arXiv:gr-qc/0504086 v1 19 Apr 2005

CHAPTER 1

WAS EINSTEIN RIGHT? TESTING RELATIVITY AT THE CENTENARY

Clifford M. Will Department of Physics and McDonnell Center for the Space Sciences, Washington University, St. Louis MO 63130 USA E-mail: cmw@wuphys.wustl.edu

We review the experimental evidence for Einstein’s special and general relativity. A variety of high precision null experiments verify the weak equivalence principle and local Lorentz invariance, while gravitational redshift and other clock experiments support local position invariance. Together these results confirm the Einstein Equivalence Principle which underlies the concept that gravitation is synonymous with spacetime geometry, and must be described by a metric theory. Solar system experiments that test the weak-field, post-Newtonian limit of metric theories strongly favor general relativity. The Binary Pulsar provides tests of gravitational-wave damping and of strong-field general relativity. Recently discovered binary pulsar systems may provide additional tests. Future and ongoing experiments, such as the Gravity Probe B Gyroscope Experiment, satellite tests of the Equivalence principle, and tests of gravity at short distance to look for extra spatial dimensions could constrain extensions of general relativity. Laser interferometric gravitational-wave observatories on Earth and in space may provide new tests of gravitational theory via detailed measurements of the properties of gravitational waves.

1. Introduction

When I was a first-term graduate student some 36 years ago, it was said that the field of general relativity is “a theorist’s paradise and an experimentalist’s purgatory”. To be sure, there were some experiments: Irwin Shapiro, then at MIT, had just measured the relativistic retardation of radar waves passing the Sun (an effect that now bears his name), Robert Dicke of Princeton was claiming that the Sun was flattened in an amount that would mess up general relativity’s success with Mercury’s perihelion 1

2 C. M. Will

advance, and Joseph Weber of the University of Maryland was just about to announce (40 years prematurely, as we now know) the detection of gravitational waves. Nevertheless the field was dominated by theory and by theorists. The field circa 1970 seemed to reflect Einstein’s own attitudes: although he was not ignorant of experiment, and indeed had a keen insight into the workings of the physical world, he felt that the bottom line was the theory. As he once famously said, if experiment were to contradict the theory, he would have “felt sorry for the dear Lord”.

Since that time the field has been completely transformed, and today at the centenary of Einstein’s annus mirabilis, experiment is a central, and in some ways dominant component of gravitational physics. I know no better way to illustrate this than to cite the first regular article of the 15 June 2004 issue of Physical Review D: the author list of this “general relativity” paper fills an entire page, and the institution list fills most of another. This was one of the papers reporting results from the first science run of the LIGO laser interferometer gravitational-wave observatories, but it brings to mind papers in high-energy physics, not general relativity! The breadth of current experiments, ranging from tests of classic general relativistic effects such as the light bending and the Shapiro delay, to searches for short-range violations of the inverse-square law, to the operation of a space experiment to measure the relativistic precession of gyroscopes, to the construction and operation of gravitational-wave detectors, attest to the ongoing vigor of experimental gravitation.

Because of its elegance and simplicity, and because of its empirical success, general relativity has become the foundation for our understanding of the gravitational interaction. Yet modern developments in particle theory suggest that it is probably not the entire story, and that modification of the basic theory may be required at some level. String theory generally predicts a proliferation of scalar fields that could result in alterations of general relativity reminiscent of the Brans-Dicke theory of the 1960s. In the presence of extra dimensions, the gravity that we feel on our four-dimensional “brane” of a higher dimensional world could be somewhat different from a pure four-dimensional general relativity. Some of these ideas have motivated the possibility that fundamental constants may actually be dynamical variables, and hence may vary in time or in space. However, any theoretical speculation along these lines must abide by the best current empirical bounds. Decades of high-precision tests of general relativity have produced some very tight constraints. In this article I will review the experimental situation, and assess how well, after 100 years, Einstein got it right.

Was Einstein Right? 3

We begin in Sec. 2 with the “Einstein equivalence principle”, which underlies the idea that gravity and curved spacetime are synonymous, and describe its empirical support. Section 3 describes solar system tests of gravity in terms of experimental bounds on a set of “parametrized post-Newtonian” (PPN) parameters. In Section 4 we discuss tests of general relativity using binary pulsar systems. Section 5 describes tests of gravitational theory that could be carried out using future observations of gravitational radiation. Concluding remarks are made in Section 6. For further discussion of topics in this chapter, and for references to the literature, the reader is referred to Theory and Experiment in Gravitational Physics1 and to the “living” review articles2^,3^,4.

2. The Einstein Equivalence Principle

The Einstein equivalence principle (EEP) is a powerful and far-reaching principle, which states that

• test bodies fall with the same acceleration independently of their internal structure or composition (Weak Equivalence Principle, or WEP), • 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 Invariance, or LLI), and • 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. In this sense, superstring theory is not metric, because of residual coupling of external, gravitation-like fields, to matter. Such external fields could be characterized as fields that do not vanish in the vacuum state (in contrast, say, to electromagnetic fields). Theories in which varying non-gravitational constants are associated with

4 C. M. Will

dynamical fields that couple to matter directly are also not metric theories.

