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Many phenomena and fundamental predictions, ranging from Hawking radiation to the early evolution
of the Universe rely on the interplay between quantum mechanics and gravity or more generally, quantum
mechanics in curved spacetimes. However, our understanding is hindered by the lack of experiments that
actually allow us to probe quantum mechanics in curved spacetime in a repeatable and accessible way. Here
we propose an experimental scheme for a photon that is prepared in a path superposition state across two
rotating Sagnac interferometers that have different diameters and thus represent a superposition of two
different spacetimes. We predict the generation of genuine entanglement even at low rotation frequencies
and show how these effects could be observed even due to the Earth’s rotation. These predictions provide
an accessible platform in which to study the role of the underlying spacetime in the generation of
entanglement.
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Introduction.—Our understanding of the physical world
rests on two theories constructed at the beginning of the
20th century. Quantum mechanics arose out of the neces-
sity to explain new results coming from deceitfully simple
experiments [1], while general relativity emerged by
recognizing the profound equivalence between inertial
and gravitational effects [2]. Yet, despite their numerous
successes, we have little experimental evidence about the
regime where the two theories meet. On the one hand,
quantum mechanics is well tested in the domain of
elementary particles up to the scale of atoms and macro-
molecules [3], while, on the other hand, the experimental
evidence for gravitational effects is mostly limited to much
larger length scales [4].
Nonetheless, over the decades a handful of experiments

began testing quantum systems in the underlying space-
time. Among the most notable are the seminal works on
neutron interferometry in the Earth’s gravitational field
[5,6]. These have led to a series of experiments which probe
interference phenomena in the regime of Newtonian gravity
[7–10] as well as to Sagnac interferometers probing non-
inertial rotational motion [11,12].
More recently, the development of photonic technologies

have enabled the exploration of entanglement and multi-
mode interference at the quantum-gravity interface. It has

been shown that linear accelerations do not affect two-
photon entanglement [13], while low-frequency rotations
can modify two-photon Hong-Ou-Mandel interference
[14], and that the antibunching signature of entanglement
can be concealed or revealed by low-frequency rotations
[15,16]. These initial works suggested general relativistic
adaptations [14] to satellite-based missions [17] with new
generalizations under development [18–22].
Ring laser gyroscopes have also achieved exquiste

sensitivities in underground facilities [23], with proposals
for testing the Lense-Thirring effect [24] and for con-
straining theories of gravity [25], offering an alernative to
orbiting cryogenic gyroscopes [26] and to satellite laser
ranging [27]. Moreover, Sagnac-based interferometers have
been suggested for detecting gravitational waves from
intermediate-mass black hole mergers [28], and are the
backbone of fundamental and technological applica-
tions [29,30].
The above experiments and proposals, striking in their

own right, have in common that the degree of entanglement
remains unaltered by the underlying spacetime. Although
theoretical calculations are indicating that entanglement is
not an invariant quantity in a general relativistic setting
[31,32] any variations become vanishingly small at low
accelerations or in weak gravity [13]. All experimental and
theoretical results are thus suggesting, at least in the regime
within reach of typical laboratory experiments, that entan-
glement remains unaltered by the underlying spacetime.
As we show here, this is not the case: we provide a

protocol for generating entanglement in the regime of low
accelerations. We exploit a previously unexplored coupling
that arises in noninertial rotating reference frames. We will
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focus on an implementation with photonic systems, which
offers the prospect of an experimental implementation
using the path-polarization degrees of freedom. In particu-
lar, we will show that an initially separable state becomes
maximally entangled even at low-frequency of rotations
∼1 Hz, using fibers of length ∼30 m, and a platform of
radius ∼0.5 m. The scheme relies on a single photon
source, the original use of a dual-Sagnac interferometer
—which allows for the interpretation of our results in terms
of spacetime superpositions—and protocols for witnessing
quantum entanglement. We discuss the implications for the
quantum-gravity interface, and conclude by estimating the
experimental requirements to test the generation of entan-
glement driven by the Earth’s daily rotation.
Coupling rotations and paths.—The study of rotating

reference frames has led to major breakthroughs in exper-
imental and theoretical physics, from Sagnac’s test of
special relativity [33,34], to Einstein’s general theory of
relativity [35]. In this Letter, we are interested in dynamical
effects that arise from the motion of quantum systems in a
rotating Minkowski spacetime.
The equations of motion can be constructed from two

simple observations. First, noninertial rotational effects
scale with the frequency of rotation Ω. Second, from the
viewpoint of the corotating observer, free-moving objects
are rotating around the origin, and must thus possess an
angular momentum J. We are thus led to the Hamiltonian
term ∼Ω · J [36]. The situation further simplifies for
motion on a circle with the axis of rotation located at
the origin of the coordinates [15]

