , (18.9)

and for the gravitational accelerations of the Moon and the Earth toward the Sun [18],

(∆a/a)MoonEarth = (−3.2 ± 4.6) × 10−13 . (18.10)

See also Ref. 19 for a ±0.94 × 10−12 limit on the fractional difference in free-fall
acceleration toward the Sun of earth-core-like and moon-mantle-like laboratory bodies,
and Ref. 20 for short-range tests of the universality of free-fall.

Finally, Eq. (18.5) also implies that two identically constructed clocks located at two
different positions in a static external Newtonian potential U(x) =

∑
GNm/r exhibit,

when intercompared by means of electromagnetic signals, the (apparent) difference in
clock rate,

τ1
τ2

=
ν2
ν1

= 1 +
1
c2

[U(x1) − U(x2)] +O

(
1
c4

)
, (18.11)

independently of their nature and constitution. This universal gravitational redshift of
clock rates has been verified at the 10−4 level by comparing a hydrogen-maser clock,
flying on a rocket up to an altitude ∼ 10, 000 km, to a similar clock on the ground [21].
For more details and references on experimental gravity see, e.g., Refs. 22 and 23.

18.2. Tests of the dynamics of the gravitational field in the weak
field regime

The effect on matter of one-graviton exchange, i.e., the interaction Lagrangian obtained
when solving Einstein’s field equations Eq. (18.6) written in, say, the harmonic gauge at
first order in hµν ,

hµν = −16πGN

c4
(Tµν − 1

2
Tηµν) +O(h2) +O(hT ) , (18.12)

reads −(8πGN/c
4)Tµν −1(Tµν − 1

2
Tηµν). For a system of N moving point masses, with

free Lagrangian L(1) =
N∑

A=1

− mAc
2
√

1 − v2
A/c

2, this interaction, expanded to order
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4 18. Experimental tests of gravitational theory

v2/c2, reads (with rAB ≡ |xA − xB |, nAB ≡ (xA − xB)/rAB)

L(2) = 1
2

∑
A6=B

GN mAmB

rAB

[
1 +

3
2c2

(v2
A + v2

B) − 7
2c2

(vA · vB)

− 1
2c2

(nAB · vA)(nAB · vB) +O

(
1
c4

) ]
. (18.13)

The two-body interactions Eq. (18.13) exhibit v2/c2 corrections to Newton’s 1/r
potential induced by spin-2 exchange. Consistency at the “post-Newtonian” level
v2/c2 ∼ GN m/rc2 requires that one also consider the three-body interactions induced by
some of the three-graviton vertices, and other nonlinearities (terms O(h2) and O(hT ) in
Eq. (18.12)),

L(3) = −1
2

∑
B 6=A6=C

G2
N mAmB mC

rAB rAC c2
+O

(
1
c4

)
. (18.14)

All currently performed gravitational experiments in the solar system, including
perihelion advances of planetary orbits, the bending and delay of electromagnetic signals
passing near the Sun, and very accurate ranging data to the Moon obtained by laser
echoes, are compatible with the post-Newtonian results Eqs. (18.12)–(18.14).

Similarly to what is done in discussions of precision electroweak experiments (see
Section 10 in this Review), it is useful to quantify the significance of precision gravitational
experiments by parameterizing plausible deviations from General Relativity. The addition
of a mass-term in Einstein’s field equations leads to a score of theoretical difficulties [24],
which have not yet received any consensual solution. We shall, therefore, not consider
here the ill-defined “mass of the graviton” as a possible deviation parameter from General
Relativity (see, however, the phenomenological limits quoted in the Section “Gauge and
Higgs Bosons” of this Review). Deviations from Einstein’s pure spin-2 theory are then
defined by adding new bosonic light or massless macroscopically coupled fields. The
possibility of new gravitational-strength couplings leading (on small, and possibly large,
scales) to deviations from Einsteinian (and Newtonian) gravity is suggested by String
Theory [25], and by Brane World ideas [26]. For compilations of experimental constraints
on Yukawa-type additional interactions, see Refs. [17,27,28] and the Section “Extra
Dimensions” in this Review. Recent experiments have set limits on non-Newtonian forces
below 0.1 mm [29].

