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ABSTRACT
At the beginning of the previous century, Newtonian mechanics
was advanced by two new revolutionary theories, Quantum
Mechanics (QM) and General Relativity (GR). Both theories have
transformedour viewofphysical phenomena,withQMaccurately
predicting the results of experiments taking place at small length
scales, and GR correctly describing observations at larger length
scales. However, despite the impressive predictive power of
each theory in their respective regimes, their unification still
remains unresolved. Theories and proposals for their unification
exist but we are lacking experimental guidance towards the
true unifying theory. Probing GR at small length scales where
quantum effects become relevant is particularly problematic
but recently there has been a growing interest in probing the
opposite regime, QM at large scales where relativistic effects are
important. This is principally because experimental techniques
in quantum physics have developed rapidly in recent years with
the promise of quantum technologies. Here we review recent
advances in experimental and theoretical work on quantum
experiments that will be able to probe relativistic effects of
gravity on quantum properties. In particular, we emphasise the
importance of using the framework of Quantum Field Theory
in Curved Spacetime (QFTCS) in describing these experiments.
For example, recent theoretical work using QFTCS has illustrated
that these quantum experiments could also be used to enhance
measurements of gravitational effects, such as Gravitational
Waves (GWs). Verification of such enhancements, as well as other
QFTCS predictions in quantum experiments, would provide the
first direct validation of this limiting case of quantum gravity.
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1. Introduction

We all have an intuitive notion of what time and space are. In our experience,
time flows and we see objects occupying a place in space. The physics of these
scales of space and time that we experience are described by Newton’s laws. The
fundamental workings of amazing technologies, such as computers and mobile
phones, are all based on these classical laws.1 However, at different space and time
scales, reality seems very different and is not in harmony with our experience.

At small scales, Quantum Mechanics (QM) dominates where objects appear
to no longer deterministically travel along exact points in space and are instead
described by a wave function that evolves in time and only tells us the probability
amplitudes for the possible results ofmeasurements. Thewavefunction obeys the
superposition principle, which explains the famous double-slit experimentwhere
it can appear as if a particle has travelled through both slits at the same time and
then interfered with itself. However, things can get even stranger for multipartite
systems: such systems can be entangled so that they are described by a single
wavefunction that is not a product of the wavefunctions of the individual parts.
This means that the parts are not independent of one another, irrespective of
the distance between them. This requires the rejection of either the principle
of local realism or non-superluminal signalling, and it is the former that is
chosen in conventional QM.2 However, although superluminal transmissions
of classical information is not possible, entanglement does allow for correlations
beyond those allowed by classical theory. This is the principle reason for the
development of quantum technology, such as quantum computers, that promise
superior performance over classical counterparts for certain tasks. QM has been
tested to incredible precision but there is still the question of when and why
physical systems appear to lose their quantum properties and start behaving
classically, such as no superpositions of everyday objects. Many ideas have been
proposed. For example, it has been suggested that QM breaks down at some
scale due to an objective collapse of the wavefunction through a non-linear
stochastic modification of the Schrödinger equation such that superpositions of
macroscopic systems are untenable (see e.g. [3]).
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Let us now discuss physics at large length scales. In GR, space and time form
part of a more general structure that is four-dimensional and is called spacetime.
Contrary to our experience,where space and time are absolute notions, spacetime
is relative. Einstein taught us that the notion of spacetime could help us under-
stand gravity as the curvature of spacetime produced by the presence of energy.
However, although the theory has been verified to incredible accuracy within
certain regimes, we are still lacking experiments that help us understand General
Relativity (GR) at small lengths or very large energies where quantum effects
become relevant. An alternative approach is to study quantum effects at large
scales [4]. For example, one could study whether entanglement is affected by the
curvature of spacetime (for a review see e.g. [5]). Indeed, quantum experimental
techniques have been developing rapidly over the last few decades, including the
control of quantum systems for which Haroche andWineland were awarded the
2012Nobel Prize inPhysics, and arenoweven starting to approach regimeswhere
general relativistic effects become important.3 For example, quantum states are
currently being sent between Earth and satellite stations where GR already needs
to be accounted for in classical systems, such as the Global Positioning System
(GPS), to determine time and positions accurately [6–8]. As well as space-based
quantum experiments, general relativistic effects are also seen in high precision
quantum experiments such as those that are able to observe time dilation at
distances as small as a few cms where previous experiments assumed spacetime
to be flat [9].

However, we currently know very little about how gravity and motion might
affect quantum properties, such as quantum coherence and entanglement. In
order to predict the results of quantum experiments at relativistic regimes we
require a consistent theoretical framework. Fortunately, we do have a theory that
enables the study of the overlap of these theories at low energies. This isQuantum
Field Theory in Curved Spacetime (QFTCS) [10,134–137] and describes the
behaviour of quantum fields in a classical general relativistic spacetime (see
Section 3 and Appendix 1 for a short introduction to QFTCS). Predictions
of the theory include Hawking radiation [11,12] and particle creation by an
expanding universe [13,14] but such predictions still await direct experimental
demonstration. Indeed, so far only a flat, but not Minkowski, spacetime effect
has been observed, the Dynamical Casimir Effect (DCE) [15,16]. Due to obvious
difficulties in demonstrating Hawking radiation and particle creation by an
expanding Universe directly, several groups have been working on analogue
demonstrations of these effects. Here researchers find ways of reproducing the
basic features of the theory in systems such as BECs, water waves, non-linear
optical waveguides and superconducting circuits. These experiments cannot
strictly falsify QFTCS since they are based on analogue models, instead they
are probing the mathematics of the theory and can only find potential clues to
the breakdown of the physical theory.
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However, new proposals using QFTCS have identified real spacetime effects
on quantum fields that could, in principle, be within experimental reach (see
e.g. [17–19]). As well as enabling a number of experiments in the overlap of
quantum theory and GR, developments in this regime will ultimately also lead to
technologies that are compatible with spacetime while exploiting both quantum
and relativistic effects. These new relativistic quantum devices are being actively
investigated in the research field of relativistic quantum information andmetrol-
ogy. In this field, research groups try to develop quantum technologies that are
compatible with relativity, and some ideas for using relativistic effects to improve
quantum technologies, such as quantum measurement technologies [17], have
surfaced. For example, recent results have suggested that the phononic field
of a Bose–Einstein Condensate (BEC) is particularly well-suited to measuring
spacetime effects [17,18,20]. This recent observation enables the possibility of
developing microscopic devices capable of probing local spacetime effects. For
instance, a microscopic GravitationalWave (GW) detector has been proposed in
whichGWs can be detected fromhow theymodify the quantum state of phonons
in BECs. GWs are spacetime distortions produced by certain accelerated energy
distributions, such as spiralling black holes, which, after almost one hundred
years since they were first predicted, were finally observed for the first time in
2015 by the Laser Interferometer Gravitational-Wave Observatory (LIGO) in
a milestone moment in physics [21]. GWs promise to provide deeper insights
into our Universe by opening up a new window with which to observe it. The
proposed microscopic GW detector using phonons of BECs would enable the
detection of higher frequencies than those observable by LIGO and, due to its
physical and economical practicality, allow for multiple GWdetectors to be used
by various experimental groups around the world. This would mean improved
validation of the signal through combined measurements, as well as superior
positioning of the source of the signal.

In this reviewwe analyse recent advances in experimental and theoretical work
on quantum experiments that will be able to test relativistic effects of gravity
on quantum properties. In particular, we look at how QFTCS has been used in
describing such experiments andwhat openproblems remainwith this approach.
While this is not an exhaustive review of theoretical and experimental works
related to relativistic effects on quantum properties, we hope that it provides an
overview of the current status of this exciting field, and that it may inspire new
research.

The review is organized as follows. In Section 2 we review quantum exper-
iments that are approaching regimes in which relativistic gravitational effects
become relevant. In general, these experiments have been designed and described
using non-relativistic QM. However, in Section 3 we discuss the motivation for
moving to aQFTCS framework to describe such experiments, and how this could
also lead to new possibilities in technology as well as answering fundamental
questions relevant to quantum gravity. The theoretical work that has illustrated
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the need for using QFTCS is reviewed in more detail in Sections 4 and 5.
Specifically, in Section 4 we review recent works in QFTCS that have shown how
the performance of quantum information protocols can be affected by relativistic
effects, requiring corrections to the predicted outcomes of the experiments. The
measurement of such effects would represent a direct experimental confirmation
of QFTCS and, in the same section, we additionally review proposals that have
been purposely designed to illustrate these effects using current technology.
Section 5 then reviews recent proposals based on QFTCS that demonstrate
how a new type of technology could be developed that exploits relativistic
effects, in contrast to current quantum technologies that would see the effects
as a hindrance to their design. As well as providing greater performance than
their non-relativistic counterparts, the implementation of such devices would
also provide an observation of QFTCS effects and offer further insight into the
interplay of quantum physics and GR. Finally, in Section 6, we conclude this
review and discuss future prospects.

2. Quantum experiments approaching relativistic regimes

In this section we review quantum experiments that are approaching regimes
where quantum properties will be modified by relativistic effects of gravity.
Generically, these quantum experiments are approaching these regimes because
they involve large distances and implement high precision techniques. Studying
relativistic effects, however, has not been the principal motivation behind the
development of most of these quantum experiments. Instead the experiments
are primarily designed to advance quantum technology and its applications, such
as the quantum internet, navigation, geophysics and GW astronomy. Otherwise
they have been designed to advance our understanding of fundamental physics,
such as modifications to quantum theory at large scales.

2.1. Long-range quantum communication experiments

A primary goal of quantum technology is to develop a global quantum com-
munications network and, ultimately, a quantum internet, which would provide
an exponential speed-up in distributed computation and be impenetrable to
hackers. To achieve this goal it is likely that quantum systems will need to
operate over large distances such as that of the Earth to satellites. Over these
large distances it is clear that the Earth’s gravitational field is not constant. In fact
these are length scales where the relativistic nature of the Earth’s gravitational
field already needs to be taken into account in established technologies such as
GPS signalling. Therefore, one would expect that relativistic effects would have
to be considered in long range quantum experiments. In Section 4, we review
theoretical works which demonstrate that these effects could be crucial to the
workings of such experimental setups.

An important step in the realisation of a global quantum communications
network was made in 2011 when the group led by Anton Zeilinger distributed
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entanglement across a 144 km free-space link between Canary islands La Palma
and Tenerife [22,23]. This set the record for the distance achieved for quantum
entanglement and teleportation, and provided the benchmark for an efficient
quantum repeater, which could be placed at the heart of a global quantum-
communication network. In collaboration with the Chinese Academy of Sci-
ences (CAS), the group is now planning to demonstrate satellite-based quantum
teleportation, which is anticipated to take place later this year.

Quantum transmission is also being investigated between the Earth and a
satellite, where clearly the influence of the gravitational field has to be taken into
account. In particular, in 2015 a single photon exchange was performed from a
medium Earth orbit satellite to the ground station at the Matera Laser Ranging
Observatory [6,7]. In this set-up, a weak laser beamwas transmitted to a satellite,
which back reflected single photons. The set-up was therefore simulating a single
photon source on a satellite suitable for quantum cryptography experiments.
The repetition rate of the laser pulses was 100MHz and the satellite was at more
than 7000 km of slant distance. As well as providing a further step towards a
global communication network, this experiment also opens up the potential for
fundamental tests of QMwithmoving frames [7]. Furthermore, with an upgrade
of the detector on the ground, the group claims that it would be possible to
achieve quantum communication for up to 23 000 km [7]. Most importantly, in
2015 the group also demonstrated interference at the single photon level along
satellite-ground channels [8]. Here the relative movement between the detector
and source introduces an additional phase, and a gravitational phase shift of
about 2mrad was detected in accordance with [24].

Many other groups are working on quantum communication between Earth
and satellite links. For example, the Institute for Quantum Optics and Quantum
Information (IQOQI) in Austria is planning on performing quantum optics
experiments, such as a Bell-type experiment with an entangled pair of photons,
using an optical ground station (OGS) and the International Space Station
(ISS) [25]; the quantum information processing group (QIV) at the Max Planck
Institute for the Science of Light (MPL) is investigating quantumcommunication
experiments between the Teide Observatory on Tenerife and the Alphasat I-
XL satellite at around a separation of 36 000 km [26]; the Centre for Quantum
Technologies (CQT) group at theNationalUniversity of Singapore, togetherwith
the Satellite Research Centre at Singapore’s Nanyang Technological University,
is investigating a Small Photon-Entangling Quantum System (SPEQS) that will
be set into orbit on a type of small satellite known as a CubeSat and be used as
a testbed for technology for future quantum communication networks [27–29];
theNational Institute of Information andCommunications Technology (NICIT)
in Japan is studying a microsatellite mission called SOCRATES with a goal to
experiment with Quantum Key Distribution (QKD) techniques using a Small
Optical Transponder (SOTA) on board a small satellite and an optical ground
station located at NICT [30]; the Institute for Quantum Computing (IQC) at the
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University ofWaterloo, in collaboration with industry partners, have proposed a
microsatellite mission Quantum Encryption and Science Satellite (QEYSSat) to
demonstrate the generation of encryption keys through the creation of quantum
links between ground and space, and to conduct fundamental science investiga-
tions of long-distance quantum entanglement [31]; and the Chinese Academy
of Sciences (CAS) is investing heavily in projects on long-distance satellite and
ground quantum communications [32], for example, see [33].

2.2. Quantum clocks

The previous section reviewed quantum experiments that operate over large
enough distances such that effects from the gravitational field of the Earth start to
play a role.However,with increasing precision of an experiment, the length scales
over which onemust consider general relativistic effects will significantly reduce.
This was dramatically demonstrated in the optical atomic clock experiment
performed by the group of David Wineland where the time dilation due to
the Earth’s gravitational field was observed over a relative change of height of
just 33 cm [9]. The experiment was achieved by comparing the frequencies of
two Al+ clocks with frequency uncertainties of 10−17 − 10−18 at two sample
height differences. However, the most accurate time keepers today are optical
lattice clocks, with a 87Sr optical lattice clock showing a total uncertainty of
2.1 × 10−18 in fractional frequency units [34]. Repeating a similar experiment
with this precision would correspond to a measurable gravitational time dilation
for a height change of just 2 cm [34].

In addition to timedilationdue to theEarth’s gravitational field, the aluminium-
based atomic clock was also used in a separate experiment to simulate the twin
paradox and to observe time dilation for relative speeds of less than 10ms−1. For
this experiment the two ion clockswere placed in different labs, spaced 75mapart
and connected via a stabilized optical fibre. One atom, the one corresponding to
the travelling twin, was then set into an oscillatingmotion around its equilibrium
position. Time dilation for this motion leads to a fractional frequency shift for
the moving clock, which was found to be in agreement with that expected from
relativity.

It is remarkable that general relativistic effects can be seen at such small
length scales where one would naturally expect spacetime to appear completely
flat, illustrating the power and precision of current technology. Furthermore,
these length scales are expected to reduce in the near-term with future major
developments such as quantum clocks and implementations in space. Here by
quantum clocks we mean clocks that utilise quantum theory in the ‘second
revolutionary’ sense [35]. That is, clocks whose fundamental principles are
based on quantum not classical concepts rather than clocks that rely on an
understanding of quantum theory in a similar way to how quantum theory is
used to understand theworking of transistors in classical computers. This doesn’t
require the clock to just utilize entanglement, instead any quantum property
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such as quantum coherence and squeezing can be utilized. Such quantum clocks
are able to operate close to the Heisenberg limit [36], the ultimate fundamen-
tal bound imposed by QM, enabling a performance enhancement over non-
quantum clocks. By implementing quantum or atomic clocks in space-based
operations, the performance would further be enhanced since noise would be
significantly reduced, potentially allowing for new applications in fundamental
physics, geophysics, astronomy and navigation.

The results from the above experiments can so far be explained by modelling
the clocks as classical point-like, time-keeping systems in a relativistic gravita-
tional field. However, in Section 4 it is argued that, as the precision continues to
improve, and as quantum correlations such as entanglement begin to be utilized,
relativistic effects will start to influence the quantum properties of quantum
clocks such that the results of experiments cannot be solely explained using this
semiclassical approach. As well as modifying the precision of quantum clocks,
this would also enable such clocks to be used as probes to study relativistic
effects on quantum properties. In principle, the most appropriate and accurate
theory for describing these quantumclock experiments that operate in relativistic
regimes is QFTCS rather than non-relativistic QM since time is absolute in the
Schrödinger equation, which is a notion that is incompatible with the concept of
time dilation.

