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I. Introduction

Systems that exploit the quantum properties of light and matter to achieve dramatic improvements in per-

formance, are commonly referred to as quantum technologies (QT); these include, for example, quantum

computing, sensing, metrology, imaging and communication. Recently, progress in quantum technologies

has brought them out of the lab and onto the global stage, with major national and industrial actors ex-

pressing interest in their development and maturation. For example, in the European Union (EU) alone, we

have the Quantum Technologies in Space (QTSpace) framework, funded as a Cooperation in Science and

Technology (COST) action [1]. At an even larger scale is the EU funded billion Euro Quantum Technology

flagship [2].

Quantum communication, in particular, is a field of growing importance. Here, the idea is to encode in-

formation in the quantum states of light, in such a way as to render communication robust against future
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advancements in computing power (eg quantum computing), as well as secure against eavesdropping. Un-

derlying most quantum communication protocols is the use of entangled photons [3, 4] for quantum key

distribution (QKD) [5]. This makes use of the property of entangled systems that a measurement of the

system necessarily perturbs the system, therefore eavesdroppers are easy to detect.

For the resulting quantum secure communication infrastructure to be global, the entangled photons need

to be distributed over large distances [6]. In 2007 entangled photons were sent 144 km between European

Space Agency (ESA) ground stations on two of the Canary Islands [7]. However, going further is a challenge

because of the exponential photon loss with distance propagated through air or optical fibre - this places a

limit of about 200km before photon loss is prohibitive [8].

Space provides an interesting framework for circumventing this limit, with entanglement being distributed

through a satellite, or network of satellites in Earth orbit. Ideas along these lines have been pursued, for

example, in the Quantum Entanglement for Space Experiments (space-QUEST) proposal, which hopes to

demonstrate quantum communication from ground to the International Space Station (ISS) [9], as well as

the Canadian Quantum Encryption and Science Satellite (QEYSSat) program [10].

However the first demonstration of entanglement distribution between ground and space was only recently

performed by the Chinese MICIUS satellite in 2016 [11] as part of their Quantum Experiments at Space

Scale (QUESS) mission. This development, while only a single demonstrator, has sparked a surge of interest

in space based QKD, both in terms of maturing the technology requirements for a complete communications

infrastructure, but also from the fundamental physics community looking to test basic principles of gravity

and quantum mechanics.

The physical process of sending entangled photons over large distances through a gravitational potential is

not fully understood based on current theory; this is because the behaviour of quantum systems in macro-

scopic regimes, of large mass or distance scale, has proven challenging to probe experimentally, and because

there is no complete theory of quantum gravity as yet on which to base predictions.

Nevertheless there are various candidate theories, and some predict potentially observable effects on classi-

cal light: for instance a modified dispersion relation, which could be tested by interferometry [12, 13]; loss

of coherence in single photon interferometry [14]; or even gravitationally induced decoherence of entangled

photons [15].

As long as a complete theory of quantum gravity is not at hand, quantum field theory in curved space-time

(QFTCS) [16] is the most accepted way to describe quantum systems in gravitational fields. In QFTCS,

also known as semi-classical gravity, the gravitational field is modelled classically as a curved spacetime

solution of General Relativity, while the other forces are modelled as quantum fields that propagate on

this classical background. This serves as a useful proxy for a full theory, especially in regimes where the
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curvature of spacetime is relatively small and gravitational effects correspondingly weak, as for example, in

a near Earth environment.

In what follows we will use QFTCS as a reference against which to determine whether there exist effects

due to the propagation of quantum states through a gravitational gradient. We will distinguish between those

effects that are purely classical, those that arise from standard QFTCS, and finally those that are predicted

by non-standard modifications beyond QFTCS.

Quantifying these effects is important from a fundamental perspective - when designing an experiment to

test for them - but also from a practical one, when considering quantum key distribution. While classical

gravitational effects could, in principle, be corrected for, decoherence effects would lead to an increased

error rate. The error rate is a crucial parameter in QKD and sets the ultimate limits of a quantum commu-

nication channel. This situation, in which an effect is both a source of error to be characterised and a probe

of fundamental physics, has also arisen in the context of satellite navigation systems, which are sensitive to

gravitational time dilation effects.

Over the course of this document we describe various setups to measure an effect on quantum states, in-

cluding entangled ones, when they are propagated through a gravitational potential. We first recall the

expressions describing the propagation of light in a flat (section II) and curved (section III) spacetime. We

then introduce the basic concepts of quantum field theory in section IV. We apply those concepts to the

propagation of photon creation operators in section in flat and curved spacetime by making use of QFTCS

(section V). Section VI contains the first main result of this study. We compute measurable quantities that

are correlation functions of first order for single photon states or second order for photon pairs. We com-

pare two approaches used in the literature but show that they lead to the same results. As we are specifically

interested on the effects of general relativity on quantum states, we will look at three situations. The first

one is the simplest case of a quantum state of light given by a single photon propagating from Alice to

Bob (Fig. 1). However, a single photon doesn’t show entanglement when detected by single photon detec-

tors (homodyne detection could reveal single photon entanglement). Therefore we further investigate the

simplest entangled states realized by photon pairs, detected either simply by coincidence (Fig. 2) or in an

interferometric setup revealing their entanglement (Fig. 7) as in section VII. In evaluating the effects of

gravity on quantum states, it is crucial to precisely define the measured quantities and the reference frames

in which they are measured. Using standard QFTCS, we show that the relativistic effects on quantum states

are fully equivalent to the ones on classical light and are therefore expected to be small in the vicinity of

the Earth. Finally in section VIII we estimate the sensitivity of a quantum experiment between ground

and space and evaluate the possibility of increasing the signal by making use of multiplexed single photon

detectors.
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II. Propagation of light in a flat spacetime

Before investigating the propagation of a photon on a Schwarzschild curved spacetime background we first

consider the transfer function for a free-space propagation on a flat space metric. By doing so, we rely on

the input-output relation of a classical electromagnetic (EM) field expressed by Fourier optics [17]. Let

E+(ρρρ0, t0) be the initial positive frequency part of the electric field provided by a classical light source at

spacetime point (r0, t0) with z0 = 0 and the transverse spatial coordinates given by ρρρ0 = (ρ0x, ρ0y). In

general terms, a linear system may alter this field distribution according to

E+(r1, t1) =

∫
d2ρ0

∫
dt0 h(r1, ρρρ0, t1, t0) E+(ρρρ0, t0), (1)

where h(r1, ρρρ0, t1, t0) is denoted as the impulse-response function of the optical setup including the case

of free-space propagation. A system is called time-invariant (shift-invariant) if a shift in time (space) of

its input distribution leads to the same shift in time (space) of the output distribution without otherwise

altering the shape of the latter. The impulse response-function can then be written as h(r1, ρρρ0, t1, t0) =

h(ρρρ1−ρρρ0, z1, t1− t0) and, correspondingly, Eq. (1) reduces to a convolution. In the following we consider

the system to be shift- and time-invariant. By inserting the Fourier decompositions of E+(ρρρ0, t0) and the

impulse-response function h, Eq. (1) can be expressed in Fourier space as

E+(r, t) =

∫
d2q

∫
dω H(ρρρ, z,q, ω)E+(q, ω)e−iωt, (2)

where the function H(ρρρ, z,q, ω) is now denoted as transfer function and conveniently includes a plane

wave phase, i.e. H(ρρρ, z,q, ω) = U(q, ω) exp[i(qρρρ + kzz)]. Here, q = (qx, qy) denotes the transverse

coordinates of the momentum vector k [18].

III. Propagation of a light in a Schwarzschild spacetime

A. Spacetime geometry

The transfer function of Eq. (2) can now be generalised to describe the free radial propagation of light

in a curved spacetime. We shall consider the spacetime surrounding a massive, non-spinning spherically

symmetric body with mass M - a proxy for the Earth. The corresponding geometry is described in general
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relativity by the (3 + 1)-Schwarzschild metric

−c2dτ2 = gµνdx
µdxν = −V (r) dt2 + V −1(r) dr2 + r2 (dθ2 + sin θ2dφ2) , (3)

where V (r) = 1 − 2M
r , and we work in a signature {−,+,+,+,+} [19]. Note that, where it is not

indicated otherwise, we shall now use units in which G = c = 1. Here the metric is presented in the

spherical-polar Schwarzschild coordinates xµ = {t, r, θ, ϕ}, with r a circumferential radius - spheres will

have circumference 2πr - and t the time as measured on the clock of an asymptotic, distant, observer that

is stationary - moving only in time. These provide a global, outside the horizon, set of coordinates that are

adapted to the symmetries of the solution; the Schwarzschild spacetime is the unique spherically symmetric,

static, vacuum solution in general relativity [19].

In addition to the privileged asymptotic observer, one can also define local observers situated arbitrarily

in the Schwarzschild spacetime - though outside the horizon - and moving on timelike (speed less than

light) trajectories. These observers, in their own reference frame, measure a so-called proper time τ which

corresponds to the path length along their spacetime trajectory τ =
∫
dτ =

∫ √
−gµνdxµdxν .

In particular, a static observer, with motion parallel to T = ∂t, would find that along their trajectories

dτ2 = V (r)dt2; this follows from (3), where, since the observer is not moving in space, dr = dθ = dφ = 0.

A straightforward integration then implies

τ =
√
V (r) t . (4)

Since V (r →∞) = 1 this is consistent with the notion that t is the proper time of the asymptotic observer.

Note further that a timelike observer, who parametrises their trajectory by their proper time τ would find,

from (3), that their velocity Uµ(x) = dxµ

dτ sastisfies

U · U = gµν
dxµ

dτ

dxν

dτ
= −1 . (5)

To model the motion of light we shall work in the geometric optics approximation. In this limit light is taken

to have a wavelength less than the curvature scale of the spacetime, and hence is ray-like and follows null

geodesics. Geodesics are the straightest paths in a curved spacetime, corresponding to force-free motion

under the influence of only gravity. The null condition further specifies that the geodesic motion is at the

speed of light, which translates, in terms of the metric, into the requirement ds2 = 0 along the trajectory; if

K(x) is the tangent vector to a null geodesic then K ·K = 0.
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B. Gravitational redshift

Symmetries play a crucial role in determining the structure of a spacetime. Killing vectors are the generators

of these symmetries eg rotations, or translations in time or space. The existence of a symmetry is formally

specified by the vanishing of the Lie derivative of the metric with respect to a Killing vector. For example a

static spacetime will have a Killing vector T = ∂t related to time translation invariance.

Associated to each of these Killing vectors is a conserved quantity. For instance the energy E = −T ·K is

conserved along geodesics for whichK(x) is the tangent vector. One can use this construction to determine

the frequency shift of light sent between arbitrary observers in relative motion. The frequency of a light ray

following a null geodesic with 4-momentum K(x), detected by an observer with velocity UA(x) is given

by ωA = −K · UA. Then

ωA
ωB

=
K · U |A
K · U |B

. (6)

In the particular case of static observers, whose velocity is proportional to the time translation Killing vector

U(x) = F (x) T , we can say more. We use the fact that T ·T = g(∂t, ∂t) = gtt. Then, to satisfy U ·U = −1,

we must have F = 1/
√
−gtt.

We arrive at the following

ωA
ωB

=
K · U |A
K · U |B

=
FB
FA

K · T |A
K · T |B

=
FB
FA

= NAB , (7)

where we use the fact that the energy E = −T ·K is a constant and introduced notation NAB = FB
FA

that

will prove useful later. For the Schwarzschild spacetime we find from (3) that NAB =
√

V (rB)
V (rA) . Then, we

can see from (7) that an asymptotic observer O at r →∞ will see a photon emitted at some radial position

r and frequency ω as having a redshifted frequency

ωO =
√
V (r) ω =

√
1− 2M

r
ω . (8)

C. A two dimensional model

Since we are mostly interested in the description of radially propagating light, travelling from its source

located at the surface of the Earth to a receiver on a satellite, we shall restrict our attention to the (1 + 1)
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form (i.e. with no angular dependence) of Eq. (3) given by

ds2 = −V (r) dt2 + V −1(r) dr2 . (9)

We can further simplify this form of the metric by using the fact that any two dimensional spacetime is

conformally flat [19]. This becomes manifest by rewriting Eq. (9) using the tortoise coordinate

x = x(r) = r + 2M log
( r

2M
− 1
)
, (10)

so that

ds2 = V (r)(−dt2 + dx2) . (11)

Note that the coordinate x is only defined outside the horizon r > 2M and that it satisfies dx = V (r)−1 dr.

In these coordinates the propagation of light rays, for which ds2 = 0, matches that of flat space with

dx

dt
= ±1 (12)

IV. Quantum field theory

()

We want to describe the propagation of quanta of light, photons, between radially distributed observers

in a gravitational field. So far we have arrived a description of classical light rays propagating through a

curved spacetime (or, equivalently, gravitational field). A proper description of quantised light requires a

formulation in terms of quantum field theory (QFT). In this section we briefly review the salient parts of

the the QFT framework that we will need. For simplicity, and without too much loss of generality, we will

work with a scalar field as a simple proxy for an EM field.

In particular we look at Klein-Gordon (KG) theory for a massive real scalar field φ, with action

I =

∫
(−1

2
gab∂aφ∂bφ−

1

2
m2φ2)

√
−g d4x , (13)

and equations of motion

gab∇a∇bφ−m2φ = 0 . (14)

Here gab represents the spacetime metric tensor with a, b = (t,x), and gab the metric inverse.

The canonical momentum conjugate to φ is obtained by varying the action

Π(x) =
δI

δ(∂tφ(x))
=
√
−ggta∂aφ(x) (15)
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Now, the general procedure for quantization is to promote φ and Π to operators, and impose the canonical

commutation relations (units: ~ = 1)

[φ(t, x),Π(t, x′)] = iδ(3)(x− x′), [φ(t, x), φ(t, x′)] = 0

[Π(t, x),Π(t, x′)] = 0 . (16)

What we lack, and will now attempt to introduce, is a Hilbert space of states that these operators act on. Let

S be the space of complex solutions of the KG equation.