2.1. Tests of the weak equivalence principle

To test the weak equivalence principle, one compares the acceleration of two laboratory-sized bodies of different composition in an external gravitational field. A measurement or limit on the fractional difference in acceleration between two bodies yields a quantity η ≡ 2|a_1 − a_2|/|a_1 + a_2|, called the “Eötvös ratio”, named in honor of Baron von Eötvös, the Hungarian physicist whose experiments carried out with torsion balances at the end of the 19th century were the first high-precision tests of WEP5. Later classic experiments by Dicke and Braginsky6^,7 improved the bounds by several orders of magnitude. Additional experiments were carried out during the 1980s as part of a search for a putative “fifth force”, that was motivated in part by a reanalysis of Eötvös’ original data (the range of bounds achieved during that period is shown schematically in the region labeled “fifth force” in Figure 1).

In a torsion balance, two bodies of different composition are suspended at the ends of a rod that is supported by a fine wire or fibre. One then looks for a difference in the horizontal accelerations of the two bodies as revealed by a slight rotation of the rod. The source of the horizontal gravitational force could be the Sun, a large mass in or near the laboratory, or, as Eötvös recognized, the Earth itself.

The best limit on η currently comes from the “Eöt-Wash” experiments carried out at the University of Washington, which used a sophisticated torsion balance tray to compare the accelerations of bodies of different composition toward the Earth, the Sun and the galaxy8. Another strong bound comes from Lunar laser ranging (LLR), which checks the equality of free fall of the Earth and Moon toward the Sun9. The results from laboratory and LLR experiments are:

η_{Eöt−Wash} < 4 × 10^{−13} , η_{LLR} < 5 × 10^{−13} . (1)

In fact, by using laboratory materials whose composition mimics that of the Earth and Moon, the Eöt-Wash experiments8 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 effect – see Sec. 3.2 and Table 1.)

In the future, the Apache Point Observatory for Lunar Laser-ranging Operation (APOLLO) project, a joint effort by researchers from the Universities of Washington, Seattle, and California, San Diego, plans to use en-

Was Einstein Right? 5

Fig. 1. Selected tests of the Weak Equivalence Principle, showing bounds on the fractional difference in acceleration of different materials or bodies. “Free-fall” and Eöt-Wash experiments, along with numerous others between 1986 and 1990, were originally performed to search for a fifth force. Blue line and shading shows evolving bounds on WEP for the Earth and the Moon from Lunar laser ranging (LLR).

hanced laser and telescope technology, together with a good, high-altitude site in New Mexico, to improve the Lunar laser-ranging bound by as much as an order of magnitude10.

High-precision WEP experiments, can test superstring inspired models of scalar-tensor gravity, or theories with varying fundamental constants in which weak violations of WEP can occur via non-metric couplings. The project MICROSCOPE, designed to test WEP to a part in 10^{15} has been approved by the French space agency CNES for a possible 2008 launch. A

6 C. M. Will

proposed NASA-ESA Satellite Test of the Equivalence Principle (STEP) seeks to reach the level of η < 10^{−18}. These experiments will compare the acceleration of different materials moving in free-fall orbits around the Earth inside a drag-compensated spacecraft. Doing these experiments in space means that the bodies are in perpetual fall, whereas Earth-based freefall experiments (such as the 1987 test done at the University of Colorado11 indicated in Figure 1), are over in seconds, which leads to significant measurement errors.

Many of the high-precision, low-noise methods that were developed for tests of WEP have been adapted to laboratory tests of the inverse square law of Newtonian gravitation at millimeter scales and below. The goal of these experiments is to search for additional couplings to massive particles or for the presence of large extra dimensions. The challenge of these experiments is to distinguish gravitation-like interactions from electromagnetic and quantum mechanical (Casimir) effects. No deviations from the inverse square law have been found to date at distances between 10 μm and 10 mm12^,13^,14^,15^,16.

2.2. Tests of local Lorentz invariance

Although special relativity itself never benefited from the kind of “crucial” experiments, such as the perihelion advance of Mercury and the deflection of light, that contributed so much to the initial acceptance of general relativity and to the fame of Einstein, the steady accumulation of experimental support, together with the successful merger of special relativity with quantum mechanics, led to its being accepted by mainstream physicists by the late 1920s, ultimately to become part of the standard toolkit of every working physicist. This accumulation included

• the classic Michelson-Morley experiment and its descendents17^,18^,19^,20, • the Ives-Stillwell, Rossi-Hall and other tests of time-dilation21^,22^,23, • tests of the independence of the speed of light of the velocity of the source, using both binary X-ray stellar sources and high-energy pions24^,25, • tests of the isotropy of the speed of light26^,27^,28

In addition to these direct experiments, there was the Dirac equation of quantum mechanics and its prediction of anti-particles and spin; later

Was Einstein Right? 7

would come the stunningly successful relativistic theory of quantum electrodynamics.

On this 100th anniversary of the introduction of special relativity, one might ask “what is there to test?”. Special relativity has been so thoroughly integrated into the fabric of modern physics that its validity is rarely challenged, except by cranks and crackpots. It is ironic then, that during the past several years, a vigorous theoretical and experimental effort has been launched, on an international scale, to find violations of special relativity. The motivation for this effort is not a desire to repudiate Einstein, but to look for evidence of new physics “beyond” Einstein, such as apparent violations of Lorentz invariance that might result from certain models of quantum gravity. Quantum gravity asserts that there is a fundamental length scale given by the Planck length, L_p = (ℏG/c^3)^{1/2} = 1.6 × 10^{−33} cm, but since length is not an invariant quantity (Lorentz-FitzGerald contraction), then there could be a violation of Lorentz invariance at some level in quantum gravity. In brane world scenarios, while physics may be locally Lorentz invariant in the higher dimensional world, the confinement of the interactions of normal physics to our four-dimensional “brane” could induce apparent Lorentz violating effects. And in models such as string theory, the presence of additional scalar, vector and tensor long-range fields that couple to matter of the standard model could induce effective violations of Lorentz symmetry. These and other ideas have motivated a serious reconsideration of how to test Lorentz invariance with better precision and in new ways.

