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Although quantum physics is well understood in inertial reference frames (flat spacetime), a current
challenge is the search for experimental evidence of nontrivial or unexpected behavior of quantum systems
in noninertial frames. Here, we present a novel test of quantum mechanics in a noninertial reference frame:
we consider Hong-Ou-Mandel (HOM) interference on a rotating platform and study the effect of uniform
rotation on the distinguishability of the photons. Both theory and experiments show that the rotational
motion induces a relative delay in the photon arrival times at the exit beam splitter and that this delay is
observed as a shift in the position of the HOM dip. This experiment can be extended to a full general
relativistic test of quantum physics using satellites in Earth’s orbit and indicates a new route toward the use
of photonic technologies for investigating quantum mechanics at the interface with relativity.
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Introduction.—Quantum mechanics and general relativ-
ity, two cornerstones of modern physics, are separately well
formalized and tested to great precision. Yet the recon-
ciliation of the two in a unified theory has been, and
remains, one of the open problems of theoretical physics.
The difficulty in tackling this problem is twofold. First, the
mathematical frameworks of these two theories, as well as
their conceptual underpinnings, seem to be incompatible
with each other [1]. Second, exploring regimes where both
quantum mechanical and relativistic effects are important
has proven to be a significant experimental challenge [2].
These difficulties have led to the pursuit of several

approaches [3]. Particularly noteworthy is the framework
of quantum field theory in curved spacetime [4,5], in which
some far-reaching progress has been made, with the best
known example being Hawking’s prediction that black
holes emit black-body radiation [6,7].
In view of the experimental challenges, several phenom-

enological models [2] have also been proposed, such as
minimal length scale [8] and semiclassical models [9–14].
Although these models have the advantage of being testable,
they still pose a significant experimental challenge [15].
Quantum mechanical experiments that probe gravity

can be divided into (i) local and (ii) nonlocal classes.
The former class probes special relativistic, noninertial
effects in Minkowski spacetime, where the Riemann tensor
corrections can be neglected, whereas the latter class,
which has not yet been experimentally realized, would
probe genuinely general relativistic effects, with the out-
come of the experiment being related to the curvature of
spacetime. So far there have been two experiments of type
(i) neutron and atom interferometry [16–18], and entangle-
ment witness of photon pairs [19]. Both of these

experimental classes can be seen, using the equivalence
principle, as being implemented either in a uniform
gravitational field or in Rindler spacetime. There have
been only a handful of proposals of type (ii), all of which
are based on the same idea, namely that of one or more
small masses interacting gravitationally [20–23]. The
difficulty of type (ii) experiments can be appreciated by
looking at the current experimental limits on the detection
of weak gravitational forces [24,25]. These limits have led
the community to also consider an indirect test, where the
gravitational interaction, cumulatively over an interval of
time, generates an entangled state [26,27].
In this Letter, we report a novel experiment of type

(i) aimed at probing the behavior of entangled photons in a
noninertial reference frame. Specifically, we demonstrate
Hong-Ou-Mandel (HOM) interference [28] within a rotat-
ing reference frame.
Key to our experiments is the recognition that a HOM

interference experiment is similar in configuration to a
Sagnac interferometer. The latter is based on a ring cavity in
which light coupled to the clockwise and anticlockwise
paths interferes at the output. It is well known that rotation
of the frame results in a phase shift in the interference and
this effect is the basis of an optical gyroscope [29,30]. The
HOM setup may also take the form of a ring cavity, but this
time one in which the down-converted photons are created
within the cavity and take clockwise and anticlockwise
paths to interfere at the output. As mentioned above,
rotation induces a phase shift between the clockwise and
anticlockwise beams that is observed at the output of a
generic interferometer (see Fig. 1). The question is whether
the HOM dip undergoes a corresponding change. By
measuring such a shift within a rotating frame, we obtain
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a relationship between the classical phase shift and the
HOM path-length shift. In this way, we combine, in a single
experiment, the relativistic Sagnac effect with a quantum
mechanical HOM effect. This experiment also has the
potential for generalization to a full general relativistic test
of quantum physics using satellites in Earth’s orbit, based
on the gravitomagnetic clock effect [31].
Theory.—The rotating HOM interferometer is shown