Here, we shall focus on the parametrization of long-range deviations from relativistic
gravity obtained by adding a massless scalar field ϕ, coupled to the trace of the
energy-momentum tensor T = gµνT

µν [30]. The most general such theory contains an
arbitrary function a(ϕ) of the scalar field, and can be defined by the Lagrangian

Ltot[gµν , ϕ, ψ, Aµ, H] =
c4

16πG
√
g(R(g)− 2gµν∂µϕ∂νϕ)

+LSM[ψ,Aµ, H, g̃µν] , (18.15)

June 17, 2004 11:28



18. Experimental tests of gravitational theory 5

where G is a “bare” Newton constant, and where the Standard Model matter is coupled not
to the “Einstein” (pure spin-2) metric gµν , but to the conformally related (“Jordan-Fierz”)
metric g̃µν = exp(2a(ϕ))gµν . The scalar field equation gϕ = −(4πG/c4)α(ϕ)T displays
α(ϕ) ≡ ∂a(ϕ)/∂ϕ as the basic (field-dependent) coupling between ϕ and matter [31]. The
one-parameter (ω) Jordan-Fierz-Brans-Dicke theory [30] is the special case a(ϕ) = α0ϕ,
leading to a field-independent coupling α(ϕ) = α0 (with α0

2 = 1/(2ω + 3)).

In the weak field, slow motion limit, appropriate to describing gravitational experiments
in the solar system, the addition of ϕ modifies Einstein’s predictions only through the
appearance of two “post-Einstein” dimensionless parameters: γ = −2α2

0/(1 + α2
0) and

β = + 1
2
β0α

2
0/(1 + α2

0)
2, where α0 ≡ α(ϕ0), β0 ≡ ∂α(ϕ0)/∂ϕ0, ϕ0 denoting the

vacuum expectation value of ϕ. These parameters also show up naturally (in the form
γPPN = 1 + γ, βPPN = 1 + β) in phenomenological discussions of possible deviations from
General Relativity [32,22]. The parameter γ measures the admixture of spin 0 to Einstein’s
graviton, and contributes an extra term + γ(vA − vB)2/c2 in the square brackets of the
two-body Lagrangian Eq. (18.13). The parameter β modifies the three-body interaction
Eq. (18.14) by a factor 1 + 2β. Moreover, the combination η ≡ 4β − γ parameterizes
the lowest order effect of the self-gravity of orbiting masses by modifying the Newtonian
interaction energy terms in Eq. (18.13) into GABmAmB/rAB , with a body-dependent
gravitational “constant” GAB = GN [1+ η(Egrav

A /mAc
2 +Egrav

B /mBc
2)+O(1/c4)], where

GN = G exp[2a(ϕ0)](1 + α2
0), and where Egrav

A denotes the gravitational binding energy
of body A.

The best current limits on the post-Einstein parameters γ and β are (at the 68%
confidence level): (i) γ = (2.1 ± 2.3) × 10−5, deduced from the additional Doppler shift
experienced by radio-wave beams connecting the Earth to the Cassini spacecraft when
they passed near the Sun [33], and (ii) 4β − γ = −0.0007 ± 0.0010 [18] from Lunar Laser
Ranging measurements of a possible polarization of the Moon toward the Sun [34]. More
stringent limits on γ are obtained in models (e.g., string-inspired ones [35]) where scalar
couplings violate the Equivalence Principle.

18.3. Tests of the dynamics of the gravitational field in the radia-
tive and/or strong field regimes

The discovery of pulsars (i.e., rotating neutron stars emitting a beam of radio noise)
in gravitationally bound orbits [36,37] has opened up an entirely new testing ground for
relativistic gravity, giving us an experimental handle on the regime of radiative and/or
strong gravitational fields. In these systems, the finite velocity of propagation of the
gravitational interaction between the pulsar and its companion generates damping-like
terms at order (v/c)5 in the equations of motion [38]. These damping forces are the
local counterparts of the gravitational radiation emitted at infinity by the system
(“gravitational radiation reaction”). They cause the binary orbit to shrink and its
orbital period Pb to decrease. The remarkable stability of the pulsar clock has allowed
Taylor and collaborators to measure the corresponding very small orbital period decay
Ṗb ≡ dPb/dt ∼ −(v/c)5 ∼ −10−12 [37,39,40], thereby giving us a direct experimental
confirmation of the propagation properties of the gravitational field, and, in particular, an
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6 18. Experimental tests of gravitational theory