2.3. Atom interferometers

In the last few decades quantum technology, specifically atom-interferometry,
has transformed the field of gravitational metrology. In particular, atom interfer-
ometers have foundmajor applications in precise measurements of gravitational
acceleration [37–39], gravity gradients [40,41] and as gyroscopes [42,43]. These
experiments all utilise the wave nature of atoms by sending them through
an interferometer and measuring the difference in phase induced by different
gravitational potentials, an effect that was first demonstrated with neutrons in
the Colella–Overhauser–Werner (COW) experiment in 1975 [44]. For example,
in a trend-setting experiment by Tino (LENS) [45], the change in the gravity
gradient of the gravitational field induced by test masses arranged around the
experimental setup was measured using three atomic interferometers in parallel.
While this experiment enables highly accuratemeasurements of the gravitational
field, this is still different from measuring purely relativistic effects since it can
also be fully explained using a Newtonian framework. The experiment used
cold 87Rb atoms and relied on the combination of three vertical Mach–Zehnder
interferometers implemented via Raman beams. Three clouds of cold atoms
with a temperature of ∼ 4µK were prepared in a superposition of the F = 1
and F = 2 states using counter-propagating Raman beams. The three clouds
were then launched to different heights such that each trajectory corresponded
to an interferometer with a different length. They obtained a gravity curvature of
≈ 1.4×10−5 s−2m−1 for the arranged test masses, which are well-characterized
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tungsten weights with a total mass of about 519 kg, and this agreed with aMonte-
Carlo simulation to an accuracy of 10−3.

Another example is the large scale Matter-Wave laser Interferometer Grav-
itation Antenna (MIGA), which consists of several spatially separated atom
interferometers horizontally aligned and interrogated by a common laser field
inside a 200-meter-long optical cavity. This detector is currently being built
in a low-noise underground laboratory in France [46,47] and is designed to
provide measurements of sub Hertz variations of the gravitational strain tensor.
These light-pulse atom interferometers have demonstrated great potential as
highly accurate quantum sensors, and recently a representation-free description
of such deviceswas achieved that should allow future studies to consider arbitrary
trajectories and varying orientations of the interferometer setup in non-inertial
frames of reference [48].

Note that these atom interferometer experiments are testing for the effects of
gravity on quantum properties of the system, namely quantum coherence. To
date only effects that are fully accountable using Newtonian gravity have been
observed.However, atom interferometry is now starting to reach a precision such
that it could, in principle, be used to test GR [49–52]. Measurable effects of GR
could include non-linear effects; velocity dependent forces; the Lense–Thirring
effect; and GWs, the latter of which will be discussed in the following section.

In [50,51], atom interferometry tests of GR were motivated by comparing
theoretically several GR and non-relativistic effects to determine if the former
could be distinguishable from the latter. Light-pulse atom interferometry was
promoted to a relativistic setting with both the atoms and the light treated rela-
tivistically and all coordinate dependencies removed. In particular, a semiclassi-
cal description was used where the free propagation of the atoms and the light
was treated classically such that, in analogy with non-relativistic calculations, the
propagation phase is proportional to the classical (but now GR) action, whereas
the atom-light interaction is interpreted using non-relativistic QM but described
in a covariant manner. The atom interferometry was assumed to be placed in
a Schwarzschild metric created by the Earth with a post-Newtonian expansion
of the metric utilized since the Earth’s gravitational field is weak. This post-
Newtonian expansion was parameterised such that any effects beyond GR could
be investigated. Relativistic effects that were studied include non-linear terms,
gravity from the atom’s kinetic energy, and the falling of light. The non-linear
and velocity dependent effects were found to be measurable with an effective
strength of 10−15 g, and it was argued that such small accelerations could still be
observable by implementing particular set-ups such that these relativistic effects
can be isolated from the total phase shift. For example, magnetic shielding, a
rotation servo to null the Earth’s rotation rate, strategically placed masses and
multiple atom interferometers in different configurations could be employed.
Furthermore, with advancements such as using entangled states and increasing
the length of atom interferometers, it was argued that it would be possible to
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improve the precision by several orders of magnitude and exceed that of present
astrophysical tests ofGWs. In [51], othermetricswere also assumed, such as those
created by a rotating planet and the expansion of the Universe, to determine if
additional effects could be measurable (e.g. the Lense–Thirring effect, which was
also discussed in [49]).

Using atom interferometry to test GR would, in principle, demonstrate rel-
ativistic effects on quantum properties since they utilise quantum coherence.
However, atom interferometers could also be used to illustrate how GR affects
quantum properties in a rather different setting: in [24] an atom interferometer
experiment was proposed where time dilation induced by different gravitational
potentials in the two arms of the experiment should lead to a loss in visibility of
the interference pattern for the two paths. What makes this experiment unlike
standard atom interferometer set-ups exploring gravity is that an intrinsic time-
evolving degree of freedom of the matter-wave is used as a clock [24,53], making
time a ‘which path’ witness. There must, therefore, be a loss in the contrast of
quantum interference due to Bohr’s complementarity principle, leading to an
interesting interplay between spatial and temporal degrees of freedom in the
interference process. A proof-of-principle analogue experiment was carried out
for this type of proposal last year [54]. This experiment consisted of a 87Rb
BEC where the mF = 1 and mF = 2 sublevels of the F = 2 hyperfine state
were used for the clock. This clock ticks too slowly to observe time dilation and
instead a vertical magnetic-field gradient is used to simulate a gravitational field
by driving the clocks out of phase. As anticipated, when the clocks are made to
tick at different rates, there is a loss in the visibility of the interference pattern.
To test GR, however, accuracy and stability of the clocks will have to be greatly
improved [55]. Once this is achieved it would allow for experiments able to
explore aspects of the interplay of GR and QM, such as the differing roles of
time in the two theories, and if gravity has any role in the transference from the
quantum to the classical world [56].

Note that all of these proposals use a framework of non-relativistic QM
evolving via the Schrödinger equation but with time, space, and any external
gravitational fields displaying properties of GR. For example, an atom would be
described as a quantum system that evolves via the Schrödinger equation (and
not as an excitation of a quantum field) but with the temporal variable that enters
into the Schrödinger equation undergoing time dilation due to an external non-
uniform gravitational field. This fundamentally differs to the proposals outlined
in Sections 4 and 5 which use the framework of QFTCS and consider extended
rather than point-like systems.

Although tests that can distinguish GR from Newtonian gravity have so far
not been carried out with atom interferometers, these devices have been used
to test the Equivalence Principle (EP) [57–60]. These have been laboratory-
based investigations, but space missions with significantly improved precision
have also been proposed. For example, the STE-QUEST satellite mission,4 was
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designed to test for the universality of free fall of matter waves by comparing
the trajectory of two Bose–Einstein condensates of 85Rb and 87Rb [61]; and the
QTEST (Quantum Test of the Equivalence principle and Space Time) mission
has been designed for the International Space Station (ISS) and will use two
rubidium isotope gases with a precision that is two orders of magnitude superior
to the current limit on EP violations, and six orders of magnitude better than
similar quantum experiments demonstrated in laboratories [62].

2.4. Gravitational wave detectors using quantum systems

GWs were finally discovered by LIGO in September 2015 after decades of
experimental work carried out by more than a thousand scientists and engineers
[21]. The GWs were detected in the interference pattern created by a laser
interferometer that used aMichelson interferometer with Gires–Tournois etalon
arms of 4 km length. The device is currently sensitive enough to be able to detect
a change in the distance between the solar system and the nearest star to just
the thickness of a human hair, corresponding to a sensitivity of 10−23Hz−1/2.
However, plans are currently under way to upgrade the device to further improve
the precision. This will be made possible by, for example, exploiting quantum
properties such as squeezing the laser light [63,64]. In this case a quantum system
would be used to probe purely relativistic effects with breathtaking accuracy.

Apart from LIGO there are many other schemes designed to measure GWs.
Typically these either employ large optical interferometers similar to LIGO, or
follow the pioneering experiments of Weber by utilising large metal (Weber)
bars [65]. In the past few years there have also been proposals to use atom
interferometers for the detection ofGWs. For example, very recently the group of
P. Bouyer has suggested using a chain of atom interferometer based gradiometers
for the detection of GWs with frequencies between 0.3 and 3Hz [66]. This
particular regime has so far been inaccessible to earth-based GW detectors
due to the influence of fluctuations in the terrestrial gravitational field, the so-
calledNewtonian noise (NN). The suggested experiment overcomes this noise by
utilising an array of atom interferometers in an appropriate configuration such
that the noise can be rejected and the GW signal can be extracted by averaging
over several realisations of theNN. The separation chosen between the individual
atom interferometers determines the Newtonian noise rejection efficiency. For a
baseline length of 16.3 km, 80 gradiometers, and separations of δ = 200m, they
predict an optimum sensitivity of 3 × 10−23Hz−1/2 for a frequency of 2Hz.

There have also been proposals to use atom interferometers in space for
detecting GWs [67,68]. For example, the proposal in [68] positions two light-
pulse atom interferometers in separated spacecrafts with the relative acceleration
measured using a Mach–Zehnder type configuration. The interferometers are
operatedwith local lasers, which are phase-stabilized to a third laser beam linking
the two spacecrafts. With separations of two spacecrafts on the order of 106m,
a passing GW would then affect the laser beam linking the two spacecrafts to a
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measurable level by creating a relative phase-shift between the two light pulse
atom-interferometers. This set-up would reach a sensitivity of 10−20Hz−1/2 at
low frequencies (mHz).

In addition to atom interferometers, superconductingmicrowave cavities have
also been investigated for the detection ofGWs. For example, in [69] aMicrowave
Apparatus for Gravitational Waves Observation (MAGO) was proposed that is
based on the concept that a GW could induce an energy transfer between two
levels of an electromagnetic resonator [69], where the two levels are obtained in
this case by coupling twohigh frequency spherical superconducting cavities. Such
a set-up was suggested to be able to achieve a strain sensitivity of 10−23Hz−1/2

for GW frequencies of 103–104Hz if it could be cooled to mK temperatures,
which does not seem unreasonable considering that much larger Weber bar
devices have now been cooled to such temperatures [70]. The detector would
be tunable in resonant frequency and bandwidth, although the latter must be
traded with the maximum sensitivity that could be achieved. For example, a
maximum sensitivity of 1.6 × 10−21Hz−1/2 at 4kHz and bandwidth of only
1Hz was estimated for a potential prototype operating at T = 0.05K, but it is
claimed that the set-up could be modified to allow for a much more reasonable
bandwidth of 350Hz and maximum sensitivity of 6 × 10−21Hz−1/2 at 2 kHz.
Due to the small size (≈ 0.5m) and cheapness of such detectors, and the fact
that the sensitivity is independent of frequency within a broad frequency range
(103-104Hz), it might also be possible to create ‘xylophone’ configurations of
many short broadband detectors operating at different resonant frequencies (see
e.g. [71]). Xylophone configurations have also been suggested for Weber bar
systems, but these are larger and generally more expensive devices.

2.5. Massive quantum systems

The previous sections reviewed quantum experiments that involve macroscopic
distances such that relativistic effects from the Earth’s gravitational field on
quantum properties should be detectable. For example, in Section 2.1 we dis-
cussed proposals to distribute entanglement between Earth and satellite based
stations and, in Section 2.2, we reviewed how quantum clocks are reaching
a precision such that relativistic effects could, in principle, be detected over
macroscopic distances of the order of centimeters. With further developments,
these experiments will effectively be able to probe low-energy consequences of
quantum gravity where matter is quantized but the gravitational field in which
they move is described by GR. This regime is expected to be well-described
by QTFCS and so, if observed effects are not in agreement with this theory’s
predictions, then this would challenge our current perceptions of gravity at the
quantum scale. So far we’ve only been able to test how Newtonian gravity affects
quantum systems, and this has been in agreement with our expectations [38,44].

This approach to investigating quantum gravity in the lab is in contrast to
that where one would attempt to probe microscopic (Planck length) effects of
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gravity by, for example, sending elementary quantum particles to Planck scale
energies. Instead, rather than taking gravity to microscopic regimes where the
quantum world dominates, the experiments reviewed in the previous sections
are bringing quantum systems to amacroscopic regimewhere gravity dominates.
In these experiments, quantum systems are brought to length scales where the
effects from Earth’s gravitational field are enhanced.5 However, another way
to enhance gravitational effects is to increase the rest mass of the quantum
system. One could then, in principle, measure the gravitational field generated
by a quantum system in the lab. In particular, this would enable an experiment
to measure the gravitational field that is generated by a quantum system in a
spatial superposition. From a quantum gravity point of view this should create a
superposition of gravitational fields so that a nearby quantum system would be
put into a superposition ofmotions [72].Measuring this systemwould, therefore,
inform us about a quantum theory of gravity. In particular, it could rule out
theories in which gravity is predicted to be fundamentally classical and not
quantum. Unfortunately, performing this experiment is extremely challenging
since, on the one hand, the gravitational field of small masses is difficult to detect
and, on the other hand, the larger the mass of the system the more difficult
it is to prepare in a spatial superposition. However, there has been significant
experimental progress on both sides of this problem in recent years, particularity
with increasing the mass of systems in a superposition of states.

The current mass record for an object placed in a spatial quantum superpo-
sition over distances comparable to its size is 10,000AMU, which was demon-
strated in macromolecule interferometry [73,74]. There has been considerable
interest in recent years in whether the use of levitated quantumnano-mechanical
oscillators could significantly improve this mass record [75–78]. Quantum ob-
jects with masses as large as 1011 and 1013 AMU have been prepared but so
far the delocalisations achieved have been much smaller than their size [79–
82]. However, proposals exist to significantly extend the delocalisation of such
systems. For example, in [78] it is argued that a micron-sized superconducting
sphere of mass 1013 AMU could be prepared in a spatial superposition of the
order of half a micrometer. A principle aim of all these experiments investigating
massive quantum systems is to determine if QM can be taken to macroscopic
scales or whether it breaks down at some point due to a fundamental objective
modification that results in a non-unitary evolution of the system and an effective
collapse of the wavefunction. In fact it has been suggested that such a process
could be required for gravity to be reconciled with QM [83–86], with motivation
coming from, for instance, the non-linearity of GR or the potential granularity
of spacetime. In particular, QFTCS with the semiclassical Einstein equations,
and its non-relativistic counterpart the Schrödinger-Newton equation, have
inspired gravitationally induced collapse mechanisms [86–89]. More quantum
gravity-like scenarios have also been suggested, such as predictions that the
wavefunction cannot be sustained in a superposition if the gravitational self-
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energy of the difference between the states is greater than the Planck energy [86],
or if gravitational fluctuations fromgranularity of spacetimeor the cosmicmicro-
wave background may be responsible [90]. Furthermore, low-energy QM in the
presence of the Earth’s gravitational field, but with no additional extensions, has
been considered, with an inherent decoherence process originating from time
dilation [56].

It is possible that micro-mechanical devices could also help with the other
side of the experimental challenge: measuring the gravitational field of very small
masses [91,92]. In particular, in [92] a proof-of-principle experiment was out-
lined where a micro-mechanical device is resonantly driven by the gravitational
field generated by a nearby oscillating sourcemass of just a fewgrams. This source
mass would be around three orders of magnitude smaller than what has been
measured so far. However, although this would represent substantial progress,
there is still someway to go before themass scale begins to close in onwhat can be
put into a superposition. Therefore, a top-down approach has been taken and the
initial objective of thismechanical setup is tomeasureNewton’s constantG.6 This
constant currently has the greatest uncertainty of all the fundamental constants
with different groups obtaining values that are outside each other’s error bars. A
revolutionary new way of measuring G may, therefore, provide information on
why the measurements differ so wildly and enable better characterisation of the
systematic errors in these measurements.

Although the primary objective of this experimental approach is to measure
effects that can be accounted for by, at first classical, and eventually quantum,
Newtonian gravity, the incredible precision of these setups, and their expected
rapid progress, potentially opens up the possibility to measure relativistic effects
of gravity. So far GR has only been tested with astronomical source masses, such
as the Earth and far-away stars and galaxies, whose motion we have no control
over. However, laboratory based experiments would provide completely new
tests of GR since they would offer control over the motion and properties of the
source mass. By further using quantum systems as test masses, one might then
be able to measure relativistic effects on certain quantum properties in a highly
controlled setting.