A simple way of interpreting some of 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 c_0, in other words, c ≠ c_0. In units where c_0 = 1, this would result in an action for charged particles and electromagnetic fields given, in a preferred reference frame (presumably that of the cosmic background radiation), by I = − ∑ a m_{0a} ∫ (1 − v^2_a)^{1/2}dt + ∑ a e_a ∫ (−Φ + A · v_a)dt + 1 8π ∫ (E^2 − c^2B^2)d^3xdt , (2)

where Φ = −A_0, E = −∇Φ − Ȧ, and B = ∇ × A. This is sometimes called the “c^2” framework29^,30; it is a special case of the “T Hϵμ” framework of Lightman and Lee31 for analysing non-metric theories of gravity, and of the “standard model extension” (SME) of Kostalecky and coworkers32^,33^,34.

8 C. M. Will

Such a Lorentz-non-invariant electromagnetic 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 velocity in the restframe of the universe, and on the quantum numbers of the state, resulting in orientation dependence of the fundamental frequencies of such atomic clocks. The magnitude of these “clock anisotropies” would be proportional to δ ≡ |c^{−2} − 1|. The earliest clock anisotropy experiments were those of Hughes and Drever, although their original motivation was somewhat different35^,36. Dramatic improvements were made in the 1980s using laser-cooled trapped atoms and ions37^,38^,39. This technique made it possible to reduce the broading of resonance lines caused by collisions, leading to improved bounds on δ shown in Figure 2 (experiments labelled NIST, U. Washington and Harvard, respectively).

The SME and other frameworks40 have been used to analyse many new experimental tests of local Lorentz invariance, including comparisons of resonant cavities with atomic clocks, and tests of dispersion and birefringence in the propagation of high energy photons from astrophysical sources. Other testable effects of Lorentz invariance violation include threshold effects in particle reactions, gravitational Cerenkov radiation, and neutrino oscillations. Mattingly4 gives a thorough and up-to-date review of both the theoretical frameworks and the experimental results.

2.3. Tests of local position invariance

Local position invariance, requires, among other things, that the internal binding energies of atoms be independent of location in space and time, when measured against some standard atom. This means that a comparison of the rates of two different kinds of clocks should be independent of location or epoch, and that the frequency shift of a signal sent between two identical clocks at different locations is simply a consequence 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 in the frequency shift expression Δf/f = (1+α)ΔU/c^2, is α ≡ ∂ ln E_B /∂(U/c^2), where E_B is the atomic or nuclear binding energy, and U is the external gravitational potential. If LPI is valid, the binding energy should be independent of the external potential, and hence α = 0. The best bounds come from a 1976 rocket redshift experiment using Hydrogen masers, and a 1993 clock intercomparison experiment (a “null” redshift

Was Einstein Right? 9

Fig. 2. Selected tests of local Lorentz invariance, showing bounds on the parameter δ = c^{−2} − 1, where c is the speed of propagation of electromagnetic waves in a preferred reference frame, in units in which the limiting speed of test particles is unity.

experiment)41^,42^,43. The results are:

α_{Maser} < 2 × 10^{−4} , α_{Null} < 10^{−4} . (3)

Recent “clock comparison” tests of LPI were designed to look for possible variations of the fine structure constant on a cosmological timescale. An experiment done at the National Institute of Standards and Technology (NIST) in Boulder compared laser-cooled mercury ions with neutral cesium atoms over a two-year period, while an experiment done at the Observatory of Paris compared laser-cooled cesium and rubidium atomic fountains over five years; the results showed that the fine structure constant α is constant in time to a part in 10^{15} per year44^,45. Plans are being developed to perform such clock comparisons in space, possibly on the International Space Station.

10 C. M. Will

A better bound on dα/dt comes from analysis of fission yields of the Oklo natural reactor, which occurred in Africa 2 billion years ago, namely (α̇/α)_{Oklo} < 6×10^{−17} yr^{−1}46. These and other bounds on variations of constants, including reports (later disputed) of positive evidence for variations from quasar spectra, are discussed by Martins and others in Ref.47.

3. Solar-system tests

3.1. The parametrized post-Newtonian framework

It was once customary to discuss experimental tests of general relativity in terms of the “three classical tests”, the gravitational redshift, which is really a test of the EEP, not of general relativity itself (see Sec. 2.3); the perihelion advance of Mercury, the first success of the theory; and the deflection of light, whose measurement in 1919 made Einstein a celebrity. However, the proliferation of additional tests as well as of well-motivated alternative metric theories of gravity, made it desirable to develop a more general theoretical framework for analysing both experiments and theories.

This “parametrized post-Newtonian (PPN) framework” dates back to Eddington in 1922, but was fully developed by Nordtvedt and Will in the period 1968 - 72. When we confine attention to metric theories of gravity, and further focus on the slow-motion, weak-field 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. The framework contains ten PPN parameters: γ, related to the amount of spatial curvature generated by mass; β, related to the degree of non-linearity in the gravitational field; ξ, α_1, α_2, and α_3, which determine whether the theory violates local position invariance or local Lorentz invariance in gravitational experiments (violations of the Strong Equivalence Principle); and ζ_1, ζ_2, ζ_3 and ζ_4, which describe whether the theory has appropriate momentum conservation laws. For a complete exposition of the PPN framework see Ref. 1.

