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General relativity

Einstein’s long path towards general relativity (GR) began in 1907, 
just two years after he created special relativity (SR), when the fol-
lowing apparently trivial idea occurred to him: “If a person falls 
freely, he will not feel his own weight.” Although it was long known 
that all bodies fall in the same way in a gravitational fi eld, Ein-
stein raised this thought to the level of a postulate: the equivalence 
principle, which states that there is complete physical equivalence 
between a homogeneous gravitational fi eld and an accelerated 
reference frame. After eight 
years of hard work and deep 
thinking, in November 1915 he 
succeeded in extracting from 
this postulate a revolutionary 
theory of space, time and grav-
ity. In GR, our best description 
of gravity, space–time ceases to 
be an absolute, non-dynamical 
framework as envisaged by the 
Newtonian view, and instead 
becomes a dynamical structure 
that is deformed by the presence 
of mass-energy.

GR has led to profound new 
predictions and insights that 
underpin modern astrophysics 
and cosmology, and which also 
play a central role in attempts to 
unify gravity with other inter-
actions. By contrast to GR, our 
current description of the fundamental constituents of matter and 
of their non-gravitational interactions – the Standard Model (SM) 
– is given by a quantum theory of interacting particles of spins 0, 
½ and 1 that evolve within the fi xed, non-dynamical Minkowski 
space–time of SR. The contrast between the homogeneous, rigid 
and matter-independent space–time of SR and the inhomogene-
ous, matter-deformed space–time of GR is illustrated in fi gure 1 
(overleaf). 

The universality of the coupling of gravity to matter (which is the 
most general form of the equivalence principle) has many observ-
able consequences such as: constancy of the physical constants; 
local isotropy of space; local Lorentz invariance; universality of 

free fall and universality of gravitational redshift. Many of these 
have been verifi ed to high accuracy. For instance, the universal-
ity of the acceleration of free fall has been verifi ed on Earth at the 
10–13 level, while the local isotropy of space has been verifi ed at 
the 10–22 level. Einstein’s fi eld equations (see panel overleaf) also 
predict many specifi c deviations from Newtonian gravity that can 
be tested in the weak-fi eld, quasi-stationary regime appropriate to 
experiments performed in the solar system. Two of these tests – 

Mercury’s perihelion advance, 
and light defl ection by the Sun 
– were successfully performed, 
although with limited precision, 
soon after the discovery of GR. 
Since then, many high-precision 
tests of such post-Newtonian 
gravity have been performed 
in the solar system, and GR 
has passed each of them with 
fl ying colours.  

Precision tests 
Similar to what is done in preci-
sion electroweak experiments, it 
is useful to quantify the signifi -
cance of precision gravitational 
experiments by parameterising 
plausible deviations from GR. 
The simplest, and most conserv-
ative, deviation from Einstein’s 

pure spin-2 theory is defi ned by adding a long-range (massless) 
spin-0 fi eld, φ, coupled to the trace of the energy-momentum tensor. 
The most general such theory respecting the universality of gravi-
tational coupling contains an arbitrary function of the scalar fi eld 
defi ning the “observable metric” to which the SM matter is mini-
mally and universally coupled. 

In the weak-fi eld slow-motion limit, appropriate to describ-
ing gravitational experiments in the solar system, the addition 
of φ modifi es Einstein’s predictions only through the appear-
ance of two dimensionless parameters, γ– and β–. The best cur-
rent limits on these “post-Einstein” parameters are, respectively, 
(2.1±2.3) × 10–5 (deduced from the additional Doppler shift 

General relativity at 100

Einstein’s masterpiece has passed every test thrown at it, most recently with 
the discovery of gravitational waves, but it is vital that we 

submit our century-old theory of gravity to further precision experiments.

Gravity warps space and time. (Image credit: Isaïe Correia.) 