2.6. Quantum experiments probing the dynamical Casimir effect

If the boundary conditions, dispersion law or background of a quantum field
are quickly varied in time such that the system is unable to adiabatically follow
the instantaneous ground state, then correlated pairs of excitations are created
out of the vacuum state. This is the DCE [15,16], which is a clear relativistic
effect and is typically described in terms of the production of photons from
the electromagnetic vacuum between two mirrors when one of the mirrors
undergoes a rapid acceleration. This effect has received numerous theoretical
studies since its incarnation but it was only recently tested experimentally. This
is principally because, in its typical formulation, the rate of photon production
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is only non-negligible when the acceleration is extremely large, which makes the
use of massive mirrors particularly challenging [46,93]. However, the DCE is not
just restricted to a set-up of moving mirrors, and this has led to a number of
alternative experimental proposals.

In 2011, the DCE was observed for the first time by modulating the electrical
properties of a cavity [94]. The system consisted of a coplanar waveguide (CPW)
terminated by a superconducting quantum interference device (SQUID), and the
boundary conditions were rapidly changed by modulating the inductance of the
SQUID. The changing inductance can be described as a change in the electrical
length of the transmission line and provides the same time-dependent boundary
condition as the idealized moving mirror [16,95]. The effective boundary can
be changed rapidly enough in this case such that photon production from the
vacuum is experimentally detectable.

In the same year, the DCE was also demonstrated using a Josephson meta-
material consisting of an array of 250 SQUIDs embedded in a microwave cav-
ity [96,97]. In this set-up the background in which the field propagates was
quickly changed by periodically changing the index of refraction, resulting in the
generation of quantum-correlated photons from the vacuum. This experiment
and that of [94] have demonstrated the potential power of utilising relativistic
effects in quantum information tasks, which is discussed further in Section 5.
However, in order to use these effects for quantum computing, more complex
states need to be generated [98]. Recently, a step towards this has been performed
by generating coherence as well as squeezing correlations in tripartite states
by double parametric pumping of a superconducting microwave cavity in the
ground state [98]. Furthermore, in [99] continuous variable Gaussian cluster
states were considered to be generated by simulating relativistic motion in
superconducting circuits. Proposals for simulating theDCE inother systemshave
also considered. In particular, an acoustic analogue of the DCE was investigated
in a BEC but the temperature was too high to observe quantum effects [100].

As well as paving the way for quantum information tasks based on the DCE
and similar processes, these experiments have also demonstrated the potential of
SQUIDs and BECs for simulating effects of curved spacetime on quantum prop-
erties since the equivalence principle links accelerations and gravity. Proposals
for experiments that simulate QFTCS effects in this way are discussed further in
Section 4.

3. Quantum field theory in curved spacetime

In this section we briefly review QFTCS and introduce the motivating factors
behind using this framework to analyse experiments that are approaching rela-
tivistic regimes, such as those reviewed in Section 2.
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3.1. Background

Quantum Field Theory (QFT) is currently our best attempt at merging special
relativity and quantum physics into a coherent framework, and QFTCS repre-
sents the first step in extending this highly successful theory to curved spacetime
[101]. In QFTCS, matter obeys QFT but the spacetime in which the quantum
field of matter propagates is classical, in the sense that it is not affected by it.
That is, spacetime is taken to obey the rules of GR but with its curvature pre-
assumed and not influenced by quantummatter, whereas matter obeys QFT but
is influenced by the curvature of the classical spacetime. This theory is expected
to offer an effective description of the interplay of quantum physics and GR
at low-energies i.e. below the Planck scale, and is therefore a limiting case of
quantum gravity. Predictions of this theory, such as the Hawking effect [11,12]
and particle creation from an expanding Universe [13,14], are among the most
dazzling and challenging of modern physics, and in the past few decades an
overwhelming amount of research has been dedicated to understanding how
to demonstrate these predictions. This has principally included astrophysical
and cosmological studies but there has recently been a growing interest in
complementing these studies with laboratory based setups. As yet there have
been no direct measurements of QFTCS but quantum experiments operating at
relativistic gravity regimes offer hope that such tests could be realized in the near
future. In Appendix 1, we provide a very brief mathematical introduction to this
theory for the interested reader.

3.2. Motivation

The quantum experiments that were reviewed in Section 2, with the exception of
those in Section 2.6, are all based on non-relativistic QM. That is, their dynamics
are described by the Schrödinger equation, which is inherently non-relativistic.
However, as these experiments approach relativistic regimes, it will be appropri-
ate to describe these systems in terms of QFT and, as relativistic gravity becomes
relevant, in terms of QFTCS. Experimental signatures of QFTCS will then enable
us to learn about the effects of gravity and motion on quantum resources, such
as entanglement, at low-energies. From this we can also formulate predictions
about how the performance and precision of future technologies will bemodified
by relativistic effects. Such effects will need to be corrected for or new methods
must be found to minimize them. In recent theoretical studies, corrections due
to relativistic effects have been analysed usingQFTCS for quantum technological
systems that involve long-range quantum communication protocols, quantum
teleportation and quantum clocks. Section 4 reviews these recent theoretical
studies.

3.3. QFTCS in experiments and technology

Observing influences of QFTCS effects on quantum technologies would provide
the first measurements of QFTCS and would thus give credence to predicted ef-



46 R. HOWL ET AL.

fects such asHawking radiation. Aswell as providing corrections to existing non-
relativistic protocol designs, our improved understanding of these effects could
also open up the possibility for developing new technologies. Examples of such
relativistic quantum technologies have been developed by applying Quantum
InformationTheory (QIT) techniques toQFTCS.Proposed technological devices
include an accelerometer; a device that can measure gravitational properties of
the Earth; and a GW detector. Realisation of these devices would represent the
first time that the theory of GR has been used in the fundamental function of a
technology, thus opening up a new era in technology. Section 5 is dedicated to
reviewing these proposed relativistic quantum devices.

4. Relativistic effects of gravity on quantum properties

In this section we review recent studies that have utilized a QFTCS framework
to show that the performance of a range of existing quantum technologies
will be modified by relativistic effects of gravity. Such quantum technologies
include long-distance quantum communication protocols that use and do not
use entanglement, as well as quantum clocks. These are all reviewed in Sections
4.1–4.3.

4.1. Gravity andmotion affect entanglement

In [102], a quantum information experiment was theorized that involves the
entanglement of two scalar quantum fields. Each scalar field is placed in a cavity
and the full system is initially prepared in the maximally entangled Bell state
|ψ〉 = (|0〉|0〉 + |1〉k |1〉k)/

√
2 where |0〉 denotes the vacuum and |1〉k denotes

the one-particle state of mode k. After the experiment is prepared, one of the
cavities undergoes a non-uniform acceleration for a certain period of time, and
this period of non-uniform acceleration was found to cause the entanglement
between the cavities to degrade. The origin of this loss in entanglement is a pure
QFTCS effect, in fact the samemechanismas particle generation in the dynamical
Casimir and Unruh-Hawking radiation effects.

This theoretical experiment illustrates how quantum information protocols
that involve entanglement, such as quantum teleportation, can be affected by
non-uniform accelerations7 and, from the equivalence principle, by changing
gravitational fields. Scenarios of this type are relevant to the types of experiments
reviewed in Section 2.1 where quantum communication and teleportation pro-
tocols take place over large distances where the gravitational field of the Earth
is non-constant, and to experiments proposed to measure gravitational effects
using entangled systems, which we discussed in Section 2.3. Although presently
unobservable in these quantum technology experiments, with increasing exper-
imental precision and distances, this degradation in entanglement will become
relevant. Furthermore, these quantum experiments have not primarily been
designed to look for such effects and so it is possible that, with experiments that
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Figure 1. Experiment proposed in [20]. Two BECs inside separate satellites are entangled while
both are in the same circular low Earth orbit. One of them then undergoes an acceleration for
a finite time in order to change to a different circular orbit, which translates in a change of
gravitational field felt by the satellite during this process. The entanglement between the BECs is
found to be degraded to an observable level. Source: Figure taken from [20].

are purposely designed, degradation in entanglement could be observed for non-
uniform accelerations or gravitational fields. Such an experiment was proposed
in [20] where it was shown that, by entangling the phononic modes of two BECs
that are placed in two separate satellites, the entanglement would be degraded to
an observable degree if one of the satellites subsequentlymoved to a new orbit. In
fact a degradation in entanglement as large as 20% was predicted. An illustration
of the experiment is presented in Figure 1 and the degradation in entanglement
for different orbits is illustrated in Figure 2. The reason that this effect is predicted
to be currently observable using BECs and not, for example, with a cavity of light,
is that the speed of propagation of phonons of BECs is considerably smaller than
that of light [20]. This lower propagation speed enables the acceleration required
to induce the effects to be considerably smaller and within experimental regimes
since the parameter that defines the strength of the effect is not the acceleration
but rather the dimensionless quantity h = aL/c2, a is the proper acceleration at
the centre of the cavity, L is the proper length of the cavity, and c is the speed of
light for photons or the speed of sound for phonons.

The effects of relativistic motion on quantum teleportation can also be simu-
lated in the laboratory using experiments based on superconducting resonators
with tunable boundary conditions [105]. The superconducting experiments re-
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Figure 2. The degradation in entanglement as measured by negativity N for the experiment
illustrated in Figure 1. δφ is the difference in gravitational field strength between the initial and
final orbits. Three different values of acceleration of the satellite are given: a = 10−3ms−2 (solid,
blue), a = 2× 10−3ms−2 (red, dashed), a = 3× 10−3ms−2 (black, dotted). The speed of sound
of the BEC is cs = 10−2ms−1 and the length of the cavity L = 100µm such that the fundamental
mode has angular frequency�1 = 2π × 50Hz. The initial squeezing was taken to be r = 0.5.
Source: Figure taken from [20].

viewed in Section 2.6 proved the relation between a single SQUID and a relativis-
tically moving mirror. To simulate a relativistically moving cavity, one instead
has to use two SQUIDS [105]. The experimental platform implemented in this
case consists of arrays of hundreds of SQUIDs, and the refractive index for the
microwave photons can be controlled externally by bias magnetic fields applied
to the SQUID loops. Therefore, with appropriate sample design, the effective
spacetime metric of the photonic excitations can be modulated either locally
(below thewavelength size) or globally. By simulating accelerations of a quantum
field cavity, and thus gravitational fields, it was shown that the relativistic effects
on a quantum teleportation protocol would be sizeable for realistic experimental
parameters.

4.2. Gravity andmotion affect quantum communication protocols

Experiments and proposals were reviewed in Section 2.1 that send pulses of
light from the Earth to a satellite in a quantum communication protocol that
could one day be used for a global quantum communications network. Treating
this protocol within a QFTCS framework, it has been shown that the photons,
which are never monochromatic in practice and so are modelled as peaked
wavepackets, are red-shifted and broadened, losing energy as they travel through
the Earth’s non-uniform gravitational field [19]. The satellite will, therefore,
receive a wavepacket with a different frequency distribution to the one prepared
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and sent from the Earth. This means that, as illustrated in Figure 3, gravity will
cause the quantum communication scheme to differ from one performed in flat
spacetime, effectively adding additional noise to the scheme.

For protocols that require users to performonly local operations and exchange
quantumsystems, these effectswill be challenging to compensate for since there is
not simply a linear shift of frequencies but also a broadening of thewavepacket. In
particular, for an Earth-to-space Quantum key distribution (QKD) protocol that
relies on entanglement to share a secret key, gravity would induce an additional
contribution to its quantum bit error rate (defined as the ratio of exchanged error
bits and the total number of shifted key bits) of 0.7% if a photon wavepacket with
realistic peak frequency 625THz and bandwidth σ = 1MHz is sent between
the two stations [19] that are 400 km apart. However, if the there is an exchange
of additional systems, such as local oscillators (LOs), then it may be possible to
implement a protocol that is unaffected by the curvature. In this way the LO
will be affected by the space-time curvature in the same way as the quantum
wavepacket sent between the two stations. The receiving station will then use
the LO as a reference beam for matching and detection of the input signal using
homodyne detection. This then compensates for the change in the frequency
profile so that the key rate of such a scheme will be unaffected by gravity.
However, the exchange of additional resources between the two parties can,
in principle, have a substantial impact on the complexity and performance of
any quantum communication protocols [19].

4.3. Gravity andmotion affect the precision of quantum clocks

As reviewed in Section 2.2, clocks that are based on optical transitions of ions or
neutral atoms in optical lattices are achieving unprecedented levels of precision,
and further improvements are expectedwith thedevelopment of quantumclocks.
Current designs of atomic and quantum clocks are formulated within the frame-
work of non-relativistic QM, and the measured relativistic effects such as time
dilation can be explained by treating the clocks as point-like classical systems.
However, according to QFTCS, as clocks that exploit quantum properties, such
as entanglement, become more precise then relativistic effects on quantum
properties will need to be taken into account. This was illustrated in [106],
which considered a quantum field description of a quantum clock where in
this case a single mode of a scalar quantum field constrained to a cavity was
used to model a clock, with the phase of the mode used as the pointer of the
clock. The single mode was considered to be in a highly non-classical state
such as a squeezed state or a coherent state with a low number of photons.
This fundamental model is both necessarily quantum and relativistic, i.e. all
quantities are compatible with Lorentz invariance and the notions of probability.
Furthermore, its motion through spacetime can be properly described. For
example, for uniform acceleration it was found that the rate of the cavity clock
(the frequency) would be modified. This is due to the fact that, unlike previous
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Figure 3. A quantum communication protocol performed between the Earth and a satellite.
Here Alice, located on Earth, prepares and sends photons to Bob who is located on a satellite. The
photon that is created by Alice has certain characteristics, such as peak frequency and bandwidth,
that change once the photon is received by Bob since he is at a different gravitational potential
to Alice. Source: Figure taken from [19].

studies which assumed the clock to be point-like, in this approach the clock
has a length and different points in the cavity experience different proper times.
This effect can of course be understood classically. However, for changes in
acceleration there is an additional phase shift that therefore affects the precision
of the clock. This phase shift is due to mode-mixing and particle creation from
changes in acceleration, and is a QFTCS effect.

How these general relativistic effects modify the precision of the clock was
analysed by considering the change in the Quantum fisher Information (QFI)
for estimating the phase. The QFI provides the ultimate bound on the estimation
of the parameter of interest, and is discussed in more detail in Section 5.1. The
results are given in Figure 4 for when the single mode is in a squeezed state.
It is found, for example, that for values of h = 0.1 where h := aL/c2, a is
the proper acceleration for an observer in the centre of the cavity, and L is the
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Figure 4. Ratio of the transformed and original quantum fisher information for phase estimation
of the quantum clock described in Section 4.3 as a function of h. The initial state of the clock
is taken to be the single-mode squeezed vacuum with N = 1 (blue), N = 5 (red) and N = 10
(green) photons. Source: Figure taken from [106].

proper length L of the cavity, the QFI would reduce by 0.7% if the single mode
is in a squeezed state with an average of N = 10 photons. Since a quantum
clock is never stationary on Earth due to local effects such as seismic activity,
this loss in precision would have to be accounted for in future developments of
ultra-precise quantum clocks. However, so far an idealistic version of a quantum
clock has been analysed and what is still lacking is how QFTCS effects can alter
the precision of more realistic quantum clocks. For example, the measurement
readout of time needs to be taken into account, noise needs to be considered,
and only Gaussian states have been analysed in these models of quantum clocks.
Furthermore, only effects fromnon-uniformly accelerating quantum clocks have
been investigated rather than the movement of clocks in a curved spacetime.

In [106] it was shown that these results could, in principle, be simulated
in the laboratory using superconducting quantum circuits. Furthermore, by
implementing two clocks with superconducting circuits, one would also be able
to simulate the twin paradox scenario with velocities as large as a few percent of
the speed of light [107]. Such velocities would allow one to investigate QFTCS
effects, and theoretical results indicate that the time dilation in the paradox is
altered due to quantum particle creation and for different cavity lengths [107].

5. Using quantum properties tomeasure relativistic effects of gravity

The previous section considered how relativistic effects of gravity can modify
current quantum technologies such that their performance is degraded, requiring
corrections to be made to their predicted outcomes. In this section we instead
look at the potential benefits of the relativistic effects. An immediate possibility
is to exploit the observations of relativistic effects on quantum properties to
measure aspects of spacetime. This notion has culminated in the creation of
a new research field, relativistic quantum metrology, which investigates how



52 R. HOWL ET AL.

devices based on QFTCS can be used to study the relativistic nature of spacetime
and how these new quantum devices can enhance measurements of properties
of spacetime.

5.1. Relativistic quantummetrology

In quantum metrology, quantum properties are exploited to achieve greater
statistical precision thanpurely classical strategieswhendetermining a parameter
of the system that is not an observable [108]. Examples of such parameters
include temperature, time, acceleration, and coupling strengths. As with any
measurement strategy, we can divide the process into the following phases: input
of the initial state, evolution through a channel, and measurement of the output
state. The parameter to be estimated typically controls the evolution of the input
state and is encoded in the output state. One then looks for the most optimal
measurement strategy achievable such that the error in the estimation process is
minimised.

