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Quantum dynamics on curved spacetime has never been directly probed beyond the Newtonian limit.
Although we can describe such dynamics theoretically, experiments would provide empirical evidence
that quantum theory holds even in this extreme limit. The practical challenge is the minute spacetime
curvature difference over the length scale of the typical extent of quantum effects. Here, we propose a
quantum network of alkaline earth (like) atomic processors for constructing a distributed quantum state
that is sensitive to the differential proper time between its constituent atomic processor nodes, imple-
menting a quantum observable that is affected by post-Newtonian curved spacetime. Conceptually, we
propose to delocalize one clock between three locations by encoding the presence or absence of a clock
into the state of the local atoms. By separating three atomic nodes over approximately kilometer-scale
elevation differences and distributing one clock between them via a W state, we demonstrate that the cur-
vature of spacetime is manifest in the interference of the three different proper times that give rise to
three distinct beat notes in our nonlocal observable. We further demonstrate that N -atom entanglement
within each node enhances the interrogation bandwidth by a factor of N . We discuss how our proposed
system can probe new facets of fundamental physics, such as the linearity, unitarity, and probabilistic
nature of quantum theory on curved spacetime. Our protocol combines several recent advances with neu-
tral atom and trapped ions to realize a novel quantum probe of gravity uniquely enabled by quantum
networks.

DOI: 10.1103/q188-b1cr

I. INTRODUCTION

The interface between quantum theory and gravity
remains elusive. There are two main manifestations of this
interface: the quantization of the gravitational field itself
[1] and the dynamics of quantum systems on a classical
curved spacetime [2]. Despite recent ideas on detecting
quantum features of gravity with novel quantum systems
[3–7], their experimental implementation remains a sig-
nificant challenge. In contrast, detecting the influence of
curved spacetime on quantum systems only requires quan-
tum mechanical probes. The effect of Earth’s gravity in
the dynamics of quantum systems can be readily observed.
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But so far, this has only been achieved in the Newtonian
limit, such as in matter-wave interferometry [8,9], where
Newtonian gravity induces a coherent phase shift, or in
neutron-bouncing experiments [10,11], where the Newto-
nian potential acts as a potential well for neutrons. Going
beyond the Newtonian limit, and observing genuine quan-
tum phenomena affected by curved spacetime, remains a
challenge. While post-Newtonian corrections to the poten-
tial can result in modifications of the phase shift [12], there
are also effects unique to gravity, such as gravitational time
dilation, which result in different signatures in the quantum
domain.

One such effect is the loss and revival of coherence
due to gravitational time dilation, for which both quan-
tum theory and general relativity (GR) have to be taken
into account [13]. This can be achieved through quan-
tum interference of clocks that experience different proper
times in superposition [13,14]. One prepares internal states
in superposition, such as a qubit, and also separates the
system into a superposition of two or more distant loca-
tions. The time dilation induced by Earth’s gravitational
field will cause the delocalized clock qubit to evolve
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differently in the two positions. This results in a peri-
odic loss and revival of the visibility of interferometric
“self-interference” measurements as a signature of the
interplay of quantum dynamics and general relativistic
proper time evolution [13,15–20]. While the predictions
have been simulated with BECs in a magnetic field [21],
the experiment in Earth’s gravitational field remains chal-
lenging due to the required separations and coherence
times: to see full loss and revival, one needs a spatial
superposition on the order of 10 m and coherence of 1 s,
in addition to the preparation of both internal and external
superpositions in the same setup [13].

An alternative route has recently been proposed that
relies on entanglement, rather than matter-wave inter-
ferometry: one can encode the clocks in photons with
different frequencies and use quantum memories [22],
or use entangled networks of clocks to accumulate and
then interfere different proper time evolutions [23]. The
use of quantum networks significantly increases the pos-
sible separations of the probe systems and thus also
opens up the possibility of testing the coherent dynam-
ics of quantum systems on curved spacetime. However,
the test proposed in Ref. [23] does not explicitly probe
the effect of the curvature of spacetime, since it only
involves the interference of two points in space. Measure-
ments of spacetime curvature (beyond Newtonian gravity)
on quantum systems will require distributing the quantum
clocks over at least three locations. Such measurements
are of particular importance to test quantum theory in this
unexplored domain, as curved spacetime may result in
modifications to the expected dynamics. However, since
the nonlinearity is a higher-order effect in the gravita-
tional potential, more stringent requirements on clock
separations and coherence times are necessary to explore
this regime.