▲
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Gravitational-wave astronomy

the gravitational-wave train emitted by a binary containing a neu-
tron star differs from the one emitted by two black holes only in the 
late inspiral phase, when the neutron star is tidally deformed or dis-
rupted. By tracking the gravitational-wave phase it will be possible to 
measure the tidal deformability parameter, which contains informa-
tion about the neutron-star interior, and ultimately to discriminate 
between some equations of state. The merger of double neutron stars 
and/or black-hole–neutron-star binaries is currently considered the 
most likely source of short-hard GRBs, and we expect a plethora 
of electromagnetic signals from the coalescence of such compact 
objects that will test the short-hard GRB/binary-merger paradigm. 

Bursts of gravitational waves lasting for tenths of millisec-
onds are also produced during the catastrophic fi nal moments of 
all stars, when the stellar core undergoes a sudden collapse (or 
supernova explosion) to a neutron star or a black hole. At design 
sensitivity, aLIGO and Virgo could detect bursts from the core’s 
“bounce”, provided that the supernova took place in the Milky 
Way or neighbouring galaxies, with more extreme emission sce-
narios observable to much further distances. Highly magnetised 
rotating neutron stars called pulsars are also promising astro-
physical sources of gravitational waves. Mountains just a few 
centimetres in height on the crust of pulsars can cause the varia-
tion in time of the pulsar’s quadrupole moment, producing a con-
tinuous gravitational-wave train at twice the rotation frequency 
of the pulsar. The most recent LIGO all-sky searches and targeted 
observations of known pulsars have already started to invade 
the parameter space of astrophysical interest, setting new upper 
limits on the source’s ellipticity, which depends on the neutron-
star’s equation of state. 

Lastly, several physical mechanisms in the early universe could 
have produced gravitational waves, such as cosmic infl ation, fi rst-
order phase transitions and vibrations of fundamental and/or cosmic 
strings. Being that gravitational waves are almost unaffected by mat-
ter, they provide us with a pristine snapshot of the source at the time 
they were produced. Thus, gravitational waves may unveil a period in 
the history of the universe around its birth that we cannot otherwise 
access. The fi rst observation run of aLIGO has set the most stringent 
constraints on the stochastic gravitational-wave background, which 
is generally expressed by the dimensionless energy density of gravi-
tational waves, of < 1.7 × 10−7. Digging deeper, at design sensitivity 
aLIGO is expected to reach a value of 10−9, while next-generation 
detectors such as the Einstein Telescope and the Cosmic Explorer 
may achieve values as low as 10−13 – just two orders of magnitude 
above the background predicted by the standard “slow-roll” infl a-
tionary scenario. 

Grand view 
The sensitivity of existing interferometer experiments on Earth will 
be improved in the next 5–10 years by employing a quantum-optics 
phenomenon called squeezed light. This will reduce the sky-local-
isation errors of coalescing binaries, provide a better measurement 
of tidal effects and the neutron-star equation of state in binary merg-
ers, and enhance our chances of observing gravitational waves from 
pulsars and supernovae. The ability to identify the source of gravi-
tational waves will also improve over time, as upgraded and new 
gravitational-wave observatories come online. 

Furthermore, pulsar signals offer an alternative Pulsar Timing 
Array (PTA) detection scheme that is currently operating. Gravita-
tional waves passing through pulsars and the Earth would modify the 
time of arrival of the pulses, and searches for correlated signatures 
in the pulses’ times of arrival from the most stable known pulsars by 
PTA projects could detect the stochastic gravitational-wave back-
ground from unresolved supermassive binary black-hole inspirals in 
the 10−9–10−7 Hz frequency region. Results from the North-Ameri-
can NANOGrav, European EPTA and Australian PPTA collabora-
tions have already set interesting upper limits on the astrophysical 
background, and could achieve a detection in the next fi ve years. 

The past year has been a milestone for gravitational-wave research 
in space, with the results of the LISA Pathfi nder mission published in 
June 2016 exceeding all expectations and proving that LISA, planned 
for 2034, will work successfully (see p34). LISA would be sensitive 
to gravitational waves between 10−4–10−2 Hz, thus detecting sources 
different from the ones observed on the Earth such as supermassive 
binary black holes, extreme mass-ratio inspirals, and the astrophysi-
cal stochastic background from white-dwarf binaries in our galaxy. 
In the meantime, a new ground facility to be built in 10–15 years – 
such as the Einstein Telescope in Europe and the Cosmic Explorer 
in the US – will be required to maximise the scientifi c potential 
of gravitational-wave physics and astrophysics. These future detec-
tors will allow such high sensitivity to binary coalescences that we 
can probe binary black holes in all our universe, enabling the most 
exquisite tests of general relativity in the highly dynamical, strong-
fi eld regime. That will challenge our current knowledge of gravity, 
fundamental and nuclear physics, unveiling the nature of the most 
extreme objects in our universe.