In classical physics, the error of a measurement can, in general, scale at most
as 1/

√
MN on average, where N is the number of input probes used in each

estimation process, and M is the number of times this estimation process is
repeated. This scaling is just a consequence of the central limit theorem.However,
it has been shown that using quantum states one can achieve what is known
as the quantum or Heisenberg scaling 1/(

√
MN) where N is, for example, the

number of entangled input probes used in each estimation process, and M is
again the number of times this process is repeated [109]. There is, therefore, an
enhancement by a factor of

√
N in the quantum case, and the overall scaling is a

consequence of the Heisenberg uncertainty relation. This improved scaling can
become extremely advantageous when the available number of input probes is
high, and provides a signature of genuine quantum effects.

Quantummetrology is being investigated in advanced technological proposals
aimed at ultra-precisemeasurements of gravity such as the gravitational potential
and the detection of GWs [64,110,111]. These systems have been designed
using non-relativistic QM and thus utilise non-relativistic quantum properties.
However, recently quantum metrology has been applied to the field of QFTCS
to create a new line of research ‘relativistic quantummetrology’ that investigates
measuring spacetime quantities such as relative distances, proper times and
gravitational field strengths by exploiting relativistic effects on quantum systems
[17,112–115]. Excitingly, this has led to the development of novel ‘relativistic’
quantum devices that, in certain cases, appear to improve upon the precision of
their non-relativistic counterparts [17,18]. Proposed relativistic quantumdevices
include an accelerometer [17]; a GWdetector [18]; and a device that canmeasure
Schwarzschild properties of the Earth [116,117], which are all reviewed in the
following subsections. Other investigations include how two entangled atoms
could be used to detect spacetime curvature through the Casimir–Polder inter-
action [118], how entanglement can enhance the precision of the detection of the
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Unruh effect using accelerated probes [118–120], and how the expansion rate of
the universe in the Robertson-Walker metric for Dirac fields can be estimated
[121].

5.2. Measuring Schwarzschild properties of the Earth

In Section 4.2 we discussed how the Earth’s gravitational field can affect Earth-
to-satellite quantum communication protocols requiring corrections to be made
to the detection methods in comparison to those for protocols carried out in flat
spacetime. In this way these effects could be viewed as a hindrance to carrying
out a quantum communication protocol, effectively adding additional noise.
However, since the effects depend on parameters of the background curvature,
it is possible to utilise them in order to carry out precision measurements of
the background spacetime using quantum techniques. Specifically, relativistic
quantum metrology techniques could be used to measure, for example, the
Schwarzschild radius of the Earth, the angular momentum of the Earth, or the
relative distance between the Earth and a satellite [116,117]. This is performed
by sending a wavepacket of light from the Earth to a satellite and then comparing
the wavepacket’s final state to the state of a wavepacket that has not undergone
the trajectory. As discussed in Section 4.2, the background curvature becomes
imprinted in the propagating photon or light pulse so that its final state will differ
to that expected from propagating in flat spacetime.

The effects of spacetime on the photon can be treated as a channel and one is
able to employ a relativistic quantum metrology scheme to estimate the desired
parameters. For example, a two-mode squeezed state, which contains quantum
correlations, could be sent from the Earth to the satellite and the final state is
effectively compared to the initial state to obtain an estimate of the spacetime
parameters. A lower bound can then be obtained on the error of the estimation
from the number of times the processes is repeated and on the squeezing that
can be chosen for the initial state. For peak frequencies of 400THz, bandwidths
of 1MHz, a repetition rate of 1010Hz,8 an integration time of 1 s, a squeezing
of 13.0 dB, and an Earth-satellite distance of 3.6 × 106m (which is typical for
geostationary satellites), one obtains a relative error of �rs/rs ∼ 4.8 × 10−5

on the Schwarzschild’s radius rs. This is about four orders of magnitude off the
state-of-the-art that is achieved using classical technologies [124]. Therefore, for
this type of quantum experiment to outperform the current classical techniques
one would require an enhancement on the repetition rate, being able to integrate
such amount of measurements over a longer period of time, an enhancement in
the squeezing that can be achieved for 102 THz frequencies, or a combination of
these. For example, for a repetition rate of 1016Hz and an integration time of 1
minute, it may be possible to improve the current state-of-the-art by one order
of magnitude. Given the amount of interest in space-based quantum protocols,
and the rate of development of the technologies [7], it is conceivable perhaps that
experiments of this kind will be feasible within the next decade.
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5.3. An accelerometer

In a BEC, phonons propagate on an effective metric created by the condensate
[17]. This is utilised in analogue gravity experiments where the condensate is
manipulated such that the phonons think they are propagating on a curved back-
ground. However, as well as depending on BEC parameters such as condensate
density and velocity flows, this effectivemetric also depends on the real spacetime
metric [125,126]. In fact it depends on the real metric in a conformal way such
that, if the velocity flows are neglected, the phonons behave like unpolarised
photons propagating in a relativistic field but at a highly reduced velocity. In
[17] this was utilised to demonstrate that, by oscillating a BEC constrained
to an ideal one-dimensional, uniform cavity,9 phonons will be created in a
dynamical Casimir-like process. However, unlike for an electromagnetic cavity,
the frequencies of oscillations required to create measurable effects from the
dynamical Casimir effect are very small, being that of typical phonon frequencies
i.e. 10–1000Hz.

By creating a squeezed state of the phonons, allowing the phonons to freely
propagate for a period of time, and then measuring the final state, one is able to
apply relativisticmetrology techniques to obtain an estimate on the non-uniform
motion of the one-dimensional cavity. This, therefore, enables the design of a
BEC accelerometer, and it should be possible to also design a BEC gravimeter
using similar principles. Intriguingly, by comparing the accuracy of this relativis-
tic device, calculated from the QFI, to the state-of-the-art, an improvement by
two orders of magnitude is predicted, demonstrating the potential in exploiting
relativistic effects on quantum properties. This improvement in performance is
essentially coming from the enhancement to the dynamical Casimir effect for
accelerations of interest due to the reduced velocity of phonons when compared
to photons.

5.4. A gravitational wave detector

The proposal for the accelerometer reviewed in the previous section used the
fact that real spacetime distortions can create phonons of a BEC. From the
equivalence principle, it should also be possible to use this in the design of a
GW detector. This was illustrated in [18] where it was shown that GWs will
resonate with modes of the phononic field. Since phonons can have frequencies
of order 10–1000Hz in BEC experiments, the GWs that could, in principle, be
detected would be those with a similar frequency range. Such GWs are predicted
to be generated by the merging of binary neutron stars and black holes systems,
as well as potentially from continuous sources such as rotating neutron stars or
pulsars. The frequency range of 10–1000Hzoverlapswith that of LIGObut,while
the strain sensitivity of LIGO is optimal (10−23Hz−1/2) in the range of 100Hz
and decreases at higher frequencies, the sensitivity of the device proposed in
[18] improves ar higher frequencies. Furthermore, initial calculations using rel-
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ativistic quantummetrology have shown that the strain sensitivity could surpass
that of LIGO by orders of magnitude, allowing for the detection of many more
GW systems. The detector proposed in [18] would also be considerably smaller,
cheaper, and simpler to build than the laser interferometers currently used inGW
detection. Among other benefits, this would enable many experimental groups
to employ GW detectors, allowing for better determination of true GW signals
through near-simultaneous measurements and precise positioning of the source
of the signals.

Note that the GW detectors described in Section 2.4 that are also partly based
onBECs are designedusing a fundamentally different concept to theGWdetector
described here, and work in a completely separate frequency regime. These are
atom interferometers andmake use of non-relativistic QM and phase estimation
techniques applied to the condensate atoms such that one can, in principle,
detect GWs with frequencies between 10−5 to 10−2Hz with strain sensitivities
of the order of 10−18Hz−1/2. In contrast, the GW detector described here uses
state discrimination techniques applied to the phononic excitations of the BEC
in a QFTCS description, which should allow for strain sensitivities of the order
of 10−27Hz−1/2 [18]. Furthermore, whereas the frequency range of the GWs
detected by the atom interferometers correspond to waves generated by small
mass binary systems, the GW detector described here could, theoretically, detect
GWs in the kHz regime, which would deepen our understanding of neutron
stars by gathering the information necessary to describe their equation of state.
This information would further our understanding of the origins, evolution and
extent of our universe since it would enable cosmologists to compute distances
that are key in the study of the cosmological constant and of dark matter.

There is an interesting similarity between this GWdetector and that ofWeber
bars. These are, generically, large metal objects of cylindrical or spherical shape,
and were in fact the first type of GW detectors to be built. In the lab frame
[128,129] GWs should displace the atoms of the metal object creating elastic
oscillations of the material. Therefore, sound waves, and at the quantum level,
phonons, will be created in the metal object. If the GW frequency matches one
of the modes of the object, such as the fundamental mode, a resonance occurs.
The sound waves are then amplified into measurable electrical signals using
a transducer. The GW frequencies that cause resonance in these devices can
also cause resonance in the BEC detector since the lower speed of sound in the
BEC (∼ 10−2 − 10−3ms−1) compared to those of Weber bars (∼ 103ms−1) is
roughly compensated for by the much smaller length (micrometres compared
to metres).10 It would thus be tempting to argue that the BEC detector is just a
Weber bar using a different material. However, there are a few major differences
between the two detectors. Most importantly, the BEC detector is a quantum
device in that it utilizes quantum correlations. That is, the input state of the
phonons contains quantum correlations and quantummetrology techniques are
used to estimate the GW strain given the effect the GW has on the quantum
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correlations of the phonons. This allows for performances that are, in principle,
unachievable in classical systems [18]. A BEC represents a perfect system to
utilise such quantum effects since the temperatures can be of order nano-Kelvin
and so the thermal population of phonons is negligible. In contrast, the lowest
temperatures that have been achieved for Weber bars are of order micro-Kelvin
[70]. Further differences between the two devices include the fact that in a BEC
the ground state is macroscopically occupied and so the phonons of this system
also perceive an effective spacetime generated by the condensate. The phonon
resonance is also different in that it is a parametric resonance in [18] in contrast to
a direct resonance inWeber bars (although parametric amplification can be used
in the measurement procedure). The BEC is also kept inside an electromagnetic
cavity, such that, in the lab frame, the boundaries of the BEC can be considered
rigid to the GW to a good approximation.

6. Conclusion

Quantum experiments have undergone extraordinary developments in recent
years. These experiments are constantly probing and pushing science into new
and unknown territories, such as investigating entanglement over terrestrial
distances and superpositions over macroscopically sized objects. Excitingly, the
constant progress provided by the successful accomplishments of these experi-
ments implies that they are rapidly approaching a regime in fundamental physics
that has yet to be explored.This is the regime inwhich general relativistic effects of
gravitywill begin to influence quantumproperties such as entanglement. The fact
that quantum experiments are starting to approach such a regime is most clearly
illustrated by the experiments that are attempting to prepare an entangled state
between an Earth based station and a satellite for proof-of-principle experiments
of a global quantum communications network. Here distances are being used
where GR already has to be taken into account in classical technology such as
GPS.

In this article we have reviewed the current types of quantum experiments
that are beginning to approach this relativistic regime, and have emphasized that
the most appropriate theory for describing such experiments will be QFTCS. As
reviewed in Section 4, recentwork that has appliedQFTCS toQIThas shown that
relativistic effects of gravity can have a detrimental impact on the performance of
quantum devices, requiring corrections in the predicted outcomes of quantum
experiments. However, as discussed in Section 5, rather than just having a
negative impact, relativistic effects can also be exploited to design quantum
devices that candirectlymeasure spacetime effects.One suchpromisingquantum
device is a GW detector that is built from a BEC and operates in the high
frequency regime where one expects to see binary black hole and neutron star
mergers as well as rotating neutron stars and pulsars. Interestingly, the strain
sensitivity of this device is expected to be at least comparable to LIGO but
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advantages would include the fact that it would be smaller, cheaper and simpler
to build, enabling many experimental groups to implement such detectors. This
would then allow for pinpoint accuracy in the positioning of the sources, enabling
a high performance GW telescope. As reviewed in Section 5.1, this GW detector
is just one example of how QFTCS can be utilized to develop new microscopic
quantum devices capable of probing spacetime and the overlap of quantum
physics and GR. In particular, these devices would be capable of observing real
QFTCS effects for the first time, in contrast to analogue gravity experiments
that search for only analogue effects of QFTCS, such as acoustic Hawking
radiation [130]. They would also offer a controlled setting and repeatability since
they are laboratory based, in contrast to astrophysical and cosmology searches
for signatures of the overlap of quantum physics and GR, such as observing
primordial GWs in the cosmic microwave background [131–133]. Any violation
of QFTCS seen in these experiments would offer a tantalising signature of the
need for a radically new approach to quantum gravity.

In summary,we expect to soon be embarking upon anew revolution in physics
where we will observe the interplay of the quantum world and GR for the first
time. This interplay would involve classical GR affecting quantum properties in a
laboratory setting. The effects must be predictions of a limiting case of quantum
gravity, and QFTCS is currently our best attempt at this. Observing predictions
of QFTCS could, therefore, provide guidance for theories of quantum gravity
and the microscopic structure of spacetime.

Notes

1. For example, a computer relies on classical information theory and stores information
in binary bits so that, even though an understanding beyond Newtonian physics is
required to manipulate certain components of the technology that are used to carry
out the classical information tasks, the computer is fundamentally based on classical
concepts.

2. The de Broglie-Bohm pilot wave theory is an interpretation of QM that chooses
superluminal signalling but issues include extending the theory naturally to a quantum
field theory and finding natural initial conditions [1,2].

3. To determine whether relativistic effects are important one must compare a relevant
combination of parameters with the speed of light c. Such combinations include v2/c2

where v is the characteristic speed of the system of interested; aL/c2 where a is the
characteristic acceleration of the system, and L is the characteristic length of the system;
and L2/T2c2 where T is the characteristic time of the system.

4. Although not ultimately selected by the European Space Agency (ESA)
5. Even the quantum clock experiments of Section 2.2 are working at macroscopic scales

but the length scales (cms) are much smaller than those of the experiments in Section
2.1 due to their precision.

6. A levitation version of this experiment using two cold superconducting spheres
moving along parallel magnetic waveguides has also been considered in [78].

7. For uniform accelerations see e.g. [103,104].
8. This Gbit exchange regime is expected to be implemented in future QKD protocols

[122,123].
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9. See [127] for an example of a BEC constrained to a uniform potential of a box trap.
10. For an approximately one-dimensional BEC or Weber bar, the mode frequencies are

given by ωn = nπcs/L where L is the length of the object.
11. Namely, every contracted index is a short notion for a summation. Explicitly,Aμ Bμ :=∑3

μ,ν=0 gμνAμ Bν . This can be easily generalised to quantities, or tensors, with more
indices.

Acknowledgements

D.E.B. acknowledges hospitality from the University of Vienna.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project has been supported by EPSRC [grant number EP/M003019/1], [grant number
EP/K023624/1]; the EuropeanCommission grantQuILMI-Quantum Integrated LightMatter
Interface [grantnumber 295293]. This publicationwas alsomadepossible through the support
of the John Templeton Foundation grant ‘Leaps in cosmology: gravitational wave detection
with quantum systems’ [grant number 58745]. The opinions expressed in this publication
are those of the authors and do not necessarily reflect the views of the John Templeton
Foundation.

ORCID

David Edward Bruschi http://orcid.org/0000-0002-3816-5439

References

[1] L. de Broglie, La Nouvelle Dynamique des Quanta, in Electrons et Photons: Rapports et
Discussions du Cinquième Conseil de Physique, J. Bordet, ed., Gauthier-Villars, Paris,
1928, pp.105–132.

[2] D. Bohm, Phys. Rev. 85 (1952) p.166. doi:10.1103/PhysRev.85.166.
[3] A. Bassi and G. Ghirardi, Phys. Rep. 379 (2003) p.257. Available at http://www.

sciencedirect.com/science/article/pii/S0370157303001030
[4] D. Rideout, T. Jennewein, G. Amelino-Camelia, T.F. Demarie, B.L. Higgins, A. Kempf,

A. Kent, R. Laflamme, X. Ma, R.B. Mann, E. Martín-MartínÂez, N.C. Menicucci, J.
Moffat, C. Simon, R. Sorkin, L. Smolin and D.R. Terno, Class. Quantum Grav. 29
(2012) p.224011. Available at http://stacks.iop.org/0264-9381/29/i=22/a=224011

[5] P.M. Alsing and I. Fuentes, Class. Quantum Grav. 29 (2012) p.224001. Available at
http://stacks.iop.org/0264-9381/29/i=22/a=224001

[6] G. Vallone, D. Bacco, D. Dequal, S. Gaiarin, V. Luceri, G. Bianco and P. Villoresi, Phys.
Rev. Lett. 115 (2015) p.40502. doi:10.1103/PhysRevLett.115.040502.