A. Quantum field theory in a flat spacetime

First consider the case that the metric is flat, gab = ηab = diag(−1, 1, 1, 1). We begin by defining an inner

product on S. This is the KG inner product

(φ1, φ2) = −i
∫

Σt

(φ1∂tφ̄2 − φ2∂tφ̄1)d3x , (17)

for φ1, φ2 ∈ S . This inner product has some important properties: it is independent of the constant time

surface Σt over which it is defined, a consequence of Stoke’s theorem and the KG equation; moreover

(φ1, φ2) = (φ2, φ1) so that it is Hermitian. However note that

(φ1, φ2) = −(φ̄2, φ̄1) , (18)

so that (φ, φ) = −(φ̄, φ̄). This means that the inner product (, ) is not positive definite. Note also that

(φ, φ̄) = −(φ, φ̄) = 0.

The elementary solutions to the KG equations of motion take the form of plane waves

φ(x) = φ0e
ikaxa = φ0e

−iωt+ik·x , (19)

where ka = (ω,k) and the frequency ω must satisfy the condition k2 = −ω2 + k2 = −m2. This implies

that for any given spatial vector k there is a solution ω that is determined up to a sign.

In particular, the inner product is positive definite on Sk of positive frequency solutions to the KG equation

fk(x) =
1

(2π)32ω
eikax

a
, ω =

√
k2 +m2 . (20)

By positive frequency we mean that the time derivative pulls down a factor of −iω with ω > 0. That is

∂tfk = −iωfk, ω > 0 . (21)

One can also arrive at negative frequency modes by taking the complex conjugate of fk

∂tf̄k = iωf̄k, ω > 0 . (22)
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These are orthogonal to the positive frequency plane waves, as mentioned earlier, and so we have the

orthogonal decomposition S = Sk ⊕ S̄k where (, ) is negative definite on S̄k.

Putting this all together, a general expression for the quantum operator φ(x) is

φ(x) =

∫
(akfk(x) + a†kf̄k(x))d3k , (23)

where the ak (a†k) are the coefficients of the positive (negative) frequency modes in the expansion:

ak = (f, φ), a†k = −(f̄ , φ) . (24)

They have the familiar interpretation of creation and annihilation operators, satisfying

[ak, a
†
k′ ] = iδ(3)(k− k′), [ak, ak′ ] = 0

[a†k, a
†
k′ ] = 0 , (25)

and we can construct N-particle states in the usual way, by successive application of creation operators on a

ground state |0〉 defined so that ak|0〉 = 0, ∀k.

B. Quantum field theory in a curved spacetime

For curved spacetimes we could follow the exact same scheme - with some small variations to accommodate

the non-trivial metric. The problem we face is that there is no unique definition of ”positive frequency”

unless the spacetime is stationary. Hence there is no preferred way to decompose S as above. Instead,

we simply choose a subspace Sk for which (, ) is positive definite. In general there will be many ways

to do this, for example corresponding to different observers/detectors who will use the proper time τ they

measure along their trajectory to setup the decomposition.

Suppose we work with a complete set of orthonormal modes f(x) with properties as above, and defined

with respect to a more general KG inner product

(φ1, φ2) =

∫
Σ
naja
√
γd3x , (26)

where the KG current j = −i(φ1dφ̄2 − φ2dφ̄1) and na is the normal to the space-like hypersurface Σ; in

the case that this is a constant time surface as in the previous flat space definition then n = dt. We can

proceed as before to perform a mode decomposition in terms of negative and positive frequency modes and

their associated coefficients - interpreted again as creation and annihilation operators respectively

a(f) = (f, φ), a†(f) = −(f̄ , φ) . (27)



11

One can then define a ground state

a(f)|0〉f = 0, ∀f ∈ Sk , (28)

and given some basis {fi} of Sk the N-particle states a†i1 ...a
†
iN
|0〉f . We then choose the Hilbert space to be

the Fock space spanned by the vacuum state, the 1-particle states, the 2-particles states etc.

In a general curved spacetime there is no preferred choice of Sk, instead there will be many inequivalent

choices. Let S̃k be another choice of positive frequency subspace. Then any modes g(x) ∈ S̃k can be

decomposed uniquely as g = f + f̄ ′ with f, f ′ ∈ Sk. Hence

a(g) = (f + f̄ ′, φ) = a(f)− a†(f ′) , (29)

so that a(f ′)|0〉f 6= 0 and |0〉f is no longer the vacuum state if one uses S̃k as the positive frequency

subspace. Since the vacuum state depends on the choice of Sk, so does the definition of 1-particle states

etc. So there is no natural notion of particles in a general curved spacetime.

Why doesn’t this happen in the flat background? Consider a boost into a new frame with t′ = γ(t − v ·

x), x′ = γ(x− vt). Then the time derivative of the mode functions, say fk(x) is

∂t′fk =
∂xa

∂t′
∂ak

= γ(−iω + iv · k)k

= −iω′k . (30)

where ω′ is the frequency in the transformed frame. This tells us that the modes are transformed into each

other, with boosted momenta, and thus, crucially, the particle number operator and the vacuum state are

invariant.

In a stationary (equilibrium) spacetime, one can use the time translation symmetry to identify a preferred

choice of Sk. In particular there will exist a Killing vector field T = ∂t which generates a flow along which

the metric is invariant

LT gab = 0 . (31)

It is natural to use T to define the decomposition into negative/positive modes. This will coincide with the

behaviour of a detector whose trajectory follows the orbit of the Killing field - such as a static observer mov-

ing only in time. We will make use of such observers in what follows when considering photon propagation

in the Schwarzchild spacetime.
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V. Propagation of a photon

A. Propagation of a photon in a flat spacetime

That quantum field operators transform in the same manner as classical fields is justified in [20]. We

therefore write the photon operator which propagates a photon with frequency ω and transverse momentum

q from z0 = 0, through an optical setup (or solely free space) to a spacetime point (r, t) according to

a(r, t) = a(ρρρ, z, t) =

∫
d2q

∫
dω H(ρρρ, z,q, ω)aq,ωe−iωt. (32)

Note, that for convenience we write operators without hat throughout this document. This photon operator

annihilates a photon at (r, t) where the corresponding creation operator is given by a†(r, t) = [a(r, t)]†.

The photon operators obey

[
a(r, t), a†(r′, t′)

]
=

∫
d2q

∫
dω H(ρρρ, z,q, ω)H∗(ρρρ′, z′,q, ω)eiω(t′−t) (33)

and all other commutators being zero.

The free-space propagation of a photon in flat space geometry and in paraxial approximation, i.e. its wave

vector makes only a small angle to the optical axis, is given by

H(ρρρ, z,q, ω) = e
i

(
k(ω)z− |q|

2z
2k(ω)

)
eiqρρρ (34)

and k(ω) = ω/c n(ω) is the corresponding dispersion relation with n(ω) = 1 for free-space propagation. In

the following we consider only propagation modes according to a plane wave and thus Eq. (34) is reduced

to

H(z, ω) = eik(ω)z. (35)

The corresponding operator then reads

a(z, t) =

∫ ∞
0

dωeik(ω)zaωe−iωt. (36)

Here, we explicitly indicate the integration boundaries to emphasize that absolute frequencies are consid-

ered.
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B. Propagation of a photon in a Schwarzschild spacetime

When considering wavepackets in a curved spacetime we need to be mindful of the ambiguity mentioned

in Section IV B; in general different observers, in various states of motion through spacetime, will each

have their own notion of local proper time. This suggests that we should attempt to define our wavepacket

creation operators in a local region, with compact support, and with respect to the proper time of the ob-

server/detector performing the experiment. This approach was adopted in the series of papers beginning

with [21–23].

There is, however, an alternative picture that can be considered. Here we uses the fact that the Schwarzschild

spacetime has a preferred time coordinate, t associated to the time translation Killing vector T = ∂t. With

this coordinate and the conformal radial coordinate we can adopt a formalism using global Schwarzschild

coordinates that closely resembles that of the flat space photon propagation transfer functions. This ap-

proach was adopted in the series of papers starting with [15] that propose an ’event operator’ formalism.

In what follows we will, at least initially, adopt both formalisms and highlight their features; however,

in a bit of foreshadowing, let us say that in a stationary spacetime like Schwarzschild these methods are

essentially equivalent and one can pass between them without complication.

1. Creating localised wavepackets

A wavepacket localised in space is defined through a C-valued distribution Fx0(x) centred on a position x0.

Corresponding annihilation operators take the form

ax0(t) =

∫ ∞
0

dxFx0(x)a(t, x)

=

∫ ∞
0

dxFx0(x)
( ∫ ∞

0
dωeiω(x−t)aω

)
=

∫ ∞
0

dωFω0(ω)e−iωtaω .

(37)

The last expression coincides with the definition of the wave packet annihilation operator in [21] where we

write

aω0(t) =

∫ ∞
0

dωFω0(ω)e−iωtaω . (38)

Based on (37), the operator describing the creation and annihilation of a photon wavepacket can be ex-

pressed in any frame as

aΩK0
(τK) =

∫ ∞
0

dΩKe
−iΩKτKFKΩK0

(ΩK)aΩK , (39)
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where K = A,B,O. The ΩK are the proper frequencies of the observers corresponding to proper time

τK as measured in their labs. The FKΩK0
are frequency distributions (Fourier transforms of the spatial

distribution as per the last section) of the wavepacket centred on ΩK0. The asymptotic observer on a static

spacetime has a privileged role but fits within the same formalism.

We can relate the mode operators and the frequency distributions of static observers, say Alice A and Bob

B, located at different radial positions in the spacetime. To do this we use first the canonical commutation

relations in each frame

[aΩK , a
†
Ω′K

] = δ(ΩK − Ω′K) , (40)

as well as the relation (7) between the frequencies observed in each frame ΩA = NAB ΩB where

NAB =
√
V (rB)/V (rA) = 1/NBA . (41)

Note that this and the following expressions should be understood generally, for whatever choice of A,B

we use; for example we could set ’B’ to be the asymptotic observer in which case NAO =
√

1/V (rA) as in

(8). Then, using a standard property of delta functions, we find that

δ(ΩA − Ω′A) =
δ(ΩB − Ω′B)

NAB
. (42)

If we substitute this in the commutation relations we get

[aΩA , a
†
Ω′A

] =
1

NAB
[aΩB , a

†
Ω′B

] , (43)

so that

aΩA =
1√
NAB

aΩB . (44)

Next, noting that the product ΩKτK is an invariant we can rewrite (39) as

aΩA0
(τA) =

∫ ∞
0

(NAB dΩB) e−iΩBτBFAΩA0
(ΩA)

aΩB√
NAB

=

∫ ∞
0

dΩB e
−iΩBτB (

√
NAB F

A
ΩA0

(NAB ΩB)) aΩB .

(45)

Since the aΩK0
(τK) are supposed to describe the same photon wave packet, just in different frames, we can

conclude that the frequency distributions are related by

FBΩB0
(ΩB) =

√
NABF

A
ΩA0

(NAB ΩB) . (46)
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This means that the local wavepacket measured by Bob will be a modified version of the wavepacket initially

sent by Alice. If a measurement process - eg communication or key distribution - works on the basis of only

local protocols, then there will be in principal a mismatch between Bob’s expectations and what he receives;

this could be interpreted as a noisy channel [21] (see Section VI B).

This formalism, on the other hand, has less in common with the flat space formalism; in particular the

wavepackets so defined are not propagating.

2. Creating propagating wavepackets

By considering the plane wave solution modes from the Klein-Gordon equation [21] in a conformally flat

metric we can identify the free-space propagating photon field operator in curved spacetime to be

aω0(x, t) =

∫ ∞
0

dωFω0(ω)eiω(x−t)aω (47)

with x given by Eq. (10) and k(ω) = ω. Under the perspective of Eq. (47) being a creation operator, the

additional function Fω0(ω) is the spectral distribution function centred around ω0 of the photon created at

spacetime point (x, t). Being an annihilation operator, Fω0(ω) describes the spectral response of the photon

annihilation device, i.e. the detector. The corresponding commutator is given by[
aω0(x, t), a†ω0

(x′, t′)
]

=

∫ ∞
0

dω |Fω0(ω)|2 eiω[(x−x′)−(t−t′)] , (48)

where we used that
[
aω, a

†
ω′

]
= δ(ω − ω′). In particular, we obtain for x = x′ and t = t′[

aω0(x, t), a†ω0
(x, t)

]
= 1 , (49)

under the condition that the wavepacket is normalised∫ ∞
0

dω|Fω0(ω)|2 = 1 . (50)

For an infinite bandwidth, i.e. Fω0(ω) = 1, we obtain[
aω0(x, t), a†ω0

(x′, t′)
]

= δ(∆x−∆t), ∆x = x− x′, ∆t = t− t′ , (51)

i.e. the commutator is non-vanishing on the null separated world-line. Equations (49) and (51) imply that

the operators do not commute along null world lines. For spacelike or timelike separations the commutator

is a decaying function of the separation.

One can also see that the operators (47) have support along the entire geodesic [15], since a(x, t) = a(x+

d, t+ d). Moreover, notice that the operator of Eq. (47) incorporates an explicit radial position dependence
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x in the phase. These are both in contrast to the local definition used in Equations (38) and (37) and the

work of [21].

In the spirit of Eq. (35), the transfer function for a free-space propagation in a Schwarzschild metric is then

identified as

H(xk, ω) = eiωxk = eiω[rk+2M log( rk
2M
−1)] , (52)

where instead of the longitudinal coordinate zk we invoke xk for a radial distance. From now on, the index k

will refer to the radial position of a specific observer k in the coordinate system of the asymptotic observer.

VI. Correlation functions

In the following we describe various experimental situations on the curved spacetime background intro-

duced in Section V B. We restrict our calculations to the fundamental cases of one photon and entangled

photon pairs. We are interested in estimating the relevant observable related to photon counting which are

the first-order correlation function (single photon counting) for the case of one photon states and second-

order correlation function (2 fold coincidence counting) for photon pairs [24]. Thereby, we formulate the

results on the one hand in the local shell coordinates introduced in Section V B 1 and on the other hand in

the reference frame of the asymptotic observer discussed in Section V B.