Here, we propose to use a distributed atomic quantum
processor with built-in optical atomic clock functionality
to overcome these challenges (see Fig. 1). Specifically,
we consider three atomic array quantum processors that
are capable of distributing Bell pairs between them via
photonic interconnects. We propose a realistic implemen-
tation of this system using arrays of ytterbium-171 atoms
in optical cavities as network nodes. We demonstrate how
this platform can be used to directly measure the curva-
ture of spacetime via an interference fringe of a three-node
entangled state, with an approximately kilometer-scale ele-
vation difference between each node. In particular, we
discuss how this enables first tests of the linearity and uni-
tarity of quantum theory and tests of the validity of the
Born rule in the presence of relativistic spacetime cur-
vature. While arguably challenging, the proposed setup
is within reach of state-of-the-art hardware. We also dis-
cuss the prospect for employing nonclassical states such as
multi-atom Greenberger-Horne-Zeilinger (GHZ) states to
effectively amplify the curvature of spacetime.
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FIG. 1. Probing curved spacetime with entangled clocks.
(a) Three atomic clock systems in locations that experience
different local gravity share a W state. (b) The Greenberger-
Horne-Zeilinger (GHZ) superatoms can boost the bandwidth by
amplifying the general-relativistic proper time difference�τ and
nonlinearity δ�τ between different elevations, but are otherwise
not necessary. (c) The experimental approach. Atomic processor
clocks in optical cavities that include the GHZ superatom (purple
dots) and auxiliary single-atom Bell pairs for nonlocal operations
(green dots).

II. THE ATOMIC SYSTEM AND OVERVIEW OF
THE PROTOCOL

Instead of delocalizing an atom to be in a superpo-
sition of three distant locations, we use three separated
atomic systems and construct a collective quantum state in
which we encode one “clock” (“c”) and two “not clocks”
(“nc”) [23]. We encode the “nc” state and the initial part
of the “c” state in the nuclear spin-1/2 degree of freedom
of the metastable 3P0 state of ytterbium-171 (171Yb) such
that the “nc” state |g〉 is the mF = −1/2 state while the
initial “c” state |a〉 is the mF = 1/2 state [see Fig. 2(a)].
We assume a heralded remote-entanglement protocol that
establishes the Bell state

|ψ〉 = 1√
2
(|g, a〉 + |a, g〉) . (1)

Such protocols have been proposed in Refs. [24–27], based
on recent demonstrations of atom-photon entanglement
and networked atom-atom entanglement of neutral alkali
species [28–32], trapped ions [33–36], and solid-state spins
[37–41].

We refer to this qubit as “metastable” (“m”), for which
|g〉 and |a〉. The qubit energy is Em/h ≈ 100 kHz at a mod-
est field of approximately 100 G (≈ 1 kHz/G). We denote
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FIG. 2. The atomic system and protocol overview. (a) The rel-
evant level structure of 171Yb. The {ga} sector (red) is defined
by the nuclear spin qubit in the metastable 3P0 state. The photon-
mediated remote-entanglement generation operates in this sector.
The clock transition (blue) can be driven both to create coher-
ence on the optical qubit {ab} (π/2 pulse) and also to swap
the {ga} sector for the {gb} sector (π pulse). (b) The three-state
qutrit Hilbert space can be measured in two rounds of fluores-
cence detection in which one or both of the 1S0 ground nuclear
spin states is illuminated with probe light. The 3P0 states remain
dark and unaffected and a clock π pulse is used between the two
rounds. (c) A schematic overview of the circuit. The W-state cre-
ation, manipulation, and detection is described in Fig. 3, while
the GHZ-state building and unbuilding is described in Fig. 5.

operations on this qubit by pulses with Rabi frequency
�m [see Fig. 2(a)] and color them red. Arbitrary fast and
high-fidelity qubit manipulations have been demonstrated
[42–44] and a coherence time of approximately 7 s has
been observed [42]. Additionally, high-fidelity Rydberg-
mediated two-qubit controlled-phase (CZ) gates have been
demonstrated [43–45]. We assume that |a〉 is the only state
coupled to a Rydberg state. Other two-qubit gates, such as
controlled-NOT (CNOT) gates, can be constructed by sand-
wiching the CZ gate with single-qubit operation on the
target qubit, such as with Hadamards in the case of the
CNOT gate.