experimental confirmation that the speed of propagation of gravity is equal to the velocity
of light to better than a part in a thousand [41]. In addition, the surface gravitational
potential of a neutron star h00(R) ' 2Gm/c2R ' 0.4 being a factor ∼ 108 higher than the
surface potential of the Earth, and a mere factor 2.5 below the black hole limit (h00 = 1),
pulsar data are sensitive probes of the strong-gravitational-field regime.

Binary pulsar timing data record the times of arrival of successive electromagnetic
pulses emitted by a pulsar orbiting around the center of mass of a binary system. After
correcting for the Earth motion around the Sun, and for the dispersion due to propagation
in the interstellar plasma, the time of arrival of the Nth pulse tN can be described by a
generic, parameterized “timing formula,” [42] whose functional form is common to the
whole class of tensor-scalar gravitation theories:

tN − t0 = F [TN (νp, ν̇p, ν̈p) ; {pK} ; {pPK}] . (18.16)

Here, TN is the pulsar proper time corresponding to the Nth turn given by
N/2π = νpTN + 1

2
ν̇pT

2
N + 1

6
ν̈pT

3
N (with νp ≡ 1/Pp the spin frequency of the

pulsar, etc.), {pK} = {Pb, T0, e, ω0, x} is the set of “Keplerian” parameters, (notably,
orbital period Pb, eccentricity e and projected semi-major axis x = a sin i/c), and
{pPK} = {k, γtiming, Ṗb, r, s, δθ, ė, ẋ} denotes the set of (separately measurable) “post-
Keplerian” parameters. Most important among these are: the fractional periastron
advance per orbit k ≡ ω̇Pb/2π, a dimensionful time-dilation parameter γtiming, the orbital
period derivative Ṗb, and the “range” and “shape” parameters of the gravitational time
delay caused by the companion, r and s.

Without assuming any specific theory of gravity, one can phenomenologically analyze
the data from any binary pulsar by least-squares fitting the observed sequence of pulse
arrival times to the timing formula Eq. (18.16). This fit yields the “measured” values
of the parameters {νp, ν̇p, ν̈p}, {pK}, {pPK}. Now, each specific relativistic theory of
gravity predicts that, for instance, k, γtiming, Ṗb, r, and s (to quote parameters that have
been successfully measured from some binary pulsar data) are some theory-dependent
functions of the Keplerian parameters and of the (unknown) masses m1, m2 of the pulsar
and its companion. For instance, in General Relativity, one finds (with M ≡ m1 +m2,
n ≡ 2π/Pb)

kGR(m1, m2) =3(1 − e2)−1(GNMn/c3)2/3 ,

γGR
timing(m1, m2) =en−1(GNMn/c3)2/3m2(m1 + 2m2)/M2 ,

ṖGR
b (m1, m2) = − (192π/5)(1− e2)−7/2

(
1 + 73

24
e2 + 37

96
e4

)
× (GNMn/c3)5/3m1m2/M

2 ,

r(m1, m2) =GNm2/c
3 , and

s(m1, m2) =nx(GNMn/c3)−1/3M/m2 . (18.17)

In tensor-scalar theories, each of the functions ktheory(m1, m2), γ
theory
timing(m1, m2),

Ṗ
theory
b (m1, m2), etc. is modified by quasi-static strong field effects (associated with
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18. Experimental tests of gravitational theory 7

the self-gravities of the pulsar and its companion), while the particular function
Ṗ theory

b (m1, m2) is further modified by radiative effects (associated with the spin 0
propagator) [31,43].