A. First-order correlation function: Experimental scenario

In a first experimental setting we consider the scenario where Alice and Bob are situated at two different

heights in a gravitational potential. Alice resides in her laboratory on the surface of the earth at radial co-

ordinate rA = rE and Bob is on on a satellite with constant radius rB = rE + h and having no angular

motion with respect to Alice (Fig.1). Alice sends a photon described by a wavepacket to Bob which anni-

hilates it via a point-like single photon detector. The detection of a single photon is formally described by a

first-order correlation function [24] which represents the probability per unit time that a photon is registered

by the detector.

B. First-order correlation function in local coordinates

We first consider the scenario shown by Fig. 1 in the local coordinates of Alice and Bob. This framework

relies upon the formalism presented in [21] revised in V B 1.

Alice prepares a photon wavepacket in her laboratory with respect to her clock providing the proper time
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FIG. 1. A photon is emitted at Alice and detected by Bob.

τA. The corresponding photon operator reads

aΩA0
(τA) =

∫ ∞
0

dΩAe
−iΩAτAΛ̄AΩA0

(ΩA)aΩA , (53)

and includes a frequency distribution of the wavepacket centered around the peak frequency ΩA0. (Λ̄

denotes the complex conjugate of Λ.) The corresponding single photon state generated at the initial central

time τAi = 0 in the lab of Alice is then given by

|Ψ1〉 =

∫ ∞
0

dΩAΛAΩA0
(ΩA)a†ΩA |0〉. (54)

Bob detects the photon in his laboratory using his clock with its proper time τB at the final time τBf .His

detector annihilates a photon described by the operator

aΩB0
(τBf ) =

∫ ∞
0

dΩBe
−iΩBτBfFBΩB0

(ΩB)aΩB , (55)

with a spectral response function FBΩB0
(Ω). The corresponding single photon projection operator reads

Π(1)(τBf ) = a†ΩB0
(τBf )|0〉〈0|aΩB0

(τBf ) , (56)

and with this the first-order correlation function is given by

G(1)(τBf ) = 〈Ψ1|Π(1)(τBf )|Ψ1〉

= 〈0|aΩA0
(0)a†ΩB0

(τBf )|0〉〈0|aΩB0
(τBf )a†ΩA0

(0)|0〉

= |ψ1(τBf )|2. (57)
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The single-photon wavefunction expressed in the local frame of Bob reads

ψ1 (τBf ) = 〈0|aΩB0
(τBf )a†ΩA0

(0)|0〉

=

∫ ∞
0

dΩBdΩA1ΛAΩA0
(ΩA1)FBΩB0

(ΩB)[aΩB , a
†
ΩA1

]e−iΩBτBf

=

∫ ∞
0

dΩBdΩB1

√
NABΛAΩA0

(NABΩB1)FBΩB0
(ΩB)δ(ΩB − ΩB1)e−iΩBτBf

=

∫ ∞
0

dΩB

√
NABΛAΩA0

(NABΩB)FBΩB0
(ΩB)e−iΩBτBf

=

∫ ∞
0

dΩBΛBΩB0
(ΩB)FBΩB0

(ΩB)e−iΩBτBf , (58)

where we used the relation of Eq. (44) and the gravitational redshift formula ΩA = NABΩB . The first-

order correlation function is therefore given by the product of the spectrum ΛBΩB0
(Ω) measured in Bob’s

local frame and the response function of its detector.

1. Fidelity

The wavepacket ΛBΩB0
(Ω) as measured by Bob is different, in its shape and central frequency, from the

wavepacket ΛAΩA0
(Ω) originally generated by Alice. The particular relation between the two frequency

distributions is given by Eq. (46) and is specific to the Schwarzschild metric. A possible quantification

for the deviation between the two measured wavepackets is given by their fidelity - this is can then be

considered as a measure of the quality of the communication channel between the two observers [21]. In

quantum mechanics the fidelity F is formally defined as the overlap between two states, say |ψ〉 and |ψ′〉,

such that F = |〈ψ′|ψ〉|2 = |∆|2 and ∆
.
= 〈ψ′|ψ〉. It can be realized by measuring one of the states with

a detector defined by the other state. If we intend to use F as a measure of the quality of a transmission

channel, as done in [21], we have to first agree on the relationship between the Hilbert space at each end

of the channel. For example, when polarized light is transmitted from Alice to Bob, they have to agree in

advance on the relative orientation of their measurement devices. Similarly, if time and frequency are the

quantities of interest, they have to agree on their definition of time. In a flat spacetime this is trivially done

by using identical clocks. In curved space-time the value of the fidelity for the channel will depend on how

Alice and Bob clocks (or frequency references) are synchronized.

To calculate the fidelity we take into account Eq. (54) and define this state as |ΨA
1 〉

.
= |Ψ1〉. Accordingly,

we introduce

|ΨB
1 〉 =

∫ ∞
0

dΩBΛBΩB0
(ΩB)a†ΩB |0〉 , (59)
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where ΛBΩ now determines the spectrum measured by Bob. The fidelity ∆B evaluated in the local frame of

Bob is then calculated to be

∆B = 〈0|aΩB0
(0)a†ΩA0

(0)|0〉

=

∫ ∞
0

dΩAdΩBΛAΩA0
(ΩA)Λ̄BΩB0

(ΩB)[aΩB , a
†
ΩA

]

=

∫ ∞
0

dΩB

√
NABΛAΩA0

(NABΩB)Λ̄BΩB0
(ΩB)

=

∫ ∞
0

dΩB|ΛBΩB0
(ΩB)|2

= 1 , (60)

if we assume the spectrum to be normalized. We further used Eq. (44) and Eq. (46). Equation (60) takes

into account the transformation of the wavepacket sent by Alice due to the redshift accumulated during its

propagation to Bob. In other words it assumes some knowledge on Bob’s part, about the initial properties

of the wavepacket as measured by Alice, such that he can perform the correct redshift transformation and

corresponding projection distribution, to obtain F = 1. Note that the additional linear spectral phase cor-

responding to the time delay of the photon propagating from Alice to Bob, and incorporating the curvature

of space, has not been considered in the above calculation. This is because the additional phase does not

play a role for measurements in the spectral domain and, in the time domain, a linear phase leads to a time

shift which can be compensated for through the timing of the detector. Equation (60), however, seems to

contradict [21] in which the fidelity of the channel is expressed in terms of

∆ =

∫ ∞
0

dΩΛ̄BΩB0
(Ω)ΛAΩA0

(Ω) . (61)

With this definition we calculate the Fidelity F to be F = |∆|2 ∼ 1 − 5 × 10−11 for Earth-to-LEO (low

Earth orbit) communication with h = 500 km and a Gaussian spectrum with a width of ∆λ = 100 nm. The

difference in this approach to the fidelity calculation lies in the tacit assumption that Alice and Bob are using

identical clocks and operating as though they were both in flat space ie not taking any relativistic effects

(red shift) into account. The fidelity is then the overlap between the state received by Bob, Λ̄BΩB0
(Ω), and

the state measured by Bob - he projects onto an undistorted version of the state Alice prepared assuming a

flat space propagation - Λ̄AΩA0
(Ω).

Note that Eq. (61) can be expressed in the Fourier domain as

∆ =

∫ ∞
0

dτ ψ̄B1 (τ)ψA1 (τ) , (62)

with ψB1 (τ) given by Eq. (58) and ψA1 (τ) accordingly. In order to measure the fidelity defined in Eq. (61) or

the equivalent expression in the time domain Eq. (62), one would need to experimentally realize a projection
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onto well defined states. However, projective measurements in the energy or temporal domain are usually

only done onto restricted set of states (e.g. the frequency bins of a spectrometer). As a consequence, Bob

would need to perform a complete quantum state reconstruction to evaluate Eq. (61) or Eq. (62).

C. First-order correlation function in Schwarzschild coordinates

We now consider the scenario of Fig. (1) in the coordinate system of the asymptotic observer with radial

coordinate r → ∞. This observer has its proper time coordinate t which is equal to the time coordinate

appearing in the Schwarzschild metric. In the case of the asymptotic view, there is only one observer,

i.e. one clock, involved in the description of the process. In this formalism we will explicitly include

the radial position coordinate xk = xk(rk) in the phase factor of the photon operator. This allows us to

represent the propagation of a photon along the radial direction in the Schwarzschild metric via the free-

space transfer function of Eq. (52). We consider again the scenario where Alice resides on the surface

of the Earth, i.e. xA = xA(rE), and Bob is on a satellite at a radial distance xB = xB(rE + h) > xA

from the center of the Earth; note, the radius of the Earth is much larger than the Schwarzschild radius

rS/rE ∼ 1.4 × 10−9. A photon wavepacket with central frequency ω0 is generated in Alice’s lab at radial

position xA and initial time ti. The corresponding photon operator reads

aω0(xA, ti) =

∫ ∞
0

dωΛ̄ω0(ω)eiω(xA−ti)aω . (63)

In contrast to the local formalism, we do not apply a further label to Fω0(ω) since we only consider a single

spectral distribution in the global frame of the asymptotic observer. This distribution remains unaltered

during the propagation of the photon. The one-photon state at ti = 0 reads

|Ψ1〉 =

∫ ∞
0

dωΛω0(ω)e−iωxAa†ω|0〉 . (64)

The photon operator at the radial position of Bob and the final time tf of the detection is

aω0(xB, tf ) =

∫ ∞
0

dωFω0(ω)eiω(xB−tf )aω , (65)

with Fω0(ω) describing the spectral response of the detector. Using the corresponding projection operator

of Eq. (56) we obtain for the first-order correlation function

G(1)(xA;xB, tf ) = 〈Ψ1|Π(1)(xB, tf )|Ψ1〉

= 〈0|aω0(xA, 0)a†ω0
(xB, tf )|0〉〈0|aω0(xB, tf )a†ω0

(xA, 0)|0〉

= |ψ1(xA;xB, tf )|2 , (66)
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with the one-photon wavefunction

ψ1(xA;xB, tf ) = 〈0|aω0(xB, tf )a†ω0
(xA, 0)|0〉

=

∫ ∞
0

dω1dω2Fω0(ω1)Λω0(ω2)e−iω1(tf−xB)e−iω2xA [aω1 , a
†
ω2

]

=

∫ ∞
0

dωΛω0(ω)Fω0(ω)e−iωtf eiω(xB−xA) , (67)

and the commutator [aω1 , a
†
ω2 ] = δ(ω1 − ω2). The distance the photon travels in spacetime from Alice to

Bob is given by

xB − xA =

[
(rA − rB) + 2M log

(
rB − 2M

rA − 2M

)]
, (68)

where the first term (rA − rB) describes the propagation of the photon in flat space whereas the second

term includes the contribution due to the curvature of space by the mass M . From the perspective of this

formalism there is effectively only one clock - that of the asymptotic observer - and so, unlike the local

formalism, the spectral distribution Fω0(ω) of the wavepacket sent by Alice remains unaltered at the time

and position of Bob’s measurement. Moreover, the additional linear spectral phase contribution due to

the curvature of space implies a shift in the time domain which can be easily compensated for by Bobs

timing electronics. If this is done, Eq. (67) simply describes the signal of a single photon detection in a flat

spacetime scenario.

The local formalism (Section VI B) in which there are two observers with locally defined clock rates is

effectively equivalent to the global picture in the case that the spacetime is known and the redshift relation

between the clocks can be determined. In particular the transformation between the two formalisms can be

calculated

ψ1(xA;xB, tf ) =

∫ ∞
0

dωFω0(ω)Λω0(ω)e−iωtf eiω(xB−xA)

= NOB

∫ ∞
0

dΩBFω0(NOBΩB)Λω0(NOBΩB)e−iΩBτBf eiNOBΩB(xB−xA)

= NOB

∫ ∞
0

dΩB
1√
NOB

FBΩB0
(ΩB)

1√
NOB

ΛBΩB0
(ΩB)e−iΩBτBf eiNOBΩB(xB−xA)

=

∫ ∞
0

dΩBΛBΩB0
(ΩB)FBΩB0

(ΩB)e−iΩBτBf eiΩBτBxB−xA , (69)

where we used Eq. (46). We further obtained

τBxB−xA = NOB(xB − xA) =
√
V (rB)txB−xA . (70)

This is consistent with the relation between the proper time τ and the Schwarzschild time coordinate t given

by Eq. (4). The physical interpretation of Eq. (70) is the following: While txB−xA = (xB−xA) with c = 1
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is the time the photon needs to travel from Alice to Bob measured by the asymptotic observer, Eq. (70) is

the time of flight measured by the clock in Bobs reference frame. Consequently, the additional constant

phase leads to a time-shift of the first-order correlation function. The latter is now centered at the time Bob

reads on his clock when he detects the photon if, at the time of emission, the clocks of Alice and Bob are

both synchronized.

Since the radial position of Alice and Bob has not been taken into account in the representation of the

operators in Section V B 1 the first-order correlation function of Eq. (58) does not account for the additional

time shift due to the time of flight of the photon from Alice to Bob. Eq. (58) implicitly corrects for this

delay and is always centered around zero.

D. Energy-time entangled photons by type-II SPDC

Entanglement between photons [6] plays a key role in a variety of experiments ranging from fundamental

studies of quantum mechanics [25] towards applied fields of research like quantum communication [3] or

quantum imaging [26].

Entangled photons are commonly generated by spontaneous parametric down-conversion (SPDC) [27].

From an experimental point of view, this process is described in more detail in Section VIII C. The two

photon states generated by SPDC reads

|Ψ2〉 = |0〉+

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi) a
†
ωsa
†
ωi |0〉 , (71)

where, the function Λ(ωs, ωi) is denoted as the joint-spectral amplitude (JSA). The state of Eq. (71) is

entangled since the JSA can in general not be written as Λ(ωs, ωi) = g(ωs)h(ωi). Note, that the index s

and i differentiates the photons with regard to another degree of freedom; for instance here their polarisation

degree of freedom as outlined in VIII C. Since we have distinguishable photons the commutator reads[
aωj , a

†
ω′k

]
= δjkδ(ωj − ω′k), j, k ∈ {s, i} , (72)

and all other commutators are zero.