 ● Further reading
M Armano et al. 2016 Phys. Rev. Lett. 116 231101.
LIGO Scientifi c and Virgo Collaborations 2016 Phys. Rev. Lett. 116 061102. 
LIGO Scientifi c and Virgo Collaborations 2016 Phys. Rev. Lett. 116 241103.
LIGO Scientifi c and Virgo Collaborations 2016 Phys. Rev. Lett. 116 221101.
LIGO Scientifi c and Virgo Collaborations 2016 Phys. Rev. X 6 041015.
LIGO Scientifi c and Virgo Collaborations 2016 Living Rev. Relat. 19 1.

Résumé
Le début d’une ère nouvelle

L’une des plus grandes découvertes scientifi ques de notre 
siècle a eu lieu le 14 septembre 2015, lorsqu’un train d’ondes 
gravitationnelles issu de la collision de deux trous noirs, à 1,4 
milliard d’années-lumière de la Terre, est passé à travers l’expérience 
aLIGO. Cet événement a marqué la fi n d’une quête qui avait duré 
un demi-siècle, et l’entrée dans la nouvelle ère de l’astronomie 
des ondes gravitationnelles. La capacité que nous avons à présent 
d’observer l’Univers à l’aide des ondes gravitationnelles remettra en 
question notre connaissance actuelle de la gravité et de la physique 
fondamentale, car elle pourrait dévoiler la nature des objets les 
plus extrêmes que nous connaissons et peut-être faire la lumière sur 
l’origine de l’Univers lui-même. Et ce n’est là qu’un début. 

Alessandra Buonanno, Max Planck Institute for Gravitational Physics, 
Germany, and University of Maryland, US.
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General relativity

In addition, several authors – including Einstein himself – had voiced 
doubts about the existence of GWs in fully nonlinear GR. 

The situation changed in the early 1960s when Joseph Weber 
understood that GWs arriving on Earth would have observ-
able effects and developed sensitive resonant detectors (“Weber 
bars”) to search for them. Then, prompted by Weber’s experi-
mental effort, Freeman Dyson realised that, when applying the 
quadupolar energy-loss formula derived by Einstein to binary 
systems made of neutron stars, “the loss of energy by gravita-
tional radiation will bring the two stars closer with ever-increas-
ing speed, until in the last second of their lives they plunge 
together and release a gravitational fl ash at a frequency of about 
200 cycles and of unimaginable intensity.” The vision of Dyson 
has recently been realised thanks, on the one hand, to the experi-
mental development of drastically more sensitive non-resonant 
kilometre-scale interferometric detectors and, on the other hand, 
to theoretical advances that allowed one to predict in advance the 
accurate shape of the GW signals emitted by coalescing systems 
of neutron stars and black holes (BHs).

The recent observations of the LIGO interferometers have 
provided the fi rst detection of GWs in the wave zone. They also 
provide the fi rst direct evidence of the existence of BHs via the 
observation of their merger, followed by an abrupt shut-off of the 
GW signal, in complete accord with the GR predictions.

BHs are perhaps the most extraordinary consequence of GR, 
because of the extreme distortion of space and time that they 
exhibit. In January 1916, Karl Schwarzschild published the fi rst 
exact solution of the (vacuum) Einstein equations, supposedly 
describing the gravitational fi eld of a “mass point” in GR. It took 
about 50 years to fully grasp the meaning and astrophysical plau-
sibility of these Schwarzschild BHs. Two of the key contribu-
tions that led to our current understanding of BHs came from 
Oppenheimer and Snyder, who in 1939 suggested that a neutron 
star exceeding its maximum possible mass will undergo gravi-
tational collapse and thereby form a BH, and from Kerr 25 years 
later, who discovered a generalisation of the Schwarzschild solu-
tion describing a BH endowed both with mass and spin. 