The optical atomic clock qubit is defined by |a〉, mF =
1/2 in the metastable 3P0 state, and |b〉, mF = 1/2 in
the ground 1S0 state [see Fig. 2(a)]. The qubit energy is
Ec/h ≈ 520 THz. We denote operations on this qubit by
pulses with Rabi frequency �c and color them blue. Arbi-
trary fast and high-fidelity qubit manipulations have been
demonstrated on optical qubits [42,46] and a coherence
time of approximately 30 s has been observed for state-of-
the-art optical clocks [47,48]. Additionally, high-fidelity
Rydberg-mediated two-qubit CZ gates have been demon-
strated on optical qubits [49,50]. Again, we assume that

|a〉 is the only state coupled to a Rydberg state. Only a
modest Zeeman splitting is required to completely decou-
ple the 1S0 mF = −1/2 state from the other three, given
the large differential g factor between the metastable and
ground nuclear spins [42,51]. Hence, we can choose the
sector for which a CNOT gate is applied simply by choos-
ing whether the constituent Hadamard gates operate in the
metastable sector (red, via pulses with �m) or the optical-
clock sector (blue, via pulses with �c). This versatility is
afforded by the more general “omg” architecture [42,52].

Before describing the protocol, we note that our state
will generally reside within the {gab} qutrit Hilbert space.
We must therefore devise a readout protocol that can differ-
entiate these three states, which will require two rounds. In
Fig. 2(b), we show this readout operation, in which fluores-
cence readout is applied to one or both of the nuclear spin
1S0 ground states, leaving the metastable manifold dark
and unaffected. By placing a π pulse on the clock tran-
sition between the two readout operations [53–55], we can
uniquely identify the state of the qutrit (assuming that the
atom has not been lost—a possibility that could be detected
with a third measurement round).

The protocol is schematically depicted in Fig. 2(c), in
which we have three atomic processor nodes that share
Bell pairs as an initial resource (see below for further
details). First, we construct a three-qubit W state

|W〉 = 1√
3
(|a, g, g〉 + |g, a, g〉 + |g, g, a〉) (2)

in node 1, which resides in the {ga} sector. We then teleport
two of these qubits to nodes 2 and 3. From here, we could
either begin the distributed clock-interrogation protocol or
we could amplify the effective qubit energy by N times
by spreading the state of each qubit into an N -atom GHZ
state in each node. In either case, our atoms now reside in
the full {gab} qutrit space. We probe the differential proper
time for a duration T (as measured in node 1) and then
we prepare for measurement. First, we unbuild the GHZ
state if we used it and then we teleport the qutrits in nodes
2 and 3 back to node 1. Finally, we perform a nonlocal
measurement that is blind to the identity of our three atoms,
yet results in a periodic loss and revival of the visibility of
interferometric “self-interference” between all three clocks
as a signature of the interplay of quantum dynamics and
general relativistic proper time evolution.

We assume that the “master-clock laser” is in node 1 and
is referenced to a separate atomic clock to ensure long-term
phase stability with respect to atoms. The “master clock”
also defines the “wall time” T for each node. The stability
of this laser is transferred to nodes 2 and 3 via standard
phase-stabilized fiber-link techniques [56–58], where it
is used to “lock” the local oscillators in nodes 2 and 3,
ensuring a common frequency reference in all nodes. This
approach is ubiquitous in classical clock networks [57–60].
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III. SIGNATURE OF QUANTUM INTERFERENCE
IN THE PRESENCE OF SPACETIME CURVATURE

We now discuss how to create, distribute, and detect W
states in order to obtain a quantum interference signal of
proper times that contains signatures of curved spacetime.
We begin by building the distributed W state locally in
node 1 and then teleport two of its constituent qubits to
nodes 2 and 3. This circuit is shown in Fig. 3(a), where
the standard qubit-teleportation protocol based on aux-
iliary entanglement is shown in Fig. 3(b). The W state
resides in the {ga} sector. After building the nonlocal W
state (neglecting the GHZ state for now), we start the non-
local clock by applying a π/2 rotation in the {ab} subspace
similar to the protocol of Ref. [23]. The resulting state after
a certain free evolution time is

|WT〉 = 1√
6

((|a〉 + e−iθ1 |b〉) |g〉|g〉

+ e−iφ1 |g〉 (|a〉 + e−iθ2 |b〉) |g〉
+ e−iφ2 |g〉|g〉(|a〉 + e−iθ3 |b〉)) , (3)

where θj = (Eb − Ea)τj /� = �Eτj /�, φj = (Eg − Ea)