E. Second-order correlation function: Experimental scenario

We again consider the scenario where Alice and Bob are situated at two different heights in the gravitational

potential of the Earth. Alice resides in her laboratory on the surface of the Earth at radial coordinate rA = rE

and Bob is on on a satellite located at a constant radius rB = rE + h and having no angular motion with
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respect to Alice (Fig.1). Alice generates energy-time entangled photon pairs by a type-II SPDC process as

discussed in Section VI D. The photons are then deterministically separated by a polarizing beam splitter

(PBS). The signal photon is detected by Alice whereas the idler photon is detected by Bob. The output of

the detectors are time-tagged in order to perform coincidence detection. The detection of the two-photon

state is formally described by a second-order correlation function [24] which represents the probability per

unit (time)2 that one photon is recorded at (x1,t1) and the other photon at (x2,t2). It is assumed that both

parties use the same type of detector.

FIG. 2. Alice generates energy-time entangled two-photon states via type-II SPDC. The photons are separated by a

PBS. The signal photon is detected by Alice whereas the idler photon is detected by Bob. Both detectors are connected

in a coincidence circuit.

F. Second-order correlation function in local coordinates

We first work out the scenario shown in Fig. 2 in the local reference frames of Alice and Bob taking into

account the properties and relations given in Section V B 1.

The type-II energy-time entangled two-photon state generated by SPDC in the local frame of Alice reads

|Ψ2〉 =

∫ ∞
0

dΩAs

∫ ∞
0

dΩAi ΛA(ΩAs,ΩAi)a
†
ΩAs

a†ΩAi |0〉. (73)
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Without loss of generality we calculate the second-order correlation function for an initial time τAi = 0 on

the clock of Alice to be

G(2)(xA, τAf1 ;xBτBf2) = 〈Ψ2|Π(2)(τAf1 , τBf2)|Ψ2〉

= 〈Ψ2|a†(τAf1)a†(τBf2)|0〉〈0|a(τBf2)a(τAf1)|Ψ2〉

= |ψ2(xA, τAf1 ;xB, τBf2)|2 , (74)

where

ψ2 (τAf1 , τBf2) = 〈0|a(τBf2)a(τAf1)|Ψ2〉

=

∫ ∞
0

dΩBi

∫ ∞
0

dΩ′As

∫ ∞
0

dΩAi

∫ ∞
0

dΩAse
−i(Ω′AsτAf1+ΩBiτBf2 )FAΩA0

(Ω′As)F
B
ΩB0

(ΩBi)

× ΛA(ΩAs,ΩAi)[aΩ′As
, a†ΩAs ][aΩBi , a

†
ΩAi

] , (75)

where the dependency on (xA, xB) is implicit in the definition of the proper times. We now use that

[aΩBi , a
†
ΩAi

] =
√
NAB[aΩ′Ai

, a†ΩAi ] =
√
NABδ(Ω

′
Ai − ΩAi) , (76)

taking into account Eq. (44). Then

ψ2 (τAf1 , τBf2) = 〈0|a(τBf2)a(τAf1)|Ψ2〉

=
√
NAB

∫ ∞
0

dΩBi

∫ ∞
0

dΩ′Ase
−i(Ω′AsτAf1+ΩBiτBf2 )FAΩA0

(Ω′As)F
B
ΩB0

(ΩBi)Λ
A(Ω′As,Ω

′
Ai) . (77)

We now use Eq. (46) to write

ψ2(τAf1 , τBf2) = NAB

∫ ∞
0

dΩBi

∫ ∞
0

dΩ′Ase
−i(Ω′AsτAf1+ΩBiτBf2 )

× FAΩA0
(Ω′As)F

A
ΩA0

(NABΩBi)Λ
A(Ω′As,Ω

′
Ai) . (78)

With the invariant ΩBiτBf2 = Ω′AiτAf2 and the substitution Ω′Ai = NABΩBi, we finally obtain

ψ2(τAf1 , τBf2) =

∫ ∞
0

dΩ′As

∫ ∞
0

dΩ′Aie
−i(Ω′AsτAf1+Ω′AiτAf2 )FAΩA0

(Ω′As)F
A
ΩA0

(Ω′Ai)

×ΛA(Ω′As,Ω
′
Ai) . (79)

We can simplify this expression further for the case of a CW pump field where

ΛA(Ω′As,Ω
′
Ai) = δ(Ωcp − Ω′As − Ω′Ai)Φ

A(Ω′As,Ω
′
Ai) . (80)

Then

ψ(τAf1 , τBf2) = e−iΩcpτBf2

∫
dΩ′Ase

−i[Ω′As(τAf1−τAf2)]FAΩA0
(Ω′As)F

A
ΩA0

(Ωcp − Ω′As)Φ
A(Ω′As). (81)
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1. Fidelity

In Section VI B 1 we discussed the fidelity in the context of a first-order correlation function. Here, we

apply this quantity to the scenario shown in Fig. 2. By doing so, we first define |ΨAA
2 〉

.
= |Ψ2〉 and we

extend the notation of the JSA to ΛA → ΛAA. We then analogously have

|ΨAB
2 〉 =

∫ ∞
0

dΩAs

∫ ∞
0

dΩBi ΛAB(ΩAs,ΩBi)a
†
ΩAs

a†ΩBi |0〉, (82)

where the relation of Eq. (46) is applied to the JSA according to

ΛAB(ΩAs,ΩBi) =
√
NABΛAA(ΩAs, NABΩBi) (83)

taking into account the redshift experienced by the idler photon due to its propagation from the local frame

of Alice to the local frame ob Bob. The fidelity FB = |∆B|2 evaluated in Bob’s reference frame is then

expressed in terms of

∆B = 〈ΨAB
2 |ΨAA

2 〉

=

∫ ∞
0

dΩAs

∫ ∞
0

dΩAi

∫ ∞
0

dΩ′As

∫ ∞
0

dΩBi ΛAA(ΩAs,ΩAi)Λ̄
AB(Ω′As,ΩBi)

× 〈0|aΩ′As
aΩBia

†
ΩAs

a†ΩAi |0〉

=

∫ ∞
0

dΩBs

∫ ∞
0

dΩ′Bi

∫ ∞
0

dΩ′Bs

∫ ∞
0

dΩBi

√
NAB

√
NABΛAA(NABΩBs, NABΩ′Bi)︸ ︷︷ ︸

=ΛBB(ΩBs,Ω
′
Bi)

×
√
NABΛ̄AB(NABΩ′Bs,ΩBi)︸ ︷︷ ︸

=Λ̄BB(Ω′Bs,ΩBi)

δ(Ω′Bs − ΩBs)δ(ΩBi − Ω′Bi)

=

∫ ∞
0

dΩBs

∫ ∞
0

dΩBi |ΛBB(ΩBs,ΩBi)|2

= 1 (84)

under the assumption of a normalized JSA. We have further used the operator relation aΩA = 1/
√
NABaΩB .

As for the first-order correlation, the fidelity is unity if the known redshift factor is taken into account by

Bob. Again we do not consider the additional linear spectral phase due to the propagation of the idler

photon since it will not play any role for the spectral measurement. It can be shown, that the same result as

in Eq. 84 can be obtained by expressing the fidelity in the reference frame of Alice using the inverse redshift

transformation relations, i.e.
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∆A = 〈ΨAB
2 |ΨAA

2 〉

=

∫ ∞
0

dΩAs

∫ ∞
0

dΩAi |ΛAA(ΩAs,ΩAi)|2

= 1. (85)

For an SPDC state Eq. (61) reads

∆ =

∫ ∞
0

dΩ

∫ ∞
0

dΩ′ Λ̄AB(Ω,Ω′)ΛAA(Ω,Ω′) (86)

and reduces to

∆ =

∫ ∞
0

dΩ Φ̄AB(Ω,−Ω)ΦAA(Ω,−Ω) (87)

for a monochromatic pump approximation. By means of Eq. (87) we calculate F = |∆|2 ∼ 1− 1× 10−15

for a 532 nm→ 1064 nm SPDC state expressed in a double Gaussian model with a spectral bandwidth of

42 nm (FWHM) [28]. The double Gaussian model applied here is for simplicity formulated for a type-I

SPDC where the signal and idler photon experience the same refractive index while propagating through

the non-linear crystal. However, the value of the fidelity is expected not to be altered considering a type-II

process which is the primary SPDC process considered in this report (see Section VI D and VIII C).

G. Second-order correlation function in Schwarzschild coordinates

We now calculate the second-order correlation function corresponding to the experimental scenario in

Fig. (2), but taking the asymptotic observer perspective outlined at the beginning of Section VI C. The

type-II energy-time entangled two-photon state generated by SPDC in the lab of Alice reads

|Ψ2〉 =

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi) a
†
ωsa
†
ωi |0〉 , (88)

where we have omitted the leading order vacuum contribution. Note, that the state is implicitly produced at

the initial time ti = 0. Further, the radial position xA of its creation does not appear in Eq. (88) taking into

account the standard derivation of the two-photon state outlined in Section VI D. To adapt the state to the

framework considered here, we rewrite Eq. (88) as

|Ψ2〉 =

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi)e
−i(ωs+ωi)xAa†ωsa

†
ωi |0〉 , (89)
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where we have included an additional phase depending on the radial positions. After the PBS the idler

photon is sent to the detector of Bob whose photon detection at final time tf2 is described by the annihilation

operator

aω0(xB, tf2) =

∫ ∞
0

dωiFω0(ωi)e
iωi(xB−tf2)aωi , (90)

and Alice detects the signal photon at final time tf1 via

aω0(xA, tf1) =

∫ ∞
0

dωsFω0(ωs)e
iωs(xA−tf1)aωs . (91)

As indicated in Section VI E both detectors have the same spectral response function Fω0(ω). We can now

work out the second-order correlation function in the reference frame of the asymptotic observer as

G(2)(xA, tf1;xB, tf2) = 〈Ψ2|Π(2)(xA, tf1;xB, tf2)|Ψ2〉

= 〈Ψ2|a†ω0
(xA, tf1)a†ω0

(xB, tf2)|0〉〈0|aω0(xB, tf2)aω0(xA, tf1)|Ψ2〉

= |ψ(xA, tf1;xB, tf2)|2 , (92)

where the two-photon wave function reads

ψ2(xA, tf1;xB, tf2) =

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi)Fω0(ωs)Fω0(ωi)e
−i(ωs+ωi)xAeiωsxAeiωixB

× e−iωstf1e−iωitf2 . (93)

We now use the approximation of the JSA for a CW pumped SPDC process

Λ(ωs, ωi) = δ(ωcp − ωs − ωi)Φ(ωs, ωi) , (94)

to obtain

ψ2(xA, tf1;xB, tf2) = ψ2(xA;xB, tf2 − tf1) ∝
∫ ∞

0
dω Φ(ω)Fω0(ω)Fω0(ω)eiω(xA−xB)e−iω(tf2−tf1),

(95)

where we define Φ(ω) = Φ(ω, ωcp − ω). The phase factor introduced in Eq. (89) results in a global phase

for a CW pump field. If we set xA = xB we obtain

ψ2(tf2 − tf1) ∝
∫ ∞

0
dω Φ(ω)Fω0(ω)Fω0(ω)e−iω(tf2−tf1) , (96)

which coincides with the result obtained by performing a standard flat spacetime calculation of the temporal

second-order correlation function (see for instance the result of Eq. (10.36) in [20]) for which both detectors

are at the same z-distance from the source. Similarly, by setting M = 0 and xA 6= xB , one also obtains the
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FIG. 3. Eq. (97) for rA = rB .
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FIG. 4. Eq. (97) for rA = rE and rB = rE + 500 km.

flat spacetime limit.

In order to get numerical results we first rewrite Eq. (95) as

ψ(rA; rB, tf2 − tf1) ∝
∫ ∞

0
dω Φ(ω)Fω0(ω)Fω0(ω)e

iω
c

[
(rA−rB)+ 2GM

c2
log

(
rAc

2−2GM

rBc
2−2GM

)]
e−iω(tf2−tf1) ,

(97)

using SI units and we further define ∆τ = tf2−tf1. This time shift describes the propagation time a photon

needs to travel from Alice to Bob in a curved spacetime and is given explicitly by

tshift = c−1

[
(rA − rB) +

2GM

c2
log

(
rAc

2 − 2GM

rBc2 − 2GM

)]
. (98)

The first contribution c−1(rA − rB) describes the light propagation in flat spacetime whereas the second

contribution includes the curvature of the spacetime induced by the mass M . If Bob is situated at a LEO

altitude of 500 km, the latter contribution is on the order of picoseconds. Figure 3 shows a second-order

correlation function with Eq. (96) as the two-photon wave function, i.e. we consider the case rA = rB .

Figure 4 shows the second-order correlation function using the two-photon wave function from Eq. (97)

with Bob again on a satellite in LEO rB = rE + 500 km. As expected, the correlation function is just

shifted by the amount of tshift without altering its shape.

Note that in the simulation, as is often the convention, we assume Fω0(ω) = 1 and we use the phase-

matching function of Eq. (151) optimized for 532 nm→ 1064 nm SPDC. In this case we have

Φ(ω) = sinc

(
∆kz(ω)L

2

)
, (99)

where L is the length of the non-linear crystal and ∆kz(ω) is the longitudinal phase mismatch (see Section

VIII C for further details.) As in Section VI C we now reformulate Eq. (93) in a local coordinate system.