Another remarkable consequence of GR is theoretical cosmol-
ogy, namely the possibility of describing the kinematics and the 
dynamics of the whole material universe. The fi eld of relativistic 
cosmology was ushered in by a 1917 paper by Einstein. Another 
key contribution was the 1924 paper of Friedmann that described 
general families of spatially curved, expanding or contracting 
homogeneous cosmological models. The Friedmann models still 
constitute the background models of the current, inhomogeneous 

cosmologies. Quantitative confi rmations of GR on cosmological 
scales have also been obtained, notably through the observation of 
a variety of gravitational lensing systems.

Dark clouds ahead 
In conclusion, all present experimental gravitational data (univer-
sality of free fall, post-Newtonian gravity, radiative and strong-
fi eld effects in binary pulsars, GW emission by coalescing BHs and 
gravitational lensing) have been found to be compatible with the 
predictions of Einstein’s theory. There are also strong constraints on 
sub-millimetre modifi cations of Newtonian gravity from torsion-
balance tests of the inverse square law.

One might, however, wish to keep in mind the presence of two 
dark clouds in our current cosmology, namely the need to assume 
that most of the stress-energy tensor that has to be put on the right-
hand side of the GR fi eld equations to account for the current obser-
vations is made of yet unseen types of matter: dark matter and a 
“cosmological constant”. It has been suggested that these signal a 
breakdown of Einstein’s gravitation at large scales, although no 
convincing theoretical modifi cation of GR at large distances has 
yet been put forward.

GWs, BHs and dynamical cosmological models have become 
essential elements of our description of the macroscopic universe. ▲
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Fig. 3. (Top) Simulation of a black-hole merger based on 
numerical GR. (Bottom) The gravitational collapse of a star 
leading to the formation of a BH horizon, a hypersurface in 
space–time that is everywhere tangent to the light cone and 
whose 2D spatial sections approach asymptotically (in the 
future) the r = 2GM/c2 2-sphere of a Schwarzschild solution.
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experienced by radio-wave beams connecting the Earth to the 
Cassini spacecraft when they passed near the Sun) and < 7 × 10–5, 
from a study of the global sensitivity of planetary ephemerides to 
post-Einstein parameters.

In the regime of radiative and/or strong gravitational fi elds, by 
contrast, pulsars (rotating neutron stars emitting a beam of radio 
waves) in gravitationally bound orbits have provided crucial tests 
of GR. In particular, measurements of the decay in the orbital 
period of binary pulsars have provided direct experimental con-
fi rmation of the propagation properties of the gravitational fi eld. 
Theoretical studies of binaries in GR have shown that the fi nite 
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 that lead to a small orbital period 
decay. This has been observed in more than four different systems 

since the discovery of binary pulsars in 1974, providing direct 
proof of the reality of gravitational radiation. Measurements of the 
arrival times of pulsar signals have also allowed precision tests of 
the quasi-stationary strong-fi eld regime of GR, since their values 
may depend both on the unknown masses of the binary system and 
on the theory of gravity used to describe the strong self-gravity of 
the pulsar and its companion (fi gure 2).

The radiation revelation
Einstein realised that his fi eld equations had wave-like solutions in 
two papers in June 1916 and January 1918 (see panel left). For many 
years, however, the emission of gravitational waves (GWs) by known 
sources was viewed as being too weak to be of physical signifi cance. 

There are two equivalent ways of characterising general relativity (GR). One 
describes gravity as a universal deformation of the Minkowski metric, which 
defi nes a local squared interval between two infi nitesimally close space–
time points and, consequently, the infi nitesimal light cones describing the 
local propagation of massless particles. The metric fi eld gμν is assumed in 
GR to be universally and minimally coupled to all the particles of the Standard 
Model (SM), and to satisfy Einstein’s fi eld equations: 

Here, Rμν denotes the Ricci curvature (a nonlinear combination of gμν and of 
its fi rst and second derivatives), Tμν is the stress-energy tensor of the SM 
particles (and fi elds), and G denotes Newton’s gravitational constant. 