(τ1 − τj +1)/�, and τj is the proper time at the j th node.
The states |c(τi)〉 ≡ 1√

2
(|a〉 + e−iθ1 |b〉) are the local clock

states that record the proper time τi, which depends on the
position in the gravitational field. We must now perform
a nonlocal measurement of our W state. We first teleport
our qutrits back to node 1 such that all subsequent opera-
tions are local [see Fig. 3(c)]. Naturally, teleporting a qutrit
is more advanced than teleporting a qubit and two aux-
iliary Bell pairs are required for each qutrit. As shown
in Fig. 3(d), the qutrit teleportation can be performed in
two rounds. A phase correction on the teleported qutrit
state conditional on the teleportation-measurement out-
comes may be required. Then, the final step involves a
quantum Fourier transform of our initial qutrit followed by
measurement.

Once all the qutrits are in node 1, we use an ancilla qubit
to measure the state of the clock qubit without revealing
its location. First, we perform a Hadamard gate in the {ab}
subspace on each system. After this, we perform a series of
CNOT gates in the {ab} sector, with each qutrit in the W state
serving as a control and the ancilla serving as the target
such that a subsequent measurement of the ancilla qubit
will project the state into either the {ga} or {gb} subspace.

We then apply a global X pulse in the {ab} sector condi-
tional on the ancilla-measurement outcome to ensure that
the postmeasurement state is entirely in the {ga} subspace
and will be of the form

|ψ±〉 = 1
6

((
1 ± e−iθ1

) |a, g, g〉+ e−iφ1
(
1 ± e−iθ2

) |g, a, g〉
+ e−iφ2

(
1 ± e−iθ3

) |g, g, a〉) , (4)

with |ψ+〉 (|ψ−〉) corresponding to measuring the auxiliary
atom in state |a〉 (|b〉). The norm |〈ψ+|ψ+〉|2 (|〈ψ−|ψ−〉|2)
corresponds to the probability of measuring |a〉 (|b〉).
To interfere the three clock locations, we subsequently
perform a measurement in the Fourier basis {|x〉}, where

|x〉 = 1√
3

(|a, g, g〉 + eiwx |g, a, g〉 + e2iwx |g, g, a〉) , (5)

with wx = 2πx/3 and x ∈ {0, 1, 2}. Defining the projectors,

x = |x〉〈x|, we see that

〈
x〉 = 〈ψ+|
x|ψ+〉 + 〈ψ−|
x|ψ−〉

= 1
9
(3 + cos(wx − φ2 + φ1)

+ cos(θ1 − θ2 − wx − φ1)

+ cos(2wx − φ2)+ cos(θ1 − θ3 − 2wx − φ2)

+ cos(wx − φ1)+ cos(θ3 − θ2 + wx + φ2 − φ1))

= 1
3

+ 2
9
(|〈c(τ1)|c(τ2)〉| cos(λ12 − wx − φ1)

+ |〈c(τ1)|c(τ3)〉| cos(λ13 − 2wx − φ2)

+ |〈c(τ2)|c(τ3)〉| cos(λ23 − wx − φ2 + φ1)) , (6)

where we have defined |c(τi)〉 = 1√
2
(|a〉 + e−i�Eτi/�|b〉),

and 〈c(τi)|c(τj )〉 = |〈c(τi)|c(τj )〉|e−iλij . From Eq. (6), we
see that the measured projectors exhibit oscillating terms
due to the gravitational time dilation between all pairwise
combinations of the three clock locations.