A number of well-known relativistic effects can be expressed in terms of these PPN parameters: Deflection of light:

Δθ = ( 1 + γ 2 ) 4GM dc^2 = ( 1 + γ 2 ) × 1.7505 R_⊙ d arcsec , (4)

Was Einstein Right? 11

where d is the distance of closest approach of a ray of light to a body of mass M , and where the second line is the deflection by the Sun, with radius R_⊙.

Shapiro time delay:

Δt = ( 1 + γ 2 ) 4GM c^3 ln [ (r_1 + x_1 · n)(r_2 − x_2 · n)

d^2 ] , (5)

where Δt is the excess travel time of a round-trip electromagnetic tracking signal, x_1 and x_2 are the locations relative to the body of mass M of the emitter and receiver of the round-trip radar tracking signal (r_1 and r_2 are the respective distances) and n is the direction of the outgoing tracking signal.

Perihelion advance: dω dt = ( 2 + 2γ − β 3 ) GM P a(1 − e^2)c^2 = ( 2 + 2γ − β 3 ) × 42.98 arcsec/100 yr , (6)

where P , a, and e are the period, semi-major axis and eccentricity of the planet’s orbit; the second line is the value for Mercury. Nordtvedt effect: m_G − m_I m_I = ( 4β − γ − 3 − 10 3 ξ − α_1 − 2 3 α_2 − 2 3 ζ_1 − 1 3 ζ_2 ) |E_g| m_I c^2

, (7)

where m_G and m_I are the gravitational and inertial masses of a body such as the Earth or Moon, and E_g is its gravitational binding energy. A non-zero Nordtvedt effect would cause the Earth and Moon to fall with a different acceleration toward the Sun. Precession of a gyroscope:

Ω_{F D} = − 1 2 ( 1 + γ + α_1 4 ) G r^3c^2

(J − 3n n · J) , = 1 2 ( 1 + γ + α_1 4 ) × 0.041 arcsec yr^{−1} , Ω_{Geo} = − 1 2 (1 + 2γ)v × Gmn r^2c^2 . = 1 3 (1 + 2γ) × 6.6 arcsec yr^{−1} , (8)

where Ω_{F D} and Ω_{Geo} are the precession angular velocities caused by the dragging of inertial frames (Lense-Thirring effect) and by the geodetic effect, a combination of Thomas precession and precession induced by spatial

12 C. M. Will

curvature; J is the angular momentum of the Earth, and v, n and r are the velocity, direction, and distance of the gyroscope. The second line in each case is the corresponding value for a gyroscope in polar Earth orbit at about 650 km altitude (Gravity Probe B, Sec. 3.3).

In general relativity, γ = 1, β = 1, and the remaining parameters all vanish.

3.2. Bounds on the PPN parameters

Four decades of experiments, ranging from the standard light-deflection and perihelion-shift tests, to Lunar laser ranging, planetary and satellite tracking tests of the Shapiro time delay, and geophysical and astronomical observations, have placed bounds on the PPN parameters that are consistent with general relativity. The current bounds are summarized in Table 1. To illustrate the dramatic progress of experimental gravity since the dawn of Einstein’s theory, Figure 3 shows a history of results for (1 + γ)/2, from the 1919 solar eclipse measurements of Eddington and his colleagues (which made Einstein a public celebrity), to modern-day measurements using very-long-baseline radio interferometry (VLBI), advanced radar tracking of spacecraft, and orbiting astrometric satellites such as Hipparcos. The most recent results include a measurement of the Shapiro delay using the Cassini spacecraft48, and a measurement of the bending of light via anal-

Table 1. Current Limits on the PPN Parameters

Parameter Effect Limit Remarks γ − 1 (i) time delay 2.3 × 10^{−5} Cassini tracking (ii) light deflection 3 × 10^{−4} VLBI β − 1 (i) perihelion shift 3 × 10^{−3} J_2 = 10^{−7} from helioseismology (ii) Nordtvedt effect 5 × 10^{−4} η = 4β − γ − 3 assumed ξ Earth tides 10^{−3} gravimeter data α_1 orbital polarization 10^{−4} Lunar laser ranging PSR J2317+1439 α_2 solar spin 4 × 10^{−7} alignment of Sun precession and ecliptic α_3 pulsar acceleration 2 × 10^{−20} pulsar Ṗ statistics η^1 Nordtvedt effect 10^{−3} Lunar laser ranging ζ_1 – 2 × 10^{−2} combined PPN bounds ζ_2 binary motion 4 × 10^{−5} P̈_p for PSR 1913+16 ζ_3 Newton’s 3rd law 10^{−8} Lunar acceleration ζ_4 – – not independent

1Here η = 4β − γ − 3 − 10ξ/3 − α_1 − 2α_2/3 − 2ζ_1/3 − ζ_2/3

Was Einstein Right? 13

ysis of VLBI data on 541 quasars and compact radio galaxies distributed over the entire sky49.

The perihelion advance of Mercury, the first of Einstein’s successes, is now known to agree with observation to a few parts in 10^3. Although there was controversy during the 1960s about this test because of Dicke’s claims of an excess solar oblateness, which would result in an unacceptably large Newtonian contribution to the perihelion advance, it is now known from helioseismology that the oblateness is of the order of a few parts in 10^7, as expected from standard solar models, and too small to affect Mercury’s orbit, within the experimental error.

Scalar-tensor theories of gravity are characterized by a coupling function ω(ϕ) whose size is inversely related to the “strength” of the scalar field relative to the metric. In the solar system, the parameter |γ−1|, for example is equal to 1/(2 + ω(ϕ_0)), where ϕ_0 is the value of the scalar field today outside the solar system. Solar-system experiments (primarily the Cassini results48) constrain ω(ϕ_0) > 40000.