The second way of defi ning GR, as proven by Richard Feynman, 
Steven Weinberg, Stanley Deser and others, states that it is the unique, 
consistent, local, special-relativistic theory of a massless spin-2 fi eld. It 
is then found that the couplings of the spin-2 fi eld to the SM matter are 
necessarily equivalent to a universal coupling to a “deformed” space–time 
metric, and that the propagation and self-couplings of the spin-2 fi eld are 
necessarily described by Einstein’s equations.

Following the example of Maxwell, who had found that the 
electromagnetic-fi eld equations admit propagating waves as solutions, 
Einstein found that the GR fi eld equations admit propagating gravitational 
waves (GWs). He did so by considering the weak-fi eld limit (gμν 

 = η
μν 

+ hμν
) 

of his equations, namely, 

where h
–

μν
 = 

 hμν – ½h ημν
. When choosing the co-ordinate system so as to 

satisfy the gravitational analogue of the Lorenz gauge condition, so that 

Rμν –     R gμν = Tμν • 
8πG

c4

Hμ = ∂ν 

1
2

 h
–

μν
 = 0, the linearised fi eld equations simplify to the diagonal 

inhomogeneous wave equation, which can be solved by retarded 
potentials. 

There are two main results that derive from this wave equation: fi rst, 
a GW is locally described by a plane wave with two transverse tensorial 
polarisations (corresponding to the two helicity states of the massless spin-2 
graviton) and travelling at the velocity of light; second, a slowly moving, non 
self-gravitating source predominantly emits a quadupolar GW. 

General relativity makes waves 
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Fig. 2. Illustration of the 11 tests of relativistic gravity obtained 
in the four known binary pulsar systems. Each curve (or strip) 
in the mass plane corresponds to the interpretation, within GR, 
of some observable timing parameter. The shaded regions 
correspond to s > 1, which is theoretically excluded.

Fig. 1. The non-dynamical Minkowski space–time of SR (left) and 
its regular array of light cones compared to the dynamical, 
matter-deformed space–time of GR and its fi eld of local light 
cones (right). GR has been submitted, with striking success, to 
many high-precision experimental tests.
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In addition, several authors – including Einstein himself – had voiced 
doubts about the existence of GWs in fully nonlinear GR. 

The situation changed in the early 1960s when Joseph Weber 
understood that GWs arriving on Earth would have observ-
able effects and developed sensitive resonant detectors (“Weber 
bars”) to search for them. Then, prompted by Weber’s experi-
mental effort, Freeman Dyson realised that, when applying the 
quadupolar energy-loss formula derived by Einstein to binary 
systems made of neutron stars, “the loss of energy by gravita-
tional radiation will bring the two stars closer with ever-increas-
ing speed, until in the last second of their lives they plunge 
together and release a gravitational fl ash at a frequency of about 
200 cycles and of unimaginable intensity.” The vision of Dyson 
has recently been realised thanks, on the one hand, to the experi-
mental development of drastically more sensitive non-resonant 
kilometre-scale interferometric detectors and, on the other hand, 
to theoretical advances that allowed one to predict in advance the 
accurate shape of the GW signals emitted by coalescing systems 
of neutron stars and black holes (BHs).

The recent observations of the LIGO interferometers have 
provided the fi rst detection of GWs in the wave zone. They also 
provide the fi rst direct evidence of the existence of BHs via the 
observation of their merger, followed by an abrupt shut-off of the 
GW signal, in complete accord with the GR predictions.

BHs are perhaps the most extraordinary consequence of GR, 
because of the extreme distortion of space and time that they 
exhibit. In January 1916, Karl Schwarzschild published the fi rst 
exact solution of the (vacuum) Einstein equations, supposedly 
describing the gravitational fi eld of a “mass point” in GR. It took 
about 50 years to fully grasp the meaning and astrophysical plau-
sibility of these Schwarzschild BHs. Two of the key contribu-
tions that led to our current understanding of BHs came from 
Oppenheimer and Snyder, who in 1939 suggested that a neutron 
star exceeding its maximum possible mass will undergo gravi-
tational collapse and thereby form a BH, and from Kerr 25 years 
later, who discovered a generalisation of the Schwarzschild solu-
tion describing a BH endowed both with mass and spin. 