29

For this we make use of the relations ωs = NOAΩAs and ωi = NOAΩAi to obtain

ψ2(xA, tf1;xB, tf2) =

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi)Fω0(ωs)Fω0(ωi)e
−i(ωs+ωi)xAeiωsxAeiωixB

× e−iωstf1e−iωitf2

=

∫ ∞
0

dΩAs

∫ ∞
0

dΩAi NOAΛ(NOAΩAs, NOAΩAi)
√
NOAFω0(NOAΩAs)

√
NOAFω0(NOAΩAi)

× e−i(ΩAs+ΩAi)NOAxAeiΩAsNOAxAeiΩAiNOAxBe−iΩAsτAf1e−iΩAiτBf2

=

∫ ∞
0

dΩAs

∫ ∞
0

dΩAi ΛA(ΩAs,ΩAi)F
A
ΩA0

(ΩAs)F
A
ΩA0

(ΩAi)

× e−i(ΩAs+ΩAi)τAxA eiΩAsτAxA eiΩAiτAxB e−iΩAsτAf1e−iΩAiτBf2 . (100)

Here, we used τAxA = NOAxA and τAxB = NOAxB in analogy to Eq. (70). As with the first order corre-

lation functions, when the spacetime, and the transformation between clocks, is known to both observers,

there is effectively only one reference frame in play and the local/global formalisms are equivalent (up to

some phase factors). If, on the other hand, we assume that the observers do not account for curvature ef-

fects then, as with the fidelity, there will be non-trivial differences that are ultimately rooted in gravitational

redshift effects on the pulse shapes and arrival times. The similar behaviour, for the propagation from Alice

to Bob, of a single photon or two photons from a pair expected from standard quantum mechanics, as the

considered setup and the corresponding observable are not sensitive to entanglement. Within the framework

of standard quantum theory, and of QFTCS, the same second-order temporal correlation functions would

be obtained with mixed states showing the same temporal correlations as the entangled states. This is why

a set of measurements in various bases is required to prove entanglement, for instance by performing high

resolution temporal and spectral measurements, which is in practice very difficult. The next section intro-

duces a scheme based on interferometric measurements, that is commonly used to test entanglement in the

time-energy domain.

VII. The Franson experiment

A. Experimental framework

A scheme to analyze energy-time entangled two-photon states was proposed by Franson in 1989 (Figure

5) [29]. The source considered consists of a SPDC process where a pump photon of an intense laser field

is spontaneously converted into a pair of entangled photons in a NLC. The pump field is considered here

as a classical field of a CW laser having a central frequency ωcp and a narrow spectral bandwidth ∆ωp.1

Although each of the down-converted photons can have a considerably large bandwidth ∆ωs,i
.
= ∆ωs =

1 For a typical CW laser the bandwidth could be < 5MHz or expressed in wavelength < 5 fm in full width at half maximum.
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FIG. 5. A photon pair is generated by SPDC within the coherence time of a pump photon τ cohp . Both photons

are then injected into two separated Mach-Zehnder interferometers (MZIs) with variable path lengths. All involved

beamsplitters are assumed to be 50% in reflection and transmission. Possible phases φ1 and φ2 are accumulated due

to the beamsplitters and mirrors. The detectors D1 and D2 are connected in coincidence.

∆ωi compared to the pump bandwidth their sum in frequency is constrained by energy conservation and

therefore fixed within the bandwidth of the pump.2 Thus the frequencies (ωs,ωi) of the photon pair are

constrained by

ωs + ωi = ωp ∈ [ωcp −∆ωp/2, ωcp + ∆ωp/2], (101)

where we choose the experimental conditions such that the central frequency of the generated photons is

given by ωc
.
= ωcs = ωci = ωcp/2. The very small bandwidth of the pump guarantees a highly energy-time

entangled state with a Schmidt number on the order of 106, the latter quantifying the degree of entanglement

of a pure bipartite state [30].

The entangled photons not only show correlations in energy moreover they are also strongly correlated in

time. While the correlation in frequency is determined by the small bandwidth of the pump, the correlation

in time is defined by the large bandwidth ∆ωs,i of the down-converted photons: This bandwidth determines

the temporal coherence (or entanglement) time τ cohs,i ∝ 1
∆ωs,i

to be of the order of fs. From this it follows

that if one photon is detected at time t the other photon will be detected within τ cohs,i , i.e. both photons are

created almost simultaneously within the NLC. Since the difference in the time of emission of the photons is

close to zero and their frequencies are correlated we have simultaneous correlations in time and frequency

which is the property of energy-time entanglement, which no classically correlated state can possess. More

formally, we almost have

∆(t1 − t2) = 0,

∆(Ωs + Ωi) = 0,

2 A typical bandwidth for SPDC photons is ∼100 nm.
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where on the other hand we have ∆t1,∆t2 >> 1 and ∆ωs,∆ωi >> 1. Here we introduced the relative

frequency defined by Ωj = ωj − ωc and ∆ denotes the statistical uncertainty (standard deviation). On the

other hand, the creation time of each photon is highly uncertain due to the large coherence time of the pump

τ cohp ∝ 1
∆ωp

>> 1. Therefore we are faced with the situation that although the time of birth of each photon

within the NLC is highly undetermined, the joint-temporal-detection of the photons reveals almost perfect

correlation.

B. Second-order correlation function in a flat spacetime

If the optical imbalance ∆Lj = Lj − Sj of the path lengths of interferometer j = 1, 2 is below the

coherence length cτ cohs,i of the individual photons, single photon interference fringes will appear in a first-

order intensity measurement at detector Dj if the corresponding optical imbalance is altered. The fringes

will have a periodicity related to the wavelength of the individual photons and a corresponding second-

order correlation signal will consist of the product of two independent single photon interference rates. This

contribution to the coincidence signal should be suppressed and therefore we assume ∆L1 and ∆L2 to be

much larger than cτ cohs,i , which is experimentally feasible since already at an imbalance of ≈100µm this

condition is fulfilled. In the following, we further assume all reflection and transmission coefficients of the

involved beamsplitters to be 1/2.

To start the calculation we first consider the photon annihilation operators at the position of the detectors

D1 and D2. For D1 it reads

a1(S1, L1, t1) =
1

2
as(S1, t1) +

1

2
eiφ1as(L1, t1)

=
1

2

∫
dωs eik(ωs)S1−iωst1aωs +

1

2
eiφ1

∫
dωs , e

ik(ωs)L1−iωst1aωs , (102)

and similarly for D2

a2(S2, L2, t2) =
1

2
ai(S2, t2) +

1

2
eiφ2ai(L2, t2)

=
1

2

∫
dωi eik(ωi)S2−iωit2aωi +

1

2
eiφ2

∫
dωi , e

ik(ωi)L2−iωit2aωi , (103)

where Sj and Lj are the longitudinal coordinates along the optical path from the source to the detector and

we assume that the distance of additional free-space propagation distances outside the MZI are the same for

both photons and do therefore not alter the coincidence signal. The times tj are the absolute times at the

detectors and φj are potential phases introduced by the beam-splitters and mirrors. The dispersion relation

for free-space propagation of a photon is given by k(ωj) =
ωj
c . Note, that in the flat spacetime scenario

we do, for simplicity, not take into account a spectral response function F (ω) of the detection device. We
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consider here again a SPDC process of type-II. Therefore, the signal and idler photons are distinguishable

and separated by a PBS due to their orthogonal polarization. As a consequence, the commutator of Eq. (72)

also holds in the following considerations. The second-order correlation function is then given by

G(2)(S1, L1, t1;S2, L2, t2) = 〈Ψ2|a†1a
†
2a2a1 |Ψ2〉

= |ψ2(S1, L1, t1;S2, L2, t2)|2 , (104)

using the operators of Eq. (102) and Eq. (103). The effective coincidence rate is expressed as

Rc ∝
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2G

(2)(S1, L1, t1;S2, L2, t2) , (105)

with a coincidence window having a temporal width Tc [31]. The two-photon wave function reads

ψ2(S1, L1, t1;S2, L2, t2) =
1

4

{
〈0|ai(S2, t2)as(S1, t1) |Ψ2〉+ eiφ1〈0|ai(S2, t2)as(L1, t1) |Ψ2〉

+ eiφ2〈0|ai(L2, t2)as(S1, t1) |Ψ2〉+ ei(φ1+φ2)〈0|ai(L2, t2)as(L1, t1) |Ψ2〉
}

=
1

4

{
ψ2(S1, t1;S2, t2) + eiφ1ψ2(L1, t1;S2, t2)

+ eiφ2ψ2(S1, t1;L2, t2) + ei(φ1+φ2)ψ2(L1, t1;L2, t2)} , (106)

and involves all the contributing amplitudes for a coincidence event: The photons can take their paths

according to (S,S), (S,L), (L,S), (L,L). Remember that we assumed the path length difference of both MZI

to obey the condition ∆L1,∆L2 >> cτ cohs,i . This implies for the (S,L), (L,S) events that the relative

arrival time difference for the two photons is large compared to their individual coherence time, which

makes them distinguishable at the position of the detectors. Since distinguishable events do not inter-

fere, these events only contribute a constant background to the total coincidence signal. Experimentally,

they can be discarded if the time of the coincidence window Tc is smaller than (L1−S2)/c and (L2−S1)/c.

Further, in order that the (S,S) and (L,L) events are not distinguishable, it must be guaranteed that ∆L1 −

∆L2 << cτ cohs,i . Finally, to guarantee that the (S,S) and (L,L) events are between photon pairs of indistin-

guishable SPDC events within the coherence time of the pump, it must hold that ∆L1 + ∆L2 << cτ cohp . In

this case, both photons of a pair created at an earlier time during the pump pulse and taking the long paths

can not be distinguished from two photons created at a later time within the pump pulse and taking the short

interferometer arms. We see interference between these events as long as the aforementioned condition is

fulfilled. This agrees with the observation we made in Section VII A that the time of emission of a pair is

uncertain within the coherence time of the pump. If the last condition is violated, the (S,S) and (L,L) can be

attributed to two different SPDC processes originating from different pump pulses. No interference between
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these two events is then possible. We therefore assume all these constraints to be realized and focus now on

the calculation of the coincidence signal in the form of

Rc ∝
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2|ψ2(S1, t1;S2, t2) + ei(φ1+φ2)ψ2(L1, t1;L2, t2)|2

=
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2{|ψ2(S1, t1;S2, t2)|2 + |ψ2(L1, t1;L2, t2)|2

+ ei(φ1+φ2)ψ2(L1, t1;L2, t2)ψ∗2(S1, t1;S2, t2) + e−i(φ1+φ2)ψ2(S1, t1;S2, t2)ψ∗2(L1, t1;L2, t2)} .

(107)

We consider a type-II SPDC state according to Eq. (88) approximated for a CW pump field, i.e.

|Ψ2〉 =

∫
dωΦ(ω) |1ω〉|1ωcp−ω〉 . (108)

This implies that τ cohp →∞ and thus it is assumed that experimentally the condition ∆L1 +∆L2 << cτ cohp

is realized. Since it must hold that |〈Ψ2|Ψ2〉|2 = 1 we must have∫
dω |Φ(ω)|2 = 1 . (109)

For the two-photon wavefunction we explicitly obtain

ψ2(X1, t1;X2, t2) = 〈0|ai(X2, t2)as(X1, t1)|Ψ〉

=

∫
dωΦ(ω) eik(ω)X1−iωt1 eik(ωcp−ω)X2−i(ωcp−ω)t2

= e−iωcpt2
∫
dωΦ(ω) eik(ω)X1 eik(ωcp−ω)X2e−iω(t1−t2) , (110)

for X ∈ {S,L}. The integration over the detection times yields

1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2 |ψ(X1, t1;X2, t2)|2 =

1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2

∫
dω

∫
dω′Φ(ω)Φ∗(ω′)

× ei(k(ω)−k(ω′))X1 ei(k(ωcp−ω)−k(ωcp−ω′))X2 e−i(ω−ω
′)(t1−t2)

=

∫
dω

∫
dω′Φ(ω)Φ∗(ω′)

× ei(k(ω)−k(ω′))X1 ei(k(ωcp−ω)−k(ωcp−ω′))X2

× 1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2e−i(ω−ω

′)(t1−t2) . (111)

Next, we consider the integration

1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2e−i(ω−ω

′)(t1−t2) = Tc sinc2
[
Tc(ω − ω′)/2

]
= π

(
Tc
π

sinc2
[
Tc(ω − ω′)/2

])
, (112)
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where we used sinc(x) = sin(x)/x. Next note that the term in brackets is a representation of the Dirac-delta

function

lim
Tc→∞

(
Tc
π

sinc2
[
Tc(ω − ω′)/2

])
= δ(ω − ω′) . (113)

The limit of Tc → ∞ is reasonable since we have τ cohs,i ∼fs and Tc ∼ns. In this limit we therefore obtain

for Eq. (111) the result

lim
Tc→∞

(
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2 |ψ(X1, t1;X2, t2)|2

)
= π

∫
dω |Φ(ω)|2 = π , (114)

where we used Eq. (109). The first non-constant term in Eq. (107) is calculated to be

A1 = ei(φ1+φ2) 1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2 ψ(L1, t1;L2, t2)ψ∗(S1, t1;S2, t2)

= ei(φ1+φ2)ei
ωcp
c

(L2−S2) 1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2

[∫
dωΦ(ω)ei

ω
c

(L1−L2)e−iω(t1−t2)

]
×
[∫

dω′Φ∗(ω′)e−i
ω′
c

(S1−S2)eiω
′(t1−t2)

]
. (115)

Again commuting the dt with the dω integrals and using Eqs. (112, 113, 114) we find

A1 = πei(φ1+φ2)ei
ωcp
c

(L2−S2)

∫
dω |Φ(ω)|2ei

ω
c

(∆L1−∆L2) . (116)

The last term of Eq. (107) is the complex conjugate of A1, and so we obtain for the coincidence rate

Rc ∝
1

2

[
1 +Re

{
ei(φ1+φ2)ei

ωcp
c

∆L2

∫
dω |Φ(ω)|2ei

ω
c

(∆L1−∆L2)

}]
, (117)

where we have a maximal visibility of one, and as defined earlier ∆Li = Li−Si. Note, that the proportion-

ality factor involves η1η2, i.e. the efficiencies of the detectors. For a simultaneous variation in the optical

path differences ∆L1 = ∆L2 = ∆L one obtains

Rc ∝
1

2

[
1 + cos

(ωcp
c

∆L+ (φ1 + φ2)
)]

. (118)

The oscillation in the pump frequency with 100% visibility implies the coherent superposition of the prob-

ability amplitudes at two different pair emission times within the coherence time of the pump field. For

variations in the optical path lengths with ∆L1 6= ∆L2 we still have oscillations with ωcp, however, their

visibility is shaped according to

V (∆L1,∆L2) =

∫
dω |Φ(ω)|2ei

ω
c

(∆L1−∆L2) . (119)

For highly broadband SPDC, Eq. (119) would be proportional to δ(∆L1−∆L2) and thus a slight misalign-

ment ∆L1 6= ∆L2 would reduce the visibility to zero. On the other hand, a very narrowbanded spectrum
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leads to a visibility close to one no matter of ∆L1 and ∆L2.