[7] D. Dequal, G. Vallone, D. Bacco, S. Gaiarin, V. Luceri, G. Bianco and P. Villoresi, Phys.
Rev. A 93 (2016) p.10301.

[8] G.Vallone,D.Dequal,M. Tomasin, F.Vedovato,M. Schiavon,V. Luceri, G. Bianco and
P.Villoresi, Phys. Rev. Lett. 116 (2016) p.253601. doi:10.1103/PhysRevLett.116.253601.

[9] C.W. Chou, D.B. Hume, T. Rosenband and D.J. Wineland, Science 329 (2010) p.1630.
Available at http://science.sciencemag.org/content/329/5999/1630

http://orcid.org
http://orcid.org/0000-0002-3816-5439
https://doi.org/10.1103/PhysRev.85.166
http://www.sciencedirect.com/science/article/pii/S0370157303001030
http://www.sciencedirect.com/science/article/pii/S0370157303001030
http://stacks.iop.org/0264-9381/29/i=22/a=224011
http://stacks.iop.org/0264-9381/29/i=22/a=224001
https://doi.org/10.1103/PhysRevLett.115.040502
https://doi.org/10.1103/PhysRevLett.116.253601
http://science.sciencemag.org/content/329/5999/1630


ADVANCES IN PHYSICS: X 59

[10] N.D. Birrell and P.C.W. Davies, Quantum Fields in Curved Space,
Cambridge University Press, 1984. Available at http://www.cambridge.org/
mw/academic/subjects/physics/theoretical-physics-and-mathematical-physics/
quantum-fields-curved-space?format=PB

[11] S.W. Hawking, Nature 248 (1974) p.30.
[12] S.W. Hawking, Commun. Math. Phys. 43 (1975) p.199. doi:10.1007/BF02345020.
[13] L. Parker, Phys. Rev. 183 (1969) p.1057. doi:10.1103/PhysRev.183.1057.
[14] L. Parker, Phys. Rev. D 3 (1971) p.346. doi:10.1103/PhysRevD.3.346.
[15] G.T. Moore, J. Math. Phys. 11 (1970) p.2629.
[16] S.A. Fulling and P.C.W. Davies, Proc. R. Soc. London A. 348 (1976) p.393. Available at

http://rspa.royalsocietypublishing.org/content/348/1654/393
[17] M. Ahmadi, D.E. Bruschi, C. Sabín, G. Adesso and I. Fuentes, Sci. Rep. 4 (2014) p.4996.
[18] C. Sabín, D.E. Bruschi, M. Ahmadi and I. Fuentes, New J. Phys. 16 (2014) p.85003.

Available at http://stacks.iop.org/1367-2630/16/i=8/a=085003
[19] D.E. Bruschi, T.C. Ralph, I. Fuentes, T. Jennewein and M. Razavi, Phys. Rev. D 90

(2014) p.45041.
[20] D.E. Bruschi, C. Sabín, A. White, V. Baccetti, D.K.L. Oi and I. Fuentes, New J. Phys. 16

(2014) p.53041.
[21] B.P. Abbott, R. Abbott, T.D. Abbott, M.R. Abernathy, F. Acernese, K. Ackley, C.

Adams, T. Adams, P. Addesso, R.X. Adhikari, V.B. Adya, C. Affeldt, M. Agathos,
K. Agatsuma, N. Aggarwal and O.D. Aguia, Phys. Rev. Lett. 116 (2016) p.61102.
doi:10.1103/PhysRevLett.116.061102.

[22] X.S. Ma, T. Herbst, T. Scheidl, D. Wang, S. Kropatschek, W. Naylor, B. Wittmann, A.
Mech, J. Kofler, E. Anisimova, V. Makarov, T. Jennewein, R. Ursin and A. Zeilinger,
Nature 489 (2012) p.269. doi:10.1038/nature11472. Available at http://www.nature.
com/nature/journal/v489/n7415/abs/nature11472.html#supplementary-information

[23] T. Herbst, T. Scheidl, M. Fink, J. Handsteiner, B. Wittmann, R. Ursin and A. Zeilinger,
Proc. Nat. Acad. Sci. 112 (2015) p.14202. Available at http://www.pnas.org/content/
112/46/14202.abstract

[24] M. Zych, F. Costa, I. Pikovski and C. Brukner, Nat. Commun. 2 (2011) p.505.
doi:10.1038/ncomms1498.

[25] T. Scheidl, E. Wille and R. Ursin, New J. Phys. 15 (2013) p.43008. Available at http://
stacks.iop.org/1367-2630/15/i=4/a=043008

[26] D. Elser, K. Gunthner, I. Khan, B. Stiller, C. Marquardt, G. Leuchs, K. Saucke, D.
Trondle, F. Heine, S. Seel, P. Greulich, H. Zech, B. Gutlich, I. Richter and R. Meyer,
Satellite quantum communication via the alphasat laser communication terminal –
quantum signals from 36 thousand kilometers above earth, in 2015 IEEE International
Conference on Space Optical Systems andApplications (ICSOS), NewOrleans, LA, 2015,
p. 1.

[27] R. Chandrasekara, Z. Tan, Y.C. Tan, C. Cheng, B. Septriani, K. Durak, J.A. Grieve and
A. Ling,Deploying quantum light sources on nanosatellites I: lessons and perspectives on
the optical system, 2015. doi:10.1117/12.2196245.

[28] R. Bedington, E. Truong-Cao, Y.C. Tan, C. Cheng, K. Durak, J. Grieve, J. Larsen,
D. Oi and A. Ling, Deploying quantum light sources on nanosatellites II: lessons and
perspectives on CubeSat spacecraft, 2015. doi:10.1117/12.2199037.

[29] Z. Tang, R. Chandrasekara, Y.C. Tan, C. Cheng, L. Sha, G.C. Hiang, D.K.L. Oi and A.
Ling, Phys. Rev. Appl. 5 (2016) p.54022. doi:10.1103/PhysRevApplied. 5.054022.

[30] H. Takenaka, M. Toyoshima, Y. Takayama, Y. Koyama and M. Akioka, Experiment
plan for a small optical transponder onboard a 50 kg-class small satellite, in 2011

http://www.cambridge.org/mw/academic/subjects/physics/theoretical-physics-and-mathematical-physics/quantum-fields-curved-space?format=PB
http://www.cambridge.org/mw/academic/subjects/physics/theoretical-physics-and-mathematical-physics/quantum-fields-curved-space?format=PB
http://www.cambridge.org/mw/academic/subjects/physics/theoretical-physics-and-mathematical-physics/quantum-fields-curved-space?format=PB
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRev.183.1057
https://doi.org/10.1103/PhysRevD.3.346
http://rspa.royalsocietypublishing.org/content/348/1654/393
http://stacks.iop.org/1367-2630/16/i=8/a=085003
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1038/nature11472
http://www.nature.com/nature/journal/v489/n7415/abs/nature11472.html{#}supplementary-information
http://www.nature.com/nature/journal/v489/n7415/abs/nature11472.html{#}supplementary-information
http://www.pnas.org/content/112/46/14202.abstract
http://www.pnas.org/content/112/46/14202.abstract
https://doi.org/10.1038/ncomms1498
http://stacks.iop.org/1367-2630/15/i=4/a=043008
http://stacks.iop.org/1367-2630/15/i=4/a=043008
https://doi.org/10.1117/12.2196245
https://doi.org/10.1117/12.2199037
https://doi.org/10.1103/PhysRevApplied. 5.054022


60 R. HOWL ET AL.

International Conference on Space Optical Systems and Applications (ICSOS), Santa
Monica, CA, 2011, p. 113.

[31] T. Jennewein, J.P. Bourgoin, B. Higgins, C. Holloway, E. Meyer-Scott, C. Erven,
B. Heim, Z. Yan, H. Hübel, G. Weihs, E. Choi, I. D’Souza, D. Hudson and R.
Laflamme, QEYSSAT: a mission proposal for a quantum receiver in space, 2014.
doi:10.1117/12.2041693.

[32] P. Jianwei, Chin. J. Space Sci. 34 (2014) p.547. Available at http://www.cjss.ac.cn/EN/
abstract/article_2066.shtml

[33] J. Yin, Y. Cao, S.B. Liu, G.S. Pan, J.H. Wang, T. Yang, Z.P. Zhang, F.M. Yang, Y.A.
Chen, C.Z. Peng and J.W. Pan, Opt. Express 21 (2013) p.20032. Available at http://
www.opticsexpress.org/abstract.cfm?URI=oe-21-17-20032

[34] T.L. Nicholson, S.L. Campbell, R.B. Hutson, G.E. Marti, B.J. Bloom, R.L. McNally, W.
Zhang, M.D. Barrett, M.S. Safronova, G.F. Strouse,W.L. Tew and J. Ye, Nat. Commun.
6 (2015). doi:10.1038/ncomms7896.

[35] J. Dowling and G. Milburn, eprint arXiv:quant-ph/0206091, 2002.
[36] E.M. Kessler, P. Kómár, M. Bishof, L. Jiang, A.S. Søorensen, J. Ye and M.D. Lukin,

Phys. Rev. Lett. 112 (2014) p.190403. doi:10.1103/PhysRevLett.112.190403.
[37] M. Kasevich and S. Chu, Appl. Phys. B 54 (1992) p.321. doi:10.1007/BF00325375.
[38] A. Peters, K.Y. Chung and S. Chu, Nature 400 (1999) p.849. doi:10.1038/23655.
[39] A. Peters, K.Y. Chung and S. Chu, Metrologia 38 (2001) p.25.
[40] M.J. Snadden, J.M. McGuirk, P. Bouyer, K.G. Haritos and M.A. Kasevich, Phys. Rev.

Lett. 81 (1998) p.971. doi:10.1103/PhysRevLett.81.971.
[41] J.M. McGuirk, G.T. Foster, J.B. Fixler, M.J. Snadden and M.A. Kasevich, Phys. Rev. A

65 (2002) p.33608. doi:10.1103/PhysRevA.65.033608.
[42] T.L. Gustavson, P. Bouyer and M.A. Kasevich, Phys. Rev. Lett. 78 (1997) p.2046.

doi:10.1103/PhysRevLett.78.2046.
[43] T.L. Gustavson, A. Landragin and M.A. Kasevich, Class. Quantum Grav. 17 (2000)

p.2385. Available at http://stacks.iop.org/0264-9381/17/i=12/a=311
[44] R. Colella, A.W. Overhauser and S.A. Werner, Phys. Rev. Lett. 34 (1975) p.1472.

doi:10.1103/PhysRevLett.34.1472.
[45] G. Rosi, L. Cacciapuoti, F. Sorrentino, M. Menchetti, M. Prevedelli and G.M. Tino,

Phys. Rev. Lett. 114 (2015) p.13001. doi:10.1103/PhysRevLett.114.013001.
[46] C. Braggio, G. Bressi, G. Carugno, C. Del Noce, G. Galeazzi, A. Lombardi,

A. Palmieri, G. Ruoso and D. Zanello, Europhys. Lett. 70 (2005) p.754.
doi:10.1209/epl/i2005-10048-8.

[47] C.D.R. Geiger, L. Amand, A. Bertoldi, B. Canuel, W. Chaibi, M.M.I. Dutta, B. Fang, S.
Gaffet, J. Gillot, D. Holleville, A. Landragin, P.B.I. Riou and D. Savoie, Proceedings of
the 50th Rencontres de Moriond “100 years after GR”, La Thuile (Italy), 2015.

[48] S. Kleinert, E. Kajari, A. Roura andW.P. Schleich, Phys. Rep. 605 (2015) p.1. Available
at http://www.sciencedirect.com/science/article/pii/S0370157315003968

[49] C. Jentsch, T. Müller, E.M. Rasel and W. Ertmer, Gen. Rel. Gravit. 36 (2004) p.2197.
doi:10.1023/B:GERG.0000046179.26175.fa.

[50] S. Foffa, A. Gasparini, M. Papucci and R. Sturani, Phys. Rev. D 73 (2006) p.22001.
doi:10.1103/PhysRevD.73.022001.

[51] S. Dimopoulos, P.W. Graham, J.M. Hogan and M.A. Kasevich, Phys. Rev. Lett. 98
(2007) p.111102. doi:10.1103/PhysRevLett.98.111102.

[52] S. Dimopoulos, P.W. Graham, J.M. Hogan and M.A. Kasevich, Phys. Rev. D 78 (2008)
p.42003. doi:10.1103/PhysRevD.78.042003.

[53] S. Sinha and J. Samuel, Class. Quantum Grav. 28 (2011) p.145018. Available at http://
stacks.iop.org/0264-9381/28/i=14/a=145018

https://doi.org/10.1117/12.2041693
http://www.cjss.ac.cn/EN/abstract/article{_}2066.shtml
http://www.cjss.ac.cn/EN/abstract/article{_}2066.shtml
http://www.opticsexpress.org/abstract.cfm?URI=oe-21-17-20032
http://www.opticsexpress.org/abstract.cfm?URI=oe-21-17-20032
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1103/PhysRevLett.112.190403
https://doi.org/10.1007/BF00325375
https://doi.org/10.1038/23655
https://doi.org/10.1103/PhysRevLett.81.971
https://doi.org/10.1103/PhysRevA.65.033608
https://doi.org/10.1103/PhysRevLett.78.2046
http://stacks.iop.org/0264-9381/17/i=12/a=311
https://doi.org/10.1103/PhysRevLett.34.1472
https://doi.org/10.1103/PhysRevLett.114.013001
https://doi.org/10.1209/epl/i2005-10048-8
http://www.sciencedirect.com/science/article/pii/S0370157315003968
https://doi.org/10.1023/B:GERG.0000046179.26175.fa
https://doi.org/10.1103/PhysRevD.73.022001
https://doi.org/10.1103/PhysRevLett.98.111102
https://doi.org/10.1103/PhysRevD.78.042003
http://stacks.iop.org/0264-9381/28/i=14/a=145018
http://stacks.iop.org/0264-9381/28/i=14/a=145018


ADVANCES IN PHYSICS: X 61

[54] Y. Margalit, Z. Zhou, S. Machluf, D. Rohrlich, Y. Japha and R. Folman, Science 349
(2015) p.1205. Available at http://science.sciencemag.org/content/349/6253/1205

[55] M. Arndt and C. Brand, Science 349 (2015) p.1168. Available at http://science.
sciencemag.org/content/349/6253/1168

[56] I. Pikovski, M. Zych, F. Costa and C. Brukner, Nat. Phys. 11 (2015) p.668.
doi:10.1038/nphys3366. Available at http://www.nature.com/nphys/journal/v11/n8/
abs/nphys3366.html#supplementary-information

[57] S. Fray andM.Weitz, Space Sci. Rev. 148 (2009) p.225. doi:10.1007/s11214-009-9566-x.
[58] A. Bonnin, N. Zahzam, Y. Bidel and A. Bresson, Phys. Rev. A 88 (2013) p.43615.

doi:10.1103/PhysRevA.88.043615.
[59] D. Schlippert, J. Hartwig, H. Albers, L.L. Richardson, C. Schubert, A. Roura,

W.P. Schleich, W. Ertmer and E.M. Rasel, Phys. Rev. Lett. 112 (2014) p.203002.
doi:10.1103/PhysRevLett.112.203002.

[60] L. Zhou, S. Long, B. Tang, X. Chen, F. Gao, W. Peng, W. Duan, J. Zhong, Z.
Xiong, J. Wang, Y. Zhang and M. Zhan, Phys. Rev. Lett. 115 (2015) p.13004.
doi:10.1103/PhysRevLett.115.013004.