Proposals are being developed for advanced space missions which will have tests of PPN parameters as key components, including GAIA, a highprecision astrometric telescope (successor to Hipparcos), which could measure light-deflection and γ to the 10^{−6} level50, and the Laser Astrometric Test of Relativity (LATOR), a mission involving laser ranging to a pair of satellites on the far side of the Sun, which could measure γ to a part in 10^8, and could possibly detect second-order effects in light propagation51.

3.3. Gravity Probe B

The NASA Relativity Mission called Gravity Probe-B recently completed its mission to measure the Lense-Thirring and geodetic precessions of gyroscopes in Earth orbit52. Launched on April 20, 2004 for a 16-month mission, it consisted of four spherical fused quartz rotors coated with a thin layer of superconducting niobium, spinning at 70 - 100 Hz, in a spacecraft containing a telescope continuously pointed toward a distant guide star (IM Pegasi). Superconducting current loops encircling each rotor measure the change in direction of the rotors by detecting the change in magnetic flux through the loop generated by the London magnetic moment of the spinning superconducting film. The spacecraft is in a polar orbit at 650 km altitude. The proper motion of the guide star relative to the distant quasars is being measured using VLBI. The primary science goal of GPB is a one-percent measurement of the 41 milliarcsecond per year frame dragging or Lense-

14 C. M. Will

Fig. 3. Measurements of the coefficient (1 + γ)/2 from observations of the deflection of light and of the Shapiro delay in propagation of radio signals near the Sun. The general relativity prediction is unity. “Optical” denotes measurements of stellar deflection made during solar eclipes, “Radio” denotes interferometric measurements of radio-wave deflection, and “VLBI” denotes Very Long Baseline Radio Interferometry. “Hipparcos” denotes the European optical astrometry satellite. Arrows denote values well off the chart from one of the 1919 eclipse expeditions and from others through 1947. Shapiro delay measurements using the Cassini spacecraft on its way to Saturn yielded tests at the 0.001 percent level, and light deflection measurements using VLBI have reached 0.02 percent.

Was Einstein Right? 15

Thirring effect caused by the rotation of the Earth; its secondary goal is to measure to six parts in 10^5 the larger 6.6 arcsecond per year geodetic precession caused by space curvature [Eq. (8)].

4. The binary pulsar

The binary pulsar PSR 1913+16, discovered in 1974 by Joseph Taylor and Russell Hulse, provided important new tests of general relativity, specifically of gravitational radiation and of strong-field gravity. 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) P_b, as well as a set of relativistic “post-Keplerian” parameters. The first PK parameter, ⟨ω̇⟩, is the mean rate of advance of periastron, the analogue of Mercury’s perihelion shift. The second, denoted γ^′ is the effect of special relativistic time-dilation and the gravitational redshift on the observed phase or arrival time of pulses, resulting from the pulsar’s orbital motion and the gravitational potential of its companion. The third, Ṗ_b, is the rate of decrease of the orbital period; this is taken to be the result of gravitational radiation damping (apart from a small correction due to galactic differential rotation). Two other parameters, s and r, are related to the Shapiro time delay of the pulsar signal if the orbital inclination is such that the signal passes in the vicinity of the companion; s is a direct measure of the orbital inclination sin i. According to GR, the first three post-Keplerian effects depend only on e and P_b, which are known, and on the two stellar masses which are unknown. By combining the observations of PSR 1913+16 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 are53

m_1 = 1.4414 ± 0.0002M_⊙ , m_2 = 1.3867 ± 0.0002M_⊙ , Ṗ^{GR}_b /Ṗ^{OBS}_b = 1.0013 ± 0.0021 . (9)

The results also test the strong-field 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 “effaced” as a consequence of the Strong Equivalence Principle (SEP), a stronger version of EEP that includes gravitationally bound bodies and local gravitational

16 C. M. Will

Table 2. Parameters of the Binary Pulsar PSR 1913+16

Parameter Symbol Value^1 in Value^1 in PSR1913+16 J0737-3039 Keplerian Parameters Eccentricity e 0.6171338(4) 0.087779(5) Orbital Period P_b (day) 0.322997448930(4) 0.1022525563(1) Post-Keplerian Parameters Periastron ⟨ω̇⟩ (^oyr^{−1}) 4.226595(5) 16.90(1) advance Redshift/time γ^′ (ms) 4.2919(8) 0.38(5) dilation Orbital period Ṗ_b (10^{−12}) −2.4184(9)

derivative Shapiro delay s 0.9995(−32,+4) (sin i)

1 Numbers in parentheses denote errors in last digit.

experiments. As a result, the orbital motion and gravitational radiation emission depend only on the masses m_1 and m_2, and not on their internal structure. By contrast, in alternative metric theories, SEP is not valid in general, and internal-structure effects can lead to significantly different behavior, such as the emission of dipole gravitational radiation. Unfortunately, in the case of scalar-tensor theories of gravity, because the neutron stars are so similar in PSR 1913+16 (and in other double-neutron star binary pulsar systems), dipole radiation is suppressed by symmetry; the best bound on the coupling parameter ω(ϕ_0) from PSR 1913+16 is in the hundreds.

However, the recent discovery of the relativistic neutron star/white dwarf binary pulsar J1141-6545, with a 0.19 day orbital period, may ultimately lead to a very strong bound on dipole radiation, and thence on scalar-tensor gravity54^,55. The remarkable “double pulsar” J0737-3039 is a binary system with two detected pulsars, in a 0.10 day orbit seen almost edge on, with eccentricity e = 0.09, and a periastron advance of 17^o per year. A variety of novel tests of relativity, neutron star structure, and pulsar magnetospheric physics will be possible in this system56^,57. For a review of binary pulsar tests, see3.

