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Abstract While it has been generally accepted for decades that general relativity and quan-
tum theory are inconsistent, and that therefore general relativity must yield to a new theory of
gravity compatible with quantum principles, the way to the new theory is still very unclear.
A major obstacle is the lack of any experimental indicators as to where general relativity
might break down. I speculate on the different ways in which a quantum theory includ-
ing gravity might emerge from present-day theory and use these speculations to examine a
number of promising lines for new experiments.
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1 Introduction

Ever since the early days of quantum theory it has been clear that general relativity and
quantum theory are incompatible, and that some new theory of gravity needs to be found
that will be compatible with quantum principles. However, I am aware of no proof of this, no
explicit demonstration that it is impossible to marry general relativity with, say, electroweak
theory, that using them together leads to a mathematical contradiction. In fact, both general
relativity and our best quantum theories (take electroweak theory, for example) have internal
problems: singularities evolve in general relativity from regular initial data, and there are
solutions that have naked singularities that lead to acausal evolution (the Big Bang being
an example); and infinite energies in standard quantum field theory can only be removed
by the device of renormalization, which looks very worrying when one expects gravity to
be created by all forms of energy. Moreover, quantum measurement theory as currently
understood requires a distinction between the “system” and the “observer”, a distinction
that will be difficult to maintain if one wants a quantum formulation of the entire universe.
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Perhaps partly because it is unclear exactly where the inconsistency between these two
pillars of physics lies, there is no general agreement among theoretical physicists as to how
to find the desired quantum theory of gravity. Many theorists expect that we will only have
truly consistent and causal theories of gravity and matter when we find a unified quantum
description of them all. String theory is today the most popular framework within which
these hopes are being pursued. Others, however, look for a quantum description of spacetime
itself, on the grounds that such a theory might look very different from our current paradigm
about how to form a quantum theory of a matter field, and therefore one can only do the
job of integrating matter fields into the picture later, once one knows what the picture looks
like.

In both approaches it is generally expected that the transition from classical gravity to
quantum gravity occurs at the Planck scale, variously expressed as £p; = (Gh/c*)!/? =
1.6 x 10_33 cm, fp = Epl/C =5x 10_44 S, mp; = CZ(ZP]/G =2x107? g, and Ep = mP1€2 =
1.2 x 10?8 eV. This is basically a dimensional argument, so it is not difficult to devise sce-
narios where the transition occurs at lower energies and longer length scales. We shall meet
some alternatives below. Wherever the transition might occur, presumably at smaller length
scales spacetime loses its continuum character and is replaced by a probabilistic tangle of
fibers, strings, loops, foam, or something even more exotic.

Although there are many ideas about how this might work, it has been remarkably diffi-
cult to find a theory or theoretical framework which remains self-consistent when developed
fully. String theory is popular because it is essentially the only candidate in the spirit of a
field theory that seems to be finite when all fields are included; to remain finite it needs
ten dimensions. The matter fields are confined to our 4-dimensional spacetime embedded in
this larger manifold, and only gravity seems to extend into the other dimensions. This pic-
ture offers rich freedom to suggest new phenomenology, depending on assumptions about
the nature of the extra dimensions and the physics of the strings themselves. Particularly
popular lately have been brane-world scenarios. Many string-related scenarios offer experi-
mental access to quantum gravitational effects at scales much larger than £p,.

The main alternative to string theory is loop quantum gravity, which follows the idea of
quantizing gravity essentially by itself. It lives in four dimensions and has no other natural
length scales, so essentially all quantum effects in loop quantum gravity occur at the Planck
scale. Loop quantum gravity therefore has so far not been such a fertile source of new
tests of quantum gravity. However, if it replaces continuum spacetime with a fundamentally
different structure, then Lorentz invariance should be a casualty, and it is certainly at least
possible that this is visible over larger distances. Moreover, the recent demonstration that,
in a restricted version of loop quantum gravity, it is possible to construct a cosmological
model that goes through the Big Bang without a singularity (Bojowald 2008), is exciting
and offers the possibility that observations of the cosmic microwave background or of some
earlier epoch might show characteristics of this process.