Let us summarize the current experimental situation (see Ref. 44 for a more extensive
review). In the first discovered binary pulsar PSR1913 + 16 [36,37], it has been
possible to measure with accuracy the three post-Keplerian parameters k, γtiming and
Ṗb. The three equations kmeasured = ktheory(m1, m2), γmeasured

timing = γ
theory
timing(m1, m2),

Ṗmeasured
b = Ṗ

theory
b (m1, m2) determine, for each given theory, three curves in the

two-dimensional mass plane. This yields one (combined radiative/strong-field) test of the
specified theory, according to whether the three curves meet at one point, as they should.
After subtracting a small (∼ 10−14 level in Ṗ obs

b = (−2.4211 ± 0.0014) × 10−12), but
significant Newtonian perturbing effect caused by the Galaxy [45], one finds that General
Relativity passes this (k − γtiming − Ṗb)1913+16 test with complete success at the 10−3

level [37,39,40]

[
Ṗ obs

b − Ṗ
galactic
b

ṖGR
b [kobs, γobs

timing]

]
1913+16

=1.0026 ± 0.0006(obs) ± 0.0021(galactic)

=1.0026 ± 0.0022 . (18.18)

Here ṖGR
b [kobs, γobs

timing] is the result of inserting in ṖGR
b (m1, m2) the values of the masses

predicted by the two equations kobs = kGR(m1, m2), γobs
timing = γGR

timing(m1, m2). This
experimental evidence for the reality of gravitational radiation damping forces at the 0.3%
level is illustrated in Fig. 18.1, which shows actual orbital phase data (after subtraction
of a linear drift).

The discovery of the binary pulsar PSR1534 + 12 [46] has allowed one to measure
the four post-Keplerian parameters k, γtiming, r and s, and thereby to obtain two
(four observables minus two masses) tests of strong field gravity, without mixing of
radiative effects [47]. General Relativity passes these tests within the measurement
accuracy [37,47]. The most precise of these new, pure, strong-field tests is the one
obtained by combining the measurements of k, γ, and s. Using the most recent data [48],
one finds agreement at the 1% level:[

sobs

sGR[kobs, γobs
timing]

]
1534+12

= 1.000 ± 0.007 . (18.19)

It has also been possible to measure the orbital period change of PSR1534 + 12. General
Relativity passes the corresponding (k−γtiming − Ṗb)1534+12 test with success at the 15%
level [48].

The discovery of the binary pulsar PSR J1141 – 6545 [49] (whose companion is
probably a white dwarf) has recently led to the measurement of the three post-Keplerian
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General Relativity prediction
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Figure 18.1: Accumulated shift of the times of periastron passage in the PSR
1913+16 system, relative to an assumed orbit with a constant period. The parabolic
curve represents the general relativistic prediction, modified by Galactic effects, for
orbital period decay from gravitational radiation damping forces. (Figure obtained
with permission from Ref. 40.)

parameters k, γtiming and Ṗb [50]. As in the PSR 1913 + 16 system, this yields one
combined radiative/strong-field test of relativistic gravity. One finds that General
Relativity passes this (k − γtiming − Ṗb)1141−6545 test with success at the 25% level [50].
Several other binary pulsar systems, of a nonsymmetric type (nearly circular systems
made of a neutron star and a white dwarf), can also be used to test relativistic
gravity [51–54]. The constraints on tensor-scalar theories provided by three binary-pulsar
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“experiments” have been analyzed in Ref. 43, and shown to exclude a large portion of
the parameter space allowed by solar-system tests. Measurements of the pulse shape of
PSR1913 + 16 [55] have detected a time variation of the pulse shape, compatible with
the prediction [56] that the general relativistic spin-orbit coupling should cause a secular
change in the orientation of the pulsar beam, with respect to the line of sight (“geodetic
precession”).

The tests considered above have examined the gravitational interaction on scales
between a fraction of a millimeter and a few astronomical units. On the other hand,
the general relativistic action on light and matter of an external gravitational field on a
length scale ∼ 100 kpc has been verified to ∼ 30% in some gravitational lensing systems
(see, e.g., Ref. 57). Some tests on cosmological scales are also available. In particular,
Big Bang Nucleosynthesis (see Section 20 of this Review) has been used to set significant
constraints on the variability of the gravitational “constant” [58]. For other cosmological
tests of the “constancy of constants,” see the review [13].

