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Abstract

The regular observation of gravitational radiation by a world-wide network

of resonant and laser-interferometric detectors will usher in a new form of

astronomy. At the same time, it will provide new and interesting tests of

general relativity. We review the current empirical status of general relativity,

and discuss three areas in which direct observation of gravitational radiation

could test the theory further: polarization of the waves, speed of the waves,

and back-reaction of the waves on the evolution of the source.
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1 Introduction

The detection of gravitational radiation by either laser interferometers or resonant
cryogenic bars will, it is widely stated, usher in a new era of gravitational-wave
astronomy [1, 2]. Furthermore, according to conventional wisdom, it will yield new
and interesting tests of general relativity (GR) in its radiative regime. In a sense
this is an unusual situation, for one rarely thinks of electromagnetic astronomy as
providing tests of Maxwell's theory. Neutrino astronomy may be a closer cousin,
where one can observe neutrinos to learn about the solar interior or about super-
novae, while also checking such fundamental phenomena as neutrino oscillations.
To a large extent, the perceived validity of the underlying theory dictates whether
astronomical tests are of interest.

Although the empirical support for general relativity (GR) is very strong, it is
not as solid as that for Maxwell's theory. Furthermore, it has not been tested deeply
in its radiative regime, nor in the regime of strong gravitational �elds. Most tests,
with one exception, check the theory in its weak-�eld, slow-motion, non-radiative
limit. The exception, the binary pulsar, does provide an important veri�cation of
the lowest-order radiative predictions of GR, and is sensitive to some strong-�eld
aspects. Nevertheless, important tests of gravitational radiation and its properties
remain to be done. Furthermore, interesting, well-motivated alternative theories
to GR still exist, in agreement with all observations to date. To the extent that
gravitational-wave tests can further constrain the theoretical possibilities, they will
be of interest.

There are three aspects of gravitational radiation that can be subjected to test-
ing: (i) the polarization content of the waves { general relativity predicts only two
polarization states, other theories can predict as many as six; (ii) the speed of the
waves { general relativity predicts a speed the same as that of light, while other
theories can predict di�erent speeds; and (iii) the back-reaction of the radiation on
the evolution of the source. In this paper, we discuss these possibilities.

2 Empirical status of general relativity

We begin with an overview of experimental tests of general relativity. For further
discussion of topics in this section, and for references to the literature, the reader
is referred to Theory and Experiment in Gravitational Physics [3] and other review
articles [4, 5]

2.1 The Einstein Equivalence Principle

The Einstein equivalence principle (EEP) is a powerful and far-reaching principle,
which states that (i) test bodies fall with the same acceleration independently of
their internal structure or composition (Weak Equivalence Principle, or WEP),
(ii) the outcome of any local non-gravitational experiment is independent of the
velocity of the freely-falling reference frame in which it is performed (Local Lorentz
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Invariance, or LLI), and (iii) the outcome of any local non-gravitational experiment
is independent of where and when in the universe it is performed (Local Position
Invariance, or LPI).

The Einstein equivalence principle is the heart of gravitational theory, for it
is possible to argue convincingly that if EEP is valid, then gravitation must be
described by \metric theories of gravity", which state that (i) spacetime is endowed
with a symmetric metric, (ii) the trajectories of freely falling bodies are geodesics of
that metric, and (iii) in local freely falling reference frames, the non-gravitational
laws of physics are those written in the language of special relativity.

General relativity is a metric theory of gravity, but so are many others, including
the Brans-Dicke theory. The nonsymmetric gravitation theory of Mo�at is not a
metric theory, nor, in this sense, is superstring theory, because of residual coupling
of external, gravitation-like �elds, to matter.

A direct test of WEP is the comparison of the acceleration of two laboratory-
sized bodies of di�erent composition in an external gravitational �eld. A measure-
ment or limit on the fractional di�erence in acceleration between two bodies yields
a quantity � � 2ja1 � a2j=ja1 + a2j, called the \E�otv�os ratio".