5. Gravitational-wave tests of gravitation theory

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 astronomy58^,59. Furthermore, it will yield new and interesting tests of general relativity (GR) in its radiative regime60.

Was Einstein Right? 17

5.1. 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, R_{0i0j}. These six independent components can be expressed in terms of polarizations (modes with specific transformation properties under null rotations). Three are transverse to the direction of propagation, with two representing quadrupolar deformations and one representing an axisymmetric “breathing” deformation. Three modes are longitudinal, with one an axially symmetric 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 first two transverse quadrupolar modes, independently 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. A suitable array of gravitational antennas could delineate or limit the number of modes present in a given wave. 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.

5.2. 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 differ from c because of coupling of gravitation to “background” gravitational fields. For example, in some theories with a flat background metric η, gravitational waves follow null geodesics of η, while light follows null geodesics of g1. In brane-world scenarios, the apparent speed of gravitational waves could differ from that of light if the former can propagate off the brane into the higher dimensional “bulk”. Another way in which the speed of gravitational waves could differ from c is if gravitation were propagated by a massive field (a massive graviton), in which case v_g would be given by, in

18 C. M. Will

a local inertial frame, v_g c = ( 1 − m^2_g c^4 E^2 )_{1/2} ≈ 1 − 1 2 c^2 f^2λ^2_g

, (10)

where m_g , E and f are the graviton rest mass, energy and frequency, respectively, and λ_g = h/m_gc is the graviton Compton wavelength (λ_g ≫ c/f assumed). An example of a theory with this property is the two-tensor massive graviton theory of Visser61.

The most obvious way to test for a massive graviton is to compare the arrival times of a gravitational wave and an electromagnetic wave from the same event, e.g. a supernova. For a source at a distance D, the resulting bound on the difference |1 − v_g/c| or on λ_g is |1 − v_g c | < 5 × 10^{−17} ( 200 Mpc D ) ( Δt 1 s ) , (11)

λ_g > 3 × 10^{12} km ( D 200 Mpc

100 Hz f )_{1/2} ( 1 fΔt )_{1/2} , (12)

where Δt ≡ Δt_a − (1 + Z)Δt_e is the “time difference”, where Δt_a and Δt_e are the differences in arrival time and emission time, respectively, of the two signals, and Z is the redshift of the source. In many cases, Δt_e is unknown, so that the best one can do is employ an upper bound on Δt_e based on observation or modelling.

However, there is a situation in which a bound on the graviton mass can be set using gravitational radiation alone62. That is the case of the inspiralling compact binary, the final stage of evolution of systems like the binary pulsar, in which the loss of energy to gravitational waves has brought the binary to an inexorable spiral toward a final merger. Because the frequency of the gravitational radiation sweeps from low frequency at the initial moment of observation to higher frequency at the final moment, the speed of the gravitational waves 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 Δt_a of passage of a given number of cycles. Furthermore, through the technique of matched filtering, the parameters of the compact binary can be measured accurately63, and thereby the effective emission time Δt_e can be determined accurately.

A full noise analysis using proposed noise curves for the advanced LIGO ground-based detectors, and for the proposed space-based LISA antenna yields potentially achievable bounds that are summarized in Ta-

Was Einstein Right? 19

Table 3. Potentially achievable bounds on λ_g from gravitational-wave observations of inspiralling compact binaries.

m_1(M_⊙) m_2(M_⊙) Distance (Mpc) Bound on λ_g (km) Ground-based (LIGO/VIRGO)

1.4 1.4 300 4.6 × 10^{12} 10 10 1500 6.0 × 10^{12} Space-based (LISA)

10^7 10^7 3000 6.9 × 10^{16} 10^5 10^5 3000 2.3 × 10^{16}

ble 3. These potential bounds can be compared with the solid bound λ_g > 2.8 × 10^{12} km, derived from solar system dynamics, which limit the presence of a Yukawa modification of Newtonian gravity of the form V (r) = (GM/r) exp(−r/λ_g)64, and with the model-dependent bound λ_g > 6 × 10^{19} km from consideration of galactic and cluster dynamics61.

5.3. Tests of Scalar-Tensor Gravity

Scalar-tensor theories generically predict dipole gravitational radiation, in addition to the standard quadrupole radiation, which results in modifications in gravitational-radiation back-reaction, and hence in the evolution of the phasing of gravitational waves from inspiralling sources. The effects are strongest for systems involving a neutron star and a black hole. Double neutron star systems are less promising because the small range of masses near 1.4 M_⊙ with which they seem to occur results in suppression of dipole radiation by symmetry. Double black-hole systems turn out to be observationally identical in the two theories, because black holes by themselves cannot support scalar “hair” of the kind present in these theories. Dipole radiation will be present in black-hole neutron-star systems, however, and could be detected or bounded via matched filtering65.

Interesting bounds could be obtained using observations of lowfrequency gravitational waves by a space-based LISA-type detector. For example, observations of a 1.4M_⊙ NS inspiralling to a 10^3M_⊙ BH with a signal-to-noise ratio of 10 could yield a bound on ω between 2.1 × 10^4 and 2.1 × 10^5, depending on whether spins play a significant role in the inspiral66^,67^,68.