Hrot ¼ H þΩrp; ð1Þ
where H is the usual Hamiltonian that is present already in
an inertial reference frame, and r (p) is the radial position
(tangential momentum) of the system.
Let us now consider the motion of photons in such a

rotating spacetime. We can gain an intuitive understanding
of Eq. (1) by recalling the relation between energy and
momentum [37,38], p ¼ �H=ðncÞ, where n is the refrac-
tive index of the medium, and c is the speed of light. The

Hamiltonian hence transforms to Hð�Þ
rot ¼ Hð1� ½Ωr=nc�Þ,

where �ðΩr=ncÞ can be seen as the Doppler shift of the
energy due to the rotational motion (with the sign indicat-
ing counterrotating or corotating motion with respect to the
platform). It is precisely this imbalance between the two
directions of motion that is responsible for the Sagnac

phase, ϕs ¼ ðHðþÞ
rot −Hð−Þ

rot Þt=ℏ ¼ 2HΩrt=ðℏncÞ, where t is
the time of flight. In particular, setting H ¼ ℏω and
t ¼ 2πr=ðc=nÞ, we then readily find the usual expression
for the Sagnac phase [39–41]

ϕs ¼
4ΩωAs

c2
; ð2Þ

where ω is the optical frequency, and As ¼ πr2 denotes
area enclosed by the interferometer.

The termΩrp in Eq. (1) can be also viewed as a coupling
between the position, r, and the momentum, p, with the
values depending on the path followed by the photon. In a
nonrotating reference frame Ω ¼ 0 and the coupling
vanishes. As we will see, this coupling can be exploited
to entangle the path-polarization degrees of freedom of
photons.
Experimental scheme.—The experimental setup is

shown in Fig. 1(a). We consider the initial state

jψ initiali ¼
1

2
ðjai þ jbiÞðjHi þ jViÞ; ð3Þ

where a, b denote the path, and H, V denote the
polarization (cf. Sec. A of the Supplemental Material
[42] and Ref. [43] for more details). We note that the
initial state is separable into a path part, ðjai þ jbiÞ= ffiffiffi

2
p

,
and a polarization part ðjHi þ jViÞ= ffiffiffi

2
p

.
We then send the photon into four different paths with

different radii and momenta, namely ðra; pÞ, ðra;−pÞ,
ðrb; pÞ, and ðrb;−pÞ. As a consequence, the noninertial
rotational motion, via the coupling Ωrp in Eq. (1), induces
four different phases in jψ initiali. In particular, we find the
final state

jψ finali ¼
1

2
ðjai½e−iΩrapt

ℏ jHi þ e
iΩrapt

ℏ jVi�

þ jbi½e−iΩrbpt
ℏ jHi þ e

iΩrbpt
ℏ jVi�Þ; ð4Þ

where t ¼ nl=c is the flight time with n the refractive index
of the fiber, l the length of the fibers (assumed equal for the
two paths), c the speed of light, p ¼ E=ðncÞ ¼ ℏω=ðncÞ
the momentum, and ω the photon frequency. We note that
the phases can be rewritten as

ϕj ≡Ωrjpt
ℏ

¼ ΩωAj

c2
; ðj ¼ a; bÞ; ð5Þ

where Aj ¼ rjl is an effective area of the loop. The phases
ϕj can thus be seen as variants of the Sagnac phase
introduced in Eq. (2). Importantly, such phases do not
depend on the refractive index of the medium, indicating
that the effect highlighted here does not stem from light-
matter coupling in the fibers but rather that it is rooted in
relativity [39–41].
Let us consider first the case Ω ¼ 0. We note that the

final state in Eq. (4) reduces to the initial state in Eq. (3) and
thus a nonrotating platform has no effect on entanglement,
as expected. Conversely when Ω ≠ 0 the state in Eq. (4)
will, in general, become entangled (as we can no longer
write it as the product of the path and polarization states).
The effect of mechanical rotation is to rotate the polariza-
tion state depending on the photon path a, b—as we will
see the polarization states in Eq. (4) associated to paths a
and b can become orthogonal (the overall polarization
states in the square brackets), resulting in a maximally
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entangled path-polarization state. This shows that non-
inertial rotating motion generates entanglement.
Spacetime superpositions.—The presented mechanism