The best limit on � currently comes from the \E�ot-Wash" experiment carried
out at the University of Washington, which used a sophisticated torsion balance tray
to compare the accelerations of bodies of di�erent composition toward the Earth,
the Sun and the galaxy. Another strong bound comes from lunar laser ranging
(LURE), which checks the equality of free fall of the Earth and Moon toward the
Sun. The results are:

�E�ot�Wash < 4� 10�13 ; �LURE < 5� 10�13 : (1)

In fact, by using laboratory materials whose composition mimics that of the Earth
and Moon, the E�ot-Wash experiments [6] permit one to infer an unambiguous bound
from lunar laser ranging on the universality of acceleration of gravitational binding
energy at the level of 1:3 � 10�3 (test of the Nordtvedt e�ect { see Sec. 2.2 and
Table 1.)

The best tests of Local Lorentz Invariance are the \mass anisotropy" or \Hughes-
Drever" experiments. A simple way of interpreting these experiments is to suppose
that a non-metric coupling to the electromagnetic interactions results in a change
in the speed of electromagnetic radiation c relative to the limiting speed of material
test particles c0, in other words, c 6= c0. Such a Lorentz-non-invariant electromag-
netic interaction would cause shifts in the energy levels of atoms and nuclei that
depend on the orientation of the quantization axis of the state relative to our ve-
locity in the rest-frame of the universe, and on the quantum numbers of the state,
with sizes proportional to the parameter Æ � j(c0=c)

2 � 1j. Searches for such en-
ergy anisotropies using laser-cooled trapped atom techniques have placed the strong
bound

Æ < 10�21 : (2)

Local Position Invariance, requires, among other things, that the internal bind-
ing energies of atoms be independent of location in space and time, when measured
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against some standard atom. This means that a comparison of the rates of two
di�erent kinds of clocks should be independent of location or epoch, and that the
frequency shift between two identical clocks at di�erent locations is simply a conse-
quence of the apparent Doppler shift between a pair of inertial frames momentarily
comoving with the clocks at the moments of emission and reception respectively.
The relevant parameter is � � @ lnEB=@(U=c

2). The best bounds come from a
1976 rocket redshift experiment using Hydrogen masers, and a 1993 clock intercom-
parison experiment (a \null" redshift experiment). The results are:

�Maser < 2� 10�4 ; �Null < 10�3 : (3)

A related bound on a time-variation of the �ne structure constant comes from
analysis of �ssion yields of the Oklo natural reactor, which occurred in Africa 2
billion years ago, namely ( _�=�)Oklo < 6� 10�17 yr�1.

2.2 Bounds on the post-Newtonian parameters of metric the-

ories

When we con�ne attention to metric theories of gravity, and further focus on the
slow-motion, weak-�eld limit appropriate to the solar system and similar systems,
it turns out that, in a broad class of metric theories, only the numerical values
of a set of parameters vary from theory to theory. This framework, called the
parametrized post-Newtonian (PPN) formalism is a convenient tool for classifying
alternative metric theories of gravity, for interpreting the results of experiments,
and for suggesting new tests of metric gravity. The framework contains ten PPN
parameters: , related to the amount of spatial curvature generated by mass; �,
related to the degree of non-linearity in the gravitational �eld; �, �1, �2, and
�3, which determine whether the theory violates local position invariance or local
Lorentz invariance in gravitational experiments (violations of the Strong Equivalence
Principle); and �1, �2, �3 and �4, which describe whether the theory has appropriate
momentum conservation laws. The parameter , or more precisely, the combination
(1 + )=2, governs the deection of light and the Shapiro time delay in ranging.
The combination (2 + 2 � �)=3 governs the perihelion advance. The combination
4� �  � 3 � 10�=3 � �1 � 2�2=3 � 2�1=3 � �2=3 governs the Nordtvedt e�ect, a
possible violation of WEP induced by gravitational self-energy of massive bodies.
In general relativity,  � 1, � � 1, and the remaining parameters all vanish.