Another remarkable consequence of GR is theoretical cosmol-
ogy, namely the possibility of describing the kinematics and the 
dynamics of the whole material universe. The fi eld of relativistic 
cosmology was ushered in by a 1917 paper by Einstein. Another 
key contribution was the 1924 paper of Friedmann that described 
general families of spatially curved, expanding or contracting 
homogeneous cosmological models. The Friedmann models still 
constitute the background models of the current, inhomogeneous 

cosmologies. Quantitative confi rmations of GR on cosmological 
scales have also been obtained, notably through the observation of 
a variety of gravitational lensing systems.

Dark clouds ahead 
In conclusion, all present experimental gravitational data (univer-
sality of free fall, post-Newtonian gravity, radiative and strong-
fi eld effects in binary pulsars, GW emission by coalescing BHs and 
gravitational lensing) have been found to be compatible with the 
predictions of Einstein’s theory. There are also strong constraints on 
sub-millimetre modifi cations of Newtonian gravity from torsion-
balance tests of the inverse square law.

One might, however, wish to keep in mind the presence of two 
dark clouds in our current cosmology, namely the need to assume 
that most of the stress-energy tensor that has to be put on the right-
hand side of the GR fi eld equations to account for the current obser-
vations is made of yet unseen types of matter: dark matter and a 
“cosmological constant”. It has been suggested that these signal a 
breakdown of Einstein’s gravitation at large scales, although no 
convincing theoretical modifi cation of GR at large distances has 
yet been put forward.

GWs, BHs and dynamical cosmological models have become 
essential elements of our description of the macroscopic universe. ▲
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Fig. 3. (Top) Simulation of a black-hole merger based on 
numerical GR. (Bottom) The gravitational collapse of a star 
leading to the formation of a BH horizon, a hypersurface in 
space–time that is everywhere tangent to the light cone and 
whose 2D spatial sections approach asymptotically (in the 
future) the r = 2GM/c2 2-sphere of a Schwarzschild solution.
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experienced by radio-wave beams connecting the Earth to the 
Cassini spacecraft when they passed near the Sun) and < 7 × 10–5, 
from a study of the global sensitivity of planetary ephemerides to 
post-Einstein parameters.

In the regime of radiative and/or strong gravitational fi elds, by 
contrast, pulsars (rotating neutron stars emitting a beam of radio 
waves) in gravitationally bound orbits have provided crucial tests 
of GR. In particular, measurements of the decay in the orbital 
period of binary pulsars have provided direct experimental con-
fi rmation of the propagation properties of the gravitational fi eld. 
Theoretical studies of binaries in GR have shown that the fi nite 
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 that lead to a small orbital period 
decay. This has been observed in more than four different systems 

since the discovery of binary pulsars in 1974, providing direct 
proof of the reality of gravitational radiation. Measurements of the 
arrival times of pulsar signals have also allowed precision tests of 
the quasi-stationary strong-fi eld regime of GR, since their values 
may depend both on the unknown masses of the binary system and 
on the theory of gravity used to describe the strong self-gravity of 
the pulsar and its companion (fi gure 2).

The radiation revelation
Einstein realised that his fi eld equations had wave-like solutions in 
two papers in June 1916 and January 1918 (see panel left). For many 
years, however, the emission of gravitational waves (GWs) by known 
sources was viewed as being too weak to be of physical signifi cance. 

There are two equivalent ways of characterising general relativity (GR). One 
describes gravity as a universal deformation of the Minkowski metric, which 
defi nes a local squared interval between two infi nitesimally close space–
time points and, consequently, the infi nitesimal light cones describing the 
local propagation of massless particles. The metric fi eld gμν is assumed in 
GR to be universally and minimally coupled to all the particles of the Standard 
Model (SM), and to satisfy Einstein’s fi eld equations: 

Here, Rμν denotes the Ricci curvature (a nonlinear combination of gμν and of 
its fi rst and second derivatives), Tμν is the stress-energy tensor of the SM 
particles (and fi elds), and G denotes Newton’s gravitational constant. 