for the generation of entanglement, arising from the
ostensibly relativistic Sagnac effect [39–41], poses funda-
mental questions about the role of the underlying space-
time. Although the final state in Eq. (4) can be derived
within the framework of quantum field theory in curved
spacetime, the two rotating Sagnac interferometers shown
in Fig. 1 are suggestive of an interpretation in terms of
spacetime superpositions. This can be put in a mathemati-
cal form by modeling the spacetimes inside the two fiber
loops. The metric is given by [15]

ds2j ¼ c2ð1 − Ω2r2j=c
2Þdt2

− 2Ωr2jdtdϕ − r2jdϕ
2; ðj ¼ a; bÞ; ð6Þ

where the time t and polar angle ϕ are the two coordinates,
and the subscripts a (b) denote the small (big) fiber loop.
The 1þ 1 metric in Eq. (6) is fully specified by two
quantities: the angular frequency of rotation Ω and the
radius rj. Together, they encode the specific relative
angular momentum Ωr2j in the dtdϕ term, and the factor
Ω2r2j=c

2, responsible for time dilation, in the dt2 term
[44,45]. To account for these two effects, which are
properties of the spacetime and not of the photons, we
introduce the states jrj;Ωi (j ¼ a, b).
As the photon enters the two fiber loops we are thus led

to consider the following joint photon-spacetime state

jψi¼1

2
ðjaijra;Ωiþjbijrb;ΩiÞðjpijHiþj−pijViÞ; ð7Þ

where jrj;Ωi (j ¼ a, b) denotes the state associated to the
metric in Eq. (6), and j � pi is the photon momentum state.
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FIG. 1. Scheme for generating path-polarization entanglement from mechanical rotation. (a) The scheme consists of a single photon
source, polarizing beam splitters (PBSs), and half-wave plates (HWPs) denoted by λ=2. We consider fiber loops with radii rb ∼ 0.5 m,
ra ∼ rb=2 (with total length l ∼ 2πrbNb with winding number Nb ¼ 10) and a photon wavelength 800 nm. The experimental setup is
placed on a platform which can be set in rotation with frequency Ω. The green and purple arrows indicate the paths a, b, while the
polarization is denoted by H, V. We start with a separable path-polarization photon jψ initiali; depending on the frequency of rotation Ω
the final photon jψ finali can remain separable or becomes entangled. We can generate a maximally entangled Bell state by tuning the
frequency of the platform to ΩBell ¼ πc2=ð2ωAÞ, where ω is the mean photon frequency, and A ¼ Δrl is the effective area of the
interferometer (Δr ¼ rb − ra is the difference of the radii, and l is the path length assumed to be equal for the a, b paths). (b) The
detector Bj measures the Bell state ψ j (j ¼ 1;…; 4). The first PBS is rotated by π=4, and the quarter-wave plates (QWPs) are denoted by
λ=4 (with the fast axis oriented at π=4 which transforms circular polarization to linear polarization). (c) The detector B1 (B2) measures
the maximally entangled Bell state ψ1ðψ2Þ at frequency ΩBellð3ΩBellÞ, where the concurrence achieves the maximum possible value
C ¼ 1. We find ΩBell ∼ 2π × 1.2 Hz, which can be readily achieved with similar photonic setups [14]. (d) Universal unitary gate for
single-photon two-qubit states which can be used for tomographic reconstruction or implementing entanglement witnesses. The two
beam splitters (BSs) together with the mirrors form a Mach-Zehnder interferometer, and Vjðj ¼ 1; R; L; 2Þ denotes an optical element
composed of a HWP, two enclosing QWPs, and a phase shifter. (e) Optimal entanglement witnesses W1 (W2) for the maximally
entangled Bell state ψ1ðψ2Þ as a function of rotation frequency. Entanglement is witnessed when Wj < 0 (j ¼ 1, 2).

PHYSICAL REVIEW LETTERS 129, 260401 (2022)

260401-3



The state jaijHi appearing in Eqs. (3) and (4) can be thus
seen as a shorthand notation for the photon-spacetime state
jaijra;ΩijpijHi (and similarly for the other three states
jaijVi, jbijHi, and jbijVi).
In particular, the term jaijra;Ωi þ jbijrb;Ωi in Eq. (7)

can be interpreted as a superposition of spacetimes asso-
ciated with the two Sagnac interferometers. The state of the
metric jrj;Ωi (j ¼ a, b) will induce phases proportional to
rjΩ, which is a key ingredient in entangling the path-
polarization degrees of freedom of the photon. Hence, by
promoting the metric in Eq. (6) to a quantum state
we have shown that the generation of entanglement can
be linked to the concept reminiscent of quantum reference
frames [46,47].
Maximizing entanglement.—The state in Eq. (4) will

become maximally entangled when the overall polarization
states in the square brackets of Eq. (4) become orthogonal.
This is achieved when the overlap S between such states
reduces to zero. Using the orthonormality of the jHi, jVi
polarization states, we find