Three decades of experiments, ranging from the standard light-deection and
perihelion-shift tests, to Lunar laser ranging, planetary and satellite tracking, and
geophysical and astronomical observations, have placed bounds on the PPN parame-
ters consistent with general relativity. The results are summarized in
Table 1.

2.3 The binary pulsar

The binary pulsar PSR 1913+16, discovered in 1974, provided important new tests
of general relativity, speci�cally of gravitational radiation and of strong-�eld gravity.
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Table 1: Current Limits on the PPN Parameters

Parameter E�ect Limit Remarks

 � 1 time delay 2� 10�3 Viking ranging
light deection 3� 10�4 VLBI

� � 1 perihelion shift 3� 10�3 J2 = 10�7 from
helioseismology

Nordtvedt e�ect 10�3 � = 4� �  � 3 assumed
� Earth tides 10�3 gravimeter data
�1 orbital polarization 10�4 lunar laser ranging

PSR J2317+1439
�2 solar spin 4� 10�7 alignment of sun

precession and ecliptic

�3 pulsar acceleration 2� 10�20 pulsar _P statistics
�1 Nordtvedt e�ect 10�3 lunar laser ranging
�1 { 2� 10�2 combined PPN bounds

�2 binary motion 4� 10�5 �Pp for PSR 1913+16
�3 Newton's 3rd law 10�8 Lunar acceleration
�4 { { not independent

1Here � = 4� �  � 3� 10�=3� �1 � 2�2=3� 2�1=3� �2=3

Through precise timing of the pulsar \clock", the important orbital parameters
of the system could be measured with exquisite precision. These included non-
relativistic \Keplerian" parameters, such as the eccentricity e, and the orbital period
(at a chosen epoch) Pb, as well as relativistic \post-Keplerian" parameters, such as
the mean advance of periastron, the e�ect of time-dilation and gravitational redshift
on pulses, and the rate of decrease of the orbital period (Table 2). The last e�ect
is a result of gravitational radiation damping (apart from a small correction due
to galactic di�erential rotation). According to GR, all three post-Keplerian e�ects
depend on e and Pb, which are known, and on the two stellar masses which are
unknown. By combining the observations with the GR predictions, one obtains
both a measurement of the two masses, and a test of GR, since the system is
overdetermined. The results are

m1 = 1:4411� 0:0007M� ; m2 = 1:3873� 0:0007M� ;

_PGR

b = _POBS

b = 1:002� 0:003 ; (4)

The results also test the strong-�eld aspects of GR in the following way: the neutron
stars that comprise the system have very strong internal gravity, contributing as
much as several tenths of the rest mass of the bodies (compared to the orbital energy,
which is only 10�6 of the mass of the system). Yet in general relativity, the internal
structure is \e�aced" as a consequence of the Strong Equivalence Principle, and the
orbital motion and gravitational radiation emission depend only on the masses m1
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Table 2: Parameters of the Binary Pulsar PSR 1913+16

Parameter Symbol Value1

Keplerian Parameters

Eccentricity e 0:6171308(4)
Orbital Period Pb (day) 0:322997462736(7)

Post-Keplerian Parameters

Mean rate of periastron advance h _!i (oyr�1) 4:226621(11)
Gravitational redshift/time dilation 0 (ms) 4:295(2)

Orbital period derivative _Pb (10
�12) �2:422(6)

1Numbers in parentheses denote errors in last digit.

and m2. By contrast, in alternative metric theories, SEP is not valid in general,
and internal-structure e�ects can lead to signi�cantly di�erent behavior, such as
the emission of dipole gravitational radiation.