We show in Fig. (6) the coincidence rate according to Eq. (117) where the entangled photons have a cen-

tral wavelength λc = 1064 nm and a bandwidth of ∆λs,i = 100 nm. This results in a coherence time

of τ cohs,i ≈ 17 fs and consequently a coherence length of lcohs,i ≈ 5µm. Fig. (6) shows oscillations at ωcp

modulated in visibility by the envelope function of Eq. (119), the latter having a width determined by lcohs,i .

Note, that in the configuration considered here, interferometer one is fixed with a path length difference of

∆L1 = 100µm while ∆L2 is scanned.
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FIG. 6. Coincidence rate of a Franson experiment in a flat spacetime.

C. Second-order correlation function in Schwarzschild coordinates

The experiment presented in Section VII A is now modified as depicted in Fig. 7: One of the MZIs is kept

fixed in Alice’s lab on the surface of the Earth with rA = rE . The arms of the interferometer are taken to

be smaller than the curvature scale of the spacetime. The second interferometer is positioned at rB in Bob’s

lab, i.e. at the altitude of his satellite, and again with arms shorter than the curvature scale. Coincidences

between the detectors D1 and D2 are detected by time tagging the individual detections.

In the following we use the photon annihilation operators according to the propagating wavepacket approach

of Eq. (47). We can then carry out the calculation as in Section VII B. The annihilation operators at the
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FIG. 7. Modified Franson experiment in a curved spacetime: One of the MZIs is kept fixed in Alice’s laboratory on

the surface of the Earth while the second interferometer is now placed on Bob’s satellite. We denote by rA and rB

their respective radial coordinates

position of the detectors D1 and D2 are now given by

a1(xA, S1, L1, t1) =
1

2
as(xA, S1, t1) +

1

2
eiφ1as(xA, L1, t1) (120)

=
1

2

∫
dωs Fω0(ωs)e

iωs(xA+S1)−iωst1aωs +
1

2
eiφ1

∫
dωs Fω0(ωs)e

iωs(xA+L1)−iωst1aωs ,

and

a2(xB, S2, L2, t2) =
1

2
ai(xB, S2, t2) +

1

2
eiφ2ai(xB, L2, t2) (121)

=
1

2

∫
dωi Fω0(ωi)e

iωi(xB+S2)−iωit2aωi +
1

2
eiφ2

∫
dωi Fω0(ωi)e

iωi(xB+L2)−iωit2aωi .
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Apart from the spectral distribution and the linear phase for the radial position of Alice and Bob, i.e. xA

and xB , the operators have the same form as their flat spacetime counterparts Eq. (102) and Eq. (103). For

simplicity we assume in the following the detection bandwidths to be infinite, i.e. Fω0(ω) = 1 for D1 and

D2. The formal expression of the second-order correlation function and the corresponding coincidence rate

do not change in the framework of a curved spacetime, i.e. we still consider

G(2)(xA, S1, L1, t1;xB, S2, L2, t2) = 〈Ψ2|a†1a
†
2a2a1 |Ψ2〉

= |ψ2(xA, S1, L1, t1;xB, S2, L2, t2)|2 . (122)

Using the operators of Eq. (120) and Eq. (121) we obtain for the coincidence rate

Rc ∝
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2G

(2)(xA, S1, L1, t1;xB, S2, L2, t2) . (123)

We again consider a type-II entangled two-photon state in the CW approximation given by

|Ψ2〉 =

∫
dωΦ(ω, ωcp − ω) |1ω〉|1ωcp−ω〉 . (124)

Note that the additional phase eixA(ωs+ωi) taking into account the radial position of Alice, who owns the

source, cancels as soon as we assume a distribution for the CW pump field of δ(ωs + ωi − ωcp). With the

same procedure outlined in Section VII B we obtain

lim
Tc→∞

(
1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2 |ψ(xA, X1, t1;xB, X2, t2)|2

)
= π

∫
dω |Φ(ω)|2 = π , (125)

in the limit of Tc � τ cohs,i where we used Eq. (109). Again we denote X ∈ {S,L}. The first non-constant

term in Eq. (107) now generates the additional phases in xA and xB and is calculated to be

A1 = ei(φ1+φ2) 1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2 ψ(xA, L1, t1;xB, L2, t2)ψ∗(xA, S1, t1;xB, S2, t2)

= ei(φ1+φ2)eiωcp(L2−S2) 1

Tc

∫ Tc

0
dt1

∫ Tc

0
dt2

[∫
dωΦ(ω)eiω{(xA−xB)+(L1−L2)}e−iω(t1−t2)

]
×
[∫

dω′Φ∗(ω′)e−iω
′{(xA−xB)+(S1−S2)}eiω

′(t1−t2)

]
. (126)

Commuting the t and ω integrals and using Eqs. (112, 113, 114) we find

A1 = πei(φ1+φ2)eiωcp(L2−S2)

∫
dω |Φ(ω)|2eiω(∆L1−∆L2) . (127)

Note that this is the same expression for A1 as obtained in the flat space case since the information about

the radial coordinates xA and xB cancels due to the integration over the detection times which results in a

δ(ω − ω′) function. (We set here c = 1.) We again obtain for the coincidence rate

Rc ∝
1

2

[
1 +Re

{
V (∆L1,∆L2)ei(φ1+φ2)eiωcp∆L2

}]
, (128)
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with a visibility given by Eq. (119). We have shown that the arrangement of the Franson experiment accord-

ing to Fig. 7 leads to the same coincidence rate as in a flat spacetime when expressed in the Schwarzschild

coordinates of the asymptotic observer. Note, that in the calculations presented in this Section we explicitly

integrated over the detection times t1 and t2, i.e. we consider here a time-averaged measurement which will

resemble actual experiments, since the coherence time of the entangled photons is up to six order of magni-

tudes below the timing resolution of the detectors if conventional coincidence electronics is considered. By

choosing the detection time window large enough, in fact we considered Tc → ∞, we implicitly took into

account the time of flight delay of the idler photon propagating to the detector of Bob. Thus the phase in

(xA − xB) does not play any role in the final result. No further effects of the curved spacetime background

are left.

As in the previous Sections we can express the result obtained by the asymptotic observer in the local

frame of Alice or Bob. To do so we use the invariant ωcp∆t2 = Ωcp∆τB and, according to Eq. (4),

∆τA = NOA∆L1 and ∆τB = NOB∆L2. Further, we use the transformation

ΦA(ΩA) =
√
NOAΦ(NOAΩA) , (129)

in analogy to Eq (46), to rewrite the rate of Eq. (128) in the local frames of Alice and Bob

Rc ∝
1

2

[
1 +Re

{
ei(φ1+φ2)eiΩcp∆τB

∫
dΩA |ΦA(ΩA)|2e

iΩA

(
∆τA−

NBO
NAO

∆τB

)}]
, (130)

using the fact that ∆L1 and ∆L2 are time differences in the asymptotic frame when divided by c. Note

further that Ωcp is now expressed in the local frame of Bob according to Ωcp = NBOωcp. Equation (130) is

to be interpreted as follows: Once Alice has fixed the arm lengths of her interferometer and thus ∆τA, Bob

will measure Rc as a function of the arm length difference, i.e. ∆τB , in his reference frame. To evaluate

Eq. (130) Bob needs to additionally know ∆τA and the spectral distribution |ΦA(Ω)|2 from Alice.

1. The Franson experiment and the CHSH Bell-inequality

The maximal visibility observed in the interference fringes of a Franson experiment can be related to the

violation of a Bell-inequality [32–34], here the Clauser-Horne-Shimony-Holt (CHSH) inequality [35], and

thus, to the entanglement content of the state under study. In the limit of an infinitely small NLC, i.e. L→ 0,

and the CW pump field approximation, the rate of Eq. (128) can be related to the rate obtained by probing

a maximally entangled 2-qubit state

|ψ〉(2) =
1√
2

(|0〉s|0〉i + |1〉s|1〉i) . (131)
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Here, we associate |0〉s,i with the short and |1〉s,i with the long interferometer paths. More generally, we

assume that the above 2-qubit state is described by by a symmetric noise model

ρ(2) = λ|ψ〉(2) (2)〈ψ|+ (1− λ)14/4 , (132)

where deviations from a pure state are quantified by λ and 14 denotes the 4-dimensional identity operator.

Here, we are particularly interested in deviations from a pure state due to the propagation of the photon

through a curved spacetime, the latter potentially inducing some decoherence effects reducing the entangle-

ment of the state. It can be shown that the parameter λ can be related to the violation of a Bell-inequality

according to

I(ρ(2)) = λImax , (133)

where Imax denotes the value of the maximal violation of the CHSH inequality. In general this inequality

is violated for I(ρ(2)) > 2. Consequently there exists a critical λc .= 2/Imax where for all λ > λc we have

a violation of the CHSH inequality. It can be shown that the parameter λ can be related to the visibility of

interference fringes [33] and thus we we obtain a critical visibility V c .
= V (λc) above which the CHSH

inequality is violated. Explicitly, for the here considered Bell scenario we have V c = 1/
√

2. Equation (128)

shows the same result as in a flat spacetime having a maximal visibility of one (Fig. 6) in the coincidence

rate. This implies λ = 1 and we still have a maximally entangled state although one of the two photons

propagated through a curved spacetime from Alice to Bob. Consequently, the Franson scenario sketched in

Fig. (7) leads to a maximal CHSH violation. This finding is consistent with the outcomes of the previous

Sections namely that standard QFTCS does not show any degradation in entanglement due to a curvature of

spacetime. Therefore, it would be interesting to consider the Franson experiment scenario within alternative

theories, as for instance provided by the event operator formalism [15, 36], to investigate if a decrease in

the violation of a CHSH Bell-inequality and thus a reduction of entanglement in the state appears in a

non-standard QFTCS approach.

2. The Franson experiment as a redshift detecting experiment

Again, as outlined in Section VI B (Fidelity), the Franson experiment can be used to detect deviations from a

flat spacetime through redshift based effects. In particular, Bob could calculate the expected coincidence rate

if a flat spacetime is assumed, which corresponds to the case whereNAO = NBO, and compare the expected

results with the effectively measured rate given by the above equation for rB > rA, i.e. NBO < NAO. The

deviation would then be due to the gravitational redshift. To be more quantitative we consider the spectral

amplitude function of Eq. (129) in a normalized Gaussian form according to
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ΦA(ΩA) =

√
NOA

∆ωs,i
√
π

e
− (NOAΩA)2

2∆ω2
s,i , (134)

where ΩA is a relative frequency. For the width of the entangled photon spectra we consider in the following

a typical bandwidth of 100 nm which corresponds to ∆ωs,i = 166.4 THz. We further fix ∆τA in Eq. (130)

by choosing ∆L1 = 100µm. A deviation in the count rate due to the redshift is then characterized by the

overlap function

ΞRc
.
=

∫∞
−∞ d∆τB Rc(∆τB, NAO, NAO)Rc(∆τB, NAO, NBO)∫∞

−∞ d∆τB Rc(∆τB, NAO, NAO)2
, (135)

where we define Rc(∆τB, NAO, NBO)
.
= Rc − 1/2 to confine the integration to a convergent result. As

expected for consistency it holds that ΞRc = 1 for NBO = NAO. Figure 8 shows the deviation for 1− ΞRc

(blue line) as a function of the altitude of Bob with respect to Alice.

FIG. 8. Redshift deviation according to Eq. (135) and Eq. (136).

The Franson setup, involving two interferometers to be adjusted and synchronized, is, from an experimental

point of view, a quite demanding arrangement. One could ask whether a simpler measurement of a second-

order correlation function shows sufficient sensitivity to redshift effects to obviate the need for the Franson

experiment. To answer this question we define, according to Eq. (135) the overlap function

ΞG(2)
.
=

∫∞
−∞ dτB G

(2)(τB, NAO, NAO)G(2)(τB, NAO, NBO)∫∞
−∞ dτB G

(2)(τB, NAO, NAO)2
, (136)

where G(2) is determined by
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ψ(2)(τB, NAO, NBO)
.
=

∫
dΩA ΦA(ΩA)e

iΩA

(
τA−

NBO
NAO

τB

)
. (137)

Note, that Eq. (137) can be derived by applying the same transformation rules to Eq. (97) as used for

Eq. (130) and neglecting the additional propagation phase. We further set Fω0 = 1 and use again Eq. (134)

for the spectral amplitude. Here, the time τA has a different meaning than ∆τA in the Franson experiment,

where the latter corresponds to the path length difference of Alice’s interferometer. For the second-order

correlation function, Alice sends the photon at time τA with respect to her reference frame; as this is arbitrary

we, without loss of generality, set τA = 0 in what follows. The detection then occurs at time τB in Bob’s

frame, or the rescaled time NBO
NAO

τB if we express it in Alice’s frame - this is due to redshift effects. We

additionally depict 1 − ΞG(2) in Fig. 8 (green line). As can be seen, the sensitivity for redshift detection

in the Franson experiment is equal to a second-order correlation experiment. No particular advantage is

gained due to the oscillatory behaviour in the Franson signal.