6. Conclusions

Einstein’s relativistic triumph of 1905 and its follow-up in 1915 altered the course of science. They were triumphs of the imagination and of the-

20 C. M. Will

ory; experiment played a secondary role. In the past four decades, we have witnessed a second triumph for Einstein, in the systematic, high-precision experimental verification of his theories. Relativity has passed every test with flying colors. But the work is not done. Tests of strong-field gravity in the vicinity of black holes and neutron stars need to be carried out. Gammay-ray, X-ray and gravitational-wave astronomy will play a critical role in probing this largely unexplored aspect of general relativity.

General relativity is now the “standard model” of gravity. But as in particle physics, there may be a world beyond the standard model. Quantum gravity, strings and branes may lead to testable effects beyond standard general relativity. Experimentalists will continue a vigorous search for such effects using laboratory experiments, particle accelerators, space instrumentation and cosmological observations. At the centenary of relativity it could well be said that experimentalists have joined the theorists in relativistic paradise.

This work was supported in part by the US National Science Foundation, Grant No. PHY 03-53180.

References 1. C. M. Will, Theory and Experiment in Gravitational Physics, (Cambridge University Press, Cambridge, 1993).

2. C. M. Will, Living Rev. Relativ. 4, 4 (2001) [Online article]: cited on 1 April 2005, http://www.livingreviews.org/lrr-2001-4.

3. I. H. Stairs Living Rev. Relativ. 6 5 (2003) [On-line article] Cited on 1 April 2005, http://www.livingreviews.org/lrr-2003-5 4. D. Mattingly, Living Rev. Relativ. (submitted) (gr-qc/0502097). 5. R. V. Eötvös, V. Pekár and E. Fekete, Ann. d. Physik 68, 11 (1922). 6. P. G. Roll, R. Krotkov and R. H. Dicke, Ann. Phys. (N.Y.) 26, 442 (1964). 7. V. B. Braginsky and V. I. Panov, Sov. Phys. JETP 34, 463 (1972). 8. S. Baessler, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, U. Schmidt and H. E. Swanson, Phys. Rev. Lett. 83, 3585 (1999).

9. J. G. Williams, X. X. Newhall and J. O. Dickey, Phys. Rev. D 53, 6730 (1996).

10. J. G. Williams, S. Turyshev and T. W. Murphy, Int. J. Mod. Phys. D 13, 567 (2004).

11. T. M. Niebauer, M. P. McHugh, and J. E. Faller, Phys. Rev. Lett. 59, 609 (1987).

12. J. C. Long, H. W. Chan and J. C. Price, Nucl. Phys. B 539, 23 (1999). 13. C. D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, D. J. Kapner and H. E. Swanson, Phys. Rev. Lett. 86, 1418 (2001).

Was Einstein Right? 21

14. C. D. Hoyle, D. J. Kapner, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, U. Schmidt, and H. E. Swanson, Phys. Rev. D 70, 042004 (2004).

15. J. Chiaverini, S. J. Smullin, A. A. Geraci, D. M. Weld, A. Kapitulnik, Phys.

Rev. Lett. 90, 151101 (2003).

16. J. C. Long, H. W. Chan, A. B. Churnside, E. A. Gulbis, M. C. M. Varney and J. C. Price, Nature 421, 922 (2003).

17. A. A. Michelson and E. W. Morley, Am. J. Sci. 134, 333 (1887). 18. R. S. Shankland, S. W. McCuskey, F. C. Leone and G. Kuerti, Rev. Mod.

Phys. 27, 167 (1955).

19. T. S. Jaseja, A. Javan, J. Murray and C. H. Townes, Phys. Rev. 133, A1221 (1964).

20. A. Brillet and J. L. Hall, Phys. Rev. Lett. 42, 549 (1979). 21. H. E. Ives and G. R. Stilwell, J. Opt. Soc. Am. 28, 215 (1938). 22. B. Rossi and D. B. Hall, Phys. Rev. 59, 223 (1941).

23. F. J. M. Farley, J. Bailey, R. C. A. Brown, M. Giesch, H. Jöstlein, S. van der Meer, E. Picasso and M. Tannenbaum, Nuovo Cimento 45, 281 (1966).

24. K. Brecher, Phys. Rev. Lett. 39, 1051 (1977).

25. T. Alväger, F. J. M. Farley, J. Kjellman and I. Wallin, Phys. Lett. 12, 260 (1977).

26. D. C. Champeney, G. R. Isaak and A. M. Khan, Phys. Lett. 7, 241 (1963). 27. E. Riis, L.-U. A. Anderson, N. Bjerre, O. Poulson, S. A. Lee and J. L. Hall, Phys. Rev. Lett. 60, 81 (1988); ibid 62, 842 (1989).

28. T. P. Krisher, L. Maleki, G. F. Lutes, L. E. Primas, R. T. Logan, J. D.

Anderson and C. M. Will, Phys. Rev. D 42, 731 (1990). 29. M. P. Haugan and C. M. Will, Phys. Today 40, 69 (May) (1987). 30. M. D. Gabriel and M. P. Haugan, Phys. Rev. D 41, 2943 (1990). 31. A. P. Lightman and D. L. Lee, Phys. Rev. D 8, 364 (1973). 32. D. Colladay and V. A. Kostalecky, Phys. Rev. D 55, 6760 (1997). 33. D. Colladay and V. A. Kostalecky, Phys. Rev. D 58, 116002 (1998). 34. V. A. Kostalecky and M. Mewes, Phys. Rev. D 66, 056005 (2002). 35. V. W. Hughes, H. G. Robinson and V. Beltran-Lopez, Phys. Rev. Lett. 4, 342 (1960).