S ¼ 1

2
½eiϕahHj þ e−iϕahVj�½e−iϕb jHi þ eiϕb jVi�

¼ cosðΩωΔrl=c2Þ; ð8Þ

where we have set pt=ℏ ¼ ωl=c2 (Δr ¼ rb − ra is the
difference of the radii, and l is the path length assumed to
be equal for the a, b paths). We thus have S ¼ 0 (and the
path-polarization state becomes maximally entangled)
when the rotation frequency Ω takes the values

ΩBell ≡ ð2kþ 1Þπc2
2ωA

; ðk ∈ ZÞ; ð9Þ

whereA ¼ Δrl is the effective area of the interferometer. If
we set the rotation frequency Ω to any odd frequency
multiple of ΩBell we will also generate a maximally
entangled Bell state, while if we tune Ω to any even
frequency multiple ofΩBell, the state remains separable. We
find the Bell states

jψ1i¼
1

2
ðjai½e−iπ2raΔrjHiþei

π
2
ra
ΔrjVi�þjbi½e−iπ2rbΔrjHiþei

π
2

rb
ΔrjVi�Þ
ð10Þ

at Ω=ΩBell ¼ …;−7;−3; 1; 5;…:, and

jψ2i ¼
1

2
ðjai½e−i3π2 ra

ΔrjHi þ ei
3π
2
ra
ΔrjVi�

þ jbi½e−i3π2 rb
ΔrjHi þ ei

3π
2

rb
ΔrjVi�Þ ð11Þ

at Ω=ΩBell ¼ …;−5;−1; 3; 7…. Noninertial rotational
motion is thus able to generate two distinct Bell states
jψ1i,jψ2i—from an initially separable state—solely by
tuning the frequency of rotation.

Verifying entanglement.—We can verify the generation
of maximal entanglement using the Bell state projection
scheme [48] shown in Fig. 1(b) with the experimental
signature in Fig. 1(c). In particular, we compute the
concurrence C ¼ 2ja1a4 − a2a3j as witness of the degree
of entanglement for different rotation frequencies [49],
where a1;…; a4 denote the four phase factors (including
the numerical prefactor 1=2) in the order appearing in
Eq. (4). When the probability of detection in B1 or B2 is
unity then the concurrence reaches the value C ¼ 1,
indicating maximum entanglement (see Supplemental
Material B and C for more details [42]).
We can also use the universal unitary gate for single-

photon two-qubit states [50] shown in Fig. 1(d) to perform
a full tomographic reconstruction or to implement a
fidelity-based optimal entanglement witness [51]. The
entanglement established in the system is validated when-
ever the entanglement witness W1 or W2 shown in
Fig. 1(e) acquires a negative value (see Supplemental
Material D and E for more details [42]). In Sec. F of the
Supplemental Material [42], we also propose an alternative
experimental scheme, based on a single-loop configuration,
that is capable of achieving similar results to those reported
here, but is not susceptible to alignment imperfections
between the two loops (see Sec. G of Supplemental
Material [42] for a robustness analysis).
Discussion.—We have shown that path-polarization

entanglement can no longer be viewed as an invariant
quantity, but rather requires us to view it as a dynamical
quantity that can be completely altered already by low-
frequency rotations.
The literature sometimes makes a distinction between

path-polarization entanglement and multiphoton entangle-
ment. However, one can transfer intraphoton entanglement
of the two separable photons to a two-photon entangled
state using known entanglement swapping protocols result-
ing in a polarization-entangled photon pair [52,53]. The
scheme of Fig. 1 could be thus combined with entangle-
ment swapping protocols to generate multiphoton entan-
glement, offering an intriguing alternative to electro-
dynamic protocols [54–56].
The developed scheme is also not a peculiarity of

photonic systems or rotations, but readily offers the
possibility of adaptations and generalizations. It can be
adapted to matter-wave interferometers, as the Hamiltonian
in Eq. (1) applies to any system, whether massless or
massive. The scheme could also be modified to probe other
gravitational couplings, such as those involving linear
accelerations and spacetime curvature, although such
effects are typically weaker [57] and would require a
dedicated space mission [17]. Here we have focused on
the strongest effect that emerges directly in a rotating
reference frame in a Minkowski spacetime. The proposed
scheme is thus also fundamentally different from gravita-
tionally induced entanglement between two massive
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systems [58,59], which will test the quantum nature of
perturbations around the Minkowski spacetime [60–63].
Other tests of the quantum-gravity interface aim to