18.4. Conclusions

All present experimental tests are compatible with the predictions of the current
“standard” theory of gravitation: Einstein’s General Relativity. The universality of the
coupling between matter and gravity (Equivalence Principle) has been verified at the
10−12 level. Solar system experiments have tested all the weak-field predictions of
Einstein’s theory at better than the 10−3 level (and down to the 2 × 10−5 level for the
post-Einstein parameter γ). The propagation properties of relativistic gravity, as well as
several of its strong-field aspects, have been verified at the 10−3 level in binary pulsar
experiments. Recent laboratory experiments have set strong constraints on sub-millimeter
modifications of Newtonian gravity.

Several important new developments in experimental gravitation are expected in the
near future. The approved NASA Gravity Probe B mission [59] (a space gyroscope
experiment; due for launch in December 2003) will directly measure the gravitational spin-
orbit and spin-spin couplings, thereby measuring the parameter γ to better than the 10−5

level. The universality of free-fall acceleration should soon be tested to much better than
the 10−12 level by some satellite experiments: the approved CNES MICROSCOPE [60]
mission (10−15 level), and the planned (cryogenic) NASA-ESA STEP [61] mission (10−18

level). The recently constructed kilometer-size laser interferometers (notably LIGO [62]
in the USA, and VIRGO [63] and GEO600 [64] in Europe), should soon directly detect
gravitational waves arriving on Earth. As the sources of these waves are expected to
be extremely relativistic objects with strong internal gravitational fields (e.g., coalescing
binary black holes), their detection will allow one to experimentally probe gravity in
highly dynamical circumstances. Note finally that arrays of millisecond pulsars are
sensitive detectors of (very low frequency) gravitational waves [65,66].

References:

1. S.N. Gupta, Phys. Rev. 96, 1683 (1954);
R.H. Kraichnan, Phys. Rev. 98, 1118 (1955);

June 17, 2004 11:28



10 18. Experimental tests of gravitational theory

R.P. Feynman, F.B. Morinigo, and W.G. Wagner, Feynman Lectures on Gravitation,
edited by Brian Hatfield (Addison-Wesley, Reading, 1995);
S. Weinberg, Phys. Rev. 138, B988 (1965);
V.I. Ogievetsky and I.V. Polubarinov, Ann. Phys. (NY) 35, 167 (1965);
W. Wyss, Helv. Phys. Acta 38, 469 (1965);
S. Deser, Gen. Rel. Grav. 1, 9 (1970);
D.G. Boulware and S. Deser, Ann. Phys. (NY) 89, 193 (1975);
J. Fang and C. Fronsdal, J. Math. Phys. 20, 2264 (1979);
R.M. Wald, Phys. Rev. D33, 3613 (1986);
C. Cutler and R.M. Wald, Class. Quantum Grav. 4, 1267 (1987);
R.M. Wald, Class. Quantum Grav. 4, 1279 (1987);
N. Boulanger et al., Nucl. Phys. B597, 127 (2001).

2. S. Weinberg, Gravitation and Cosmology (John Wiley, New York, 1972).

3. S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

4. A.I. Shlyakhter, Nature 264, 340 (1976);
T. Damour and F. Dyson, Nucl. Phys. B480, 37 (1996);
Y. Fujii et al., Nucl. Phys. B573, 377 (2000).

5. J.D. Prestage, R.L. Tjoelker, and L. Maleki, Phys. Rev. Lett. 74, 3511 (1995);
Y. Sortais et al., Physica Scripta 95, 50 (2001).

6. J.K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001);
M.T. Murphy et al., Mon. Not. Roy. Astron. Soc. 327, 1208 (2001).