Experimental tests may in fact be the only way forward in the quantum-gravity pro-
gram; at the very least new experimental results would be huge progress. The problem is
daunting if one believes that new results will only be found on the Planck scale. The high-
est energies accessible to us at present are from ultra-high-energy cosmic rays, the highest
of whose energies approach 10?2 eV. (See the contribution from Watson in this volume.)
But it is possible that at low energies there are some residual effects of quantization that
are still visible, or that some of the extra dimensions in string theory are larger than the
Planck length, which would make new experimental tests more accessible. Another type
of theory, emergent gravity, offers the same possibility. I will discuss all these possibilities
below.
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Fig. 1 Experimental constraints at low energies point very strongly to general relativity with a cosmological
constant, excluding for example Brans-Dicke Theory for small values of the coupling parameter. At high
energies, as one approaches the quantum regime, the allowed space of theories widens and is constrained
more by mathematical consistency than by experiment

The central problem for the experimental search for quantum gravity is that, so far, there
are no observed deviations of general relativity from experiment. Unlike the situation at the
beginning of quantum theory, where there was a host of unexplained spectroscopic evidence
and some very important particle-scattering experiments, today we have nothing to try to ex-
plain or fit. General relativity with a cosmological constant (AGR) is all we need at present.
(See the contribution from Clifford Will in this volume.) The situation is illustrated in Fig. 1:
constraints on gravitation theories at low energies are very strong, but as we approach the
quantum scale these same constraints provide less and less guidance.

There is, of course, some room for worry. The cosmological constant is very small com-
pared to the “natural” or non-renormalized vacuum energy density that quantum field theory
would suggest, so its non-zero value might be a strong clue to the integration of quantum the-
ory and gravity; however, no-one yet has worked out how to use that clue successfully. Alter-
natively, the dark energy might not be a cosmological constant; it might evolve with time in a
way that depends on the energy density or expansion rate of the universe. That would also be
a clue, at least to a new cosmological field that might be a product of the marrying of grav-
ity and quantum theory; here the problem is that theorists have proposed a wealth of such
“quintessence” fields, and there is not enough precision in the cosmological observations so
far to pin down which, if any, is right. One could also take the evidence for dark matter as
evidence instead for modified gravity. Since we have not yet identified the dark matter par-
ticle, perhaps some other theory that modifies gravity at large length scales (Milgrom 2008;
Bekenstein 2004) is better than general relativity, and then its extra fields would be explained
as low-energy effects of a quantum gravity theory. All of these alternatives will be discussed
in this volume.

The rest of this paper is organized into two main parts. The first reviews the different
approaches to extending general relativity into a quantum theory and what observable dif-
ferences they might produce. The second part then suggests what kinds of experiments might
provide insight into the path beyond general relativity.
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2 How to Break General Relativity
2.1 Low-energy Effects of Quantum Gravity

Planck-scale changes in gravity may themselves have residual effects at low energies and
long length scales. This could happen in a number of ways.

First, the full quantum theory itself might have unusual features that persist at low en-
ergies. Supersymmetry is one: superstring theory is the preferred variant at present because
supersymmetry leads to cancellations between the zero-point energies of the normal parti-
cles and their supersymmetric counterparts (sparticles), leading naturally to a zero or at least
a small cosmological constant. The discovery of a sparticle when the LHC reaches its full
operating energy at CERN would greatly narrow down the space of possible approaches to
quantum gravity.

Second, there could be fields that arise from the full theory but which are still present and
detectable at low energies today. Many low-energy effective theories introduce massless
scalar fields that couple, say, to baryon number and therefore behave very like a scalar
gravitational field. Radiation of such a field would carry energy away from a gravitational
wave source, altering its long-term evolution and waveform in potentially detectable ways,
while the radiation itself could be distinguished from standard tensor gravitational waves
by its distinctive polarization pattern. It might happen that the full theory has an effective
Lagrangian that has a Chern-Simons-type term, breaking parity invariance. This would have
distinctly observable effects in gravitational waves from binary systems: see Alexander and
Yunes (2008).

It is also possible that, if the full theory includes grand unification at very high energies,
then spontaneous symmetry breaking during the expansion of the universe could have pro-
duced, besides standard matter, a completely separate matter sector that has its own internal
interactions (analogous to our strong, weak, and electromagnetic interactions) but whose
only coupling to standard matter is through gravity. Such “shadow matter” would be de-
tectable by gravitational means but not otherwise.