The observable captures interference of the three proper
time evolutions at their respective locations, which pro-
vides a genuine test of quantum mechanics in curved
spacetime. As an example, we consider a scenario in
which the three locations are placed at distances dj = jd
(j ∈ 0, 1, 2) from Earth’s surface. For 171Yb, we have that
Eg ≈ Ea while (Ea − Eb)/h = −�E/� ≈ 520 THz. The
measured signal 〈
x〉 for any choice of x would exhibit
oscillations with the three frequencies

ω12 = ∂

∂t
(θ1 − θ2) = �EGM

�c2

(
1
R

− 1
R + d

)
, (7)

ω23 = ∂

∂t
(θ2 − θ3) = �EGM

�c2

(
1

R + d
− 1

R + 2d

)
, (8)

ω13 = ∂

∂t
(θ1 − θ3) = �EGM

�c2

(
1
R

− 1
R + 2d

)
. (9)

To first order, we see that ω12 ≈ ω23, but the effect of
curvature is visible in the higher-order terms since

�ω = ω12 − ω23 ≈ 2
�EGM

�c2

d2

R3 , (10)
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FIG. 3. Creating, distributing, and detecting W states. (a) To initialize a distributed W state, we begin by distributing a Bell pair
between nodes 1 and 2 and a Bell pair between nodes 1 and 3. Then, we produce a three-atom W state in node 1 in the {ga} sector,
where φ3 = 2arccos(1/

√
3). We teleport two qubits in the W state, one each to nodes 2 and 3 using a standard qubit-teleportation

protocol shown in (b) and based on auxiliary entanglement. Then, a GHZ state may be built and unbuilt within each node, following
the protocol in Fig. 5, sandwiched around an interrogation of GR through proper time measurements as above. (c) This leaves us in a
distributed W state in the {gab} qutrit space. We begin by teleporting the qutrits in nodes 2 and 3 back to node 1 using two Bell pairs
each of auxiliary entanglement. The two-round qutrit-teleportation protocol is shown in (d). Once the qutrit W state has been returned
to node 1, an ancilla-based nonlocal probe of whether the clock qubit is in |a〉 or |b〉 (called a “global clock readout”) is performed,
followed by a conditional global X operation on the {ab} sector. Then, a Fourier transform is applied for nonlocal readout of the {ga}
sector.

to leading order. The resulting post-Newtonian frequency
shift thus shows simultaneous effects of both curved
spacetime and quantum interference. To resolve this fre-
quency, we need to let the system evolve for a total “wall
time” of

T ≈ 1
�ω

= �R3c2

2d2�EGM
. (11)

In Fig. 4, we plot 〈
0〉 from three single-atom clocks for
d = 1 km. It can be seen that for a single-atom coherence
time of T2 = 50 s, it is possible to resolve �ω ∼ 0.02 Hz
for a total evolution time of T = 500 s. Although obtain-
ing such coherence times is challenging, it is within reach
of current hardware [47,48]. Moreover, “spectator” ancilla
qubits could be employed to track and compensate global
magnetic field noise [61], which is the leading source of
decoherence for nuclear Zeeman states.
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FIG. 4. (a) The fast Fourier transform of our nonlocal clock
observable of interest in Eq. (6), 〈
0〉, assuming three atoms
positioned at Earth’s surface, 1 km, and 2 km above the surface,
respectively. The signal is sampled at a rate of 0.5 kHz for a
total evolution time of T = 500 s. Each data point is calculated
as the mean of 100 samples and we have assumed that the atoms
are subject to dephasing noise corresponding to T2 = 50 s. The
line splitting arises due to spacetime curvature. The inset shows
the sampled signal as a function of time. (b) The same plot but
for three GHZ superatoms with N = 100. The sampling rate is
10 kHz and we have assumed an effective GHZ dephasing time
of 0.5 s.

IV. ENTANGLEMENT-ENHANCED SENSING
USING GHZ SUPERATOMS

One challenge with the assumed T2 = 50 s and T =
500 s for this measurement is the presence of technical
noise sources that can have a nonlinear dependence on
the interrogation time. These can include thermal effects
in stabilization electronics for optical potentials and mag-
netic fields and even heating of the atom in an optical trap
due to intensity noise. Moreover, we propose to perform

this experiment in a terrestrial network, which will require
one node to be at the top of a tall building. Therefore,
we must be careful to obviate the effects of natural low-
frequency oscillations. Because of these effects and others,
the “wall-clock” time for this experiment is an impor-
tant consideration and methods to boost the measurement
bandwidth are worth considering.