schematically in Fig. 1. A photon source generates a pair of
indistinguishable photons that are separated from each
other using a knife-edge prism and sent to the clockwise
and anticlockwise paths within the interferometer. These
photons are then recombined at a beam splitter. Whenever
two indistinguishable photons combine at the beam splitter
at the same time, quantum interference dictates that they
will bunch and therefore always exit from the same output
port (although which port this will be is completely random
and cannot be known a priori). Because both photons are
emitted from the same port, the detectors see a large
decrease in coincidence counts compared with when the
photons arrive at different times (when they do not bunch).
The experimental setup in Fig. 1 can be modeled using

the theoretical description of the HOM interferometer [32],
where the rotational motion of the platform generates a time
delay in the arrival times of the two photons. This time
delay introduces distinguishability between the two pho-
tons, which in turn modifies the interference at the output.
We can estimate the time delay Δt using the formula for
Sagnac delay (which is a classical relativistic effect) at
small rotational frequencies [29,30,33],

Δt ¼ 8π
Af
c2

; ð1Þ

where A is the area enclosed by the trajectories of the two
photons and f is the rotational frequency of the frame.
The expression in Eq. (1) is the same for both the inertial,
laboratory observer and the noninertial, corotating observer
attached to the detector [34]: this is a consequence of the
nonrelativistic motion of matter.
We consider a generic initial two-photon state

jχii ¼
Z

∞

0

dω1

Z
∞

0

dω2ψðω1;ω2Þâ†ðω1Þb̂†ðω2Þj0i; ð2Þ

where âðω1Þ and b̂ðω2Þ denote the annihilation operators
for modes of frequency ω1 propagating in the clockwise
path and for modes of frequency ω2 propagating in the
anticlockwise path, respectively, and ψ is a C-valued
function. We now assume that the two-photon state, before
the interaction with the beam splitter, evolves to

jχei ¼
Z

∞

0

dω1

Z
∞

0

dω2ψðω1;ω2Þe−iϕâ†ðω1Þb̂†ðω2Þj0i;

ð3Þ
where ϕ is the accumulated phase, which depends on
the experimental setup (e.g., on the length of the optical
fiber). Specifically, we assume that the phase is given by
ϕðω1;ω2; fÞ ¼ ω1½tðþÞðfÞ þ δtp� þ ω2tð−ÞðfÞ, where tðþÞ

and tð−Þ denote the times of flight from the source to the
beam splitter for two classical light signals propagating in
the clockwise and anticlockwise directions, respectively. δtp
denotes an additional time delay due to differences in the
optical path between the two interferometer arms (which can
be controlled by fine-tuning the position of one of the
coupling optics and can be used to scan the interferom-
eter delay).
We now consider the beam splitter transformation

�
â†

b̂†

�
→

 1ffiffi
2

p ðiâ† þ b̂†Þ
1ffiffi
2

p ðâ† þ ib̂†Þ

!
: ð4Þ

Using Eqs. (3) and (4), we obtain the two-photon state after
the interaction with the beam splitter

jχbsi ¼
1

2

Z
∞

0

dω1

Z
∞

0

dω2e−ifω1½tðþÞðfÞþδtp�þω2tð−ÞðfÞg

× ψðω1;ω2Þ½iâ†ðω1Þ þ b̂†ðω2Þ�
× ½â†ðω1Þ þ ib̂†ðω2Þ�j0i: ð5Þ

We now consider the coincidence measurement

Π̂ ¼
Z

∞

0

dω3

Z
∞

0

dω4â†ðω3Þb̂†ðω4Þj0ih0jâðω3Þb̂ðω4Þ:

ð6Þ

FIG. 1. Rotating interferometer schematic layouts: “Sagnac”
indicates the classical interferometer formed from two counter-
propagating beams that then overlap at a small angle on a camera
that measures the resulting interference fringes. Platform rotation
is detected as a lateral shift in the fringes. “HOM” indicates the
quantum Hong-Ou-Mandel interferometer that can be imple-
mented on the same platform as the classical Sagnac interfer-
ometer by introducing a down-conversion crystal in the plane of
the camera. The two down-converted photons enter the interfer-
ometer and propagate in opposite directions, interfere at the beam
splitter (BS), and are coincidence counted at the two BS output
ports with single-photon avalanche detectors, SPADs (A) and (B).
Rotation is detected by measuring a variation in the coincidence
counts.
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Using Eqs. (5) and (6), it is then straightforward to obtain
the probability pðδtpÞ ¼ hχbsjΠjχbsi of coincidence events.
Specifically, we find

pðδtpÞ ¼
1

2
−
1

2

Z
∞

0

dω1

Z
∞

0

dω2ψðω2;ω1Þ�ψðω1;ω2Þ

× eiðω2−ω1Þ½ΔtðfÞþδtp�; ð7Þ

where we have assumed
R∞
0 dω1

R∞
0 dω2jψðω1;ω2Þj2 ¼ 1,

and Δt ¼ tðþÞ − tð−Þ is the Sagnac delay given by Eq. (1).
Note that Eq. (7) is the usual HOM coincidence probability
but now with a dependence on rotational frequency f in the
time delay ΔtðfÞ. For example, choosing ψðω1;ω2Þ ¼
gðω1Þgðω2Þ, where gðωÞ ≈ ð2πσ2Þ−1=4e−ðω−μÞ2=ð4σ2Þ and
μ ≫ σ, we find a simple expression

pðδtp; f; A; σÞ ¼
1

2
−
1

2
e−σ

2ð8πAf
c2

þδtpÞ2 : ð8Þ

This result implies a linear relation between the measured
delay (the position of the HOM dip in the coincidence
count), the area A of the interferometer, and the rotation
frequency f. Moreover, the amplitude of the shift is
exactly equal to that expected for a classical Sagnac
interferometer.
Experimental results.—Experiments were performed by

implementing the scheme shown in Fig. 1. To create a robust
interferometer, rather than using free-space optics to form the
clockwise and anticlockwise loops, we use a single mode
polarization-maintaining fiber. The signal and idler beams
are separated from each other using a knife-edge prism in the
far field of the down-conversion crystal and both photons are
subsequently coupled into the fiber, which forms the
remainder of the optical system. A further advantage of a
fiber-based approach is that a long length of fiber can be
coiled to give many turns and hence increase the sensitivity
of the shifts due to the rotation. This fiber-based approach
could have been implemented using separate fibers for the
clockwise and anticlockwise loops. However, separate fibers
render the interferometer susceptible to drift due to unwanted
temperature-based path-length variations, affecting each
fiber differently. Here we insert additional beam splitters
after the coupling optics to allow us to use the same fiber for
both the clockwise and anticlockwise loops, albeit with a
reduction in optical coupling efficiency.
Details of the actual experimental layouts are shown in

Figs. 2(a) and 3(a): the fiber-based interferometer is
composed of a 100 m long fiber wound N ¼ 35 times
around a 0.908 m diameter loop. This provides an effective
area of A¼Nπr2¼22.7m2. We first performed a classical
experiment to calibrate the setup for the quantum mea-
surements. We coupled a laser (642 nm wavelength) into
the interferometer and measured the shifts in the spatial
interference fringes on a CMOS camera at the output where
the two counterpropagating signals overlap at a small angle.

The results are shown in Fig. 2(b), where we plot the
averaged measured phase shifts Δϕ together with their
standard deviation over 50 measurement runs. We also note
that the phase shifts are obtained by performing the average
(in absolute value) between a clockwise and an anticlock-
wise rotation measurement. This is in order to minimize
the systematic deviations due to mechanical deformations
caused by the presence of centrifugal acceleration (∼0.3g).
The dashed line shows the best fit to the data with slope
Δϕfit ¼ 167� 4 deg Hz−1. This is to be compared with the
theoretical estimate based on the standard formula for the
Sagnac effect, Δϕ ¼ 8πAf=ðλcÞ ¼ 170 deg Hz−1, indicat-
ing good agreement.
The HOM interference experiments were carried out

