Interference patterns in double-slit experiments have demonstrated the quantum nature of large molecules.

Witness gravity’s
quantum side in the lab

Physicists should rethink interference experiments to reveal whether or not general
relativity follows classical theory, argue Chiara Marletto and Vlatko Vedral.

discuss gravity in a seminal conference

at the University of North Carolina in
Chapel Hill. Richard Feynman proposed a
thought experiment to analyse a deep prob-
lem: the incompatibility of quantum theory
and general relativity'. We think that his
argument needs revisiting.

General relativity is a ‘classical” theory, in
that any quantity that can be observed — such
as the gravitational field — has a definite value
that can be represented by real numbers. In
quantum theory, by contrast, observables
such as position or velocity cannot both have
definite values at the same time. A particle
may exist in a ‘superposition’ of states — being
in two places at once, for example. When you
measure its location you get a certain value,
but you cannot predict ahead of the meas-
urement what it will be. Hence the notorious

S ixty years ago, physicists congregated to
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story of Schrédinger’s cat. According to
quantum theory, one can set up an experi-
ment where a cat hidden in a box with deadly
poison is in a superposition of being alive or
dead until someone opens the box and reveals
its fate.

Feynman’s imagined experiment goes
to the heart of this clash. First, he consid-
ers a mass in a quantum superposition of
two locations, A and B. General relativity
describes how the mass interacts with the
gravitational field: the mass falls according
to the strength of gravity locally and also
changes the field’s value slightly at A and B
by its presence. This brings us to a curious
situation, Feynman reasoned. Applying both
theories implies that, like Schrodinger’s cat,
the gravitational field must also assume two
configurations at once: corresponding to the
mass being at either A or B. Gravity, in other

words, takes on a quantum nature when it
interacts with a mass that is also behaving in
a quantum way.

Feynman identifies two ways to solve this
contradiction. Either quantum theory pre-
vails and gravity too is ‘quantized’; or gen-
eral relativity prevails and quantum theory
applies only at certain scales. Some principle
yet to be discovered determines what those
scales are™’. Feynman then poses the central
question: is it possible to design an experi-
ment that rules out either possibility? So far,
no one has proposed one.

The reason is that most physicists think
that the intersection between quantum
theory and general relativity is too difficult
to access through laboratory experiments.
And they assume that firm predictions are
impossible without a fully fledged theory of
‘quantum gravity, which combines quantum
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theory and general relativity in a new set of
laws that can be compared against observa-
tions. We beg to differ. As Feynman realized,
the main question we want to test is whether
gravity is classical or not. And we can do that
by developing theoretical and experimental
tools we already have.

We call on the physics community to
explore indirect tests of gravity’s quantum
behaviour. Such tests need not assume any
particular theory of quantum gravity or
manipulate the gravitational field itself in a
quantum way. They will, however, require
a profound change in mindset. The ben-
efit is that the harder problem of describ-
ing a full theory of quantum gravity can be
separated from Feynman’s simpler chal-
lenge of witnessing experimentally gravity’s
‘quantumness.

TESTING PREDICTIONS

Theories of quantum gravity are too under-
developed to test explicitly. There are many
proposals. Most redefine, or ‘quantize, the
gravitational field so that it can assume dif-
ferent values at the same time. Some propos-
als split it into small units or ‘quanta’ called
gravitons — particles that carry gravitational
energy, just as photons carry electromag-
netic energy. Each theory makes different
predictions.

But all such predictions have a fun-
damental problem. In the lab, quantum
gravitational effects such as gravitons
are impossible to see directly’. This is
because gravity couples only very weakly to
matter™® — around 10* times less than the
equivalent coupling of an electromagnetic
field to a charged particle. So, for instance,
although it takes around 1 nanosecond for
an energized atom to emit a photon, it would
take much longer than the age of the Uni-
verse for a graviton to appear spontaneously.
No one has ever seen one.

Other ways to gather experimental evi-
dence have been suggested. But these also
rely on testing particular theories. For
example, quantum gravity might have left
marks in the very young Universe. Just after
the Big Bang, when the Universe was much
smaller than an atom, quantum effects may
have distorted how energy is spread around
the cosmos’. These irregularities could have
been amplified by ‘inflation, a mechanism
that made space expand in a flash. If so,
signatures of quantum gravity might linger
today as patterns in the cosmic microwave
background — the relic radiation of the Big
Bang. No such imprints have been detected
yet. And even if they were, cosmic tests are
inconclusive. They rely on a chain of theories
and assumptions, like inflation®.

Happily to answer Feynman’s question we
do not need a full theory of quantum gravity.
All we need is to witness quantum behaviour
in the gravitational field.

QUANTUM GRAVITY TEST

If gravity follows quantum theory, it should set into a superposition of many states at once
when it interacts with a mass that is also behaving in this way. A second mass could be used as
a probe to pick up that quantum state. Measuring the probe’s state could determine whether it
has been superposed, thus proving whether gravity exhibits quantum behaviour.

/’ 1 A mass travels along either of two paths
A and B in an interference experiment.

Beam splitter

Mirror

3. If the gravitational field
behaves in a quantum way it
also takes on a superposition
of states, corresponding to the
mass being at A or B.

4. A second mass
brought close takes
on the superposition
of two gravitational
states.

TEST NON-CLASSICALITY

The standard tool for witnessing quantum
behaviour is an interference experiment.
This puts the system into a superposition of
states and converts it back again to its origi-
nal state. Symmetries in quantum theory
mean that applying the same transforma-
tion twice brings you back to the state you
started with.

For example, sending a photon along
path A through a beam splitter (similar to
a partially reflecting mirror) either allows it
to continue or be diverted to a perpendicular
route B. The photon is now in a superposi-
tion of the two paths, A and B. It is then sent
through another beam splitter, reversing the
experiment, and its path is measured. If it
has obeyed quantum physics, the photon will
always be on the original path, A.