VIII. Experimental implementation

A. Introduction

Beside testing the interplay between quantum mechanics and general relativity, entangled photon pairs are

also a key resource for optical quantum communication, which involves the transmission of quantum states

of light, such as squeezed states, single photons or entangled photons. Here we consider the specific, but

relevant, scenario shown in Fig. 2. Entangled photon pairs are generated at a certain location, one of the

photons being locally detected (Alice), while the other photon is transmitted through a free-space optical

link to a remote detection (Bob). One of the constraints of transmitting quantum states over large distances

is the low link transmission T due to the combined effects of beam diffraction, transmission through the

atmospheric, and pointing requirements [37]. This limits the rate of quantum communication. It is thus of

interest to generate and detect entangled pairs at the highest possible rate. Moreoever, when testing standard

QFTCS, novel effects are expected to be small in the vicinity of the Earth, such that large statistics will have

to be acquired for a deviation to be detected, requiring again high generation and detection rates.

B. Evaluation of signal to noise ratio

To illustrate the relevance of the detection rate, we evaluate the signal to noise ratio as a function of the

detection rate and detector noise. The coincidence rate Rcoinc in the experiment depicted in Fig. 2 is given
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by

Rcoinc = TRdet, (138)

where T includes both the transmission of the channel and the detection efficiency of the associated detector

and Rdet is the single count rate at Alice. False coincidences Racc, also called accidental coincidences or

accidentals, are here mainly due to coincidences between detected photons on Alice’s side and dark counts

on Bob’s side, i.e.

Racc = RdetRdc∆tcoinc, (139)

where Rdc is the dark count rate of the detector and ∆tcoinc the length of the coincidence window (in the

following, it is taken to be optimal, i.e. equal to the temporal resolution of the detector).

The signal of interest S can be, for instance, the differences in the expected count rates between the pre-

dictions of two different theories. At first approximation, it is proportional (and usually small) to the co-

incidence rate S = εRcoinc. This signal has to be distinguished from the noise, which we here assume to

be shot noise limited N =
√
Rcoinc +Racc, such that the signal to noise ratio for 1 s measurement time is

given by

S

N
(1s) = ε

√
Rdet

T√
T +Rdc∆tdet

. (140)

The signal to noise ratio after an integration time of t is then

S

N
(t) =

S

N
(1s)
√
t (141)

and the time needed to achieve a signal to noise ratio of 1 is

tS/N=1 =
T +Rdc∆tdet
RdetT 2ε2

. (142)

Figure 9 shows this time as a function of the parameter ε for typical values Rdc = 10Hz, ∆tdet = 100ps

and T = 3× 10−4 [38], and for Rdet = 1MHz and Rdet = 1GHz. It illustrates the need of large count rate

at Alice. With standard detectors saturating around 1 MHz the smallest value of ε which could be detected

in 1 day (105 s) of acquisition is of the order of 2 × 10−4. By multiplexing the detectors as we will see in

the following, 1 GHz count rate could be feasible, such that the smallest ε could be
√

1000 times smaller,

about 6× 10−6.

The actual value of ε is dependent on the experiment to be performed and on the theory to be tested. For

instance, if one aims at testing only general relativitic effects with entangled photons (or single photons), ε

will be on the order of 10−10. The event operator theory [15, 36], on the other hand, predicts much larger

deviations from flat space, with i. e. ε ≈ 0.5.
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FIG. 9. Time needed to achieve S/N = 1 as a function of the parameter to measure ε, for a count rate of 106 and 109

C. Sources of entangled photons

Before evaluating the detectors we introduce a common way to generate entangled photon pairs through

spontaneous parametric down conversion (SPDC) in a non-linear crystal (NLC) [27]. This process appears

when a NLC is pumped by a laser beam strong enough to induce a second-order susceptibility χ(2) process.

In this case, a pump photon (p) may be annihilated and two new photons of lower frequencies, the signal(s)

and idler (i), are created. SPDC is governed by energy conservation

ωp = ωs + ωi, (143)

where ωj denotes the angular frequency with j ∈ {p, s, i, } of the involved photons, transverse momentum

conservation

qp = qs + qi, (144)

and momentum conservation in z-direction (given by the pump beam)

kpz = ksz + kiz −∆kz. (145)

Here, ∆kz denotes a possible momentum mismatch in the z-direction which governs the efficiency of the

SPDC process such that, for all ∆kz 6= 0, the efficiency of SPDC gets reduced. In what follows we

restrict the propagation direction of the two down-converted photons to be collinear with the pump photon,

i.e. qs = qi = 0. We further constrain the derivation of the entangled two-photon state to the case where the
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signal and idler photons are extraordinarily (e) and ordinarily (o) polarized; this configuration is referred to

as type-II SPDC [39–44] and allows to deterministically separate the two photons by means of a polarizing

beam splitter (PBS) after the NLC, which is a common procedure to guide the signal and idler to separated

detection units. Type-II SPDC leads to a variety of emission patterns of the down-converted photons. Exact

calculations of these patterns can be found in [39]. We rely here on the graphical representations in Fig. (10)

and Fig. (11) both taken from [41].

FIG. 10. Geometrical arrangement for type-II spontaneous parametric down-conversion. [41]

Figure (10) shows a geometrical representation of type-II SPDC. A collimated pump beam enters a NLC.

The down-converted photons are emitted in two cones where the cone of the signal is e (horizontally)

and the cone of the idler is o (vertically) polarized. The shape and the overlap of the two cones can be

altered by varying the angle Θp between the propagation direction of the pump and the optical axis of the

NLC. This is shown in Fig. (11) where ∆Θ = Θp + Θ0 is the angle between the pump direction and the

normal of the end face of the NLC (Θ0 is the angle between the NLC face and its optical axis). In the here

proposed experiments we consider the case where ∆Θ = 0◦ which implies a single point of intersection at

Θ = φ = 0◦ of the two cones (see Fig. (10)). At this particular point a collinear distribution of the involved

photons is realized. Moreover, it can be shown that at this point the signal and idler photon have the same

center frequency which is related to the frequency of the pump photon according to ωcs = ωci = ωcp/2 (no

matter whether the pump laser is pulsed or continuous wave) [39, 42]. This is referred to as the frequency

degenerated case of SPDC. Experimentally, the corresponding state is selected by placing a pinhole at

Θ = φ = 0◦.

To calculate the corresponding two-photon state we start with the interaction Hamiltonian for type-II SPDC
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FIG. 11. Measured angular distribution of the down-converted light for different NLC orientations. For ∆Θ = 0◦ the

incidence direction of the pump field coincides with the normal of the crystal face. For the specific point of overlap

between the two cones this corresponds to the situation where the pump, the signal, and the idler propagate collinearly

[41].

given by

Ĥint(t) = ε0

∫
V

d3r χ(2)(z) Ê−s (z, t)Ê−i (z, t)E+
p (z, t) + H. c., (146)

where ε0 denotes the electric permittivity of the vacuum and χ(2)(z) is the nonlinear susceptibility which

governs the strength of interaction between the three fields.3 We assume here χ(2)(z) as frequency inde-

pendent since we assume the SPDC process is far away from any resonance frequency of the non-linear

material. Due to the strong intensity of the pump laser we treat the associated field as a classical quantity

whereas the signal and idler photons are expressed as their corresponding operators according to Eq. (32) for

H = 1 and restricted to the longitudinal direction. Since SPDC is a weak interaction process in bulk crys-

tals, it is sufficiently accurate to calculate the corresponding two-photon state by means of time-dependent

perturbation theory up to first-order in the interaction picture. This implies

|Ψ2(t)〉 = |0〉 − i

~

∫ t

t0

dt′ Ĥint(t
′)|0〉, (147)

where we consider the state at the initial time t0 to be the composite vacuum state |0〉 .
= |0〉i|0〉s. The

integration over t′ is evaluated under the approximation that the interaction of the involved photons proceeds

3 We use here hats on operators to distinguish them from c-numbers.
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adiabatically within a finite region of time [27]. The integration boundaries can thus be extended according

to t0 → −∞ and t → +∞ which imposes strict energy conservation. As a result, |Ψ2(t)〉 becomes time

independent. The state is then calculated by inserting the explicit expressions for the pump field and the

field operators in Ĥint, so that the final type-II entangled two-photon state reads

|Ψ2〉 = |0〉+

∫ ∞
0

dωs

∫ ∞
0

dωi Λ(ωs, ωi) a
†
ωsa
†
ωi |0〉. (148)

The function Λ(ωs, ωi) is referred to as the joint-spectral amplitude (JSA).4 The state of Eq. (148) is entan-

gled since the JSA can in general not be written as Λ(ωs, ωi) = g(ωs)h(ωi). Note, that the index s and i

differentiates here the photons with regard to their distinguished polarization degree of freedom. (We have

associated the signal photon with extraordinary and the idler photon with ordinary polarization.) Accord-

ingly, the commutation relations are given by Eq. (72). In the following we consider the SPDC process

stimulated by a continuous wave (CW) laser. The JSA then reads

Λ(ωs, ωi) ∝ δ(ωcp − ωs − ωi)
∫ 0

−L
dz χ(2)(z)ei∆kzz, (149)

where L is the length of the NLC and the longitudinal momentum mismatch is explicitly given by

∆kz
.
= kp(ωs + ωi)− ks(ωs)− ki(ωi). (150)

For convenience we define the phase-matching function

Φ(ωs, ωi)
.
=

∫ 0

−L
dz χ(2)(z)ei∆kz .z. (151)

(See also Eq. (2) in [45]). The wave vectors kj = nj(ωj)ωj/c, (j = p, s, i), depend on the extraordinary

and ordinary refractive indices nj . The efficiency of the SPDC process is reduced by the walk-off between

the involved fields due to the birefringence of the NLC. In order to compensate for the walk-off effects and

therefore to minimize ∆kz a technique called quasi-phase matching (QPM) is used. This involves NLCs

with a specific poling of the optical axis adjusted to the needs of the experiment. The structure of the

poling finally determines the functional dependence of χ(2)(z) and thus the JSA [45, 46]. The JSA finally

determines the coherence time τ cohs,i of the photons. Using specific aperiodic, i.e. chirped, poling schemes,

ultra-narrow coherence times down to 7 fs have been observed in a Hong-Ou-Mandel measurement [47].

As seen from Eq. (146), the emission rate is proportional to the power of the pump laser which can, in

principle, be arbitrary large. High emission rates can be achieved in standard poled crystals with a few

Watts of laser power [34]. The fundamental limit is not the pump power but the fact that the pair emission

4 To be consistent with the notation of the previous chapters we shall drop the hats on the operators.
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process is random. This is why, in order to stay in the single pair regime, where the first order perturbation of

the interaction is valid, and avoid the emission of multiple pairs at the same time, the mean number of pairs

per mode n̄ should be kept small, usually below 0.1. For pulsed operation, this means that the mean number

of emitted pairs per pulse should be below 0.1. With GHz ultrashort fs lasers available, GHz pair emission

rate could be achieved. In the continuous regime, n̄ is given by τ cohs,i /τSPDC with τSPDC being the mean

time between two pairs. In term of bandwidth, we can express this as n̄ = RSPDC/∆ωs,i with RSPDC

the pair emission rate and ∆ωs,i the spectral width of the emitted photons. With broadband emission of

several tens of nm [34], ∆ωs,i can be as large as 10 THz, thus allowing in principle rates in the THz regime,

still being in the single pair regime. Such large emission rates have been realized experimentally but only

observed by low efficiency optical coincidence scheme [48].

Unfortunately, the present single photon counters do not sustain such high rates. Their limit depends of

the particular technologies. For single pixel detectors (not multiplexed) the best performances are achieved

by superconducting nanowire single photon detectors (SNSPDs). Here, commercial detectors with more

than 50 MHz count rates are available (www.singlequantum.com), while silicium avalanche photodiodes

saturate at about 10 MHz (www.micro-photon-devices.com). It is thus clear that the limiting factor for high

rates is not the source but the maximal achievable counting rate of the single photon detectors; and this in

both regimes, pulsed or continuous.

D. Model of detectors

Ultimately, the maximal rate is limited by the temporal resolution of the detector, as one should be able to

uniquely assign a detection time to each detected photon. However the detectors are usually limited by their

dead time which is much larger than the temporal resolution. The general way to overcome the dead time

of a single detector is to multiplex several of them [49]. This can be achieved by splitting the photon flux

either with cascaded fiber beamplitters or by illuminating an array of detectors with a wide beam.

For coincidence detection between remote events, it is necessary to be able to time stamp each detection

event. This, together with the requirement of a very high detection rate, means that the performance of the

system will be affected by the dead time, timing jitter, efficiencies and dark count rate of the individual de-

tectors. Moreover, for a large number of multiplexed detectors, further constraints will appear. In particular

the data rate (bandwidth) of the readout system can be very high, namely from the sensor to its memory and

further to the acquisition system. In addition, integrating detectors and electronics on the same chip have

detrimental effects on the effective efficiency (reduced fill factor). In the following we first estimate the

performance of an ideal scheme for the multiplexing of detectors. Then we show, based on experimental
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FIG. 12. Scheme of the coincidence detection setup with multiplexed detctors.

results of CMOS technology, where the actual bottlenecks are and propose some strategies to overcome

them.

Figure 12 shows the investigated scheme making use of a multiplexed detection in continuous mode. As

previously, a NLC emits an intense flux of photon pairs in a stochastic way with a rate of RSPDC . One

photon of a pair is send through a channel of transmission T to Bob’s detector, which doesn’t need to sustain

a high counting rate, but requires a high temporal resolution in the time tagging of the detection events. The

other photon is locally detected by a high rate detector at Alice. We are interested in maximizing the

coincidence rate of detection, by maximizing the number of detected pairs.

1. Ideal continuous operation

At first we investigate the case of an ideal multiplexed detector, where its limits are only given by the limits

of the single pixel detectors and where the multiplexing process doesn’t introduce any additional constraints.

In that case, the maximal count rate, in a scheme of multiplexed slow detectors, is ultimately limited, by

the number of single pixels, their dead time and by the temporal resolution of the detectors. The relevant

parameters for such detectors are listed in Table I, with typical values for CMOS technology.