2.4 The return of scalar-tensor gravity

Among all alternative metric theories of gravity, scalar-tensor theories have played
a special role. The most famous such theory was developed and promoted by
Brans and Dicke (building upon earlier versions by Fierz and Jordan). In addition
to the space-time metric g, one postulates a scalar �eld �, which, in a standard
representation, couples only to gravity itself (thereby satisfying automatically the
requirements of EEP and metric gravity). The \strength" of the scalar �eld is
determined by a coupling constant ! such that the larger the value of !, the weaker
the scalar �eld. One of Dicke's original motivations in developing the theory was
to embody Mach's principle in gravity; one consequence is that the gravitational
coupling constant G depends on �, and thereby on the distribution of matter in the
universe. In the large ! limit, Brans-Dicke theory merges smoothly with GR, in that
the di�erences between the two theories in all predictions go as 1=!. Solar-system
experiments place the lower bound ! > 3000, and as a consequence, Brans-Dicke
theory has been generally regarded as all but dead.

However, during the last decade, new versions of scalar-tensor gravity have
emerged, motivated by super-string theory and by some models of inationary cos-
mology, although they were studied in other contexts as early as 1968. In these
theories, ! itself is a function of �. One consequence is that such theories can
agree with experiment in the present universe and in the solar system (when � has
values such that !(�) > 3000), but can be very di�erent from GR in the early
universe, or in strong-�eld regimes. Damour and Nordtvedt [7] pointed out that, in
a broad range of cosmological models with a radiation dominated phase, the scalar
�eld evolves in such a way that !(�) is driven to large values at the present epoch,
independently of its value in the early universe. In a sense, general relativity is a
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cosmological \attractor" for such theories. In the models studied, the present value
of ! ranges from 104 to 107. These values represent interesting, and potentially
reachable goals for future experiments.

2.5 Future experimental tests

There are a number of possibilities for future tests of alternative gravitation theories,
speci�cally of the scalar-tensor variety. (i) High-precision WEP experiments, can
test super-string inspired models of scalar-tensor gravity, in which weak violations
of WEP can occur via non-metric couplings. A proposed NASA-ESA Satellite Test
of the Equivalence Principle (STEP) may reach the level of � < 10�18. In addition,
laboratory tests of the inverse square law of Newtonian gravitation at millimeter
scales and below can search for such additional couplings or for the presence of
large extra dimensions (ii) The NASA Relativity Mission called Gravity Probe-B,
will measure the precession of an array of gyroscopes in Earth orbit. Although its
primary science goal is a one-percent measurement of the gravitomagnetic dragging
of inertial frames caused by the rotation of the Earth, it will also measure the larger
geodetic precession caused by space curvature, and could thus measure  to better
than a part in 104, giving a bound on ! of 104 or higher. Launch of the mission is
scheduled for 2002. (iii) Binary pulsars could yield bounds on scalar-tensor gravity
because of dipole gravitational radiation and strong �eld violations of SEP. The
bound from PSR 1913+16 is only ! > 100 because the near identity of the two
neutron stars suppresses dipole radiation by symmetry. However a suitable system
containing a neutron star and white dwarf could yield bounds as large as 104. (iv)
Primordial nucleosynthesis could be very di�erent in scalar-tensor gravity if ! at
that epoch were suÆciently small. Model-dependent bounds on the present value
of ! � 104 have been reported[8]. (v) Using orbiting optical interferometers to
measure the deection of light at the micro-arcsecond level could bound ! at the
level of 105 or greater.