It is possible to vary this scheme. For
example, inserting a thin piece of glass across
one path makes it asymmetric with respect
to the other. Depending on the thickness
of the glass, the output of the experiment

Superposed

_states . If it obeys quantum

mechanics, the mass
always ends up at A.

5. When its state is
measured, it always gives
one outcome linked to
that superposition.

9

changes according to a characteristic pattern
— to the point that the photon can be swayed
to emerge always on path B. Observing this
pattern implies that the particle must behave
according to quantum theory.

It is not feasible to do this with a graviton.
But gravity might be brought into such an
experiment by other means. For example, a
particle with mass can be split among two
locations and interact with Earth’s gravita-
tional field. Carrying out an interference
experiment on that mass could demonstrate
that the particle exhibits quantum behaviour.
By Feynmanss logic, if the gravitational field
obeys quantum laws, it should also be set
simultaneously to two different values —
corresponding to the mass being on paths A
or B. To answer Feynman’s question, one has
to resolve an extra issue. How can you tell
that the gravitational field too is in a super-
position of states?

Some physicists have considered
whether clocks might be the key. Accord-
ing to general relativity, the rate at which
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The apparatus around atomic clocks makes them too big to use in experiments on quantum gravity.

a clock ticks changes with the strength of
the gravitational field in which it sits — an
effect called gravitational time dilation. So
a clock on top of Mont Blanc runs slower
than one at sea level. Atomic clocks are sen-
sitive enough to detect a change in altitude
of 0.5 metres (a time dilation of about one
partin 107"°). If an atomic clock could be
superposed in two locations — one high,
one low — the different ticking rates might
be exploited in an interference experiment,
the thinking goes’.

The effect of the gravitational field on the
ticking rates would be different on the two
paths; the clock on the higher path would
be faster than that on the lower path. This
would introduce an asymmetry in the paths
that affects the interference output, just like
inserting glass does for a photon. It could
even cause the clock to end up on path
B at the end of the experiment. A simula-
tion of an analogous experiment has been
proposed, using a magnetic field instead of
gravity”. But an atomic clock has never been
put into a superposition of states. It is too
big — the apparatus that stabilizes the clock
is the size of a ping-pong table.

In any case, an experiment such as this
would not address Feynman’s core ques-
tion. What it shows is that the gravitational
field can interact with a quantum object
without spoiling its quantum behaviour. But
it does not provide evidence that the field
itself is quantum. In other words, it doesn’t
take into account the extra influence of the
clock’s mass on the gravitational field at A
and B: it assumes that there is one ticking
rate per height.

If the gravitational field has quantum
qualities, we would need to witness a
superposition of two ticking rates — cor-
responding to the gravitational field being
in a superposition of two values. The clock
experiment, as proposed, does not go
far enough.
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INDIRECT TESTS

The good news is that, in principle, quan-
tum superpositions of the gravitational field
can be probed — indirectly — through a
second mass.

We can see how this works by looking at
an analogous experiment involving the elec-
tromagnetic field. A quantum superposition
of two values of the electric field — another
example of a Schrodinger-cat state — can
be set up by using an electron superposed
in two different locations in an atom'’. A
second atom, used as a quantum probe,
can be brought into

that field. Asaresult  “AJlwe need

of the interaction, isto witness

the probe issetto a quantum
particular quantum b ehgviour in the
state, depending  gpqyitational

on the exact super- field. ”

position the field is
in. Repeating the experiment and measuring
the probe at the end always gives the same
quantum state. Without quantum superpo-
sition, there would be a range of outcomes,
with some probability. Thus the quantum
behaviour of the electric field is confirmed
without manipulating the field, or photons,
directly.

Likewise, one could envisage an experi-
ment that uses two quantum masses. These
would need to be massive enough to be
detectable, perhaps nanomechanical oscilla-
tors or Bose—Einstein condensates (ultracold
matter that behaves as a single super-atom
with quantum properties). The first mass is
set in a superposition of two locations and,
through gravitational interaction, generates
Schrodinger-cat states on the gravitational
field. The second mass (the quantum probe)
then witnesses the ‘gravitational cat states’
brought about by the first. Observing that the
probe mass always ends up in that state would
confirm the existence of quantum features in
gravity, without having any direct quantum

control over it (see ‘Quantum gravity test’).

Such an experiment requires an extra step
than in Feynman’s original suggestion. The
first mass sets the fields into the quantum
superposition; the second mass then inter-
acts with the field and is measured to reveal
the field’s quantum features.

BROADER THINKING

Feynman's conundrum is so familiar to phys-
icists that they have neglected seeking pos-
sible extensions. We argue that, with more
rigorous attention, an experiment could
be designed to perform the test. Physicists
need to consider which experimental and
theoretical tools could be used to explore the
quantization of the gravitational field using
quantum probes.

Which features should a suitable quantum
probe have, and which observables should
be measured? Would a simple mass do or
would some form of atomic clock be bet-
ter? What size of probe would be appropri-
ate? How would one eliminate the actions
of other fields, such as the electromagnetic
field, and distinguish the quantum effect of
gravity from other forces?

There might be fundamental limitations
caused by the weakness of the gravitational
interaction. Alternatively, macroscopic
effects could cancel out or disrupt quantum
signals, leading to some kind of ‘gravita-
tional decoherence”. Nonetheless, assessing
whether such tests are feasible is the first step
towards progress.

A starting point would be a focused meet-
ing bringing together the quantum- and
gravity-physics communities, as well as
theorists and experimentalists. Perhaps it is
time for a second Chapel Hill conference. m
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