With RSPDC impinging photons, the detected count rate is, to a first approximation, given by Rmaxdet =

ηRSPDC . It is also limited by the two factors already introduced. On the one hand, the dead time of each
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TABLE I. Detector parameters in continuous operation

Description Symbol Typical value Unit

Number of pixels N

PDE of each pixel η 0.4

Dead time of each pixel tdead 100 ns

Detector resolution ∆tdet 100 ps

Dark count rate per pixel Rdc 10 Hz

pixel limits the global count rate to N
tdead

. On the other hand, there is a global limit to the maximal count rate

of 1
∆tTDC

, as beyond it is not possible to define more than one single photon detection event per time-bin.

Indeed, if such events occur it is no longer possible to assign unambiguously the detected photon to a pair.

A simple approximation of the maximal count rate is then

Rdet = Min

(
1

∆tTDC
,
N

tdead
, ηRSPDC

)
. (152)

A more detailed description of the saturation should include the Poisson distribution of the detection events

[50]. At first, we consider a single pixel detector. Its count rate as a function of efficiency, dead time and

impinging flux is given by

Rdet =
Rmaxdet

1 +Rmaxdet tdead
. (153)

Next, we describe the limitation due to the detector’s finite temporal resolution. We make the assumption

that the detector has photon number capability detection, such that it can distinguish the events where only

one photon was detected from the others, and only keep those single detections as valid detection events.

For Poisson distribution, the probability to have one and only one detection within a time window of ∆tdet

is given by exp(−λ)λ where λ = ηRSPDC∆tdet. The detected count rate is thus

R∗det = exp(−ηRSPDC∆tdet)ηRSPDC . (154)

To take both effects into account, we replace Rmaxdet in Eq. (153) by R∗det from Eq. (154) such that

Rdet =
exp(−ηRSPDC∆tdet)ηRSPDC

1 + exp(−ηRSPDC∆tdet)ηRSPDCtdead
=

ηRSPDC
exp(ηRSPDC∆tdet) + ηRSPDCtdead

. (155)

Figure 13 shows the detected count rate as a function of the impinging count rate for a single pixel detector

with the typical value of table I. One can observe three regimes. First a linear dependency between count

rate and illumination, then a saturation at a rate given by 1/tdead and finally a decrease due to increasing

multiple detections.
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FIG. 13. Detected count rate as a function of RSPDC for a single pixel detector

FIG. 14. Detected count rate as a function of RSPDC and N for a multiplexed detector

By multiplexingN pixels one can increase the saturation plateau. The multiplexing is formally described by

noting that the illumination on each pixel is reduced by a factorN , when all pixels are uniformly illuminated

and, assuming the readout to be perfect, all pixels can be read independently. Therefore the count rate is

given by reducing tdead by a factor N , without however changing ∆tdet which is a global property of the

sensor.

RNdet =
ηRSPDC

exp(ηRSPDC∆tdet) + ηRSPDCtdead/N
. (156)

Figure 14 shows the detected count rate as a function of the illumination and of the number of detectors.

As expected the plateau rises with increasing number of detectors. It is revealing to study the maximum

count rate (the height of the plateau) as a function of the number of detectors. It is shown on Fig. 15. One

observes a saturation due to the finite temporal resolution of the sensor, occurring at a count rate on the

order of 1/∆tdet. This is why, with typical values of tdead and ∆tdet, GHz count rates can be achieved with
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FIG. 15. Saturation level as a function of the number of pixels.

a few hundred pixels. Therefore there is no need for the multiplexing of more than 1000 pixels. Higher

count rates could only be achieved by improving the temporal resolution.

Finally we can estimate the data rate in bits/s as

Rdata = − log2(∆tTDC)Rdet, (157)

where the temporal tagging of the event is uniquely defined modulo 1 s. For a typical temporal size of time

bins of 100 ps we need about log2(1010) ≈ 32 bits per detection event, leading to a tremendously large

amount of data for large detection rate (4 GB/s for 1 GHz count rate). While than the storage and further

processing of those data could be in principle handled with enough processing power, the strong bottleneck

is the acquisition of the events recorded on the sensor and their transfer into a memory. A high rate of

triggering single photon counters would lead to a high power consumption and to heating of the sensor.

2. Frame based synchronous detection

Because a continuous operation is technologically difficult to implement. The current sensors with per pixel

temporal resolution are mostly based on a framed based acquisition scheme. Here the detector is active

during a temporal frame of length tframe as illustrated on Fig. 16. Within each frame all detection events

are time stamped. The readout of the time stamps and their acquisition is performed after the frame and

take a given time tdata. After a reset time treset the detector is brought back to its initial state and is ready

for the acquisition of a new frame. We have therefore Rframe = 1
tframe+tread

and tread = tdata + treset.

This scheme is synchronous and the frames are triggered by an external signal. For a continuous source of

entangled photons there are obviously limitations with this kind of detector with a limited duty cycle.
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FIG. 16. Active tframe and read tread times of a frame.

As a model, we consider the same detector as before, but with additional parameters given by the frame

length and frame rate (Table II).

TABLE II. Detector parameters in continuous operation

Description Symbol State of the art Unit

Number of pixels N

PDE of each pixel η 0.4

Dead time of each pixel tdead 100 ns

Detector resolution ∆tdet 100 ps

Dark count rate per pixel DC 10 Hz

Frame rate Rframe 105 Hz

Frame length tframe 50 ns

Fill factor f 0.2

In a regime where the effective deadtime tdead/N is smaller than the frame length, the detected signal is then

simply given by the expected rate in a continuous operation multiplied by the duty cycle of the detectors

Rframedet = Rcontdet

tframe
tframe + tread

f = Rcontdet Rframetframef . (158)

The duty cycle Rframetframe is, with state of the art parameters, about 5%. In addition the presence on the

same chip of sensitive area and electronics, reduces the effective detection area by the so-called fill factor

f , thus reducing the effective PDE by the same factor, such that any gain from the multiplexing would

be in practice compensated by the low duty cycle. It would be thus of primary relevance to increase both

duty cycle and fill factor. In the next section we give more insight to the technological limitations and the

solutions to overcome them.

3. Limiting parameters to improve

Table III shows the characteristics of two single photon detector arrays recently developed and used for

quantum experiments: SPAD-Net [51] and SuperEllen [52].



53

TABLE III. Characteristics of sensors

Description Symbol SuperEllen SPAD-Net

Number of pixels N 1024 128

SPAD efficiency η 0.05 0.05

SPAD fill factor f 0.20 0.41

PDE of each pixel PDE 0.01 0.02

Frame rate Rframe 800 KHz 330 KHz

Frame length tframe 50 ns 260 ns

Total Readout time tread 1.25 µ 3 µs

Data Readout time tdata 0.25 µ 2 µ

Reset time treset 1 µs 1 µs

TDC resolution ∆tTDC 50ps 65ps

TDC code length nTDC 256 4096

Pixel deadtime tdead 100 ns 100 ns

Pixel area Apixel 2025 µm2 0.3477mm2

a. Duty cycle

The duty cycle can be increased by either decreasing the readout time treadout or by increasing tframe.

Decreasing the readout time would requires more electrical circuits on the chip. The associated decreasing

of the fill factor could be avoided by stacking the electronics on the sensor [53]. Increasing the length of

the frame but still keeping the temporal resolution of the detector requires an increase in the depth of time

to digital converter (TDC) code; that is, increasing the number of bits of the counter associated to the TDC.

For instance 8 bits of TDC code gives a frame length of 28∆tdet. Each additional bit takes space on the

chip (on the order of 50 µm2). Consequently the fill factor is reduced by the additional needed space.

b. Fill factor

As mentioned, actual single photon detector arrays are operating in a framed mode because of the need

to integrate the time stamping and readout electronics on the chip. A general solution would be stacking.

However, for the specific applications discussed here, a micro-lens array on top of the sensor could work

efficiently. Indeed, the illumination of the sensor being single mode, the micro-lenses could be designed to

couple all light exactly onto the sensitive area of each pixel, thus achieving an effective fill factor close to

one.

Another solution is to move the whole time stamping electronics outside of the sensor, as we dont need high

spatial resolution for the present application. Such detectors are called Silicon Photo-multipliers (SiPM).

They only output one signal, which will have to be time stamped by very fast (GHz) electronics.
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c. Operational wavelength

Finally an important parameter for the experimental implementation is the wavelength of the entangled

photons. It has to match the sensitivity peak of the detectors but also the transmission window of the

optical link. The wavelengths are constrained by the capability of the entangled photon source. Ideally the

locally detected photons have a wavelength between 400 and 500 nm where the detector arrays are the most

sensitive and the transmitted photon lie between 500 nm and 1000 nm for a high atmospheric transmission

[54]. The two wavelengths are related by Eq. (143). Shorter pump wavelengths are of preference but

they are limited by the available lasers and non-linear crystals. For instance a source operating with a 375

nm (laser diode) pump and a PPKTP crystal could produce one photon at 1032 nm and the other at 588

nm. Shorter wavelengths could be reached with solid states lasers and periodically poled lithium tantalate

crystals [55].

IX. Discussion

We have investigated the effect of spacetime curvature on radially propagated entangled photons, as mea-

sured by two spatially separated, static, observers performing interferometry experiments. In particular, for

simplicity, we have focused on the exterior Schwarzschild metric, restricted to 1+1 dimensions as a proxy

for the Earth. We then considered a down-conversion process generating time-energy entangled photon

pairs that are distributed to the observers through the gravitational gradient. The photons were modelled as

a scalar field using standard quantum field theory. Then the interaction between the photons and the space-

time was developed using the formalism of quantum field theory in curved spacetime (QFTCS), which,

in the absence of a full theory of quantum gravity, provides a semi-classical framework well suited for

calculations in regimes of weak gravity.

We found that no novel effects appear when we propagate quantum states, instead of classical light signals,

on a curved spacetime. In particular, the visbility of the two photon interferences in a Franson experiment,

a measure of entanglement, is unchanged relative to those calculated on a flat spacetime. Similarly, the

fidelity of a communication channel using entangled photons is also unaffected. These results hold when

the observers are aware of the spacetime they are in; to a good approximation the near-Earth spacetime

is described by the exterior Schwarzschild metric, as has been measured by other tests of gravity. This is

because, armed with such knowledge, the two observers essentially share a reference frame (or clock) and

the only non-trivial effects occur as a result of different locally measured times. Entanglement, as revealed

by two-photon Franson interferometry, is also preserved in a curved spacetime.

On other hand, if the observers assume no knowledge of the spacetime - in effect taking it to be flat -
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and develop protocols accordingly, they will see their channels as noisy, with reductions in fidelity and/or

interferometric visibility, as also reported in [21]. This can either be viewed operationally as an error to

correct, as with satellite navigation systems which need to correct for gravitational redshift effects, or as

a means of testing gravity (or both) [56, 57]. The change of the measured signal as compared to the one

expected in a flat space time is also present in Franson experiment. Viewed as a test of gravitational redshift

the Franson experiment, however, does not show any particular advantage in comparison with a simpler

experiment, namely the measurement of a second-order correlation function. Both measurements show the

same redshift deviation.

The result also changes if one assumes that the correct formalism unifying gravity and quantum mechanics

is not (at least in some limit) QFTCS. For example the event operator formalism has been proposed [36]

as a way to make quantum mechanics consistent with certain pathologies that may, theoretically, arise in

general relativity such as closed timelike curves or wormholes. A recent study has shown that an experiment

distributing entangled photons between the ground and ISS could potentially distinguish this theory [9]

from QFTCS. In future work we will explore the potential of the Franson experiment as a probe of the event

operator theory.

Testing deviations from the standard relativity and quantum theories, requires highly sensitive measure-

ments. In the case of entangled photon pairs propagating through a gravitational field, this supposes a

high rate of pair generation and detection. In the simplest case the source and one of the detectors are

located on the ground. This allows for the use of the best available technology. For the source, commercial

lasers are available. The photons can be created by SPDC in commercial non-linear crystals or, for shorter

wavelengths, in research grade crystals. The detectors are the component actually limiting the coincidence

rate. Single photon detector arrays are the way to overcome the single detectors dead time. However, the

multiplexing of a large number of detectors has its own limitations and requires specific development.
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H. Weinfurter, A. Zeilinger, M. Żukowski, R. Ursin, Space QUEST mission proposal: Experimentally testing

decoherence due to gravity, arXiv, 1703.08036 (2017) 1–16.

[10] B. H. C. H. E. M.-S. C. E. B. H. Z. Y. H. H. G. W. E. C. I. D. D. H. R. L. T. Jennewein, J. P. Bourgoin,

Qeyssat: a mission proposal for a quantum receiver in space, Proc.SPIE 8997 (2014) 8997 – 8997 – 7. doi:

10.1117/12.2041693.

[11] J. Yin, Y. Cao, Y.-H. Li, S.-K. Liao, L. Zhang, J.-G. Ren, W.-Q. Cai, W.-Y. Liu, B. Li, H. Dai, G.-B. Li, Q.-M. Lu,

Y.-H. Gong, Y. Xu, S.-L. Li, F.-Z. Li, Y.-Y. Yin, Z.-Q. Jiang, M. Li, J.-J. Jia, G. Ren, D. He, Y.-L. Zhou, X.-X.

Zhang, N. Wang, X. Chang, Z.-C. Zhu, N.-L. Liu, Y.-A. Chen, C.-Y. Lu, R. Shu, C.-Z. Peng, J.-Y. Wang, J.-W.

Pan, Satellite-based entanglement distribution over 1200 kilometers, Science 356 (6343) (2017) 1140–1144.

[12] G. Amelino-Camelia, C. Lämmerzahl, Quantum-gravity-motivated Lorentz-symmetry tests with laser interfer-

ometers, Classical and Quantum Gravity 21 (4) (2004) 899–915.

[13] A. Camacho, A. Macı́as, Deformed dispersion relations and the degree of the coherence function, General

Relativity and Gravitation 38 (4) (2006) 547–551. doi:10.1007/s10714-006-0245-x.
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