The second way of defi ning GR, as proven by Richard Feynman, 
Steven Weinberg, Stanley Deser and others, states that it is the unique, 
consistent, local, special-relativistic theory of a massless spin-2 fi eld. It 
is then found that the couplings of the spin-2 fi eld to the SM matter are 
necessarily equivalent to a universal coupling to a “deformed” space–time 
metric, and that the propagation and self-couplings of the spin-2 fi eld are 
necessarily described by Einstein’s equations.

Following the example of Maxwell, who had found that the 
electromagnetic-fi eld equations admit propagating waves as solutions, 
Einstein found that the GR fi eld equations admit propagating gravitational 
waves (GWs). He did so by considering the weak-fi eld limit (gμν 

 = η
μν 

+ hμν
) 

of his equations, namely, 

where h
–

μν
 = 

 hμν – ½h ημν
. When choosing the co-ordinate system so as to 

satisfy the gravitational analogue of the Lorenz gauge condition, so that 

Rμν –     R gμν = Tμν • 
8πG

c4

Hμ = ∂ν 

1
2

 h
–

μν
 = 0, the linearised fi eld equations simplify to the diagonal 

inhomogeneous wave equation, which can be solved by retarded 
potentials. 
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a GW is locally described by a plane wave with two transverse tensorial 
polarisations (corresponding to the two helicity states of the massless spin-2 
graviton) and travelling at the velocity of light; second, a slowly moving, non 
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Fig. 2. Illustration of the 11 tests of relativistic gravity obtained 
in the four known binary pulsar systems. Each curve (or strip) 
in the mass plane corresponds to the interpretation, within GR, 
of some observable timing parameter. The shaded regions 
correspond to s > 1, which is theoretically excluded.

Fig. 1. The non-dynamical Minkowski space–time of SR (left) and 
its regular array of light cones compared to the dynamical, 
matter-deformed space–time of GR and its fi eld of local light 
cones (right). GR has been submitted, with striking success, to 
many high-precision experimental tests.
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The recent and bright beginning of GW astronomy suggests that GR 
will be an essential tool for discovering new aspects of the universe 
(see p16). A century after its inception, GR has established itself 
as the standard theoretical description of gravity, with applications 
ranging from the Global Positioning System and the dynamics of the 
solar system, to the realm of galaxies and the primordial universe. 

However, in addition to the “dark clouds” of dark matter and 
energy, GR also poses some theoretical challenges. There are 
both classical challenges (notably the formation of space-like 
singularities inside BHs), and quantum ones (namely the non-
renormalisability of quantum gravity – see p27). It is probable that 
a full resolution of these challenges will be reached only through a 
suitable extension of GR, and possibly through its unifi cation with 
the current “spin ≤ 1” description of particle physics, as suggested 
both by supergravity and by superstring theory. 

It is therefore vital that we continue to submit GR to experimen-
tal tests of increasing precision. The foundational stone of GR, the 
equivalence principle, is currently being probed in space at the 10–15 
level by the MICROSCOPE satellite mission of ONERA and CNES. 
The observation of a deviation of the universality of free fall would 
imply that Einstein’s purely geometrical description of gravity needs 
to be completed by including new long-range fi elds coupled to bulk 
matter. Such an experimental clue would be most valuable to indicate 
the road towards a more encompassing physical theory.

 ● Further reading
http://einsteinpapers.press.princeton.edu/papers.
A Abramovici et al. 1992 Science 256 325. 
A Buonanno and T Damour 2000 Phys. Rev. D 62 064015.
Y Choquet-Bruhat 2015 Introduction to General Relativity, Black Holes and
Cosmology (Oxford: Oxford University Press).
F Dyson 1963 “Gravitational Machines” in Interstellar Communication 
A G W Cameron ed. (New York: Benjamin Press).
R P Kerr 1963 Phys. Rev. Lett. 11 237. 
LIGO Scientifi c and Virgo Collaborations 2016 Phys. Rev. X 6 041015.
J R Oppenheimer and H Snyder 1939 Phys. Rev. 56 455. 
Particle Data Group 2016 Chin. Phys. C 40 100001.
F Pretorius 2005 Phys. Rev. Lett. 95 121101. 