[61] B.Altschul,Q.G.Bailey, L. Blanchet,K. Bongs, P. Bouyer, L.Cacciapuoti, S.Capozziello,
N. Gaaloul, D. Giulini, J. Hartwig, L. Iess, P. Jetzer, A. Landragin, E. Rasel, S. Reynaud,
S. Schiller, C. Schubert, F. Sorrentino, U. Sterr, J.D. Tasson, G.M. Tino, P. Tuckey and
P. Wolf, Adv. Space Res. 55 (2015) p.501. Available at http://www.sciencedirect.com/
science/article/pii/S0273117714004384

[62] J.Williams, S.W.Chiow,N.Yu andH.Müller,New J. Phys. 18 (2016) p.25018.Available
at http://stacks.iop.org/1367-2630/18/i=2/a=025018

[63] J. Aasi, J. Abadie, B.P. Abbott, R. Abbott, T.D. Abbott, M.R. Abernathy,
C. Adams, T. Adams, P. Addesso, R.X. Adhikari, C. Affeldt, O.D. Aguiar,
P. Ajith, B. Allen, E. Amador Ceron, D. Amariutei, S.B. Anderson,
W.G. Anderson, K. Arai, M.C. Araya, C. Arceneaux, S. Ast, S.M. As-
ton, D. Atkinson, P. Aufmuth, C. Aulbert, L. Austin, B.E. Aylott, S.
Babak, P.T. Baker, S. Ballmer, Y. Bao, J.C. Barayoga, D. Barker, B. Barr,
L. Barsotti, M.A. Barton, I. Bartos, R. Bassiri, J. Batch, J. Bauchrowitz, B. Behnke, A.S.
Bell, C. Bell, G. Bergmann, J.M. Berliner, A. Bertolini, J. Betzwieser, N. Beveridge, P.T.
Beyersdorf, T. Bhadbhade, I.A. Bilenko, G. Billingsley, J. Birch, S. Biscans, E. Black, J.K.
Blackburn, L. Blackburn, D. Blair, B. Bland, O. Bock, T.P. Bodiya, C. Bogan, C. Bond,
R. Bork, M. Born, S. Bose, J. Bowers, P.R. Brady, V.B. Braginsky, J.E. Brau, J. Breyer,
D.O. Bridges, M. Brinkmann, M. Britzger, A.F. Brooks, D.A. Brown, D.D. Brown,
K. Buckland, F. Brückner, B.C. Buchler, A. Buonanno, J. Burguet-Castell, R.L. Byer,
L. Cadonati, J. B. Camp, P. Campsie, K. Cannon, J. Cao, C.D. Capano, L. Carbone, S.
Caride, A.D. Castiglia, S. Caudill, M. Cavaglià, C. Cepeda, T. Chalermsongsak, S. Chao,
P. Charlton, X. Chen, Y. Chen, H-S. Cho, J.H. Chow, N. Christensen, Q. Chu, S.S. Y
Chua, C.T.Y. Chung, G. Ciani, F. Clara, D.E. Clark, J.A. Clark, M. Constancio Junior,
D. Cook, T.R. Corbitt, M. Cordier, N. Cornish, A. Corsi, C.A. Costa, M.W. Coughlin,
S. Countryman, P. Couvares, D.M. Coward, M. Cowart, D.C. Coyne, K. Craig, J.D.E.
Creighton, T.D. Creighton, A. Cumming, L. Cunningham, K. Dahl, M. Damjanic, S.L.
Danilishin, K. Danzmann, B. Daudert, H. Daveloza, G.S. Davies, E.J. Daw, T. Dayanga,
E. Deleeuw, T. Denker, T. Dent, V. Dergachev, R. DeRosa, R. DeSalvo, S. Dhurandhar,
I. Di Palma,M. Díaz, A. Dietz, F. Donovan, K.L. Dooley, S. Doravari, S. Drasco, R.W.P.
Drever, J.C. Driggers, Z. Du, J-C. Dumas, S. Dwyer, T. Eberle, M. Edwards, A. Effler,
P. Ehrens, S.S. Eikenberry, R. Engel, R. Essick, T. Etzel, K. Evans, M. Evans, T. Evans,
M. Factourovich, S. Fairhurst, Q. Fang, B.F. Farr, W. Farr, M. Favata, D. Fazi, H.
Fehrmann, D. Feldbaum, L. S. Finn, R.P. Fisher, S. Foley, E. Forsi, N. Fotopoulos, M.

http://science.sciencemag.org/content/349/6253/1205
http://science.sciencemag.org/content/349/6253/1168
http://science.sciencemag.org/content/349/6253/1168
https://doi.org/10.1038/nphys3366
http://www.nature.com/nphys/journal/v11/n8/abs/nphys3366.html{#}supplementary-information
http://www.nature.com/nphys/journal/v11/n8/abs/nphys3366.html{#}supplementary-information
https://doi.org/10.1007/s11214-009-9566-x
https://doi.org/10.1103/PhysRevA.88.043615
https://doi.org/10.1103/PhysRevLett.112.203002
https://doi.org/10.1103/PhysRevLett.115.013004
http://www.sciencedirect.com/science/article/pii/S0273117714004384
http://www.sciencedirect.com/science/article/pii/S0273117714004384
http://stacks.iop.org/1367-2630/18/i=2/a=025018


62 R. HOWL ET AL.

Frede, M.A. Frei, Z. Frei, A. Freise, R. Frey, T.T. Fricke, D. Friedrich, P. Fritschel, V.V.
Frolov, M-K. Fujimoto, P.J. Fulda, M. Fyffe, J. Gair, J. Garcia, N. Gehrels, G. Gelencser,
L.Á. Gergely, S. Ghosh, J.A. Giaime, S. Giampanis, K.D. Giardina, S. Gil-Casanova,
C. Gill, J. Gleason, E. Goetz, G. González, N. Gordon, M.L. Gorodetsky, S. Gossan,
S. Goßler, C. Graef, P.B. Graff, A. Grant, S. Gras, C. Gray, R.J.S. Greenhalgh, A.M.
Gretarsson, C. Griffo, H. Grote, K. Grover, S. Grunewald, C. Guido, E.K. Gustafson,
R. Gustafson, D. Hammer, G. Hammond, J. Hanks, C. Hanna, J. Hanson, K. Haris,
J. Harms, G.M. Harry, I.W. Harry, E.D. Harstad, M.T. Hartman, K. Haughian, K.
Hayama, J. Heefner, M.C. Heintze, M.A. Hendry, I.S. Heng, A.W. Heptonstall, M.
Heurs, M. Hewitson, S. Hild, D. Hoak, K.A. Hodge, K. Holt, M. Holtrop, T. Hong,
S. Hooper, J. Hough, E.J. Howell, V. Huang, E.A. Huerta, B. Hughey, S.H. Huttner,
M. Huynh, T. Huynh-Dinh, D.R. Ingram, R. Inta, T. Isogai, A. Ivanov, B.R. Iyer, K.
Izumi, M. Jacobson, E. James, H. Jang, Y.J. Jang, E. Jesse, W.W. Johnson, D. Jones, D.I.
Jones, R. Jones, L. Ju, P. Kalmus, V. Kalogera, S. Kandhasamy, G. Kang, J.B. Kanner,
R. Kasturi, E. Katsavounidis, W. Katzman, H. Kaufer, K. Kawabe, S. Kawamura, F.
Kawazoe, D. Keitel, D.B. Kelley, W. Kells, D.G. Keppel, A. Khalaidovski, F.Y. Khalili,
E.A. Khazanov, B.K. Kim, C. Kim, K. Kim, N. Kim, Y-M. Kim, P.J. King, D.L. Kinzel,
J.S. Kissel, S. Klimenko, J. Kline, K.Kokeyama,V.Kondrashov, S. Koranda,W.Z.Korth,
D. Kozak, C. Kozameh, A. Kremin, V. Kringel, B. Krishnan, C. Kucharczyk, G. Kuehn,
P. Kumar, R. Kumar, B.J. Kuper, R. Kurdyumov, P. Kwee, P.K. Lam, M. Landry, B.
Lantz, P.D. Lasky, C. Lawrie, A. Lazzarini, A. Le Roux, P. Leaci, C-H. Lee, H.K. Lee,
H.M. Lee, J. Lee, J.R. Leong, B. Levine, V. Lhuillier, A.C. Lin, V. Litvine, Y. Liu, Z. Liu,
N.A. Lockerbie, D. Lodhia, K. Loew, J. Logue, A.L. Lombardi, M. Lormand, J. Lough,
M. Lubinski, H. Lück, A.P. Lundgren, J. Macarthur, E. Macdonald, B. Machenschalk,
M. MacInnis, D.M. Macleod, F. Magaña-Sandoval, M. Mageswaran, K. Mailand, G.
Manca, I. Mandel, V. Mandic, S. Márka, Z. Márka, A.S. Markosyan, E. Maros, I.W.
Martin, R.M. Martin, D. Martinov, J.N. Marx, K. Mason, F. Matichard, L. Matone,
R.A. Matzner, N. Mavalvala, G. May, G. Mazzolo, K. McAuley, R. McCarthy, D.E.
McClelland, S.C. McGuire, G. McIntyre, J. McIver, G.D. Meadors, M. Mehmet, T.
Meier, A. Melatos, G. Mendell, R.A. Mercer, S. Meshkov, C. Messenger, M.S. Meyer,
H. Miao, J. Miller, C. M. F. Mingarelli, S. Mitra, V. P. Mitrofanov, G. Mitselmakher,
R. Mittleman, B. Moe, F. Mokler, S. R. P. Mohapatra, D. Moraru, G. Moreno, T. Mori,
S. R. Morriss, K. Mossavi, C. M. Mow-Lowry, C. L. Mueller, G. Mueller, S. Mukherjee,
A. Mullavey, J. Munch, D. Murphy, P. G. Murray, A. Mytidis, D. Nanda Kumar, T.
Nash, R. Nayak, V. Necula, G. Newton, T. Nguyen, E. Nishida, A. Nishizawa, A. Nitz,
D. Nolting, M. E. Normandin, L. K. Nuttall, J. O’Dell, B. O’Reilly, R. O’Shaughnessy,
E. Ochsner, E. Oelker, G. H. Ogin, J. J. Oh, S. H. Oh, F. Ohme, P. Oppermann, C.
Osthelder, C. D. Ott, D. J. Ottaway, R. S. Ottens, J. Ou, H. Overmier, B. J. Owen, C.
Padilla, A. Pai, Y. Pan, C. Pankow, M. A. Papa, H. Paris, W. Parkinson, M. Pedraza,
S. Penn, C. Peralta, A. Perreca, M. Phelps, M. Pickenpack, V. Pierro, I. M. Pinto, M.
Pitkin,H. J. Pletsch, J. Pöld, F. Postiglione, C. Poux, V. Predoi, T. Prestegard, L. R. Price,
M. Prijatelj, S. Privitera, L. G. Prokhorov, O. Puncken, V. Quetschke, E. Quintero, R.
Quitzow-James, F. J. Raab, H. Radkins, P. Raffai, S. Raja, M. Rakhmanov, C. Ramet, V.
Raymond, C. M. Reed, T. Reed, S. Reid, D. H. Reitze, R. Riesen, K. Riles, M. Roberts,
N. A. Robertson, E. L. Robinson, S. Roddy, C. Rodriguez, L. Rodriguez, M. Rodruck, J.
G. Rollins, J. H. Romie, C. Röver, S. Rowan, A. Rüdiger, K. Ryan, F. Salemi, L. Sammut,
V. Sandberg, J. Sanders, S. Sankar, V. Sannibale, L. Santamaría, I. Santiago-Prieto, G.
Santostasi, B. S. Sathyaprakash, P. R. Saulson, R. L. Savage, R. Schilling, R. Schnabel, R.
M. S. Schofield, D. Schuette, B. Schulz, B. F. Schutz, P. Schwinberg, J. Scott, S. M. Scott,
F. Seifert, D. Sellers, A. S. Sengupta, A. Sergeev, D. A. Shaddock, M. S. Shahriar, M.



ADVANCES IN PHYSICS: X 63

Shaltev, Z. Shao, B. Shapiro, P. Shawhan, D. H. Shoemaker, T. L. Sidery, X. Siemens,
D. Sigg, D. Simakov, A. Singer, L. Singer, A. M. Sintes, G. R. Skelton, B. J. J Slagmolen,
J. Slutsky, J. R. Smith, M. R. Smith, R. J. E. Smith, N. D. Smith-Lefebvre, E. J. Son,
B. Sorazu, T. Souradeep, M. Stefszky, E. Steinert, J. Steinlechner, S. Steinlechner, S.
Steplewski, D. Stevens, A. Stochino, R. Stone, K. A. Strain, S. E. Strigin, A. S. Stroeer, A.
L. Stuver, T. Z. Summerscales, S. Susmithan, P. J. Sutton, G. Szeifert, D. Talukder, D. B.
Tanner, S. P. Tarabrin, R. Taylor, M. Thomas, P. Thomas, K. A. Thorne, K. S. Thorne,
E. Thrane, V. Tiwari, K. V. Tokmakov, C. Tomlinson, C. V. Torres, C. I. Torrie, G.
Traylor, M. Tse, D. Ugolini, C. S. Unnikrishnan, H. Vahlbruch, M. Vallisneri, M. V.
van der Sluys, A. A. van Veggel, S. Vass, R. Vaulin, A. Vecchio, P. J. Veitch, J. Veitch,
K. Venkateswara, S. Verma, R. Vincent-Finley, S. Vitale, T. Vo, C. Vorvick, W. D.
Vousden, S. P. Vyatchanin, A. Wade, L. Wade, M. Wade, S. J. Waldman, L. Wallace,
Y. Wan, M. Wang, J. Wang, X. Wang, A. Wanner, R. L. Ward, M. Was, M. Weinert,
A. J. Weinstein, R. Weiss, T. Welborn, L. Wen, P. Wessels, M. West, T. Westphal,
K. Wette, J. T. Whelan, S. E. Whitcomb, A. G. Wiseman, D. J. White, B. F. Whiting,
K. Wiesner, C. Wilkinson, P. A. Willems, L. Williams, R. Williams, T. Williams, J. L.
Willis, B. Willke, M. Wimmer, L. Winkelmann, W. Winkler, C. C. Wipf, H. Wittel,
G. Woan, R. Wooley, J. Worden, J. Yablon, I. Yakushin, H. Yamamoto, C. C. Yancey,
H. Yang, D. Yeaton-Massey, S. Yoshida, H. Yum, M. Zanolin, F. Zhang, L. Zhang, C.
Zhao, H. Zhu, X. J. Zhu, N. Zotov, M. E. Zucker and J. Zweizig, Nat. Photon 7 (2013)
p.613. doi:10.1038/nphoton.2013.177. Available at http://www.nature.com/nphoton/
journal/v7/n8/abs/nphoton.2013.177.html#supplementary-information

[64] E. Oelker, L. Barsotti, S. Dwyer, D. Sigg and N. Mavalvala, Opt. Ex-
press 22 (2014) p.21106. Available at http://www.opticsexpress.org/abstract.cfm?
URI=oe-22-17-21106

[65] J. Weber, Phys. Rev. Lett. 18 (1967) p.498. doi:10.1103/PhysRevLett.18.498.
[66] W. Chaibi, R. Geiger, B. Canuel, A. Bertoldi, A. Landragin and P. Bouyer, Phys. Rev.

D 93 (2016) p.21101. doi:10.1103/PhysRevD.93.021101.
[67] P.W.Graham, J.M.Hogan,M.A. Kasevich and S. Rajendran, Phys. Rev. Lett. 110 (2013)

p.171102. doi:10.1103/PhysRevLett.110.171102.
[68] J. Hogan and M. Kasevich, ArXiv e-prints, 2015.
[69] R.V.R. Ballantini, Ph. Bernard, S. Calatroni, E. Chiaveri, A. Chincarini, R.P. Croce, S.

Cuneo, V. Galdi, G. Gemme, R. Losito, R. Parodi, E. Picasso, V. Pierro, I.M. Pinto and
A. Podesta’, INFN Technical Note INFN/TC-05/05, 2005.

[70] A. Vinante, M. Bignotto, M. Bonaldi, M. Cerdonio, L. Conti, P. Falferi, N.
Liguori, S. Longo, R. Mezzena, A. Ortolan, G.A. Prodi, F. Salemi, L. Taffarello,
G. Vedovato, S. Vitale and J.P. Zendri, Phys. Rev. Lett. 101 (2008) p.033601.
doi:10.1103/PhysRevLett.101.033601.

[71] O. Aguiar, Res. Astron. Astrophys. 11 (2011) p.1.
[72] C.M. DeWitt and D. Rickles, The Role of Gravitation in Physics: Report from the 1957

Chapel Hill Conference, Edition Open Access, 2011.
[73] S. Eibenberger, S. Gerlich,M. Arndt,M.Mayor and J. Tuxen, Phys. Chem. Chem. Phys.

15 (2013) p.14696. doi:10.1039/C3CP51500A.
[74] J.P. Cotter, S. Eibenberger, L. Mairhofer, X. Cheng, P. Asenbaum, M. Arndt,

K. Walter, S. Nimmrichter and K. Hornberger, Nat. Commun. 6 (2015).
doi:10.1038/ncomms8336.

[75] O. Romero-Isart, A.C. Pflanzer, F. Blaser, R. Kaltenbaek, N. Kiesel, M. Aspelmeyer and
J.I. Cirac, Phys. Rev. Lett. 107 (2011) p.20405. doi:10.1103/PhysRevLett.107.020405.