36. R. W. P. Drever, Phil. Mag. 6, 683 (1961).

37. J. D. Prestage, J. J. Bollinger, W. M. Itano and D. J. Wineland, Phys. Rev.

Lett. 54, 2387 (1985).

38. S. K. Lamoreaux, J. P. Jacobs, B. R. Heckel, F. J. Raab and E. N. Fortson, Phys. Rev. Lett. 57, 3125 (1986).

39. T. E. Chupp, R. J. Hoare, R. A. Loveman, E. R. Oteiza, J. M. Richardson, M. E. Wagshul and A. K. Thompson, Phys. Rev. Lett. 63, 1541 (1989).

40. T. Jacobson, S. Liberati, and D. Mattingly, Phys. Rev. D 67, 124011 (2003). 41. R. F. C. Vessot, M. W. Levine, E. M. Mattison, E. L. Blomberg, T. E.

Hoffman, G. U. Nystrom, B. F. Farrell, R. Decher, P. B. Eby, C. R. Baugher, J. W. Watts, D. L. Teuber and F. O. Wills, Phys. Rev. Lett. 45, 2081 (1980).

42. A. Godone, C. Novero, P. Tavella, and K. Rahimullah, Phys. Rev. Lett. 71, 2364 (1993).

43. J. D. Prestage, R. L. Tjoelker, and L. Maleki, Phys. Rev. Lett. 74, 3511

22 C. M. Will

(1995).

44. H. Marion, F. Pereira Dos Santos, M. Abgrall, S. Zhang, Y. Sortais, S.

Bize, I. Maksimovic, D. Calonico, J. Grünert, C. Mandache, P. Lemonde, G. Santarelli, Ph. Laurent, A. Clairon and C. Salomon, Phys. Rev. Lett. 90, 150801 (2003).

45. S. Bize, S. A. Diddams, U. Tanaka, C. E. Tanner, W. H. Oskay, R. E.

Drullinger, T. E. Parker, T. P. Heavner, S. R. Jefferts, L. Hollberg, W. M. Itano, and J. C. Bergquist, Phys. Rev. Lett. 90, 150802 (2003).

46. T. Damour and F. Dyson, Nucl. Phys. B 480, 37 (1996). 47. C. J. A. P. Martins, editor, The Cosmology of Extra Dimensions and Varying Fundamental Constants (Kluwer Academic Publishers, The Netherlands, 2003); also published in Astrophys.Space Sci. 283, 439 (2003).

48. B. Bertotti, L. Iess and P. Tortora, Nature 425, 374 (2003). 49. S. S. Shapiro, J. L. Davis, D. E. Lebach, and J. S. Gregory, Phys. Rev. Lett.

92, 121101 (2004).

50. GAIA: for information about the project, see http://astro.estec.esa.nl/GAIA/.

51. S. G. Turyshev, M. Shao, and K. Nordtvedt, Jr., Class. Quantum Gravit. 21, 2773 (2004).

52. For information about Gravity Probe B see http://einstein.stanford.edu. 53. J. M. Weisberg, J. H. Taylor, in Proceedings of the Aspen Conference on Binary Radio Pulsars, edited by F. A. Rasio and I. H. Stairs (Astronomical Society of the Pacific Conference Series, in press) (astro-ph/0407149).

54. M. Bailes, S. M. Ord, H. S. Knight and A. W. Hotan, Astrophys. J. Lett.

595, L52 (2003).

55. G. Esposito-Farèse, in Proceedings of the 10th Marcel Grossmann Meeting, in press (gr-qc/0402007).

56. A. G. Lyne, M. Burgay, M. Kramer, A. Possenti, R. N. Manchester, F.

Camilo, M. A. McLaughlin, D. R. Lorimer, N. D’Amico, B. C. Joshi, J. Reynolds, P. C. C. Freire, Science, in press (astro-ph/0401086).

57. M. Kramer, D. R. Lorimer, A. G. Lyne, M. A. McLaughlin, M. Burgay, N.

D’Amico, A. Possenti, F. Camilo, P. C. C. Freire, B. C. Joshi, R. N. Manchester, J. Reynolds, J. Sarkissian, I. H. Stairs, and R. D. Feldman, Proceedings of The 22nd Texas Symposium on Relativistic Astrophysics, submitted (astro-ph/0503386).

58. K. S. Thorne, In 300 Years of Gravitation, edited by S.W. Hawking and W.

Israel (Cambridge University Press, Cambridge, 1987), p. 330. 59. B. C. Barish and R. Weiss, Phys. Today 52, 44 (October) (1999). 60. C. M. Will, Phys. Today 52, 38 (October) (1999). 61. M. Visser, Gen. Relativ. and Gravit. 30, 1717 (1998). 62. C. M. Will, Phys. Rev. D 57, 2061 (1998).

63. C. Cutler, T. A. Apostolatos, L. Bildsten, L. S. Finn, É. E. Flanagan, D.

Kennefick, D. M. Marković, A. Ori, E. Poisson, G. J. Sussman, and K. S. Thorne, Phys. Rev. Lett. 70, 2984 (1993).

64. C. Talmadge, J.-P. Berthias, R. W. Hellings, and E. M. Standish, Phys. Rev.

Lett. 61, 1159 (1988).

Was Einstein Right? 23

65. C. M. Will, Phys. Rev. D 50, 6058 (1994).

66. P. D. Scharre and C. M. Will, Phys. Rev. D 65, 042002 (2002). 67. C. M. Will and N. Yunes, Class. Quantum Gravit. 21, 4367 (2004). 68. E. Berti, A. Buonanno and C. M. Will, Phys. Rev. D, submitted (gr-qc/0411129).