It is possible to boost �ω without increasing the sepa-
ration between the atomic nodes. We can employ N -atom
GHZ states in each system to effectively create a “super-
atom” with an N -times-larger clock-transition energy. The
protocol for creating and performing the Ramsey interro-
gation with the GHZ state is shown in Fig. 5(a). We again
start with the W state

|W〉 = 1√
3
(|a, g, g〉 + |g, a, g〉 + |g, g, a〉) (12)

and then we build a GHZ state in each module through the
use of cascaded CNOT gates with the other N − 1 qubits
that were initially in |g〉. This creates the state

|ψ〉 = 1√
6

(|a〉⊗N |g〉⊗N |g〉⊗N + |g〉⊗N |a〉⊗N |g〉⊗N

+ |g〉⊗N |g〉⊗N |a〉⊗N )
. (13)

The local GHZ states resides in the {ga} sector and we must
similarly build GHZ states in the {ab} sector to start the
nonlocal clock. We apply a π/2 pulse on the clock transi-
tion of the “science” atoms and then perform the cascaded
CNOT gates, now in the {ab} sector [blue in Fig. 5(a)].

We are now in the state

|ψGHZ〉 = 1√
6

((|a〉⊗N + |b〉⊗N ) |g〉⊗N |g〉⊗N

+ |g〉⊗N (|a〉⊗N + |b〉⊗N ) |g〉⊗N

+ |g〉⊗N |g〉⊗N (|a〉⊗N + |b〉⊗N ))
. (14)

After the evolution under the presence of differential
proper time, we are in the state

|ψGHZ
T 〉 = 1√

6

((|a〉⊗N + e−iNθ1 |b〉⊗N ) |g〉⊗N |g〉⊗N

+ e−iNφ1 |g〉⊗N (|a〉⊗N + e−iNθ2 |b〉⊗N ) |g〉⊗N

+ e−iNφ2 |g〉⊗N |g〉⊗N (|a〉⊗N + e−iNθ3 |b〉⊗N ))
.

(15)

To interfere the clock state of the different locations,
the measurement protocol must be compatible with the
nonlocal measurement circuits shown in Figs. 2 and 3.
As such, we want to remove the extra N − 1 qubits used
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FIG. 5. Building and unbuilding distributed GHZ superatoms. (a) We begin with the distributed W state |W〉 from Fig. 3 as well as
N − 1 additional qubits initialized in |g〉. We then build a GHZ state in the {ga} sector in each module with cascaded CNOT gates.
The resulting state is now a version of |W〉 in which every single-atom state is raised to the ⊗N . Then, we apply a π/2 pulse to the
clock transition on the “science” qubits and use them to grow a GHZ state in the {ab} sector using cascaded CNOT gates that operate
in that sector (blue; |a〉 ≡ |1〉 and |b〉 ≡ |0〉). Then, the clock Ramsey interferometer now works in the same way as the single-atom
case, except that the effective phase accrual due to the difference in proper time is N times larger. This can be equivalently viewed as a
single superatom with an N -times-larger clock-transition energy. Note that this distributed GHZ state spans the {gab} qutrit space, like
the single-atom case. (b) To measure this state, we must unbuild the GHZ states such that we can perform the nonlocal measurement.
We unbuild in both the {ab} and {ga} sectors with cascaded CNOT gates, essentially running time backward compared to the build
operations. The additional N − 1 qubits in each module return to |g〉 and the “science” W state is in a phase-multiplied version of the
state |WT〉. We can now apply the protocol from Fig. 3 for nonlocal measurement.

in the GHZ superatom in each system. We thus unbuild
the GHZ state, as shown in Fig. 5(b). The protocol again
uses cascaded CNOT gates in reverse order, essentially to
“undo” the entanglement from the cascaded CNOT gates in
the building process. We begin in the {ab} sector by apply-
ing the cascaded CNOT gates and the π/2 pulses on the
clock transition of the “science” atoms. We then unbuild
the GHZ state in the {ga} sector. This leaves us in the state
shown in Eq. (3), except that all phases have been multi-
plied by a factor of N . The final nonlocal measurement can
now be performed as previously described for the simple
W state.