7. K.A. Olive and M. Pospelov, Phys. Rev. D65, 085044 (2002).

8. H.B. Sandvik, J.D. Barrow, and J. Magueijo, Phys. Rev. Lett. 88, 031302 (2002).

9. T. Damour, F. Piazza, and G. Veneziano, Phys. Rev. Lett. 89, 081601 (2002); and
Phys. Rev. D66, 046007 (2002).

10. K.A. Olive et al., Phys. Rev. D66, 045022 (2002).

11. M.T. Murphy et al., Astrophys. Space Sci. 283, 577 (2003).

12. J.N. Bahcall, C.L. Steinhardt, and D. Schlegel, astro-ph/0301507.

13. J.P. Uzan, Rev. Mod. Phys. 75, 403 (2003).

14. J.D. Prestage et al., Phys. Rev. Lett. 54, 2387 (1985);
S.K. Lamoreaux et al., Phys. Rev. Lett. 57, 3125 (1986);
T.E. Chupp et al., Phys. Rev. Lett. 63, 1541 (1989).

15. T. Jacobson, S. Liberati, and D. Mattingly, Nature 424, 1019 (2003).

16. R.C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003).

17. Y. Su et al., Phys. Rev. D50, 3614 (1994).

18. J.O. Dickey et al., Science 265, 482 (1994);

June 17, 2004 11:28



18. Experimental tests of gravitational theory 11

J.G. Williams, X.X. Newhall, and J.O. Dickey, Phys. Rev. D53, 6730 (1996).
19. S. Baessler et al., Phys. Rev. Lett. 83, 3585 (1999).
20. G.L. Smith et al., Phys. Rev. D61, 022001 (1999).
21. R.F.C. Vessot and M.W. Levine, Gen. Rel. Grav. 10, 181 (1978);

R.F.C. Vessot et al., Phys. Rev. Lett. 45, 2081 (1980).
22. C.M. Will, Theory and Experiment in Gravitational Physics (Cambridge University

Press, Cambridge, 1993); and Living Rev. Rel. 4, 4 (2001).
23. T. Damour, in Gravitation and Quantizations, ed. B. Julia and J. Zinn-Justin, Les

Houches, Session LVII (Elsevier, Amsterdam, 1995), pp. 1–61.
24. H. van Dam and M.J. Veltman, Nucl. Phys. B22, 397 (1970);

V.I. Zakharov, Sov. Phys. JETP Lett. 12, 312 (1970);
D.G. Boulware and S. Deser, Phys. Rev. D6, 3368 (1972);
C. Aragone and J. Chela-Flores, Nuovo Cim. 10A, 818 (1972);
A.I. Vainshtein, Phys. Lett. B39, 393 (1972);
C. Deffayet et al., Phys. Rev. D65, 044026 (2002);
M. Porrati, Phys. Lett. B534, 209 (2002);
N. Arkani-Hamed, H. Georgi, and M.D. Schwartz, Annals Phys. 305, 96 (2003);
T. Damour, I.I. Kogan, and A. Papazoglou, Phys. Rev. D67, 064009 (2003);
G. Dvali, A. Gruzinov, and M. Zaldarriaga, Phys. Rev. D68, 024012 (2003).

25. T.R. Taylor and G. Veneziano, Phys. Lett. B213, 450 (1988);
S. Dimopoulos and G. Giudice, Phys. Lett. B379, 105 (1996);
I. Antoniadis, S. Dimopoulos, and G. Dvali, Nucl. Phys. B516, 70 (1998).

26. V.A. Rubakov, Phys. Usp 44, 871 (2001);
I.I. Kogan, in Proceedings of the XXXVIth Rencontres de Moriond, Electro-Weak
Interactions and Unified Theories (March 2001); astro-ph/0108220.

27. E. Fischbach and C.L. Talmadge, The search for non-Newtonian gravity (Springer-
Verlag, New York, 1999).

28. J.C. Long, H.W. Chan, and J.C. Price, Nucl. Phys. B539, 23 (1999).
29. C.D. Hoyle et al., Phys. Rev. Lett. 86, 1418 (2001);

J. Chiaverini et al., Phys. Rev. Lett. 90, 151101 (2003);
J.C. Long et al., Nature 421, 922 (2003).

30. P. Jordan, Schwerkraft und Weltall (Vieweg, Braunschweig, 1955);
M. Fierz, Helv. Phys. Acta 29, 128 (1956);
C. Brans and R.H. Dicke, Phys. Rev. 124, 925 (1961).
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