3 Gravitational-wave tests of gravitation theory

3.1 Polarization of gravitational waves

A laser-interferometric or resonant bar gravitational-wave detector measures the
local components of a symmetric 3� 3 tensor which is composed of the \electric"
components of the Riemann tensor, R0i0j . These six independent components can
be expressed in terms of polarizations (modes with speci�c transformation prop-
erties under null rotations). Three are transverse to the direction of propagation,
with two representing quadrupolar deformations and one representing a monopole
\breathing" deformation. Three modes are longitudinal, with one an axially sym-
metric stretching mode in the propagation direction, and one quadrupolar mode in
each of the two orthogonal planes containing the propagation direction. General
relativity predicts only the �rst two transverse quadrupolar modes, independently
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of the source, while scalar-tensor gravitational waves can in addition contain the
transverse breathing mode. More general metric theories predict up to the full
complement of six modes.[9, 3] A suitable array of gravitational antennas could
delineate or limit the number of modes present in a given wave. The strategy de-
pends on whether or not the source direction is known. In general there are eight
unknowns (six polarizations and two direction cosines), but only six measurables
(R0i0j). If the direction can be established by either association of the waves with
optical or other observations, or by time-of-ight measurements between separated
detectors, then six suitably oriented detectors suÆce to determine all six compo-
nents. If the direction cannot be established, then the system is underdetermined,
and no unique solution can be found. However, if one assumes that only transverse
waves are present, then there are only three unknowns if the source direction is
known, or �ve unknowns otherwise. Then the corresponding number (three or �ve)
of detectors can determine the polarization. If distinct evidence were found of any
mode other than the two transverse quadrupolar modes of GR, the result would
be disastrous for GR. On the other hand, the absence of a breathing mode would
not necessarily rule out scalar-tensor gravity, because the strength of that mode
depends on the nature of the source.

Some of the details of implementing such polarization observations have been
worked out for arrays of resonant cylindrical, disk-shaped, spherical and truncated
icosahedral detectors (TEGP 10.2; for recent reviews see [10, 11]); initial work has
been done to assess whether the ground-based or space-based laser-interferometers
(or combinations of the two types) could perform interesting polarization measure-
ments [12, 13, 14, 15]. Unfortunately for this purpose, the two LIGO observatories
(in Washington and Louisiana states, respectively) have been constructed to have
their respective arms as parallel as possible, apart from the curvature of the Earth;
while this maximizes the joint sensitivity of the two detectors to gravitational waves,
it minimizes their ability to detect two modes of polarization.

3.2 Speed of gravitational waves

According to GR, in the limit in which the wavelength of gravitational waves is
small compared to the radius of curvature of the background spacetime, the waves
propagate along null geodesics of the background spacetime, i.e. they have the
same speed, c, as light. In other theories, the speed could di�er from c because of
coupling of gravitation to \background" gravitational �elds. For example, in the
\Rosen bimetric theory" with a at background metric �, gravitational waves follow
null geodesics of �, while light follows null geodesics of g [3].

Another way in which the speed of gravitational waves could di�er from c is if
gravitation were propagated by a massive �eld (a massive graviton), in which case,
vg would be given by, in a local inertial frame,

v2g

c2
= 1�

m2
gc
4

E2
; (5)
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where mg and E are the graviton rest mass and energy, respectively. An example
of a theory with this property is the two-tensor massive graviton theory of Visser
[16].

The most obvious way to test this is to compare the arrival times of a gravita-
tional wave and an electromagnetic wave from the same event, e.g. a supernova.
For a source at a distance D, the resulting value of the di�erence 1� vg=c is

1�
vg

c
= 5� 10�17

�
200Mpc

D

��
�t

1s

�
; (6)

where �t � �ta � (1 + Z)�te is the \time di�erence", where �ta and �te are the
di�erences in arrival time and emission time, respectively, of the two signals, and Z
is the redshift of the source. In many cases, �te is unknown, so that the best one
can do is employ an upper bound on �te based on observation or modelling. The
result will then be a bound on 1� vg=c.

For a massive graviton, if the frequency of the gravitational waves is such that
hf � mgc

2, where h is Planck's constant, then vg=c � 1 � 1

2
(c=�gf)

2, where
�g = h=mgc is the graviton Compton wavelength, and the bound on 1� vg=c can
be converted to a bound on �g , given by

�g > 3� 1012 km

�
D

200 Mpc

100 Hz

f

�1=2�
1

f�t

�1=2
: (7)

The foregoing discussion assumes that the source emits both gravitational and
electromagnetic radiation in detectable amounts, and that the relative time of emis-
sion can be established to suÆcient accuracy, or can be shown to be suÆciently
small.