Using GHZ superatoms, we effectively increase the
interrogation bandwidth of the tests by a factor of N ,
allowing for a much shorter interrogation time. In Fig.
4(b), we plot 〈
0〉 from three GHZ superatoms at sepa-
rations of d = 1 km. Each superatom consists of N = 100
atoms and we have assumed an effective dephasing time
of the GHZ-state superatoms of 0.5 s (N times faster). It is
possible to resolve �ω ∼ 2 Hz for a total evolution time
of 5 s.

V. TESTING QUANTUM THEORY ON CURVED
SPACETIME

The central science goal of this proposal is to observe
how quantum dynamics and general relativistic curved
spacetime intertwine, in a single observable. If one of those
theories are modified in this regime, the outcome would be
different than predicted here. The key observable is given
in Eq. (6). It shows the interference of the clock state over-
laps 〈c(τx)|c(τy)〉, which are different from unity due to the
different general relativistic proper time evolutions U(τx)

at the locations of the clocks. The observable involves not
just these proper time evolutions as in regular clock mea-
surements but also their quantum interference. Spacetime
curvature manifests itself in the scaling of the proper times:
they are no longer changing linearly with height h as�τ =
ght/c2, which would also be the case in special relativistic
acceleration. The observable thus cannot be mapped from
gravity to special relativity according to the equivalence
principle, as curved spacetime induces a nonlinear spatial
scaling between the different proper times. This manifests
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itself in the line splitting in frequency space of the observ-
ables 〈
x〉, as in Fig. 4. The test also clearly goes beyond
any Newtonian curvature effect, as the observable is due to
the general relativistic proper time. This is in contrast to
already performed superposition experiments with atomic
fountains that are sensitive to spacetime curvature in the
Newtonian limit [62].

In what way could the outcomes differ from expected
physics? When gravity and quantum theory intertwine,
deviations from regular quantum physics might emerge
[63–66] and no empirical evidence of the validity of
quantum theory in this regime exists so far. Our proto-
col enables several critical tests of this domain. First, as
outlined in Ref. [23], such an experiment with entangled
clocks can be used to directly test the unitarity and linear-
ity of quantum theory on curved spacetime. To this end,
one can compare two different experimental protocols: one
using entangled clocks as proposed above and another one
with initially separable clocks and the same nonlocal mea-
surement operators 
x. The latter should also produce the
exact same conditional outcome as in Eq. (6) but with
finite success probability. This is because in normal linear
and unitary quantum evolution, the nonlocal contribution
is one of many amplitudes that contribute to the same out-
come, even for initial product states. It can be easily seen
when writing the state in terms of Bell states, which con-
stitute a basis. Explicitly, the protocol for the conditional
experiment would be the following: one first prepares
the three clocks in the product state |�(0)〉 = ( 1√

3
(|g〉 +√

2|c(0)〉))⊗3, where |c(0)〉 = 1√
2
(|a〉 + |b〉). The states

evolve to |�〉 = 1√
27

⊗3

i=1(e
−iEgτi |g〉 + √

2e−iEbτi |c(τi)〉)i.
This state, while being a product state, has also the ampli-

tude
√

2
9 e−iϕ|WT〉 from Eq. (3), on which we conditionally

project yielding the same outcome as in Eq. (6). Thus
the comparison of outcomes between the initially entan-
gled and product states would provide a direct test of
unitarity and linearity of quantum theory even when the
dynamics must include general relativistic corrections. The
only other performed test of unitarity in the presence of
spacetime curvature, to our knowledge, has focused on the
propagation of photons in Earth’s gravitational field to test
for anomalous decoherence [67]. Our proposed test with
time dilation of entangled clocks would broaden the scope
to test the validity of quantum theory for genuine general
relativistic observables.

Second, our protocol explores the quantum dynamics
with gravitational corrections both in the general relativis-
tic limit and beyond the homogeneous limit. This opens
up new opportunities to test gravity in quantum theory, as
one can see from a semiclassical phase-space picture: as
long as the potentials are at most quadratic in position, the
dynamics, if represented by a Wigner quasiprobability dis-
tribution, are indistinguishable from a classical Liouville

equation. Thus no quantum contributions arise from the
dynamics in this limit [68]. However, this mapping breaks
down when the dynamics become non-Gaussian. Push-
ing into this limit enables tests of how curved spacetime
may affect the quantum dynamics in anomalous ways
[69]. Our protocol operates in this limit and the proper
time observables enable the exploration of such possibly
anomalous dynamics in the post-Newtonian regime. To
probe genuine quantum dynamics in the Wigner evolu-
tion amounts to observing time-dilation differences due to
nonlinear potential differences beyond the second order,
when Eq. (10) gets the additional contribution �ω3 ≈
5((�EGM )/�c2)(d3/R4).