Résumé
La relativité générale fête ses 100 ans

Au cours des cent dernières années, la théorie de la gravité d’Einstein 
a donné naissance à de nouvelles prédictions et idées essentielles, 
qui sont à la base de l’astrophysique et de la cosmologie modernes. 
La plupart ont été confi rmées par l’expérience avec une précision 
stupéfi ante, et la détection des ondes gravitationnelles a été la cerise 
sur le gâteau pour la relativité générale. Mais l’horizon se charge 
de nuages menaçants. En plus de diffi cultés pour rendre compte 
de la matière noire et de l’énergie noire, la relativité générale pose 
des problèmes théoriques qui pourraient n’être résolus que par une 
extension appropriée de la théorie, et peut-être par son unifi cation 
avec la physique des particules, comme le suggèrent les théories de la 
supergravité et des supercordes. 

Thibault Damour, Institut des Hautes Etudes Scientifi ques, France.
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Quantum gravity and unification

There is little doubt that, in spite of their overwhelm-
ing success in describing phenomena over a vast range 
of distances, general relativity (GR) and the Standard 
Model (SM) of particle physics are incomplete theo-
ries. Concerning the SM, the problem is often cast in 
terms of the remaining open issues in particle physics, 
such as its failure to account for the origin of the mat-
ter–antimatter asymmetry or the nature of dark matter. 
But the real problem with the SM is theoretical: it is not clear 
whether it makes sense at all as a theory beyond perturba-
tion theory, and these doubts extend to the whole framework 
of quantum fi eld theory (QFT) (with perturbation theory as the 
main tool to extract quantitative predictions). The occurrence of 
“ultraviolet” (UV) divergences in Feynman diagrams, and the 
need for an elaborate mathematical procedure called renormalisa-
tion to remove these infinities and make testable predictions order-
by-order in perturbation theory, strongly point to the necessity of 
some other and more complete theory of elementary particles.

On the GR side, we are faced with a similar dilemma. Like the 
SM, GR works extremely well in its domain of applicability and 
has so far passed all experimental tests with flying colours, most 
recently and impressively with the direct detection of gravitational 
waves (see p21). Nevertheless, the need for a theory beyond Ein-
stein is plainly evident from the existence of space–time singulari-
ties such as those occurring inside black holes or at the moment of 
the Big Bang. Such singularities are an unavoidable consequence 
of Einstein’s equations, and the failure of GR to provide an answer 
calls into question the very conceptual foundations of the theory. 

Unlike quantum theory, which is rooted in probability and 
uncertainty, GR is based on notions of smoothness and geom-
etry and is therefore subject to classical determinism. Near a 
space–time singularity, however, the description of space–time 
as a continuum is expected to break down. Likewise, the assump-
tion that elementary particles are point-like, a cornerstone of 
QFT and the reason for the occurrence of ultraviolet infinities 
in the SM, is expected to fail in such extreme circumstances. 

Applying conventional particle-physics wisdom to Einstein’s 
theory by quantising small fluctuations of the metric field (cor-
responding to gravitational waves) cannot help either, since it pro-
duces non-renormalisable infinities that undermine the predictive 
power of perturbatively quantised GR. 

In the face of these problems, there is a wide consensus that the 
outstanding problems of both the SM and GR can only be over-
come by a more complete and deeper theory: a theory of quantum 

Gravity’s quantum side

Theoretical physics has arrived at crossroads, 
with no clues so far as to what lies beyond 
general relativity or the Standard Model. 
If we are ever to break through this 
impasse, we need to borrow from 
Einstein’s epochal feats.

▲

A slice 
through the 
root space of the 
symmetry group E10, a possible 
symmetry for quantum gravity. Each point is associated with 
one or more independent symmetry operations – similar to the 
fl avour SU(3) root diagram for the meson octet, but vastly more 
complicated. There are infi nitely many such layers, and the 
number of symmetry operations grows exponentially as one 
penetrates deeper and deeper into the E10 Lie algebra. 
(Image credit: T Nutma.)
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