However, there is a situation in which a bound on the graviton mass can be set
using gravitational radiation alone[17]. That is the case of the inspiralling compact
binary. Because the frequency of the gravitational radiation sweeps from low fre-
quency at the initial moment of observation to higher frequency at the �nal moment,
the speed of the gravitons emitted will vary, from lower speeds initially to higher
speeds (closer to c) at the end. This will cause a distortion of the observed phasing
of the waves and result in a shorter than expected overall time �ta of passage of
a given number of cycles. Furthermore, through the technique of matched �lter-
ing, the parameters of the compact binary can be measured accurately, [18] and
thereby the emission time �te can be determined accurately. Roughly speaking,
the \phase interval" f�t in Eq. (7) can be measured to an accuracy 1=�, where �
is the signal-to-noise ratio.

Thus we can estimate the bounds on �g achievable for various compact inspiral
systems, and for various detectors. For stellar-mass inspiral (neutron stars or black
holes) observed by the LIGO/VIRGO class of ground-based interferometers, we
have D � 200Mpc, f � 100Hz, and f�t � ��1 � 1=10. The result is �g > 1013km.
For supermassive binary black holes (104 to 107M�) observed by the proposed
laser-interferometer space antenna (LISA), we have D � 3Gpc, f � 10�3Hz, and
f�t � ��1 � 1=1000. The result is �g > 1017 km.
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Table 3: Bounds on �g from gravitational-wave observations of inspiralling compact binaries.

m1(M�) m2(M�) Distance (Mpc) Bound on �g (km)

Ground-based (LIGO/VIRGO)

1.4 1.4 300 4:6� 1012

1.4 10 630 5:4� 1012

10 10 1500 6:0� 1012

Space-based (LISA)

107 107 3000 6:9� 1016

106 106 3000 5:4� 1016

105 105 3000 2:3� 1016

104 104 3000 0:7� 1016

A full noise analysis using proposed noise curves for the advanced LIGO and
for LISA weakens these crude bounds slightly[17]. The results are summarized in
Table 3. These potential bounds can be compared with the solid bound �g >

2:8 � 1012 km, derived from solar system dynamics, which limit the presence of a
Yukawa modi�cation of Newtonian gravity of the form V (r) = (GM=r) exp(�r=�g),
[19] and with the model-dependent bound �g > 6� 1019 km from consideration of
galactic and cluster dynamics [16].

3.3 Gravitational radiation back-reaction

Gravitational radiation back-reaction or damping plays an important role mainly
in the inspiral of compact objects. The equations of motion of inspiral include
the non-radiative, non-linear post-Newtonian corrections of Newtonian motion, as
well as radiation back-reaction and its non-linear post-Newtonian corrections. The
evolution of the orbit is imprinted on the phasing of the inspiral waveform, to which
broad-band laser interferometers are especially sensitive through the use of matched
�ltering of the data against theoretical templates derived from GR[18]. A number of
tests of GR using matched �ltering of binary inspiral have been discussed, including
putting a bound on scalar-tensor gravity [20], measuring the non-linear \tail term"
in gravitational radiation damping [21], and testing the GR \no hair" theorems by
mapping spacetime outside black holes [22, 23].

For example, the dipole gravitational radiation predicted by scalar-tensor the-
ories results in modi�cations in gravitational-radiation back-reaction. The e�ects
are strongest for systems involving a neutron star and a black hole. For example,
for a 1:4 M� neutron star and a 10 M� (3 M�) black hole at 200 Mpc, the bound
on ! could be 600 (1800). The bound increases linearly with signal-to-noise ratio,
although the event rate decreases as the inverse cube of S=N . Double neutron star
systems are less promising because the small range of masses available near 1:4M�

results in suppression of dipole radiation by symmetry. Double black-hole systems
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turn out to be observationally identical in the two theories.
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