Third, our test also provides a novel exploration of one
of the most fundamental principles of quantum theory:
the Born rule. One of its core consequences is interfer-
ence of amplitudes, where the probability of superposed
configurations P12 leads to interference I12 in addition to
the individual probabilities, P12 = P1 + P2 + I12. Higher-
order interference, however, does not arise [70], as the
Born rule results only in pairwise interference terms. Our
observable in Eq. (6) is constructed from three-path inter-
ference of the three clocks, as indicative by the projection
measurement in the Fourier basis, given in Eq. (5). One can
combine such measurements with observables constructed
only with two clocks interfering, or even just individual
clocks. One can construct the second-order interference
quantity

I123 = P123 − P12 − P13 − P23 + P1 + P2 + P3, (16)

where the Pijk correspond to the probabilities of obtaining
the observable with the clocks in the respective positions.
In regular quantum theory, this quantity exactly vanishes
(I123 = 0) due to the Born rule. However, higher-order
interferences that go beyond the Born rule would show in
a nonzero value. This has been used to experimentally test
the Born rule [71,72]. It has also been suggested that quan-
tum gravity might result in modifications to the Born rule
[73–76], with early explorations by Sorkin [70]. Our proto-
col here can easily implement the measurement in Eq. (16)
in analogy to Ref. [72]. We measure directly the three-part
interference Pijk, which is what the outcome (6) yields. One
can now extend the protocol to also measure only two-
clock interferences, and even single clock measurements
as required by Eq. (16). To compare them, one has to make
sure that the amplitudes remain unchanged from 1/

√
3.

This simply requires an additional ancillary state as in Ref.
[72], which again is straightforward to implement in our
protocol. Thus the setup that we propose can easily be used
to probe the Born rule and can therefore provide the first
empirical test of one of the most fundamental principles of
quantum theory under the influence of general relativity.
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VI. CONCLUDING DISCUSSION

Using quantum networking techniques, we have pro-
posed a protocol to probe general relativistic time dilation
due to the curvature of Earth’s gravitational potential
via three entangled atomic systems with approximately
kilometer-scale separation. Our proposal combines many
state-of-the-art techniques in atomic quantum science,
ranging from quantum networking [30] to quantum algo-
rithms [77,78] to quantum metrology [46,50]. Further,
we utilize qutrit code spaces composed of nuclear and
optical-clock degrees of freedom, with inspiration from
recent work on qudit [79] and multiqubit encodings [55]
in atomic systems. We have mostly focused on neutral
ytterbium-171 atoms but our protocols could equally be
applied to trapped-ion systems. Recently, remote entan-
glement between two ions with a fidelity of 0.97 has
been demonstrated by using a time-bin encoding scheme
[36] and entanglement between the nuclear spin and
a telecom-band photon in neutral ytterbium-171 atoms
has recently been demonstrated with a fidelity of 0.95
[32]. Given the demonstrated coherence times of nuclear
spin qubits (approximately 7 s) [42] and the demonstrated
half-minute-scale atom-atom coherence of optical-clock
qubits [47,48], as well as the demonstrated Rydberg-
mediated gate fidelities of approximately 0.995 across
several different qubit encodings [44–46,80,81], we antic-
ipate that it may be feasible to realize approximately
100-atom GHZ states in each node with fidelity above
approximately 0.5.

The proposed setup enables unique tests of the inter-
play of quantum theory and general relativity—where no
such tests have yet been performed. We have shown that
it can test whether some of the most fundamental tenets of
quantum theory survive in the presence of spacetime cur-
vature, focusing on the interference of general relativistic
proper time evolutions. Our proposed tests of the unitar-
ity, linearity, and the probabilistic Born rule of quantum
theory enable the first exploration of the interplay of the
foundations of quantum theory and general relativity in a
realistic experiment with quantum networks, opening the
door for unique new ground-based and space-based tests
of quantum physics and general relativity.
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