Third, there could be fossils of high-energy systems that still live on. For example,
Damour and Vilenkin (2005) have suggested that fundamental strings, which are the build-
ing blocks of particles in string theory, could be turned into macroscopic cosmic strings
by inflation, in the same way that inflation turns quantum fluctuations into the real density
fluctuations that are measured in the cosmic microwave background. These cosmic strings
would emit gravitational waves with a distinctive signature, and their detection would be a
big step toward verifying the string theory framework.

Low-energy effects can also be searched for by performing highly sensitive null experi-
ments, such as looking for temporal variations in the fine-structure constant, for violations
of the local isotropy of space, or for violations of local Lorentz invariance. While we are
unlikely to measure Planck-level corrections to ggp any time soon, an extra field introduced
by quantum effects might be visible where general relativity predicts a zero.

A special kind of null experiment is the nulling of fringes in an interferometer. Precisely
here there has recently been a suggestion from Hogan (2008) that quantum spacetime ef-
fects could produce a fundamental noise with a spectral noise density S;, ~ #p,. It turns out
that modern gravitational wave interferometers operate near this level, and in fact that the
GEO600 interferometer has for years had an unexplained noise of this size. Hogan derives
his effect from a holographic approach to spacetime information theory; as such it does not
fit into standard quantum gravity schemes. If this noise could be proved to exist, it would
revolutionize the search for quantum gravity.
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Finally, it is well to recall that in at least one area we are only about 6 orders of magnitude
away from the Planck scale. Ultra-high-energy cosmic rays (UHCRs) have been measured
at energies approaching 10?? eV. If these consist of single particles, then their individual
energies are as large as 1079 Ejp. If there is a violation of Lorentz invariance at Planck
energies, which seems very possible, then ultra-precise observations of these particles (hard
to do!) might reveal it. Of course, when they interact with atmospheric hadrons the center-
of-mass energies are much smaller, of order 10" eV. This is still above the energy of the
LHC, so supersymmetry and other effects might be manifest in the collisions of UHCRs
with atmospheric nuclei, but the energies are probably too far from Planck for direct effects
of quantum gravity to be visible.

2.2 Models Involving Extra Dimensions

Our universe is a 4-dimensional subspace of the 10- or 11-dimensional space in which string
theory is finite. In the most conservative picture, the extra dimensions are all curled up,
as in Kaluza-Klein models, on a Planck length-scale. But larger dimensions are possible.
A lot of attention has been paid recently to brane-world models, where we live on a 4-brane
and there could be other branes embedded in this larger space. It is possible that one or
more dimensions is larger, and either wraps up over a longer length scale or terminates on
another brane some distance away. In such a picture, the conventional three interactions of
particle physics would be confined to our brane, but gravity would extend into the other
dimensions (called the bulk) as well. To be consistent with current limits on the Newtonian
inverse-square-law, the size of these “large” dimensions would need to be smaller than a
millimeter or so. Nevertheless, this would be 32 orders of magnitude longer than €p;, and
would potentially bring new effects into physics at energies as low as 107 eV.

The most direct test of large extra dimensions is to measure the gravitational inverse-
square law at sub-millimeter lengths, a big challenge. (See the contribution of Gundlach
to this volume.) The gravitational acceleration produced by a point mass in » dimensions
falls off as r=~D (for n > 1), so if below some length-scale gravity could sense the extra
dimensions, then it would get strong faster at smaller distances than one expects in three
dimensions.

Other tests are possible, however. There have been plenty of novel predictions and spec-
ulations. A number of scenarios within the brane picture are reviewed by Maartens (2004).
For example, branes could collide, even giving rise to the Big Bang itself, or creating grav-
itational waves. Nearby branes could influence our own brane gravitationally, so that we
might detect gravitational waves radiated by a binary system in a parallel universe!

2.3 Alternative Approaches

Although most work on quantum gravity today is being done within the string theory and
loop quantum gravity frameworks, there are alternatives, and each makes distinct predic-
tions.