probe specific quantum gravity phenomena [64] such as
holographic fluctuations in spacetime with Michelson
interferometers [65–67], modified commutation relations
with optomechanical setups [68], and energy dispersion in
astronomical observations [69]. There are also a number of
experiments which are testing for possible violations of
Lorentz invariance [70] which could arise in certain
models of quantum gravity [71], and there is ongoing
effort to test the Penrose wave function collapse [72–74]
as well as other nonstandard mechanisms of gravitational
decoherence [75].
In summary, the scheme presented in this Letter

addressed a hitherto unexplored process for the dynamical
generation of entanglement from the underlying space-
time, which lends itself to a suggestive interpretation in
terms of spacetime superpositions. Its core strength is that
the predictions do not depend on specific models of
quantum gravity but only on elementary notions of
quantum field theory in curved spacetime. Furthermore,
it is based on well-established tools from quantum optics,
and it can be readily experimentally implemented using
rotational frequency ∼1 Hz, fibers of length ∼30 m, and a
platform of radius ∼0.5 m, similar to the numbers
achieved in Ref. [14].
Even more intriguing is the fact that any rotation, even

the Earth’s daily one, may be used to continuously generate
entanglement. Setting ΩBell ∼ΩEarth ∼ 7 × 10−5 Hz in
Eq. (9) we find that the area required to generate maximal
entanglement is about ∼0.65 km2, which is comparable to
the interferometer built by Michelson in 1925 [76,77]. It
thus appears that testing the generation of entanglement
sourced by the Earth’s daily rotation is well within the
domain of current experimental capabilities.
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[75] Angelo Bassi, André Großardt, and Hendrik Ulbricht,
Gravitational decoherence, Classical Quantum Gravity 34,
193002 (2017).

[76] Albert Abraham Michelson, The effect of the Earth’s
rotation on the velocity of light, I., Astrophys. J. 61, 137
(1925).

[77] Albert Abraham Michelson and Henry G. Gale, The effect
of the Earth’s rotation on the velocity of light, II., Astrophys.
J. 61, 140 (1925).

PHYSICAL REVIEW LETTERS 129, 260401 (2022)

260401-7

https://doi.org/10.1209/0295-5075/89/10005
https://doi.org/10.1209/0295-5075/89/10005
https://doi.org/10.1103/PhysRevA.99.032118
https://doi.org/10.1103/PhysRevA.99.032118
https://doi.org/10.1364/OL.41.003313
https://doi.org/10.1364/OL.41.003313
https://doi.org/10.1103/PhysRevA.96.053805
https://doi.org/10.1103/PhysRevA.103.052610
https://doi.org/10.1103/PhysRevA.103.052610
https://doi.org/10.1088/0264-9381/29/22/224010
https://doi.org/10.1088/0264-9381/29/22/224010
https://doi.org/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1103/PhysRevA.101.052110
https://doi.org/10.1103/PhysRevA.101.052110
https://doi.org/10.1103/PhysRevD.105.086001
https://doi.org/10.1103/PhysRevD.105.106028
https://arXiv.org/abs/2202.03368
https://doi.org/10.12942/lrr-2013-5
https://doi.org/10.1088/1361-6382/aa7bd3
https://doi.org/10.1088/1361-6382/aa7bd3
https://doi.org/10.1088/1361-6382/abe757
https://doi.org/10.1016/j.physletb.2021.136663
https://doi.org/10.1016/j.physletb.2021.136663
https://doi.org/10.1038/nphys2262
https://doi.org/10.1038/nphys2262
https://doi.org/10.1038/31647
https://doi.org/10.1038/31647
https://doi.org/10.1103/RevModPhys.83.11
https://doi.org/10.12942/lrr-2005-5
https://doi.org/10.12942/lrr-2005-5
https://doi.org/10.1007/BF02105068
https://doi.org/10.1038/s41567-020-1008-4
https://doi.org/10.1103/PhysRevLett.129.080401
https://doi.org/10.1088/1361-6382/aa864f
https://doi.org/10.1088/1361-6382/aa864f
https://doi.org/10.1086/142878
https://doi.org/10.1086/142878
https://doi.org/10.1086/142879
https://doi.org/10.1086/142879