with the same interferometer but with two modifications.
We removed the laser and replaced it with two single-
photon avalanche detectors (SPADs), with which we then
measured coincidence rates at the output of the HOM beam
splitter. We also replaced the CMOS camera with a down-
conversion photon-pair source comprising a 355 nm pump
laser and a barium borate, BBO, crystal. The photon pairs
are generated with an angular separation, both retracing the
path of the classical setup, are separated by the prism, and
interfere at the HOM beam splitter, as shown in Fig. 3(a).
A delay stage on one of the fiber couplers provides a scan
over the temporal delay: a typical result measured in the
nonrotating case is shown in Fig. 3(b), with the typical
“HOM dip” (a drop in coincidence rates) when the photons
arrive simultaneously at the HOM beam splitter.
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FIG. 2. Classical experiment. (a) Experimental layout. (b) Re-
sults showing measured Sagnac phase shifts (circles) and fitted
line (dashed).
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A rotating HOM experiment involves comparing full
scans of the HOM dip and analyzing the shift of its position
as a function of rotation speed. This approach provides
photon path delay measurements with a precision of the
order of a micrometer. However, recent work [35] has
shown that this precision can be greatly increased by fixing
the interferometer delay close to the point of maximum
steepness of the HOM interference dip, indicated by a
vertical dashed line in Fig. 3(b). Shifts of the dip due to
changes in photon path (in our case arising from rotation)
are then measured by observing changes in the coincidence
counts as the interferometer is rotated. Using the initially
acquired HOM dip as a maximum-likelihood estimator, we
can map the coincidence counts to photon path delay. This
allows us to measure very small photon path delays down to
100 nm and smaller.

Figure 3(c) shows the mapped photon delays inferred
from changes in coincidence counts, for increasing rotation
rates, with data acquired over different days (blue/red
circles). As for the classical experiment, we plot the average
delays and standard deviations for 50 separate measure-
ment runs and for the difference between clockwise and
anticlockwise rotation. The dashed line shows the best
fit to the data with slope Δxfit ¼ 200� 12 nmHz−1. These
results clearly show that rotation can, for a fixed physical
path length of the interferometer, modify the degree of
distinguishability of two entangled photons and thus
modify the quantum interference between the two photons.
As such, this demonstrates a clear influence of noninertial
motion on nonclassical photon states.
Discussion and conclusions.—We can compare the

quantum and the classical results, for example, by taking
the ratio of the slopes of the two fitted lines in Figs. 2(b)
and 3(c): Δxfit=Δϕfit ¼ 1.2� 0.07 nmdeg−1. Path and
phase differences in an interferometer are related by
Δx=Δϕ ¼ λ=2π. If we use the vacuum wavelength for
the classical laser (642 nm), we find that Δxfit=Δϕfit and
Δx=Δϕ differ by a multiplicative factor of 1.478� 0.09.
This value is compatible with the refractive index n ∼ 1.45
of the optical fiber, as may intuitively be expected based on
the fact that the classical measurement is sensitive to phase
(and does not depend on the fiber index n [34]) whereas
the quantum measurements rely on time delay (which does
depend on n).
The experiments proposed here could be generalized to a

scenario involving a satellite mission [36]. Specifically,
instead of considering the Sagnac effect, we can consider
its generalization to curved spacetime [37,38], i.e., the
gravitomagnetic clock effect [31]. The rotating platform
would be replaced by satellites orbiting around Earth: two
photons would be transmitted in counterpropagating direc-
tions around the Earth, using three or more satellites, back
to the satellite of origin, where they are interfered and
detected. After a full revolution around the Earth, the
difference in the arrival times of the two photons is given by
the formula for the gravitomagnetic effect [39–41]:
Δt ∼ GJ=ðRc4Þ, where J is the angular momentum of
the Earth, R is the distance from its center, and G is the
gravitational constant. This relativistic effect would then
modify the quantum interference for the two-photon state:
the gravitationally induced photon delay would be of the
order of Δt ≈ 10−16 s. This delay is only 1 order of
magnitude smaller than recent measurements based on
HOM interferometry [35] and can be increased by increas-
ing the number of revolutions around the Earth.
The measurement technique presented here builds

upon recent developments in quantum sensing and
constitutes a new approach to testing the interaction
between quantum mechanics and special relativity, with
routes toward the inclusion of nontrivial space and
spacetime curvatures, for example, through nonuniform
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acceleration of the system or extension to gravitational
fields with satellite-based experiments.

Open access data is available at Ref. [42].
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