There is a program to derive continuum spacetime as a limit of discrete causal sets due
to Sorkin (2007). This approach may make predictions about a variety of testable violations,
such as Lorentz invariance and the time-behavior of the dark energy.

Penrose (2002) has argued that measurement theory will be affected by gravity, and in
particular that the distinction between the observer and the system will come about in a
natural way by decoherence of the wave-function induced by gravity. If this could be shown
experimentally, it would have a very strong influence on how quantum gravity progressed.
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General relativity might not be the fundamental field we think it is. Instead it could be an
emergent phenomenon, analogous to the way that superfluidity emerges from detailed mole-
cular interactions: see Volovik (2003). In this case, the Planck scale is an illusion created
by the weakness of gravity, whereas the fundamental physics is happening at other energy
scales, perhaps much lower than Ep;. I am not aware of concrete predictions from this point
of view, but certainly any anomalous experimental result showing a violation of general
relativity could point in this direction.

2.4 Dark Energy

The cosmological constant A represents a field whose energy density p is invariant under
Lorentz transformation. In order to have this property, it must necessarily have negative
pressure p = —p. It arises naturally in quantum field theories, since any zero-point energy
density of a relativistic field must be Lorentz invariant. But typically these are large and have
to be renormalized away. Supersymmetry does this automatically, perhaps too efficiently,
since it might be hard to get any non-zero A in the end.

Theorists have therefore invented other physical fields that have almost but not quite
invariant energy densities. Generally these are called quintessence theories. They can have
an equation of state (relation of p and p) that changes with time. Precision cosmological
observations are necessary in order to distinguish these from a cosmological constant and
from one another.

Emergent theories also lead to a cosmological constant, but not to a particularly small
one.

3 Where to Look for Broken General Relativity

After this survey of the theoretical perspectives on quantum gravity, a number of experimen-
tal directions seem natural.

Cosmological observations with high precision are very important, and should be done
out to redshifts up to 2 or beyond. If it turns out that the dark energy really is a cosmological
constant, then that kicks the ball back to conventional theories. But if there is some kind
of evolution in the dark energy, that could be a real clue. Relevant space missions include
JDEM and LISA. Ground-based observing programs can also make decisive contributions.

Observations of a cosmological background of gravitational waves would also give
strong clues: the waves might arise from inflation, but stronger backgrounds could come
from symmetry breaking as the universe expands, from brane-world effects, from shadow
matter, and so on. Here one looks to the gravitational wave detectors LIGO (Abbott 2009),
VIRGO (Acernese et al. 2008), and LISA, and even more to the next-generation detector
now being called the Einstein Telescope (ET).

There may be clues in gravitational wave propagation effects. If the graviton has some
kind of effective mass, this could lead to dispersion and anomalous time-delays within sig-
nals, measurable by LISA, LIGO, VIRGO, or ET. A Chern-Simons term, mentioned earlier,
could make the two components of circular polarization propagate at different speeds, lead-
ing to observable effects in observations of signals from binary systems detected by LISA
(Alexander and Yunes 2008).

Experiments that look for violations of local Lorentz invariance and other principles of
local physics are potentially very informative; they are null experiments and so even when
they produce no observable violation they produce interesting constraints on the terms in a
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theory that lead to violations. The equivalence principle is expected to be violated at some
level; astonishingly accurate laboratory experiments (Schlamminger et al. 2008) will soon
be superseded by space missions like MICROSCOPE (Touboul et al. 2006), GG (Nobili
et al. 2009), and possibly STEP (Overduin et al. 2009) that could push the limits to parts
in 10'3, Temporal or spatial variations in the fundamental constants would give evidence of
how spontaneous symmetry breaking happens, or of unexpected couplings between fields,
or of incomplete homogenization by inflation. Temporal variations can be explored in local
experiments, and there are several interesting proposed space missions. Spatial variations
presumably happen only over cosmological distances, and to detect them requires very pre-
cise spectroscopic observations of distant sources like quasars. Space could be anisotropic
even locally, which would be evidence of new tensor fields. And, perhaps most interestingly,
Lorentz invariance could fail. If this happens on macroscopic scales, it might indicate pre-
ferred frames or new long-range forces; if it happens in tiny domains then this might indicate
the length-scale of the transition to quantum gravity.