[76] O. Romero-Isart, Phys. Rev. A 84 (2011) p.52121. doi:10.1103/PhysRevA.84.052121.

https://doi.org/10.1038/nphoton.2013.177
http://www.nature.com/nphoton/journal/v7/n8/abs/nphoton.2013.177.html{#}supplementary-information
http://www.nature.com/nphoton/journal/v7/n8/abs/nphoton.2013.177.html{#}supplementary-information
http://www.opticsexpress.org/abstract.cfm?URI=oe-22-17-21106
http://www.opticsexpress.org/abstract.cfm?URI=oe-22-17-21106
https://doi.org/10.1103/PhysRevLett.18.498
https://doi.org/10.1103/PhysRevD.93.021101
https://doi.org/10.1103/PhysRevLett.110.171102
https://doi.org/10.1103/PhysRevLett.101.033601
https://doi.org/10.1039/C3CP51500A
https://doi.org/10.1038/ncomms8336
https://doi.org/10.1103/PhysRevLett.107.020405
https://doi.org/10.1103/PhysRevA.84.052121


64 R. HOWL ET AL.

[77] J. Bateman, S. Nimmrichter, K. Hornberger and H. Ulbricht, arXiv preprint 5, (2013)
p.1. Available at http://arxiv.org/abs/1312.0500

[78] H. Pino, J. Prat-Camps, K. Sinha, B. Venkatesh and O. Romero-Isart, ArXiv e-prints,
2016.

[79] A.D. O’Connell, M. Hofheinz, M. Ansmann, R.C. Bialczak, M. Lenander, E. Lucero,
M. Neeley, D. Sank, H. Wang, M. Weides, J. Wenner, J.M. Martinis and A.N. Cleland,
Nature 464 (2010) p.697. doi:10.1038/nature08967. Available at http://www.nature.
com/nature/journal/v464/n7289/suppinfo/nature08967_S1.html

[80] J.D. Teufel, T. Donner, D. Li, J.W. Harlow, M.S. Allman, K. Cicak, A.J. Sirois,
J.D. Whittaker, K.W. Lehnert and R.W. Simmonds, Nature 475 (2011) p.359.
doi:10.1038/nature10261. Available at http://www.nature.com/nature/journal/v475/
n7356/abs/nature10261.html#supplementary-information

[81] J. Chan, T.P.M. Alegre, A.H. Safavi-Naeini, J.T. Hill, A. Krause, S. Groblacher,
M. Aspelmeyer and O. Painter, Nature 478 (2011) p.89. doi:10.1038/nature10461.
Available at http://www.nature.com/nature/journal/v478/n7367/abs/nature10461.
html#supplementary-information

[82] M. Aspelmeyer, T.J. Kippenberg and F. Marquardt, Rev. Mod. Phys. 86 (2014) p.1391.
doi:10.1103/RevModPhys.86.1391.

[83] R.P. Feynman, F.B. Morinigo, W.G. Wagner and B. Hatfield, Feynman Lectures on
Gravitation, Westview Press, Boulder, 2003.

[84] F. Karolyhazy, Il Nuovo Cimento A (1971–1996) 42 (1966) p.390.
doi:10.1007/BF02717926.

[85] L. Diósi, Phys. Rev. A 40 (1989) p.1165. doi:10.1103/PhysRevA.40.1165.
[86] R. Penrose, Gen. Rel. Gravit. 28 (1996) p.581. doi:10.1007/BF02105068.
[87] L. Diósi, Phys. Lett. A 105 (1984) p.199. Available at http://www.sciencedirect.com/

science/article/pii/0375960184903979
[88] R. Penrose, Philos. Trans. R. Soc. Lond. A 356 (1998) p.1927. Available at http://rsta.

royalsocietypublishing.org/content/356/1743/1927
[89] R. Penrose, Found. Phys. 44 (2014) p.557. doi:10.1007/s10701-013-9770-0.
[90] M.P. Blencowe, Phys. Rev. Lett. 111 (2013) p.21302. doi:10.1103/Phys-

RevLett.111.021302.
[91] M. Bahrami, A. Bassi, S. McMillen, M. Paternostro and H. Ulbricht, ArXiv e-prints,

2015.
[92] J. Schmöle, M. Dragosits, H. Hepach and M. Aspelmeyer, Class. Quantum Grav. 33

(2016) p.125031. Available at http://stacks.iop.org/0264-9381/33/i=12/a=125031
[93] W.J. Kim, J.H. Brownell and R. Onofrio, Phys. Rev. Lett. 96 (2006) p.200402.

doi:10.1103/PhysRevLett.96.200402.
[94] C.M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen, J.R. Johansson, T.

Duty, F. Nori and P. Delsing, Nature 479 (2011) p.376. doi:10.1038/nature10561.
Available at http://www.nature.com/nature/journal/v479/n7373/abs/nature10561.
html#supplementary-information

[95] A. Lambrecht, M.T. Jaekel and S. Reynaud, Phys. Rev. Lett. 77 (1996) p.615.
doi:10.1103/PhysRevLett.77.615.

[96] P. Lähteenmäki, G.S. Paraoanu, J. Hassel and P.J. Hakonen, Proc. Nat. Acad. Sci. 110
(2013) p.4234. Available at http://www.pnas.org/content/110/11/4234.abstract

[97] P. Lähteenmäki, G. Paraoanu, J. Hassel and P. Hakonen, ArXiv e-prints, 2014.
[98] P. Lähteenmäki, G. Paraoanu, J. Hassel and P. Hakonen, ArXiv e-prints, 2015.
[99] D.E. Bruschi, C. Sabín, P. Kok, G. Johansson, P. Delsing and I. Fuentes, Sci. Rep. 6

(2016) p.18349. doi:10.1038/srep18349.

http://arxiv.org/abs/1312.0500
https://doi.org/10.1038/nature08967
http://www.nature.com/nature/journal/v464/n7289/suppinfo/nature08967{_}S1.html
http://www.nature.com/nature/journal/v464/n7289/suppinfo/nature08967{_}S1.html
https://doi.org/10.1038/nature10261
http://www.nature.com/nature/journal/v475/n7356/abs/nature10261.html{#}supplementary-information
http://www.nature.com/nature/journal/v475/n7356/abs/nature10261.html{#}supplementary-information
https://doi.org/10.1038/nature10461
http://www.nature.com/nature/journal/v478/n7367/abs/nature10461.html{#}supplementary-information
http://www.nature.com/nature/journal/v478/n7367/abs/nature10461.html{#}supplementary-information
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1007/BF02717926
https://doi.org/10.1103/PhysRevA.40.1165
https://doi.org/10.1007/BF02105068
http://www.sciencedirect.com/science/article/pii/0375960184903979
http://www.sciencedirect.com/science/article/pii/0375960184903979
http://rsta.royalsocietypublishing.org/content/356/1743/1927
http://rsta.royalsocietypublishing.org/content/356/1743/1927
https://doi.org/10.1007/s10701-013-9770-0
https://doi.org/10.1103/PhysRevLett.111.021302
http://stacks.iop.org/0264-9381/33/i=12/a=125031
https://doi.org/10.1103/PhysRevLett.96.200402
https://doi.org/10.1038/nature10561
http://www.nature.com/nature/journal/v479/n7373/abs/nature10561.html{#}supplementary-information
http://www.nature.com/nature/journal/v479/n7373/abs/nature10561.html{#}supplementary-information
https://doi.org/10.1103/PhysRevLett.77.615
http://www.pnas.org/content/110/11/4234.abstract
https://doi.org/10.1038/srep18349


ADVANCES IN PHYSICS: X 65

[100] J.C. Jaskula, G.B. Partridge, M. Bonneau, R. Lopes, J. Ruaudel, D. Boiron and C.I.
Westbrook, Phys. Rev. Lett. 109 (2012) p.220401. doi:10.1103/PhysRevLett.109.220401.

[101] N.D. Birrell and P.C.W. Davies, Quantum Field Theory in Curved Space-time,
Cambridge Monographs on Mathematical Physics, Cambridge University Press,
Cambridge, 1984.

[102] D.E. Bruschi, I. Fuentes and J. Louko, Phys. Rev. D 85 (2012) p.61701.
doi:10.1103/PhysRevD.85.061701.

[103] P.M. Alsing and G.J. Milburn, Phys. Rev. Lett. 91 (2003) p.180404.
doi:10.1103/PhysRevLett.91.180404.

[104] G. Adesso, S. Ragy and D. Girolami, Class. Quantum Grav. 29 (2012) p.224002.
Available at http://stacks.iop.org/0264-9381/29/i=22/a=224002

[105] N. Friis, A.R. Lee, K. Truong, C. Sabín, E. Solano, G. Johansson and I. Fuentes, Phys.
Rev. Lett. 110 (2013) p.113602. doi:10.1103/PhysRevLett.110.113602.

[106] J. Lindkvist, C. Sabín, G. Johansson and I. Fuentes, Sci. Rep. 5 (2015) p.10070.
doi:10.1038/srep10070.

[107] J. Lindkvist,C. Sabín, I. Fuentes,A.Dragan, I.M. Svensson, P.Delsing andG. Johansson,
Phys. Rev. A 90 (2014) p.52113. doi:10.1103/PhysRevA.90.052113.

[108] S.L. Braunstein and C.M. Caves, Phys. Rev. Lett. 72 (1994) p.3439.
[109] Z.Y. Ou, Phys. Rev. Lett. 77 (1996) p.2352. doi:10.1103/PhysRevLett.77.2352.
[110] M.T. Jaekel and S. Reynaud, Europhys. Lett. 13 (1990) p.301. Available at http://stacks.

iop.org/0295-5075/13/i=4/a=003
[111] R. Schnabel, N. Mavalvala, D.E. McClelland and P.K. Lam, Nat. Commun. 1 (2010)

p.121. doi:10.1038/ncomms1122.
[112] M. Aspachs, G. Adesso and I. Fuentes, Phys. Rev. Lett. 105 (2010) p.151301.

doi:10.1103/PhysRevLett.105.151301.
[113] T. Downes, G. Milburn and C. Caves, ArXiv e-prints, 2011.
[114] D. Hosler and P. Kok, Phys. Rev. A 88 (2013) p.52112. doi:10.1103/Phys-

RevA.88.052112.
[115] Y. Yao, X. Xiao, L. Ge, X.G. Wang and C.P. Sun, Phys. Rev. A 89 (2014) p.42336.

doi:10.1103/PhysRevA.89.042336.
[116] D.E. Bruschi, A. Datta, R. Ursin, T.C. Ralph and I. Fuentes, Phys. Rev. D 90 (2014)

p.124001.
[117] J. Kohlrus, D. Bruschi, J. Louko and I. Fuentes, ArXiv e-prints, 2015.
[118] Z. Tian, J. Wang, J. Jing and A. Dragan, ArXiv e-prints, 2016.
[119] J. Wang, Z. Tian, J. Jing and H. Fan, Sci. Rep. 4 (2014) p.7195. doi:10.1038/srep07195.
[120] Z. Tian, J. Wang, H. Fan and J. Jing, Sci. Rep. 5 (2015) p.7946. doi:10.1038/srep07946.
[121] J. Wang, Z. Tian, J. Jing and H. Fan, Nucl. Phys. B 892 (2015) p.390. Available at http://

www.sciencedirect.com/science/article/pii/S0550321315000322
[122] P. Jouguet, S. Kunz-Jacques, A. Leverrier, P. Grangier and E. Diamanti, Nat. Photon

7 (2013) p.378. doi:10.1038/nphoton.2013.63. Available at http://www.nature.com/
nphoton/journal/v7/n5/abs/nphoton.2013.63.html#supplementary-information

[123] P. Eraerds, N. Walenta, M. Legré, N. Gisin and H. Zbinden, New J. Phys. 12 (2010)
p.63027. Available at http://stacks.iop.org/1367-2630/12/i=6/a=063027

[124] C. Hirt, S. Claessens, T. Fecher, M. Kuhn, R. Pail and M. Rexer, Geophys. Res. Lett. 40
(2013) p.4279. doi:10.1002/grl.50838.

[125] S. Fagnocchi, S. Finazzi, S. Liberati, M. Kormos and A. Trombettoni, New J. Phys. 12
(2010) p.95012. Available at http://stacks.iop.org/1367-2630/12/i=9/a=095012

[126] M. Visser and C. Molina-París, New J. Phys. 12 (2010) p.95014. Available at http://
stacks.iop.org/1367-2630/12/i=9/a=095014

https://doi.org/10.1103/PhysRevLett.109.220401
https://doi.org/10.1103/PhysRevD.85.061701
https://doi.org/10.1103/PhysRevLett.91.180404
http://stacks.iop.org/0264-9381/29/i=22/a=224002
https://doi.org/10.1103/PhysRevLett.110.113602
https://doi.org/10.1038/srep10070
https://doi.org/10.1103/PhysRevA.90.052113
https://doi.org/10.1103/PhysRevLett.77.2352
http://stacks.iop.org/0295-5075/13/i=4/a=003
http://stacks.iop.org/0295-5075/13/i=4/a=003
https://doi.org/10.1038/ncomms1122
https://doi.org/10.1103/PhysRevLett.105.151301
https://doi.org/10.1103/PhysRevA.88.052112
https://doi.org/10.1103/PhysRevA.89.042336
https://doi.org/10.1038/srep07195
https://doi.org/10.1038/srep07946
http://www.sciencedirect.com/science/article/pii/S0550321315000322
http://www.sciencedirect.com/science/article/pii/S0550321315000322
https://doi.org/10.1038/nphoton.2013.63
http://www.nature.com/nphoton/journal/v7/n5/abs/nphoton.2013.63.html{#}supplementary-information
http://www.nature.com/nphoton/journal/v7/n5/abs/nphoton.2013.63.html{#}supplementary-information
http://stacks.iop.org/1367-2630/12/i=6/a=063027
https://doi.org/10.1002/grl.50838
http://stacks.iop.org/1367-2630/12/i=9/a=095012
http://stacks.iop.org/1367-2630/12/i=9/a=095014
http://stacks.iop.org/1367-2630/12/i=9/a=095014


66 R. HOWL ET AL.

[127] A.L. Gaunt, T.F. Schmidutz, I. Gotlibovych, R.P. Smith and Z. Hadzibabic, Phys. Rev.
Lett. 110 (2013) p.200406. doi:10.1103/PhysRevLett.110.200406.

[128] W.T. Ni and M. Zimmermann, Phys. Rev. D 17 (1978) p.1473. doi:10.1103/Phys-
RevD.17.1473.

[129] K.S. Thorne, The theory of gravitational radiation: an introductory review, in Les
Houches Summer School on Gravitational Radiation Les Houches, France, June 2–21,
1982, 1982, p. 1.

[130] W.G. Unruh, Phys. Rev. Lett. 46 (1981) p.1351. doi:10.1103/PhysRevLett. 46.1351.
[131] B.G. Keating, P.A.R. Ade, J.J. Bock, E. Hivon, W.L. Holzapfel, A.E. Lange, H.

Nguyen and K.W. Yoon, BICEP: a large angular scale CMB polarimeter, 2003.
doi:10.1117/12.459274.

[132] K.W. Yoon, P.A.R. Ade, D. Barkats, J.O. Battle, E.M. Bierman, J.J. Bock, J.A. Brevik,
H.C. Chiang, A. Crites, C.D. Dowell, L. Duband, G.S. Griffin, E.F. Hivon, W.L.
Holzapfel, V.V. Hristov, B.G. Keating, J.M. Kovac, C.L. Kuo, A.E. Lange, E.M. Leitch,
P.V.Mason, H.T. Nguyen, N. Ponthieu, Y.D. Takahashi, T. Renbarger, L.C.Weintraub
and D. Woolsey, The Robinson Gravitational Wave Background Telescope (BICEP): a
bolometric large angular scale CMB polarimeter, 2006. doi:10.1117/12.672652.

[133] M. Amiri, B. Burger, M. Halpern and M. Hasselfield, BICEP2 CMB polarization
experiment, 2010. Available at https://open.library.ubc.ca/cIRcle/collections/52383/
items/1.0107570

[134] S.A. Fulling, Aspects of Quantum Field Theory in Curved Spacetime, Cambridge
University Press, Cambridge, 1989.

[135] R.M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole
Thermodynamics, University of Chicago Press, Chicago, IL, 1994.