Testing general relativity itself has been an important activity ever since the first obser-
vations of the deflection of light by the Sun. Solar-system tests in the PPN framework have
so far not revealed any difficulties with general relativity, but they are only just beginning to
probe second post-Newtonian effects. Radio observations of pulsars in binaries, and partic-
ularly of the double pulsar system PSRJ 0737-3039, test the radiative part of general rela-
tivity, are becoming accurate enough also to test higher-order post-Newtonian effects on the
orbital motions, and are also able to probe wider aspects of gravity, such as preferred-frame
effects Lorimer (2008), Stairs (2003). Observations of binary inspiral using gravitational
wave detectors will someday, at the latest when LISA flies, provide strong constraints on
post-Newtonian gravity. Such observations can also test other aspects of general relativity,
such as whether waves have just two transverse tensorial polarization states, whether there
is frequency dispersion of gravitational waves, and whether right- and left-handed circularly
polarized waves travel at the same speed. LISA and ET will also make observations of bi-
nary black hole mergers with sufficient precision to place good constraints on the black hole
uniqueness theorem, the Hawking area theorem, and the cosmic censorship conjecture.

As we have seen, testing Newtonian gravity at short range could reveal the length scale
where quantum effects set in, if large-size extra dimensions play a role (Gundlach et al.
2009, this issue). Newtonian gravity over long ranges could also show up quantum effects.
Some or all of the anomalous gravitational effects attributed to dark matter could in principle
be an indication of the violation of general relativity over long distances.

Finally, experimenting on quantum physics over large distance scales might possibly
reveal anomalies. If gravity plays a role in decoherence then this could be testable in space.
There are interesting mission proposals for experiments on entangled states over very large
distances that could shed light on how standard quantum measurement theory should be
extended to quantum gravity. This area has had less theoretical attention than quantization
itself has (Penrose 2002).

4 Conclusions

While it is plausible that pointers to quantum gravity exist at low energies, there is no guar-
antee, and so one should be cautious before deciding to invest in a delicate and possibly
expensive experiment. We have no clues so far to the strength of violations of general rela-
tivity: theories have too many adjustable parameters. It could happen that general relativity
is “clean” all the way down to the Planck scale!
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That would, however, be very surprising in light of the complexity of physics at energies
accessible to us. If some form of grand unification holds, then it would be remarkable if
we already see all the physics there is, and nothing new emerges right up to the unification
energy that could have effects at our energies. So the motivation to find new effects is strong,
and the difficulty is to know which direction to look.

Fortunately, some of the ways of investigating these problems are by-products of experi-
ments and observation programs that have other motivations. Cosmological observations of
the dark energy and gravitational wave observations fit into these categories. So do precise
spectroscopic observations of quasars. Any of these could turn up the first evidence and
point the way to more dedicated experiments in fundamental physics.

Alongside these, there is strong motivation to do laboratory experiments to look for vio-
lations of our standard expectations, such as the equivalence principle or the inverse-square
force. These are constant sources of technological innovation. And as null experiments, even
a null result is a useful constraint on theory.

In the last decade a number of space missions have been proposed to test general relativity
and look for quantum effects. GP-B (Silbergleit et al. 2009, this issue) and the LAGEOS
(Ciufolini 2007) observations measure a non-zero effect, the gravitomagnetic part of general
relativity. MICROSCOPE will be the first null experiment for gravity in space. The European
Space Agency’s call for mission proposals in the Horizons 2000+ program produced a set
of very interesting proposals using cold atom technology to do null experiments and to study
quantum measurement theory. While none were selected for study in the first round, funding
is being made available for technology development; there is a strong motivation to do so,
not just because of the insight these experiments will give into quantum gravity, but because
of the potential further applications of these new technologies.

Ultimately, despite the uncertainty about what the right direction might be for an experi-
ment, the motivation for doing the experiments is that finding a quantum theory of gravita-
tion is the single most important outstanding problem in our understanding of fundamental
physics today. And the search for this quantum theory is starved of experimental data to
guide it.

Every experiment is a step in the right direction.

Open Access  This article is distributed under the terms of the Creative Commons Attribution Noncommer-
cial License which permits any noncommercial use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.
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