[136] V. Mukhanov and S. Winitzki, Introduction to Quantum Effects in Gravity, Cambridge
University Press, Cambridge, 2007.

[137] L.E. Parker and D.J. Toms, Quantum Field Theory in Curved Spacetime: Quantized
Fields and Gravity, Cambridge University Press, New York, NY, 2009.

[138] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General
Theory of Relativity, Wiley, New York, NY, 1972.

[139] C.W. Misner, K.S. Thorne and J.A. Wheeler, Gravitation, W.H. Freeman and Co., San
Francisco, 1973.

[140] L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields, Pergamon Press, Oxford,
1975.

[141] R.M. Wald, General Relativity, University of Chicago Press, Chicago, 1984.
[142] S.M. Carroll, Spacetime and Geometry. An Introduction to General Relativity, Addison

Wesley, San Francisco, CA, 2004.
[143] S.W. Hawking and G.F.R. Ellis, The Large Scale Structure of Space-time, Cambridge

University Press, Cambridge, 1973.
[144] K. Schwarzschild, Sitzungsberichte der Königlich Preußischen Akademie der

Wissenschaften (Berlin), Seite, Cambridge, 1916, p. 189.
[145] S.A. Fulling, Phys. Rev. D 7 (1973) p.2850. doi:10.1103/PhysRevD.7.2850.
[146] P.C.W. Davies, J. Phys. A: Math. General 8 (1975) p.609. Available at http://stacks.iop.

org/0305-4470/8/i=4/a=022
[147] W.G. Unruh, Phys. Rev. D 14 (1976) p.870. doi:10.1103/PhysRevD.14.870.
[148] L. Parker, Phys. Rev. Lett. 21 (1968) p.562. doi:10.1103/PhysRevLett.21.562.
[149] G.T. Moore, J. Math. Phys. 11 (1970) p.2679. doi:doi.org/10.1063/1.1665432.

https://doi.org/10.1103/PhysRevLett.110.200406
https://doi.org/10.1103/PhysRevD.17.1473
https://doi.org/10.1103/PhysRevLett. 46.1351
https://doi.org/10.1117/12.459274
https://doi.org/10.1117/12.672652
https://open.library.ubc.ca/cIRcle/collections/52383/items/1.0107570
https://open.library.ubc.ca/cIRcle/collections/52383/items/1.0107570
https://doi.org/10.1103/PhysRevD.7.2850
http://stacks.iop.org/0305-4470/8/i=4/a=022
http://stacks.iop.org/0305-4470/8/i=4/a=022
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/doi.org/10.1063/1.1665432


ADVANCES IN PHYSICS: X 67

Appendix 1. A brief introduction to the theory of quantum fields in
curved spacetime
Here we provide a brief introduction to the basic aspects of QFTCS. This theory is many
decades old and has been extensively studied. By no means will we be exhaustive here, and
we refer the interested readers to the standard literature [10,134–137].

The basic element of QFTCS is the quantum field, an operator-valued function defined on
a manifold, called spacetime. The quantum field can be bosonic, with integer spin-statistics,
or fermionic, with odd spin-statistics. For this reviewwe focus only on bosonic fields �̂. Given
a 3 + 1 spacetime with coordinates xμ = (x0, x1, . . . , x3), the field takes ‘values’ �(xμ) for
each spacetime point.

The theory of QFTCS relies on the following important assumptions:

(i) To a very good approximation, gravity can be treated as classical for the calculations
of interest,

(ii) Matter fields are quantum objects that propagate and interact ‘on a manifold’,
(iii) The manifold is endowed by a metric g that is a particular solution to the Einstein

field equations in GR with a specific background energy-mass distribution from a
macroscopic body, such as the Earth. This background energy-mass distribution is
independent of the matter fields.

The fundamental gravitational quantity is the metric g, a symmetric and non-degenerate
tensor with components gμν . The metric defines lengths between neighbouring points in
curved spacetime through the infinitesimal line element ds2 = gμν dxμ dxν . Here we assume
Einstein’s summation convention.11 The inverse metric g−1 has components gμν and is
defined by gμν gνρ = δ

ρ
μ , where δ ρ

μ is the Kronecker delta.
Flat spacetime is characterised by gμν = ημν = diag( − 1, 1, 1, 1, ), and we recall that

for each point P in the manifold there always exist local coordinates yρ where gμν(yρ) ≡
diag( − 1, 1, 1, 1). This is the expression for the locality principle of GR, which states that
locally the spacetime is always flat. We also note that four-vectors ξ with components ξμ can
be classified depending on the sign of their length. We say that the vector is (i) timelike, when
ξμ ξμ < 0; (ii) null, when ξμ ξμ = 0; and (iii) spacelike, when ξμ ξμ > 0. A timelike vector,
for example, is tangent to trajectories followed by (pointlike) physical objects. Such a vector
is orthogonal to a surface of points that are causally disconnected, i.e. that cannot exchange
information, which is known as a Cauchy-hypersurface. This concept plays an important role
in establishing the initial conditions of a problem. We note that, while in flat spacetime the
derivatives read ∂μ := ∂/∂xμ, in curved spacetime the situation is more complicated. One
needs to replace all standard derivatives ∂μ with covariant derivatives ∇μ, whose action of
functions, four-vectors and tensors is different. For example, if f is a scalar function, then
∇μf = ∂μf , while if ξ is a four-vector with components ξρ , one has∇μξρ := ∂μξ

ρ−�ρμσ ξσ .
Here,�ρμσ are theChristoffel symbols and they are defined in terms of derivatives of themetric
and products of themetric elements. Standard expressions can be found in the literature [138–
142].

Bosonic fields include spin-0 fields, known as scalar fields; spin-1 fields, such as the
electromagnetic field; and spin-2 fields, which describe gravitons. To each corresponding
classical field is associated a specific Lagrangian density, which is the generalisation of the
standard Lagrangian for classical systems and their degrees of freedom. For example, for
a classical scalar field �, the Lagrangian L of the field reads L := ∫

d3xL(�, ∂μ�), while
the action A reads A := ∫

d4xL(�, ∂μ�) where L(�, ∂μ�) is the Lagrangian density. The
equations ofmotion for the scalar field can then be obtained by the usual least-action principle
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Table A1. Field equations and Lagrangians for a free and real scalar (spin-0) field�, and a source-
free electromagnetic (spin-1) field Aμ [143]. The parameter m is the (bare) mass of the field and
Fμν := ∇μ Aν − ∇ν Aμ is the electromagnetic field tensor, with Aμ the covariant generalisation
of the standard vector-potential in classical electromagnetism.

Spin LagrangianL Field Equation

0 L = − 1
2 g
μν∇μ�∇ν�− 1

2
m2c2

�2 �2 (gμν∇μ∇ν − m2c2/�2)� = 0

1 L = − 1
16π g

μσ gνρFμν Fσρ gνσ∇σ Fμν = 0

[143],
∂L
∂�

− ∇μ
[

∂L
∂(∇μ�)

]
= 0. (A1)

This is easily generalised to fields of spin greater than 0 [143]. In Table A1 we present
explicit expressions of the Lagrangians, and the corresponding equations of motion, for the
two cases of free (real) scalar (spin-0) fields and source-free electromagnetic (spin-1) fields,
which we denote by � and Aμ respectively. We restrict ourselves to these two types of fields
since they are the most relevant to us.

There are fundamental differences between the electromagnetic field and scalar field.
However, for all purposes, it can be shown that massless (i.e. m = 0), uncharged (i.e. � =
�†) scalar fields behave, to very good approximation, as single polarisation modes of the
electromagnetic field. We can therefore focus our attention principally on the scalar field
�, with extensions to the full electromagnetic field only necessary and paramount when
designing concrete experiments.

The field equation for the massive scalar field is (gμν∇μ∇ν −m2/�2)� = 0. Themassless
case can be obtained by settingm = 0. Equivalently, the field equation can be written as

1√−g
∂μ(

√−g gμν ∂ν�)− m2c2

�2 � = 0, (A2)

where we have defined g := det(gμν), see [10]. It is common to introduce the operator
� := 1√−g ∂μ

√−g gμν ∂ν for convenience of notation, which allows us to rewrite (A2) as
(� − m2c2/�2)� = 0.

Solutions to (A2) are almost never completely analytical. Even in the simplest spacetimes,
such as Schwarzschild blackhole spacetime [144], full analytical solutions cannot be obtained.
The situation improves when the spacetime is 1 + 1 dimensional. This occurs due to the
conformal invariance of all 1 + 1 dimensional spacetimes, which allows for simple solutions
[10]. Reducing the standard 3 + 1 dimensional problem to a 1 + 1 dimensional problem can
provide great insight into relevant physics, often sacrificing only quantitative predictions to
gain a qualitative understanding of the physics.

A.1. QFT of scalar fields in curved spacetime

In general, however, the aim is to understand scenarios where the full dimensionality of
spacetime cannot be ignored. In this case, it is possible to obtain (partial) analytical results
if the spacetime is equipped with (at least) one timelike Killing vector. A Killing vector ξ is
defined by the Killing equation Lξ (g) = 0, where Lξ defines the Lie derivative with respect
to the vector field ξ . Physically, this means that the timelike vector field ξ defines a preferred
notion of time, and that the metric components are independent of this time. This, in turn,
allows one to define a meaningful (and ‘constant’) notion of frequency and energy, which is
crucial for a meaningful definition of particles, as we will see in the following.
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It is possible, at least formally, to write the general solution of (A2) as

� =
∫

d�[ak uk + bk u∗
k], (A3)

where � is a chosen spacelike hypersurface, k collects all parameters for the Fourier decom-
position, typically 3, and uk aremodes that satisfy (� −m2c2/�2) uk = 0. The coefficients ak
are Fourier coefficients, which we will soon promote to operators.

There is no a priori way to choose the spacelike hypersurface�. If we wish to decompose
the field � on a different hypersurface �′ in the same fashion as done above, we would
obtain � = ∫

d�′[a′
k u

′
k + b′

k u
′∗
k ], and there would be no ‘natural’ and intuitive way of

relating the modes uk to the modes u′
k . This is a basic problem in GR and QFTCS, namely

that in a generic spacetime, there is no preferred time or space and that two different choices
might be both perfectly viable and physically unrelated. However, if the spacetime has a
timelike Killing vector field ξ , the situation changes. In this case we can foliate the whole
spacetime with hypersurfaces� all orthogonal to ξ and labelled by a particular value ξ of the
parameter given by ξ= ∂ξ . This means that ξ gives us a preferred time coordinate and we
can choose an orthonormal set of modes uk that satisfies i ∂ξ uk(ξ , x, y, z) = ωk uk(ξ , x, y, z),
where ωk is a particular eigenvalue that we can identify with the frequency of the mode
uk , and (x, y, z) is some appropriate coordinate choice of the foliation �. The symmetries
of the scalar field Lagrangian L allow us to introduce the conserved inner product (·, ·),
defined by (uk , v′

k) := i
∫
dx dy dz [uk ∂ξ v′

k − (∂ξuk) v′
k]. We can then decompose our field as

� = ∫ ˜d3k [ak uk + bk u∗
k], where we have chosen the orthonormality conditions (uk , u′

k) =
δ3(k − k′) and (uk , u′

k) = −δ3(k − k′). Here δ3(k − k′) := δ(kx − k′
x) δ(ky − k′

y) δ(kz − k′
z)

and δ(k − q) is the Dirac delta. We note that it is always possible to divide a complete set
of orthonormal modes in those with positive and negative norm, and this is one of the most
striking differences between standard QM and QFTCS.

At this point, we can proceed with the usual canonical quantisation procedure. We
do not provide all of the details but we mention that we promote ak and bk to bosonic
annihilation operators âk and b̂k . These must satisfy the canonical commutation algebra
[âk , â′†

k ] = [b̂k , b̂′†
k ] = δ3(k − k′), while all other commutators vanish. The operators âk

and b̂k define the vacuum state |0〉 through âk|0〉 = b̂k|0〉 = 0. Given the normalisation of
the modes, we identify |1k〉a := â†k|0〉 as a one particle state, and |1k〉b := b̂†k|0〉 as a one
antiparticle state. We note that, if the field is a real scalar field, �̂ = �̂†, then it is possible
to show that the field decomposition becomes �̂ = ∫ ˜d3k [âk uk + â†k u

∗
k]. From now on we

specialise to real scalar fields, for a matter of convenience, and we drop the label a and b in
the particle states.

We have introduced the notion of one particle states |1k〉. We have also noted that these
particles are associated to modes that satisfy an eigenvalue equation, namely i ∂ξ uk = ωk uk .
The physical interpretation is that we are able to define, at any instant of time ξ , a notion
of one particle state |1k〉 that is equivalent and consistent with the definition of one particle
state at any other instant of time ξ ′. For example, a state |1k〉 that contains one particle of
momentum k at time ξ0, will contain the same particle at any later time ξ > ξ0. Any observer
that measures time using the coordinate ξ will agree that the state has one particle with
momentum k. We now proceed to analyse situations where agreement between different
observers is not guaranteed, nor should be expected, in QFTCS.

A.2. Bogoliubov transformations

Wehave argued that, in general, the field decompositions are inequivalent andwith little, if no,
connection between them.However, we have also seen that a Killing vector allows us to define
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ameaningful decomposition thatmaintains its ‘character’ in time. It can occur, and it is not so
uncommon, that there exists more than one Killing vector, for example ξ and μ. In this case,
we can obtain two decompositions of the field �̂, namely �̂ = ∫ ˜d3k [âk uk + â†k u

∗
k] and �̂ =∫ ˜d3k [â′

k u
′
k + â

′†
k u

′∗
k ], where i ∂ξ uk(ξ , x, y, z) = ωk uk(ξ , x, y, z) and i ∂μ u′

k(μ, x
′, y′, z′) =

ω′
k u

′
k(μ, x

′, y′, z′) respectively. We note that there are two a priori different vacua to be
considered. The first is |0〉, which satisfies âk |0〉 = 0 for all k, while the second is |0′〉, which
satisfies â′

k |0′〉 = 0 for all k. The two Killing vector fields allow us to define two different,
although perhaps inequivalent, notions of time and, therefore, of particles.

To understand the relationship between the different notion of particles, we introduce the
Bolgoliubov transformations [10], defined by the Bogoliubov coefficients

αkk′ :=(uk , u′
k′)

βkk′ :=(uk , u′∗
k′ ), (A4)

which satisfy theBogolibov identities
∫
dq(αkq α∗

k′q −βkq β∗
k′q) = δ3(k− k′) and

∫
dq(αkq βk′q −

β∗
kq αk′q) = 0, and must be calculated at a common spacelike hypersurface. We can then

expand the modes of one basis on the other as vk = ∫
dq(αkq uq + βkq u∗

q) and analogously
for v∗

k . The inverse transformations allow us to relate the creation and annihilation operators
to each other, namely â′

k = ∫
dq(α∗

kq âq − β∗
kq â

†
q), and analogously for â′†

k .
These considerations allow us to provide a simple, yet powerful, example of an application

of the theory. Let us work in the Heisenberg picture and assume that, at ξ = 0, an observer
has prepared the field in the vacuum state |0〉 of the operators âk . The field will stay in this
vacuum state at later times, and such an observer will not detect any particle. In fact, if such
an observer is given a detector that measures a wavepaket âk0 := ∫

dkF(k, k0)âk , where k0
is a peak frequency of detection and

∫
d3k|F(k, k0)|2 = 1, then the number count will be

N := 〈0|â†k0 âk0 |0〉 ≡ 0. However, let us assume that a second observer, who measures time
through the parameter μ, decides to also perform a measurement and see if he agrees with
the first observer. This observer also has a detector that detects the same type of wavepacket
â′
k0 := ∫

dkF(k, k0)â′
k . This observer computes the number count

N ′ := 〈0|â′†
k0 â

′
k0 |0〉 =

∫
d3k d3k′ d3qF∗(k, k0) F(k′, k0) βkq β∗

k′q, (A5)

which is the standard result when grey body factors, or wavepackets, are taken into account.
When the wavepackets are very peaked, i.e. F∗(k, k0) ∼ δ3(k − k0), this reduces to the well-
known formula N ′ ∼ ∫

d3q |βk0q|2, which explicitly indicates that the second observer will
not necessarily agree on the particle content of the initial state of the field.

These results arewell-known in literature and are at the core ofmany of themost celebrated
predictions of QFTCS, such as black hole evaporation [12], the Unruh effect [145–147],
particle creation due to an expanding universe [148] and the dynamical Casimir effect [16,
149].We conclude by emphasising that the treatment presented here aims at giving the reader
a taste of the flavour of the theory. Rigorous and in depth presentations can be found in the
standard literature [10,134–137].
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